


Ingenius
Ingenius • Issue 36 • july-december 2026. Journal of Science and Tecnology of the Universidad Politécnica Salesiana
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Simón Boĺıvar, Venezuela.

Sergio Lujan Mora, PhD, Universidad de

Alicante, España.

Martha Zequera Dı́az, PhD, Pontificia

Universidad Javeriana, Colombia.

Grover Zurita, PhD, Universidad Privada

Boliviana, Bolivia.

Vladimir Robles, PhD, Universidad
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Álvaro Rocha, PhD, Universidad de Coim-

bra, Portugal.
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Emilio Muñoz Sandoval, PhD, Instituto

Potosino de Investigación Cient́ıfica y Tec-

nológica, México.
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David Zumoffen, PhD, Centro In-

ternacional Franco Argentino de

Ciencias de la Información y de

Sistemas, Argentina.
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Alistair Borthwick, PhD, Universidad de

Edimburgo, Reino Unido.
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Robinson Jiménez, PhD, Universidad Mili-

tar Nueva Granada, Colombia.

Alfonso Zozaya, PhD, Universidad de

Carabobo, Venezuela.

Mauricio Mauledoux, PhD, Universidad

Militar Nueva Granada, Colombia.

Luis Medina, PhD, Universidad Simón

Bolivar, Venezuela.

Ernesto Cuadros-Vargas, PhD, Universi-
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Oscar Avilés, PhD, Universidad Militar

Nueva Granada, Colombia.

Dora Mart́ınez Delgado, PhD, Universi-

dad Autónoma de Nuevo León, México.
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litécnica Salesiana, Ecuador.

Roberto Beltran, MSc, Universidad de

las Fuerzas Armadas, ESPE, Ecuador.

Leonardo Betancur, PhD, Universidad

Pontificia Bolivariana, Medellin, Colombia.

Roberto Gamboa, PhD, Universidad de

Lisboa, Portugal.

Paulo Lopes dos Santos, PhD, Universi-

dad do Porto, Portugal.
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Argentina.

José Mahomar Janańıas, PhD, Universi-
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Editorial
Dear readers,

Each new issue of a scientific journal represents
an opportunity to strengthen the dialogue among
researchers, institutions, and disciplines that contri-
bute to the advancement of science and technology.
Issue 36 of INGENIUS Journal brings together ten
original research articles that demonstrate thematic
diversity, methodological rigor, and the growing in-
ternationalization of applied research, further conso-
lidating the journal as a platform for disseminating
scientific knowledge aimed at addressing contempo-
rary technological challenges.

The published contributions cover strategic areas
of engineering and emerging technologies. In the field
of smart manufacturing and Industry 4.0, this issue
presents a collaborative robotics approach for auto-
motive seat belt assembly supported by RoboDK
simulation, highlighting the potential of cobots to en-
hance productivity and industrial safety. In the area
of artificial intelligence, the issue includes a com-
parative framework for electrical load forecasting
based on machine learning techniques and rolling
temporal validation, as well as a comparative study
of state-of-charge estimation methods for lithium-
ion batteries using Bayesian filters and machine
learning algorithms.

Sustainability constitutes another cross-cutting
theme throughout this issue. The published studies
address the vulnerability of Ecuador’s energy sys-
tem to climate change and investigate the use of
biological waste, such as eggshell powder, as a sustai-
nable corrosion inhibitor for carbon steels employed
in the oil and gas industry. These contributions
demonstrate how engineering can simultaneously
address environmental, energy, and industrial cha-
llenges through innovative solutions grounded in
circular economy principles.

Digital technologies also occupy a prominent
place in this issue. A methodological framework for
the Quantum Software Development Life Cycle is

introduced, providing a structured approach for a
discipline with enormous scientific and technological
potential. Likewise, research focused on improving
web accessibility in accordance with the WCAG 2.1
guidelines promotes the development of more inclu-
sive digital platforms. Complementing these topics
are contributions on neural-network-based control of
flexible systems, the influence of operating variables
on automotive air-conditioning system performance,
and a systematic review of swarm intelligence algo-
rithms for unmanned aerial vehicle route planning,
an increasingly relevant research area in robotics
and autonomous systems.

This issue also reflects a strong commitment to
international scientific collaboration. The published
articles bring together researchers from universities
and research institutions in Ecuador, Spain, Brazil,
Saudi Arabia, and Chile, strengthening collabora-
tive research networks that enrich scientific quality
and foster the exchange of knowledge across diverse
academic and technological environments.

The Editorial Board sincerely thanks the authors
for entrusting their research to INGENIUS Journal,
the reviewers for their commitment to a rigorous
and objective peer-review process, and our readers
for extending the impact of the published knowledge
through its consultation, application, and scholarly
discussion.

Finally, we encourage researchers, academics,
professionals, and students to explore the articles pu-
blished in this issue, incorporate their findings into
future research, and cite them whenever appropriate.
We also warmly invite the international scientific
community to submit their original contributions to
future issues of INGENIUS Journal, convinced that
the open exchange of scientific knowledge remains
a fundamental pillar for fostering innovation and
advancing the progress of our societies.

John Calle-Siguencia, PhD

Editor in Chief
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Abstract Resumen
In the modern automotive sector, Industry 4.0 prin-
ciples have been widely adopted to enhance flexibil-
ity, efficiency, and quality in production processes.
Nonetheless, several automotive subprocesses still rely
on operators for manual or repetitive tasks, which are
highly susceptible to human error and may compro-
mise product quality while increasing operating costs .
This study addresses this challenge by implementing
a collaborative robotic solution for manufacturing
environments. Specifically, it proposes the integration
of a cobot for the assembly of automotive seatbelts
at the ZF plant in Tamaulipas, Mexico. RoboDK is
used to simulate and evaluate a Universal Robots
cobot intended to increase operational efficiency and
reduce defect rates at the press station. The results
demonstrate the feasibility of the proposed simula-
tion approach, enabling the functional analysis and
validation of multiple configurations within the man-
ufacturing cell while ensuring the safe integration
of the collaborative robot (cobot). Furthermore, the
proposed solution supports safe human-robot collab-
oration in compliance with the ISO/TS 15066 tech-
nical specification. Overall, the implemented system
shows significant potential to improve efficiency and
operational flexibility while reducing costs in the pro-
duction process.

En la industria automotriz moderna se han adoptado
de manera extensiva diferentes principios y paradig-
mas de la Industria 4.0 para mejorar la flexibilidad,
eficiencia y calidad en sus procesos. Sin embargo, son
varios los subprocesos en este sector industrial que
aún dependen de los operarios y de tareas manuales
o repetitivas, las cuales suelen ser altamente suscepti-
bles a errores humanos que impactan negativamente
en la calidad del producto final e implican elevados
sobrecostos de operación. El presente estudio atiende
dicha problemática mediante un enfoque de robótica
colaborativa aplicado a celdas de manufactura y pro-
pone la integración de un cobot para el ensamblado
de los cinturones de seguridad automovilísticos en
la planta de ZF en Tamaulipas, México. La prop-
uesta utiliza RoboDK para simular y evaluar la im-
plementación de un cobot de Universal Robots con
el propósito de aumentar la eficiencia operativa y
reducir la tasa de defectos en la estación de prensa.
Los resultados obtenidos demuestran la viabilidad
de la simulación y permiten llevar a cabo el análisis
funcional y la validación de las configuraciones en
la celda de manufactura a partir de la integración
segura del cobot, garantizando el cumplimiento de
la especificación técnica ISO/TS 15066. El sistema
implementado muestra un potencial significativo en
cuanto a eficiencia, flexibilidad operacional y reduc-
ción de costos en el proceso productivo.

Keywords: automotive industry, Industry 4.0, collab-
orative robotics, cobot, digital simulation, RoboDK,
Universal Robots.

Palabras clave: industria automotriz, industria 4.0,
robótica colaborativa, RoboDK, Universal Robots,
simulación digital.
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1. Introduction

Industry 4.0 has had a significant impact on the auto-
motive sector. Historically, this field has pioneered the
adoption of emerging technologies, including intelligent
control systems [1–4], robotics [5, 6], and augmented
reality [7], to increase productivity, flexibility, and effi-
ciency in the manufacturing of parts and components.
In this context, collaborative robotics, as one of the
pillars of Industry 4.0, has enabled the automation of
complex tasks, including machine tending, assembly
processes such as screwing and part insertion, seal-
ing, bonding, surface finishing, welding, and quality
control [8].

Within the current international regulatory frame-
work established by the ISO/TS 15066 technical speci-
fication, the concept of a collaborative robot has been
refined by emphasizing that collaboration is not an
intrinsic property of the robot itself, but rather a char-
acteristic of the application or task being performed.
In this context, it is more accurate to refer to collabora-
tive applications or tasks, in which an industrial robot
interacts with humans under specific safety modes and
criteria, such as monitored stop, hand guiding, speed
and separation monitoring, and power and force limit-
ing. Consequently, the same robot may or may not be
involved in a collaborative application depending on
the environment, the end effector, and the operating
conditions. Together with ease of programming, this
application-based understanding of collaboration facil-
itates human-machine interaction and provides greater
adaptability to different industrial environments and
occupational safety requirements. These advantages
have contributed to the recent growth of collaborative
robot applications in the automotive sector [8–11].

Accordingly, approximately 70% of automotive pro-
duction units currently integrate industrial robots con-
figured to perform collaborative tasks under safe op-
erating modes that enhance process flexibility and
efficiency. In this context, nearly 50% of small and
medium-sized enterprises are implementing pilot in-
stallations to address for labor shortages and improve
operational performance [10,11].

This high level of interest has led to the avail-
ability of a wide range of industrial solutions in the
collaborative robotics market. Among these, Universal
Robots’ e-Series stands out, alongside solutions offered
by other major providers such as KUKA, Yaskawa
Electric Corporation, ABB, and Fanuc Corporation.

Although cobot-based solutions have become an
attractive option for companies seeking to improve the
efficiency, quality, and safety of their processes, their
implementation still requires trained personnel and
adequate infrastructure. Compared with conventional
robots, which typically occupy more space, require
more complex programming, and operate from fixed
positions, cobots offer greater flexibility, safety, and

ease of programming. Their compact design also al-
lows them to be repositioned more easily within the
production environment [12–14].

Robotic simulations are essential for evaluating pos-
sible configurations in these systems without exposing
operators, infrastructure, or the robot itself to poten-
tial hazards in the work area. Simulation-based design
enables effective integration by reducing the time and
costs associated with production line downtime and
allowing automated processes to be optimized before
physical implementation [15]. In this context, RoboDK
is an appropriate tool because it provides intuitive sim-
ulation software for robotic arms and does not require
advanced programming knowledge.

At the bar pressing workstation located at the ZF
plant in Reynosa, improper positioning of the bars
within the part was identified as a recurring prob-
lem, leading to defective pressing operations and ma-
terial loss. Additionally, this production environment
involves frequent interaction with other personnel and
limited physical space. Therefore, automating this pro-
cess requires a collaborative robotics solution based on
a compact robotic arm with strong human-machine in-
teraction capabilities, designed to increase production
line efficiency and reduce improper material handling.

This article evaluates the implementation of a Uni-
versal Robots cobot for the production of automotive
seatbelts using a comparative analysis and robotic
simulation approach supported by RoboDK software.
These simulations enable the identification of suitable
cobot configurations, making it possible to improve
efficiency, quality, and safety indicators at the bar
pressing workstation without significantly affecting
the workspace, while ensuring compliance with the
current international regulatory framework established
by the ISO/TS 15066 technical specification.

2. Materials and Methods

This section describes the research methodology, pro-
cess analysis, and study phases.

2.1. Research Approach, Methodology, and
Phases

The solution presented in this article employs a hybrid
methodology based on comparative analysis and sim-
ulation to support the selection and implementation
of a cobot to automate the production of automotive
seatbelts. In this context, comparative analysis is un-
derstood as a research method that involves collecting,
comparing, and analyzing qualitative and quantita-
tive data to provide a clearer representation of the
characteristics of processes, documents, or other study
objects, supported by visual tools that facilitate their
evaluation.
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For the development of this research, several instru-
ments were used, including: (i) technical datasheets
of Universal Robots cobots, (ii) RoboDK software
operation manuals, and (iii) CAD and 3D models de-
veloped in Fusion 360, considering the workspace of
the bar pressing station. To achieve the objectives of
this study, qualitative and quantitative analyses of the
work environment were also performed to select the
most suitable cobot and validate its implementation
through digital simulation. The main techniques used
were as follows:

1. Documentary review: used to analyze the speci-
fications of Universal Robots cobot models.

2. Comparative analysis: used to compare techni-
cal and economic criteria through comparative
tables as an evaluation tool.

3. Digital simulation: performed using RoboDK and
Fusion 360 to model the work environment, pro-
gram trajectories, measure cycle times, identify
environmental interferences, and validate cobot
operability.

The data analysis in this research was structured
into three main stages. First, a technical comparison
of the different cobot models offered by Universal
Robots was conducted, considering specifications such
as payload, workspace, repeatability, and cost. This
comparison was essential to avoid oversizing the future
integration investment. In the second stage, a digital
simulation of the selected cobot model was developed
using RoboDK software. This step analyzed key pa-
rameters such as cycle time, potential collisions, and
the feasibility of integrating the cobot into the actual
workspace of the bar pressing station. Finally, the sim-
ulation results were compared with the actual process
conditions to validate the applicability of the proposed
solution.

In industrial automation, particularly in the selec-
tion of collaborative robotic arms, comparative analy-
sis and digital simulation play an essential role in the
early stages of a project. These techniques are comple-
mentary: comparative analysis supports the evaluation
and selection of the most suitable model based on the
required technical specifications, while digital simu-
lation facilitates the visualization and validation of
different configurations for integrating the cobot into
the workspace. This methodology makes it possible
to identify the most viable option for cobot imple-
mentation without significantly interfering with the
production line, while reducing risks, costs, and time

associated with physical testing. As previously stated,
the main objective of the methodology is to select and
evaluate a cobot by collecting and analyzing technical
data from Universal Robots collaborative robot mod-
els. The phases comprising the comparative analysis in
this case are shown in Figure 1 and described below.

Figure 1. Phases of the comparative analysis.

2.2. Considerations for Cobot Selection

Since the application does not require a high payload
capacity, several e-Series cobots offered by Universal
Robots were evaluated. Table 1 summarizes and com-
pares the Universal Robots models considered in this
study. The weight of both the end effector and the
product was also considered as a determining factor
for positioning the robot within the bar pressing sta-
tion. For end-effector selection, technical information
from ROBOTIQ was reviewed, considering not only
the total product weight of 1.2 kg, but also the effec-
tive mass transmitted to the end effector during the
gripping operation. This effective mass depends on the
contact geometry, force distribution among the fingers,
and task configuration. Thus, the gravitational force
associated with the effective mass can be expressed as
equation (1):

Fg = mef · g (1)

where Fg is the gravitational force applied at the
gripping point, mef is the effective mass supported
by the end-effector contact, and g is the acceleration
due to gravity. Based on the component geometry,
the type of gripping, and the load distribution rec-
ommended by the manufacturer, the effective mass
transmitted to each contact point was estimated at
0.345 kg. To ensure a secure grip and compensate for
possible dynamic effects and operational variations, a
safety factor of 2 was subsequently applied, resulting
in a minimum required force of 6.77 N. Based on this
analysis, the proposed solution incorporates the Hand-
E end effector from ROBOTIQ, as shown in Figure
2(a).
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Table 1. Technical comparison of Universal Robots e-Series models

Models
Payload Reach Repeatability Degrees

Communication Control
Cost

útil (kg) (mm) (mm) of freedom (USD)

16 kg 900 mm ± 0.05 mm

Control

Polyscope 57,600

frequency 500 Hz
6 Modbus TCP

joints PROFINET
Ethernet/IP

USB 2.0,
USB 3.0

12.5 kg 1300 mm ± 0.05 mm

Control

Polyscope 47,600

frequency 500 Hz
6 Modbus TCP

joints PROFINET
Ethernet/IP

USB 2.0,
USB 3.0

5 kg 850 mm ± 0.03 mm

Control

Polyscope 38,300

frequency 500 Hz
6 Modbus TCP

joints PROFINET
Ethernet/IP

USB 2.0,
USB 3.0

3 kg 500 mm ± 0.03 mm

Control

Polyscope 33,000

frequency 500 Hz
6 Modbus TCP

joints PROFINET
Ethernet/IP

USB 2.0,
USB 3.0

(a) (b) (c)

Figure 2. (a) Hand-E end effector, (b) Retractor 4.0, and
(c) Proposed Hand-E design.

This model meets requirements of the application,
offering design flexibility, a 7 kg payload capacity, ad-
equate precision, and a gripping force ranging from
20 to 185 N [16]. Figure 2(b) shows the positions that
the end-effector fingers must reach on the product to
be handled. Since the original Hand-E design cannot
access these areas, a modified finger design was devel-
oped in Fusion 360. The final design, shown in Figure
2(c), provides an adequate grip. Based on this analysis
and the available options from Universal Robots, the
UR3e model was selected as the most viable alterna-
tive because of its compact design and 3 kg payload
capacity [17], which is sufficient to handle the com-
bined weight of the part and the end effector without
difficulty.

2.3. 3D Modeling

Before creating the simulation environment, the 3D
models of the elements to be evaluated were obtained,
including the robot workstation, the bar pressing sta-
tion, the collaborative robot, and the end effector.
Autodesk Fusion 360 was used as the CAD design
software to model the UR3e workstation together with
the bar pressing station [18–20]. Figure 3 shows the
UR3e collaborative robot model and the selected end
effector from the RoboDK library.

Figure 3. 3D model of the UR3e workstation with the
bar pressing station and end effector.
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3. Results and Discussion

Before programming the trajectories and confirming
the final robot selection, simulations were performed
to evaluate different alternatives for positioning the
base of the UR3e cobot at the bar pressing station.
Initially, two configurations were considered: a central
location on the worktable and a second option at one
of the table corners. As shown in Figure 4, the first
alternative limited the robot’s mobility and effective
reach, whereas the second provided greater freedom
of movement and reduced the risk of collisions with
the surrounding environment. Once the optimal table-
corner location was defined, the initial position of the
UR3e was established and the trajectories were config-
ured. The starting position was set at the fixture where
the operator manually places the part, as illustrated
in Figure 5.

(a) (b)

Figure 4. Possible locations for the UR3e base.

Once the initial conditions are met, the UR3e ex-
ecutes a linear downward motion (MoveL) until it
reaches the gripping point, ensuring greater precision
and minimizing the risk of collision with the product.

Upon reaching the programmed point, the end effector
is activated to grasp the retractor. Since the part is
placed on a fixture, an additional motion was included
to extract the component. Once the part has been
picked up, the cobot moves toward the bar pressing
station, which uses two fixtures. To correctly position
the part in this station, a sequence of three motions
was configured, combining joint movements (MoveJ)
for general positioning and linear movements (MoveL)
for the final approach and precise placement of the
part on the press fixture.

For safety reasons, withdrawal of the UR3e from
the press area was explicitly programmed as part of
the operational cycle. After the pressing operation is
completed, the UR3e grasps the part again through a
linear motion and moves it to the next programmed
position. During part removal, the cobot position is
defined to avoid collisions and allow subsequent un-
loading. Finally, the cobot positions the finished part
above the discharge tray. In this case, a joint move-
ment (MoveJ) was used because it allows faster motion
and does not require high precision, since the tray has
sufficient space to properly receive the part.

The complete task was implemented using a set of 7
to 9 waypoints, including the start, approach, gripping,
lifting, placement, safe withdrawal, and unloading po-
sitions. With the proposed trajectory, the robot cycle
time was 5.8 s, excluding the inherent cycle time of
the bar pressing station. Therefore, this station cycle
had to be added to obtain a realistic estimate of the
total process time. Since the bar pressing station has a
cycle time of 3.94 s, the total estimated cycle time with
the UR3e was 9.34 s. In addition, potential collisions
between the UR3e and the work environment were
evaluated.

Figure 5. Sequence of programmed motions for the cobot at the bar pressing station.
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3.1. Integration and Validation in a Real Envi-
ronment

To validate the simulation results and the proposed
designs, tests were conducted on production line 454
to evaluate the performance of the UR3e collaborative
robot. Figure 6 shows the bar pressing workstation be-
fore and after UR3e integration on production line 454.
Based on the position recommended by the RoboDK
simulation, the workstation was installed at the bar
pressing station, and the position of the UR3e base
on the workstation was verified. The robot was then
integrated and programmed into the production line
according to the simulation results, as shown in Figure
5. In addition, the UR3e program was integrated with
the programmable logic controller of the bar pressing

station.
First, the cobot startup was verified. Upon receiv-

ing a signal indicating the presence of a part on the
fixture, the cobot initiated its cycle and accurately
grasped the part. The part was then extracted from
the fixture before the cobot moved to the next trajec-
tory point. As previously defined in the simulation,
the UR3e executed a backward motion to maintain
a safe distance while the bar pressing station was op-
erating. Once the pressing cycle was completed, the
UR3e moved to the next trajectory point to grasp and
remove the part from the station, positioning it for sub-
sequent unloading into the discharge tray. To complete
the sequence, the UR3e reached the final programmed
position, deactivated the end effector, and released the
part into the output tray.

(a) (b)

Figure 6. Real implementation of the proposed solution at the bar pressing station on production line 454: (a) before
UR3e cobot integration and (b) after UR3e cobot integration.

3.2. Results of the UR3e Integration

This section presents a comparative analysis of pro-
cess efficiency after incorporating the proposed UR3e
collaborative robot into the bar pressing station. For
this analysis, 10 samples of process cycle times were
recorded for both manual operation and cobot-assisted
operation. Table 2 presents the results obtained from
this comparison. Manual operation times were mea-
sured under normal workflow conditions during a stan-
dard production shift, avoiding situations of extreme
fatigue or conditions that were not representative of
the actual process. The measurements were obtained
from an experienced operator previously trained at
the bar pressing station to ensure consistency in task
execution and reduce variability associated with indi-

vidual differences. This approach enabled a direct and
controlled comparison between manual and automated
performance in a realistic industrial scenario. Each
sample corresponded to one operation shift, during
which multiple consecutive cycles were recorded. Thus,
the intrashift variability captured by the standard de-
viation naturally reflects the effects of fatigue, micro-
breaks, and adjustments inherent to manual operation,
whereas the comparison with the cobot highlights dif-
ferences in process repeatability and consistency.

This methodology was deliberately adopted to en-
sure a fair and representative comparison between the
two modes of operation while keeping environmental
conditions and workload constant. To evaluate whether
the observed reduction in cycle time was statistically
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significant, an independent-samples Student’s t-test
was applied, considering the mean values per operation
shift as the experimental units (n = 10 per condition).

The results indicate a statistically significant dif-
ference between manual operation and UR3e-assisted
operation (p < 0.05), confirming that the reduction in
cycle time was not attributable to random process vari-
ability, but rather to a systematic effect associated with
the integration of the collaborative robot. The time
measurements confirmed the feasibility of integrating
a cobot into the bar pressing station process. Process
efficiency improved significantly compared with the
previous manual operation, reducing the average cy-
cle time from 13.04 s to 9.34 s. Similarly, the cycle
time obtained in the simulation was consistent with

that observed in the real application, demonstrating
repeatable and stable process execution. Figure 7(a)
shows the layout before cobot integration, while Figure
7(b) illustrates the layout after the integration of the
collaborative robot into production line 454. As shown
in Figure 7, the UR3e operates within a delimited
area. However, this configuration does not imply an
isolated environment, but rather a functional organi-
zation of the workspace that enables safe coexistence
between the human operator and the robot through-
out the work cycle. During the automatic operation
phases, the UR3e-based system operates with the re-
quired physical separation to ensure safety and process
repeatability.

(a) (b)

Figure 7. Production line and workstation with human–machine interaction: (a) Layout of line 454 before UR3e cobot
integration and operation, (b) Layout of line 454 after UR3e cobot integration and operation.

Table 2. Average cycle times before and after UR3e cobot integration.

Cycle times (s)
Elements S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 Prom.
Operator 13.19±0.28 13.25±0.31 12.85±0.35 12.68±0.33 13.02±0.29 13.17±0.30 12.95±0.34 12.84±0.36 13.25±0.32 13.15±0.27 13.04±0.20

UR3e 9.38±0.05 9.31±0.04 9.30±0.06 9.43±0.05 9.31±0.04 9.35±0.05 9.33±0.04 9.31±0.05 9.31±0.04 9.33±0.05 9.34±0.04
Statistical test t-statistic gl p-value

Student’s t-test (independent samples) t = 56.4 18 p<0.001
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In contrast, during loading, unloading, adjustment,
programming, maintenance, and supervision, the robot
can operate in safe modes, such as monitored stop or
hand guiding, allowing direct operator intervention
in accordance with the criteria defined in ISO/TS
15066 [21]. Therefore, the addressed task corresponds
to a sequential collaborative application in which the
human operator and the robot share the workspace and
cooperate within the production flow, although they
do not perform simultaneous actions on the same part.
The collaborative nature of the application lies primar-
ily in the operational flexibility it provides, allowing
safe switching between automatic and collaborative
modes depending on the process stage. Thus, the robot
performs operations that require precision, repeatabil-
ity, and control, while the operator remains responsible
for feeding, supervision, and process control, reducing
physical workload and operational variability. Like-
wise, the visual delimitation of the robot’s operating
area responds to criteria related to speed control, sep-
aration, and power and force limiting, in accordance
with ISO/TS 15066, rather than to physical isolation
incompatible with a collaborative application.

4. Conclusions

The analysis of the results confirmed the initial hy-
pothesis that integrating a Universal Robots cobot at
the bar pressing station improves the production pro-
cess in terms of efficiency, quality, and safety without
significantly affecting the workspace. The results also
validate the use of RoboDK as a simulation tool to sup-
port the design and evaluation of the proposed system.
The suitability of the selected robotic arm was demon-
strated by the reduction in average cycle time from
13.04 s to 9.34 s. Additionally, the execution of repeat-
able and controlled trajectories contributes to reducing
the risk of material damage during handling by mini-
mizing positioning errors and the variability inherent
to manual operation. The methodological approach
presented in this study is scalable and transferable
to other production-line stations involving repetitive
handling tasks. By adapting the layout, defining new
trajectories, and selecting the appropriate end effector,
the same simulation-based procedure can be applied
to operations such as machine loading and unloading,
inspection, or light assembly, enabling prior validation
of system performance and its impact on cycle time,
safety, and process quality.
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Abstract Resumen
Accurate load forecasting is essential for power sys-
tem planning and operation, particularly under pro-
nounced temporal variability and temporal drift. This
study presents a reproducible comparative frame-
work for machine learning models based on rolling-
origin expanding validation, multihorizon evaluation,
and an operational relative tolerance metric denoted
as %Tol. Four representative models are evaluated:
EvoXGB, a sequential residual XGBoost ensemble;
XGB; TabNet; and FT-Transformer. These models
are applied to hourly active power forecasting in dis-
tribution substations within an Ecuadorian power
system. To ensure a fair comparison when models
exhibit differences in prediction coverage or temporal
misalignment, the framework incorporates an explicit
comparability audit based on temporal alignment and
a common evaluation mask denoted as COMMON-
MASK, complemented the longest common contigu-
ous block for the zoomed time-series visualization. For
the representative substation, with metrics computed
on the common set, XGB achieves the best perfor-
mance, with R2= 0.993 for the short horizon and R2

= 0.983 for the medium horizon, and RMSE values of
21.16 and 30.84 kW, respectively. EvoXGB remains
competitive, whereas TabNet and FT-Transformer
exhibit greater degradation in the medium horizon.
The 90/10 holdout verification shows the expected
performance decline associated with temporal drift
while preserving the comparative ranking. Overall,
the proposed framework provides a traceable bench-
mark for substation load forecasting and supports
future extensions toward adaptive and hybrid fore-
casting approaches.

La precisión en el pronóstico de la demanda eléc-
trica es un elemento central para la planificación y
operación de los sistemas de potencia, en particu-
lar ante la variabilidad temporal de la carga y la
presencia de deriva temporal. En este trabajo se de-
sarrolla un marco comparativo reproducible de mo-
delos de machine learning con validación temporal
rodante (rolling-origin expanding), análisis multihori-
zonte y una métrica operativa de tolerancia relativa
(%Tol). Se evalúan cuatro modelos representativos:
EvoXGB (ensamble secuencial de XGBoost sobre
residuales), XGB, TabNet y FT-Transformer, apli-
cados al pronóstico horario de potencia activa en
subestaciones de distribución de un sistema eléctrico
ecuatoriano. Para asegurar la comparabilidad cuando
existen diferencias de cobertura o desalineación tem-
poral entre predicciones, se incorpora una auditoría
explícita basada en alineación y un conjunto común
de evaluación (COMMONMASK), complementada
con un bloque contiguo común para la figura de zoom.
En la subestación representativa (con métricas sobre
el conjunto común), XGB logra el mejor desempeño,
con R2 = 0,993 (corto) y 0,983 (mediano), y un RMSE
de 21,16 y 30,84 kW, respectivamente. EvoXGB se
mantiene competitivo, mientras que TabNet y FT-
Transformer muestran mayor degradación en el hori-
zonte mediano. En la verificación de holdout (90/10)
se observa la caída esperada por deriva temporal, pre-
servándose el orden comparativo. El marco propuesto
entrega una base trazable para comparar modelos
en series reales de subestaciones y para extender el
análisis hacia esquemas híbridos y adaptativos.

Keywords: load forecasting, machine learning, XG-
Boost, TabNet, FT-Transformer, rolling temporal
validation.

Palabras clave: pronóstico de carga, machine learn-
ing, XGBoost, TabNet, FT-Transformer, validación
temporal rodante.
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1. Introduction

The sustained growth in energy demand and the in-
creasing integration of intermittent renewable sources
have made load forecasting a strategic component of
power system planning and operation, Accurate fore-
casting across different time horizons is essential for
substation scheduling, resource allocation, and effi-
cient grid management under conditions character-
ized by seasonality, nonlinear behavior, and regime
changes [1, 2], [3–5].

Among contemporary approaches, gradient boost-
ing algorithms, particularly XGBoost, have become
widely established due to their robustness and ability
to model nonlinear relationships in high-dimensional
tabular data [6–9]. However, their performance de-
pends on careful hyperparameter tuning, which is of-
ten computationally demanding and sensitive to the
dataset configuration. To mitigate this limitation, opti-
mized variants based on evolutionary algorithms have
been proposed, including approaches that combine
XGBoost with Differential Evolution or Genetic Al-
gorithms, which have demonstrated improvements in
stability and reductions in overfitting [10–12].

In parallel, deep learning models specifically de-
signed for tabular data have emerged. TabNet employs
sequential attention mechanisms that provide inherent
interpretability [13], whereas FT-Transformer adapts
the Transformer architecture through linear feature
embeddings and multi-head attention [14, 15]. How-
ever, several studies indicate that the superiority of
deep networks over tree-based methods is not universal
and depends strongly on the size and structure of the
dataset [16,17].

A frequent limitation in the load forecasting liter-
ature is the use of static training and testing splits
that do not account for temporal non-stationarity. Cur-
rent methodological guidelines recommend temporal
validation schemes based on a rolling-origin expand-
ing windows to evaluate model performance over time
and detect operational degradation [18–20]. In addi-
tion to global metrics such as MAE, RMSE, and R2,
operational indicators that reflect acceptable error tol-
erances from a planning perspective, such as the %Tol
metric, should also be incorporated [21], [22].

Explicit contrast with standard approaches.
Unlike random cross-validation or partitioning schemes
that do not preserve order, which can produce opti-
mistic estimates by mixing past and future observa-
tions, rolling-origin validation evaluates performance
in more realistic forecasting scenarios, in which pre-
dictions are made for subsequent periods. In addition,
the proposed framework integrates conventional perfor-
mance metrics and the %Tol metric within an explicit
comparability audit when prediction coverage differs
across models.

In the Ecuadorian context, previous studies have

addressed long-term electricity consumption forecast-
ing using machine learning models [23], as well as
power system planning through reinforcement learn-
ing [24]. This study develops a comparative frame-
work for hourly active power forecasting in substa-
tions, based on rolling-origin temporal validation, the
%Tol metric, and a methodological audit to ensure fair
comparisons.

The specific contributions of this study are as fol-
lows:

(i) A reproducible evaluation framework based on
rolling temporal validation and micro-criterion
metric aggregation is proposed.

(ii) Boosting-based and deep tabular architectures
are compared across short- and medium-term
forecasting horizons under a consistent method-
ological setting.

(iii) An explicit comparability audit based on tempo-
ral alignment and COMMONMASK is incorpo-
rated, together with an operational interpreta-
tion through the %Tol metric.

2. Materials and Methods

2.1. Data and Variables

This methodology evaluates the stability and accuracy
of predictive models for electricity demand forecasting
in Ecuadorian substations.

Hourly active power time series recorded at nine
substations of a distribution network within the na-
tional power system were used, with approximately
40,000 hourly observations per substation, spanning
a continuous 4.5-year period between 2020 and 2024.
The data were obtained from internal historical records
of the national electric utility.

The target variable was active power in kW, while
the predictor variables included:

(i) calendar attributes namely hour, day of the week,
and month;

(ii) lagged power values from 4 to 24 h; and

(iii) moving averages over 3, 6, and 24 h.

For confidentiality reasons, the substation identi-
fiers were anonymized. Each model was trained inde-
pendently for each substation. To maintain a compact
presentation, the tables and figures detail the results
of a representative substation, while the remaining
substations are used to confirm the consistency of the
findings. Specifically, a substation was considered rep-
resentative when its performance profile, defined by
RMSE and %Tol across both forecasting horizons, was
closest to the median of the full set according to the
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sum of ranks, thereby avoiding the selection of extreme
cases.

2.2. Data Preprocessing

The series were chronologically ordered, and an initial
cleaning procedure was performed to remove extreme
or infinite values. Missing values were handled using
forward filling within each series; any residual cases
were discarded to avoid interpolations that could in-
troduce temporal bias. Subsequently, lagged features
and moving averages were generated, and the first 24
observations were removed to prevent edge inconsis-
tencies.

In each iteration of the validation process, the ex-
planatory variables were scaled using RobustScaler,
which was fitted exclusively on the training data of
the corresponding window and then applied to the
test set to avoid data leakage. For TabNet, the same
feature set was retained, with normalization performed
internally within the model.

2.3. Prediction Models Analyzed

Four representative models were evaluated:
A_EvoXGB: a four-stage sequential ensemble

based on XGBoost, in which each component trains
trees on the residuals of the preceding model. The
final prediction is obtained as the sum of the partial
outputs, with the aim of reducing systematic error.

B_XGB: a standard implementation of XGBoost,
used as a robust baseline.

C_TabNet: a tabular network with sequential
attention [13], configured with nd = na = 32, four
decision steps, and early stopping.

D_FT-Transformer (D_FTT): a tabular
Transformer based on feature embeddings and multi-
head attention [14,15], configured with three encoder
blocks, a token dimension of 192, and four attention
heads.

2.4. Hyperparameter Tuning

The most influential hyperparameters were tuned
through bounded pilot experiments centered on con-
figurations recommended for medium-sized tabular
datasets. The final selection prioritized temporal sta-
bility over marginal local improvements while main-
taining a comparable training budget.

2.5. Rolling-Origin Temporal Validation
Scheme

Rolling-origin expanding validation was applied. Two
forecasting horizons were considered:

• Short horizon: test window of 168 h, step of
24 h, and purge of 24 h.

• Medium horizon: test window of 720 h, step
of 72 h, and purge of 72 h.

In each iteration, the training set included all obser-
vations prior to the start of the test window, excluding
the purge period, with a minimum of 1500 observations.
The metrics were aggregated using a micro-criterion,
jointly considering all predictions generated by each
model–horizon combination.

2.6. Temporal Alignment and Common Evalu-
ation Set (COMMONMASK)

In practice, different models may produce predictions
with unequal coverage, for example, due to partial win-
dow execution, or with temporal misalignment caused
by offsets related to lag construction or the forecast
anchoring point. To avoid biased comparisons, the
following audit procedure was applied:

• Alignment: a shift of -24 h was applied to the
predictions of B_XGB to homogenize the tem-
poral anchoring of the test index with that of
the other models. This correction was verified by
matching the start of the test segment.

• COMMON ALL: the intersection of indices
for which all four models provided finite predic-
tions was defined, and the metrics, namely MAE,
RMSE, R2 and %Tol, were computed on this set.

• COMMON CONTIG: for the zoom figure,
the longest contiguous common block was se-
lected. From this block, a representative 168 h
segment was presented to facilitate visual com-
parison without discontinuities.

Note on coverage and non-imputation. When
a model presents partial coverage, for example, due
to computational constraints or incomplete execution
during rolling validation, the common set may be sub-
stantially reduced. To avoid bias, missing predictions
were neither imputed nor interpolated. Instead, cover-
age, reported in Table 2, and the size of the common
set, reported in Table 3, are explicitly documented.
Performance interpretation is therefore limited to the
comparable segment. In addition, a 90/10 holdout ver-
ification and an aggregated %Tol analysis across nine
substations are included to strengthen the conclusions
beyond the analysis of a single series.

2.7. Summary of the Experimental Pipeline
(Scheme)

Figure 1 summarizes the complete sequence of the
experimental framework, from data preparation and
feature engineering to temporal validation, model train-
ing, prediction, and metric aggregation.
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Figure 1. Schematic representation of the experimental
workflow, including feature extraction, temporal validation,
model training, prediction, metric computation, and the
comparability audit.

2.8. Independent Validation (90/10 Holdout)

As a complementary verification, each model was re-
trained using the initial 90% of the data and evaluated
on the final 10%, allowing its performance to be as-
sessed outside the temporal recalibration setting.

2.9. Evaluation Metrics

MAE, RMSE, and R2 were computed, together with
the %Tol metric:

%Tolδ = 1
N

N∑
i=1

1
(

|yi − ŷi|
max{|yi|, ε}

≤ δ

)
× 100, (1)

where δ is the relative tolerance threshold, and
ε = 1 kW prevents unstable ratios.

2.10. Reproducibility and Computational Re-
sources

The experiments were conducted in Python 3.11 using
XGBoost 2.0, PyTorch 2.3, and PyTorch-TabNet 4.1,
with a fixed global seed. Training was performed on
an NVIDIA RTX 3060 GPU (12 GB) with 32 GB of
RAM. The scripts and configuration files are available
in the GitHub repository [25].

3. Results and Discussion

3.1. Demand Behavior in the Substations

The nine substations analyzed exhibit typical hourly
patterns of distribution networks, including nighttime
minima, morning increases, daytime plateaus, and
evening peaks, together with weekly seasonality. In the
representative substation, active power remains within
a stable operating range, and the observed regime
changes are mainly associated with weekly and sea-
sonal variations, which supports the need for explicit
temporal validation.

3.2. Global Performance by Model and Horizon

Figure 2 summarizes model performance across models
and forecasting horizons under rolling-origin valida-
tion. Metrics were computed on COMMON ALL to
ensure that all models were evaluated at the same
time instants. For this substation, B_XGB achieves
the best balance between accuracy and temporal sta-
bility across both horizons, while A_EvoXGB remains
closely competitive. TabNet and FT-Transformer ex-
hibit greater degradation in the medium-term horizon.

(a) R2 by model and horizon
(on COMMON ALL)

(b) RMSE [kW] by model and horizon
(on COMMON ALL)

Figure 2. Model performance across forecasting horizons
under rolling-origin validation.
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Table 1. Performance of the representative substation under micro-aggregation, computed over COMMON ALL: MAE,
RMSE, R2, and %Tol@5%. (Decimal separator: dot).

Model Hor. MAE [kW] RMSE [kW] R2 %Tol@5 %
A_EvoXGB Short 20.89 27.43 0.988 94.17

B_XGB Short 15.84 21.16 0.993 96.67
C_TabNet Short 29.63 42.57 0.972 82.50

D_FTT Short 24.67 32.94 0.983 87.92
A_EvoXGB Medium 25.61 39.39 0.973 87.92

B_XGB Medium 20.04 30.84 0.983 93.33
C_TabNet Medium 44.51 69.87 0.914 70.90

D_FTT Medium 54.38 92.74 0.849 68.26

3.3. Comparability Audit: Coverage and COM-
MONMASK

Table 2 reports prediction coverage by model and
forecasting horizon, including the total length, num-
ber of finite predictions, and percentage of NaN val-
ues. Table 3 summarizes the size of the common set

(COMMON ALL) and the longest contiguous common
block (COMMON CONTIG), used for the zoom fig-
ure. For this substation, the size of COMMON ALL
is determined by the model with the lowest coverage
(D_FTT); therefore, the audit is explicitly included
to ensure transparency.

Table 2. Prediction coverage by model and forecasting horizon for the representative substation.

Hor. Model shift [h] N total N Finite %NaN idxmin–idxmax

Short A_EvoXGB 0 37686 37686 0.00 0–37685
Short B_XGB -24 37686 37662 0.06 0–37661
Short C_TabNet 0 37686 37686 0.00 0–37685
Short D_FTT 0 37686 1200 96.81 1620–4571

Medium A_EvoXGB 0 37686 37686 0.00 0–37685
Medium B_XGB -24 37686 37662 0.06 0–37661
Medium C_TabNet 0 37686 37686 0.00 0–37685
Medium D_FTT 0 37686 1440 96.18 1572–2291

Table 3. Summary of the common set (COMMONMASK) by forecasting horizon for the representative substation.

Hor. N total Ncommon %common idxmin–idxmax inicio–fin contig Lcontig

Short 37686 240 0.64 1620–4571 4404–4571 168
Medium 37686 1440 3.82 1572–2291 1572–2291 720

In the short horizon, the common set is reduced
to 240 h because D_FTT produced predictions over a
partial block, and the simultaneous intersection with
the other models, after the alignment adjustment of
B_XGB, limits the overlap. Therefore, these metrics
describe the comparative performance only over this
common segment, without imputation. To support the
operational conclusions, the analysis also considers
(i) the medium horizon, where the overlap is greater
(COMMON CONTIG = 720 h in this substation), (ii)
the 90/10 holdout verification, and (iii) the aggregated
%Tol sensitivity across the nine substations.

3.4. Temporal Reconstruction of the Load Sig-
nal

Figure 3 compares the actual series and the model
predictions over a representative 168 h segment ex-
tracted from the COMMON CONTIG block for both
forecasting horizons. The boosting-based models pro-
vide a more accurate reconstruction of peaks and val-
leys. In the medium-term horizon, TabNet and FT-
Transformer exhibit a degraded fit, consistent with the
increase in RMSE and the decrease in R2.
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(a) Short horizon (zoom on COMMON CONTIG)

(b)Medium-term horizon (zoom on COMMON CONTIG)

Figure 3. Actual and predicted series over a representative segment.

3.5. Relationship Between Observed and Pre-
dicted Values

Figures 4 and 5 show the relationship between observed
and predicted values under rolling-origin validation for
both forecasting, evaluated on COMMON ALL. In

the boosting-based models, especially B_XGB, the
predictions are more tightly concentrated around the
diagonal y = x in both horizons. In C_TabNet and,
more notably, D_FTT, dispersion increases in the
medium-term horizon, consistent with the increase in
RMSE and the reduction in R2.

Figure 4. Observed vs. predicted values for A_EvoXGB and B_XGB across both forecasting horizons (rolling-origin;
COMMON ALL). The line indicates y = x.
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Figure 5. Observed vs. predicted values for C_TabNet and D_FTT across both forecasting horizons (rolling-origin;
COMMON ALL). The line indicates y = x.

3.6. Distribution of Relative Errors

To complement the aggregated metrics and character-
ize variability, Figure 6 presents the distribution of the

relative absolute error (%). The boosting-based models
concentrate errors in lower ranges with shorter tails,
while TabNet and D_FTT exhibit greater dispersion,
particularly in the medium-term horizon.

Figure 6. Distribution of relative absolute error (%) by model and horizon forecasting horizon under rolling-origin
validation.

3.7. Operational Metric: %Tol Sensitivity to
Threshold δ

Figure 7 summarizes the sensitivity of %Tol to differ-
ent tolerance thresholds. δ was evaluated at 2%, 5%,

10%, 15%, and 20%, aggregating predictions across
nine substations. At δ = 5%, the metric clearly dis-
tinguishes performance between model families; at δ
≥ 10%, most methods approach 100%, reducing the
discriminative capacity of the indicator.
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Figure 7. Sensitivity of %Tol to the tolerance threshold δ by model and forecasting horizon (aggregated across the
nine substations).

Table 4. Sensitivity of %Tol(δ) by model and forecasting
horizon (aggregated across the nine substations).

Short horizon
Model δ=2% 5% 10% 15% 20%
A_EvoXGB 58.3 94.2 99.6 100.0 100.0
B_XGB 74.2 96.7 100.0 100.0 100.0
C_TabNet 42.5 82.5 97.9 99.6 99.6
D_FTT 52.1 87.9 99.2 100.0 100.0

Medium horizon
Model δ=2% 5% 10% 15% 20%
A_EvoXGB 54.2 87.9 97.8 99.4 99.8
B_XGB 65.4 93.3 99.1 99.7 99.9
C_TabNet 36.7 70.9 90.5 96.4 98.4
D_FTT 32.4 68.3 87.6 92.7 95.3

3.8. Independent Validation (90/10 Holdout)

Table 5 shows the expected decrease relative to rolling-
origin validation, reflecting temporal drift between
evaluation periods. The comparative ranking is pre-
served, with B_XGB outperforming the other models
in this substation.

Table 5. Performance under 90/10 holdout validation
for the representative substation: MAE, RMSE, R2,and
%Tol@5%.

Model MAE [kW] RMSE [kW] R2 %Tol@5 %
A_EvoXGB 36.95 96.25 0.872 68.00
B_XGB 29.67 70.04 0.932 79.13
C_TabNet 55.48 125.29 0.783 58.26
D_FTT 47.84 105.94 0.845 65.17

3.9. General Discussion

In the representative substation, tree-based methods
maintain the best balance between accuracy and op-
erational interpretability. The alignment audit and
COMMONMASK prevent biased comparisons when
prediction coverage differs across models or when tem-
poral misalignment is present. TabNet and D_FTT
provide an adequate fit in the short-term horizon;
however, in the medium-term horizon, they exhibit
performance degradation and greater dispersion.

Limitations. The data were obtained from a spe-
cific system, and the analysis relied on calendar varia-
bles, lagged features, and moving averages; therefore,
patterns may differ in other contexts or when exoge-
nous variables are incorporated. The representative
substation was selected only to provide a clear and com-
pact presentation, while the operational conclusions
are strengthened by the aggregated %Tol sensitivity
analysis across the nine substations. Finally, when a
model presents partial coverage, the common set may
be small, as observed in the 240 h short-horizon seg-
ment of this substation. Accordingly, the coverage and
COMMONMASK audit is explicitly reported, and ex-
trapolation beyond the evaluated common segment is
avoided.

Future work should incorporate meteorological and
renewable generation variables and explore adaptive
recalibration schemes and hybrid approaches.
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4. Conclusions

This study presented a comparative framework of ma-
chine learning models applied to hourly electricity
demand forecasting in substations, based on rolling-
origin temporal validation, multihorizon analysis, and
an operational relative tolerance metric. To ensure
comparability under differences in prediction coverage
and temporal misalignment, an explicit audit using
alignment and COMMONMASK (common evaluation
mask) was incorporated, with coverage also reported
for contextual interpretation.

Under rolling-origin validation on COMMON ALL,
B_XGB achieved the best performance in the repre-
sentative substation, followed by A_EvoXGB. TabNet
and D_FTT exhibited more pronounced degradation
in the medium-term horizon. In the 90/10 holdout val-
idation, the expected performance decline associated
with temporal drift was observed, while the relative
ranking was preserved.

In particular, when the COMMON ALL intersec-
tion is small due to partial coverage, as observed in
the short horizon of the representative substation, the
metrics are interpreted as performance over the strictly
comparable segment. Therefore, the conclusions are
mainly supported by the medium-term horizon, the
holdout validation, and the aggregated %Tol analysis.

The proposed framework provides a traceable basis
for comparing forecasting approaches and supporting
planning and operational decisions. Future work should
incorporate exogenous variables, explore adaptive re-
calibration, and extend the window-based audit to all
models to uniformly characterize temporal stability.
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Abstract Resumen

Corrosion poses a critical challenge to the oil and gas
industry, particularly in systems exposed to acidic
and high-salinity environments. This study evaluates
eggshell powder, a biowaste-derived material, as a
green corrosion inhibitor for type N80 carbon steel
under conditions representative of acidic and brine
environments. Its performance was systematically as-
sessed through weight loss testing, micro-indentation
hardness measurements, and numerical electrochemi-
cal modeling. N80 steel coupons were exposed to 2
M hydrochloric acid (HCl) and 2 M sodium chloride
(NaCl) solutions, with and without 6 g/L of eggshell
powder, for 6 days. Corrosion rates determined from
mass loss showed substantial protection in the acidic
medium, decreasing from 18.8 to 2.1 mm/year and
corresponding to an inhibition efficiency of 90 %. In
brine, the effect was more moderate, with a 14%
reduction in the corrosion rate. Micro-indentation
analysis confirmed that inhibitor-treated samples re-
tained at least 85% of the hardness of unexposed steel
in acid, whereas untreated samples exhibited severe
mechanical degradation. The results suggest that cor-
rosion protection arises from a combined mechanism
involving the formation of a calcium carbonate bar-
rier, stabilization of the corrosion product layer, and
possible scavenging of aggressive chloride ions. Over-
all, this study demonstrates the potential of eggshell
powder as a viable and sustainable candidate for cor-
rosion mitigation in harsh industrial environments.

La corrosión representa un desafío importante para
la industria del petróleo y del gas, especialmente en
sistemas expuestos a ambientes ácidos y de alta sa-
linidad. Este estudio evalúa el polvo de cáscara de
huevo, un residuo biológico, como inhibidor ecológico
de la corrosión del acero al carbono tipo N80 bajo
condiciones representativas de ambientes ácidos y
salinos. Se analizaron muestras de acero expuestas a
soluciones de ácido clorhídrico (HCl) 2 M y cloruro
de sodio (NaCl) 2 M, con y sin 6 g/L de polvo de cás-
cara de huevo, durante seis días. La tasa de corrosión,
determinada a partir de la pérdida de masa, mostró
una mejora significativa en medio ácido, al disminuir
de 18.8 mm/año a 2.1 mm/año, con una eficiencia de
inhibición del 90 %. En condiciones salinas, el efecto
fue moderado, con una reducción del 14 %. El análisis
de microindentación indicó que las muestras tratadas
conservaron al menos el 85 % de la dureza del acero
no expuesto, mientras que las no tratadas sufrieron
una degradación severa. Los resultados sugieren que
la protección se debe a la formación de una barrera
de carbonato de calcio, la estabilización de la capa
de productos de corrosión y la captura de iones agre-
sivos, como el cloruro. Este estudio demuestra que el
polvo de cáscara de huevo es una alternativa viable
y sostenible para mitigar la corrosión en entornos
industriales exigentes.

Keywords: carbon steel, green corrosion inhibition,
eggshell powder, aggressive environments, micro-
indentation, sustainability.
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de la corrosión, polvo de cáscara de huevo, ambientes
agresivos, microindentación, sustentabilidad
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1. Introduction

Corrosion is a pervasive degradation process and a
critical challenge in multiple engineering applications.
In the oil and gas sector, general and localized cor-
rosion commonly occurs in pipelines, storage tanks,
and downhole equipment exposed to acidic and high-
salinity environments [1–4]. Corrosion compromises
equipment structural integrity and can lead to fail-
ure, production losses, safety hazards, and significant
environmental risks [5–7].

Typical corrosion mitigation strategies and schemes
rely on chemical inhibitors based on synthetic organic
compounds, such as amines, quaternary ammonium
salts, and phosphonates [8–11]. Despite their high ef-
ficiency, these inhibitors present several drawbacks,
including high cost, limited biodegradability, and en-
vironmental toxicity. The need to mitigate corrosion,
together with increasing regulatory pressure, has ac-
celerated the search for alternative inhibitors derived
from natural or renewable sources, commonly referred
to as "green inhibitors" [12,13].

Green corrosion inhibitors typically include plant
extracts, agricultural byproducts, and biowaste ma-
terials that are non-toxic, biodegradable, and readily
available [14–16]. Eggshells are a notable example, as
they are commonly used in the agricultural sector as
natural fertilizers. They are primarily composed of
calcium carbonate (CaCO3) and organic constituents
that may act as corrosion inhibitors by contributing
to the formation of a protective film at the metal
surface [17–19].

Despite promising early efforts, the use of eggshell-
based inhibitors in oil and gas applications remains
poorly understood. Previous studies have assessed
their performance under model conditions, which dif-
fer substantially from highly dynamic field environ-
ments where physical and chemical stability must be
maintained over extended periods [20,21]. Therefore,
evaluating the degradation of mechanical properties
and the durability of the corrosion product layer is
critical for assessing the performance of any inhibitor.

Accordingly, this study systematically evaluates
the performance of eggshell powder as a corrosion in-
hibitor under conditions relevant to the oil and gas
sector, using both experimental techniques and numer-
ical methods. The N80 steel coupons were exposed to
acidic and saline environments, and corrosion rates
were determined through weight loss measurements.
In addition, micro-indentation analysis was conducted
to assess the hardness of the corrosion layers formed
with and without the inhibitor. Numerical modeling
of corrosion kinetics and inhibitor adsorption provided
insight into the possible inhibition mechanism, the
effect of eggshell-derived components on anodic and
cathodic reactions, and the influence on charge-transfer
processes at the steel-electrolyte interface. By combin-

ing laboratory experiments with micro-mechanical and
numerical analyses, this study assessed the potential
of eggshell powder as a green corrosion inhibitor.

2. Materials and Methods

2.1. Materials

This study used type N80 carbon steel coupons as the
metallic substrate for corrosion testing and eggshell
powder as the green inhibitor. The chemical composi-
tion of the N80 steel, supplied by Changzhou Qingli
Huanneng Chemical Technology Co., Ltd., is presented
in Table 1. The corrosive media consisted of two aque-
ous solutions: I) 2 molar sodium chloride (2M NaCl)
to simulate saline environments, and II) 2 molar hy-
drochloric acid (2M HCl) to represent acidic conditions.
All chemicals were of analytical grade and were pre-
pared in deionized water (PanReac AppliChem, ITW
Reagents).

Table 1. Chemical composition of type N80 carbon steel

Element Weight (%)
Carbon (C) 0.21 - 0.28
Manganese (Mn) 0.60 - 1.00
Phosphorus (P) ≤ 0.030
Sulfur (S) ≤ 0.030
Silicon (Si) 0.15 - 0.35
Chromium (Cr) ≤ 0.25
Nickel (Ni) ≤ 0.25
Copper (Cu) ≤ 0.25
Molybdenum (Mo) ≤ 0.15
Vanadium (V) ≤ 0.08
Other elements ≤ 0.30 (total)
Iron (Fe) Balance

2.2. Sample Preparation

Steel Coupons & Testing Solutions:

Type N80 carbon steel plates measuring 50 mm × 10
mm × 3 mm were first ground with No. 50 SiC paper
to remove surface oxides and contaminants, ensuring
a uniform surface in accordance with ASTM G1. Ma-
terial removal was controlled to approximately 0.0025
mm in thickness from all surfaces. The samples were
then further ground using No. 800 to No. 1200 SiC
paper to obtain a suitable surface finish for subsequent
testing. After grinding, the coupons were immediately
rinsed with deionized water, cleaned with ethanol, and
dried with an air gun before initial weighing.

For the test solutions, 116.8 g of NaCl was dissolved
and 166.7 ml of concentrated HCl (37%) was diluted
in deionized water to obtain 2 M NaCl and 2 M HCl
solutions. Their pH values were 7 and 0, respectively.
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Eggshell Inhibitor:

Eggshells were collected from local sources, thoroughly
washed, oven-dried, and ground using a mechanical
grinder. The resulting powder was sieved to obtain
a uniform particle size corresponding to mesh 80
(≈ 180µm). Eggshell powder was added to the test so-
lutions at a defined concentration of 6 g/L and mixed
until fully dispersed.

2.3. Corrosion Testing & Weight Loss Evalua-
tion

Corrosion rates were determined using a classical
weight loss protocol. First, each specimen was weighed
using an analytical balance with a readability of 1
mg (Mettler Toledo ME203). Then, following ASTM
G31, the coupons were placed in glass beakers and
immersed in 200 mL of test solution, either 2 M NaCl
or 2 M HCl, with or without eggshell inhibitor, for 6
days at room temperature, approximately 23 °C. After
exposure, coupons designated for weight loss analysis
were removed and gently cleaned in a sonicator bath
with deionized water and a soft brush to remove loose
corrosion products. Cleaning was omitted for samples
intended for micro-indentation to preserve the prop-
erties of the corrosion layer. Finally, all coupons were
dried with an air gun immediately after cleaning and
weighed to three decimal places.

Corrosion rates were calculated using the following
equation (1):

CR

[
mm

year

]
= 87.6 · (Wi − Wf )

ρ · A · t
(1)

where Wi and Wf are the initial and final masses
(mg), ρ is the density of steel (g/cm3), A is the exposed
surface area (cm2), and t is the exposure time (hours).

2.4. Micro-Indentation Measurements

This study used an instrumented micro-indenter, An-
ton Paar, Micro Combi Tester MCT, with a maximum
load of 30 N, load resolution of 6 µN , depth range of
1000 µm, and depth resolution of 0.03 nm, to assess
the mechanical properties of the corrosion layer formed
on the steel coupons after exposure. The indenter ap-
plied several loading and unloading cycles using the
continuous multicycle load method, CMC. A matrix
of four measurement locations was generated, and the
applied force and resulting displacement were recorded.
The device measured indentation hardness, HIT, as
the mean contact pressure beneath the indenter at
peak load, see equation (2):

HIT = Fmax

Ap
(2)

where Fmax is the maximum applied load and Ap

is the projected contact area, determined using the

Oliver-Pharr method. Mean values, standard devia-
tions, and standard errors were reported for each condi-
tion to evaluate the integrity and mechanical strength
of the protective layer formed in the presence and
absence of the inhibitor.

2.5. Numerical Simulation

Electrochemical Corrosion Model Implementa-
tion

The corrosion behavior of type N80 steel was simulated
using MATLAB. The numerical model reproduced the
electrochemical response of steel in acidic and saline
environments with varying solution compositions, in-
hibitor concentrations, and steel properties. The model
incorporated standard corrosion kinetics based on the
Butler-Volmer equation and adsorption isotherms to
predict current densities and polarization resistance,
which are electrochemical parameters related to the
corrosion rate.

The simplified model was based on coupled anodic
and cathodic reactions described by the Butler-Volmer
equation, accounting for charge-transfer kinetics. The
general form for each half-cell reaction is:

i = i0

(
exp

[
αaFη

RT

]
− exp

[
−αcFη

RT

])
(3)

where i is the current density A/m2; i0 is the ex-
change current density, αa and αc are the anodic and
cathodic transfer coefficients, F is Faraday’s constant
C/mol; η is the overpotential (V ), R is the universal
gas constant J/mol · K; and T is the temperature (K).

Inhibitor Effect via Adsorption Isotherm

To incorporate the effect of the eggshell inhibitor into
the numerical model, the surface coverage (θ) of the
inhibitor on the steel surface was estimated using the
Langmuir adsorption isotherm [22,23]. This approach
assumes that inhibitor molecules form a layer on the
metal surface, with uniform adsorption sites and no
interactions between adsorbed species. The surface
coverage was calculated as:

θ = KC

1 + KC
(4)

where θ is the fraction of the metal surface covered
by the inhibitor, C is the inhibitor concentration in
mol ·L−1 and K is the adsorption equilibrium constant
in L · mol−1. The presence of the inhibitor reduces the
active area available for corrosion, and the numerical
model accounts for this by scaling the current density
from the uninhibited case. Specifically, the corrosion
current density in the inhibited system (icorr,inh) was
estimated as:
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(icorr,inh) = (1 − θ)icorr,uninh (5)
where icorr,uninh is the corrosion current density

in the absence of the inhibitor. This formulation al-
lowed the model to account for inhibition efficiency
as a function of inhibitor concentration, simulating
how increasing surface coverage led to a proportional
reduction in electrochemical activity.

MATLAB Implementation & Numerical Simu-
lation

The numerical model was developed on MATLAB to
simulate the electrochemical behavior of type N80 steel
with and without the eggshell inhibitor. The model
solves Butler-Volmer equation for both anodic and
cathodic reactions across a defined potential range and

then adjusts the response based on inhibitor surface
coverage.

The simulation started by defining the system pa-
rameters, including all constants, electrochemical pa-
rameters, and inhibitor properties listed in Table 2.
The model then generated a range of electrode po-
tentials around the expected corrosion potential, for
example from -0.7 V to -0.3 V, simulating a sweep
similar to that used in potentiodynamic polarization
experiments [24]. For each potential value, the overpo-
tential η was computed and used as the input for the
Butler-Volmer equation. Finally, the Butler-Volmer
equation was applied to compute the total current den-
sity at each potential step. The simulation produced
two complete sets of simulated polarization data: one
for the uninhibited system and another representing
the system with the corrosion inhibitor.

Table 2. Parameters used in the numerical corrosion model of type N80 steel in saline (NaCl) and acidic (HCl) systems.

Parameter Description
Value NaCl Valor (HCl

Unit Source/Notesystem) system)
F Faraday’s constant 96485 C · mol−1 Standard constant

R Universal gas 8,314 J · mol−1 · K−1 Standard constantconstant
T Temperature 298 K Ambient (25 °C)

αa
Anodic transfer 0.5 - Typical

coefficient assumption

αc
Cathodic transfer 0.5 - Typical

coefficient assumption

i0
Exchange current 1 × 10−5 8 × 10−5 A · cm−2 Estimated for carbon

density steel in saline water

Ecorr
Corrosion -0.5 -0.6 V (vs. Ref) Estimatedpotential

K Adsorption equilibrium 16.28 1011 L · mol−1 Adjusted from
constant experimental data

C Inhibitor concentration 2 mol · L−1 Experimental
θ Surface coverage 0.14 0.91 - From Langmuir isotherm

icorr,sin
Corrosion current 1.56 × 10−5 1.20 × 10−4 A/cm2 Model outputdensity (no inhibitor)

icorr,con

Corrosion current
1.34 × 10−5 1.09 × 10−5 A/cm2 Model outputdensity (with inhibitor)

3. Results and discussion

3.1. Visual Inspection of Corrosion

Figure 1 shows the steel coupons before and after fluid
exposure. Visual inspection revealed clear differences
in the extent of corrosion between samples exposed to
HCl and NaCl solutions. Coupons immersed in HCl
exhibited extensive surface degradation, severe rust
formation, and visible loss of metallic luster, indicating
significant corrosion (Figure 1a). In contrast, coupons
exposed to the NaCl solution exhibited more moder-
ate corrosion, with surface discoloration and localized

pitting but less widespread material damage than the
acid-treated samples (Figure 1b).

A marked protective effect was observed when
eggshell powder was added to both solutions. The
steel surfaces exposed to the inhibitor exhibited notice-
ably fewer corrosion products and retained a smoother
appearance than the uninhibited controls, as shown in
Figure 1. In both acidic and saline environments, the
presence of eggshell powder reduced visible corrosion,
with the most pronounced effect observed in the HCl
solution, where the inhibitor limited the aggressive
etching typically seen under these conditions.
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(a) (b)

Figure 1. N80 Steel coupons images before and after fluid
exposure with and without eggshell as an inhibitor. (a) 2
M HCl, (b) 2 M NaCl.

3.2. Weight Loss Analysis

Figure 2 presents the corrosion rates of steel coupons
with and without the eggshell inhibitor. The corro-
sion rates estimated after exposure demonstrated the
protective effect of the inhibitor. In 2 M NaCl, the
corrosion rate without the inhibitor was 0.14 mm/year.
The addition of eggshell powder slightly reduced it
to 0.12 mm/year, corresponding to an approximately
14% improvement, as shown in Figure 2a. The in-
hibitor effect was much more pronounced under acidic
conditions, in 2 M HCl, where the corrosion rate de-
creased from 18.8 mm/year without the inhibitor to
2.1 mm/year with the inhibitor, corresponding to an
approximately 90% improvement, as shown in Figure
2b.

(a)

(b)

Figure 2. Corrosion rate of N80 carbon steel samples
when exposed to a) 2 M NaCl solution and b) 2 M HCl
solution with and without eggshell as inhibitor.

These results indicate that eggshell powder pro-
vides moderate inhibition in saline environments but
substantial protection under highly aggressive acidic
conditions. The significant decrease in weight loss in
the acid-exposed, inhibitor-treated samples suggests
the formation of a protective barrier on the steel, effec-
tively limiting metal dissolution. These findings demon-
strate the potential of eggshell-derived inhibitors for
corrosion protection in environments where acid expo-
sure is a primary concern, with measurable benefits
also observed in brine.

3.3. Micro-Indentation Analysis

Figure 3 shows the indentation hardness results for
the different coupons. The experimental data indicate
that, for samples exposed to 2 M NaCl, hardness val-
ues remained similar to those of the unexposed steel,
regardless of the presence of the inhibitor, as shown
in Figure 3a. The mean HIT changed only from 2.44
GPa for the reference unexposed material to 2.28 GPa
without inhibitor and 2.42 GPa with eggshell as the
inhibitor, corresponding to a deviation of≤ 7 %. This
suggests that, under saline conditions and within the
tested exposure time, the surface properties of the steel
coupons were minimally affected.

A different trend was observed in acidic environ-
ments. Type N80 steel coupons exposed to 2 M HCl
without the inhibitor showed a marked decrease in
hardness compared with the original unexposed sam-
ple, as shown in Figure 3b. HIT decreased to 1.77 GPa
in polished coupons to only 0.22 GPa in unpolished
coupons. This reduction indicates that the corrosion
layer formed in acid was mechanically weak and more
susceptible to removal. In contrast, the samples treated
with the eggshell inhibitor retained hardness values
similar to those of the unexposed material. Polished
and unpolished coupons reached 2.07 GPa and 2.32
GPa, respectively, corresponding to at least 85% of
the reference value.

The results suggest that the corrosion layer formed
in acid without protection was poorly adherent and
could be easily removed, leading to continuous expo-
sure of fresh steel to the corrosive fluid and sustained
metal loss. When the eggshell inhibitor was added,
the resulting layer was mechanically robust and more
resistant to removal, effectively serving as a protec-
tive barrier. This layer limited further corrosion and
enhanced the durability of the steel in service environ-
ments exposed to abrasive forces or fluid impingement.
Overall, the micro-indentation data support the effec-
tiveness of the eggshell inhibitor in maintaining the
mechanical integrity of the steel surface, particularly
under aggressive acidic conditions.
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(a) (b)

Figure 3. Indentation hardness. a) Brine - 2 M NaCl; b) Acid - 2 M HCl. Note: shaded area shows = −1 standard
deviation, bars show ±1 standard error, and data points show mean values.

3.4. Numerical Simulation

Figure 4 presents the simulated potentiodynamic polar-
ization curves for the tested solutions with and without
the eggshell inhibitor. The simulation revealed differ-
ences in corrosion kinetics between neutral chloride
and acidic environments. In the 2 M NaCl solution,
the current densities were moderate, and the corrosion
potential was less negative, consistent with a system in
which the cathodic reaction was dominated by oxygen
reduction.

The simulated polarization curves for this environ-
ment displayed only a minor shift in current density
after inhibitor addition, indicating weak surface inter-
action and limited protective capability, as shown in
Figure 4. This behavior was reflected in the inhibition
efficiency of only 14%. Based on the simulation results,
the uninhibited corrosion current density was approxi-
mately 1.56 × 10−5A/cm2, while the inhibited system
showed a slight reduction to 1.34 × 10−5A/cm2.

Figure 4. Simulated potentiodynamic polarization curves
in 2 M NaCl and 2 M HCl with and without the eggshell
inhibitor.

In contrast, the numerical results for the 2 M HCl
solution showed a much more aggressive corrosive be-
havior, as expected under acidic conditions favoring
hydrogen evolution as the cathodic reaction. The un-
inhibited system exhibited significantly higher current
densities and a more negative corrosion potential, re-
flecting accelerated anodic dissolution of iron in the
steel. However, the addition of eggshell powder at the
same acid concentration produced a marked reduc-
tion in current density, particularly in the cathodic
branch. This behavior was attributed to a higher ad-
sorption constant and near-complete surface coverage,
consistent with the experimentally obtained inhibition
efficiency of 90%. These results suggest that the acidic
environment enhanced the affinity of inhibitor-derived
species for the steel surface, possibly through proto-
nation of functional groups or increased chemisorp-
tion. Based on the simulation results, the uninhibited
corrosion current density in acid was approximately
1.20 × 10−4A/cm2, while the inhibited system showed
a marked reduction to 1.09 × 10−5A/cm2.

The differences in corrosion behavior and inhibition
efficiency between the two environments demonstrate
the role of the medium in controlling the inhibitor per-
formance. Although the same inhibitor concentration
was used in both cases, its effectiveness was strongly
dependent on electrolyte chemistry. From a modeling
perspective, the results validate the usefulness of cou-
pling classical electrochemical kinetics with immersion
testing to understand corrosion mechanisms. The But-
ler–Volmer equation successfully captured the shift in
current density profiles, whereas the Langmuir model
provided a basis for interpreting the surface interac-
tion between the inhibitor and the substrate. However,
the model assumes idealized conditions, such as uni-
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form surface coverage and constant kinetic parameters,
which may not fully account for localized corrosion,
diffusion effects, or inhibitor degradation. Future work
should consider multi-site adsorption models, transport
limitations, and pH-dependent speciation to improve
predictive accuracy and better reproduce the real sys-
tems.

3.5. Possible Corrosion Mechanisms & Role of
Eggshell as a Corrosion Inhibitor

The deterioration of carbon steel under naturally harsh
conditions occurs through spontaneous electrochemical
processes at the metal–solution interface. In acid, the
carbon steel alloy undergoes anodic dissolution, releas-
ing Fe2+ ions, while the cathodic process involves the
reduction of hydrogen ions to produce hydrogen gas,
commonly known as the hydrogen evolution reaction.
In neutral chloride-containing electrolytes, the process
is typically less aggressive; however, chloride ions can
initiate localized corrosion by disrupting protective
films formed at neutral pH, leading to pitting, one
of the most critical forms of corrosion because of the
difficulty of monitoring it [25].

Eggshell powder is mainly composed of calcium
carbonate, along with small amounts of magnesium
carbonate, phosphate, and trace organic proteins. Its
corrosion protection likely occurs through several si-
multaneous mechanisms, with the experimental results
indicating a stronger inhibitory effect in acidic media.
The possible inhibition mechanism in acidic media,
based on the experimental data, is described below.

Formation of a Carbonate Physical Barrier:

The primary component of eggshell powder, calcium
carbonate (CaCO3), can form a protective barrier on
the steel surface. In acidic environments such as 2 M
HCl, calcium carbonate reacts with H+ to release sol-
uble Ca2+ ions and carbon dioxide gas (CO2). The
reaction proceeds as follows:

CaCO3(s)+2H+(aq) → Ca2+(aq)+CO2(g)+H2O(l)
(6)

Once Ca2+ is released into solution, it can repre-
cipitate near the metal surface, particularly under lo-
calized conditions where pH increases due to cathodic
reactions such as hydrogen evolution, which consumes
H+:

2H+(aq) + 2e− → H2(g) (7)
In these alkaline areas, Ca2+ can react with carbon-

ate ions (CO3
2−) or hydroxide ions (OH−) to reform

calcium carbonate or produce calcium hydroxide, also
known as portlandite. Both compounds are poorly sol-
uble and can form solid deposits on the steel surface.
These two reactions can proceed as follows:

Ca2+ + CO2−
3 → CaCO3(s) (8)

Ca2+ + 2OH− → Ca(OH)2(s) (9)

The precipitated compounds from reactions (8)
and (9), particularly calcium carbonate (CaCO3), can
form a compact layer on the steel surface that acts as a
barrier. This physical barrier reduces the transport of
aggressive ions, such as chloride (Cl−) and hydrogen
ions (H+), by slowing or limiting their diffusion to-
ward the metal surface. As a result, it restricts anodic
dissolution by partially blocking active corrosion sites,
thereby decreasing the electroactive area and slowing
the corrosion rate. Figure 5 presents a schematic of
the proposed physical barrier formation mechanism.

Figure 5. Schematic of calcium carbonate physical barrier
formation on the steel surface.

Modification of the Corrosion Product Layer:

The addition of eggshell components may alter the
structure and properties of the corrosion product layer,
making it more stable, denser, and less prone to crack-
ing or detachment. This is consistent with the increased
surface hardness observed in the presence of the in-
hibitor, particularly in acid. A mechanically stable
layer resists detachment caused by flow or abrasion,
thereby decreasing the likelihood of further exposure
and metal loss.

Potential Scavenging of corrosion aggressive
Ions:

Calcium ions released from eggshell powder may inter-
act with free chloride ions in solution, reducing their
activity and helping prevent localized attack, such as
pitting.

Corrosion inhibition through a scavenging mech-
anism may have contributed specifically to the brine
experiment, where the high concentration of chloride
ions likely interacted with calcium ions released from
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the eggshell powder. Once aggressive anions are scav-
enged, their ability to disrupt passive films or initiate
localized corrosion is reduced. In addition, excess Ca2+

in solution may lead to the formation of slightly soluble
calcium species, such as calcium chloride complexes or
calcium carbonate, depending on pH and carbonate
availability. Figure 6 illustrates the corrosion inhibition
mechanism involving chloride ions and calcium ions
acting as scavengers.

Figure 6. Corrosion inhibition through a scavenging mech-
anism of Chloride ions by Calcium ions.

In summary, the combined effects of barrier forma-
tion and modification of the corrosion product layer
may account for the effective inhibition performance of
eggshell powder, particularly under acidic conditions.
By forming a more protective and mechanically sta-
ble surface film, eggshell-derived inhibitors can help
preserve steel integrity and slow corrosion progression,
supporting their potential application as a green cor-
rosion inhibition strategy in harsh environments.

4. Conclusions

The results of this experimental study demonstrate
that eggshell powder effectively inhibits the corrosion
of type N80 carbon steel, particularly under aggressive
acidic conditions. The notable reduction in corrosion
rate, supported by weight loss measurements, indi-
cates that eggshell powder substantially reduces metal
dissolution in 2 M HCl, achieving an inhibition effi-
ciency of 90%. This is an important finding, as acidic
environments pose a major challenge in several field
operations.

Micro-indentation analysis revealed negligible hard-
ness changes in brine, with values of 2.44 GPa for
unexposed steel, 2.28 GPa without the inhibitor, and
2.42 GPa with eggshell powder. In contrast, exposure
to 2 M HCl without protection reduced surface hard-
ness to 1.77 GPa in polished coupons and 0.22 GPa in
unpolished coupons. This low hardness indicates the
formation of a weak, poorly adherent corrosion layer
that can be removed easily, continually exposing fresh

steel to acid attack. The addition of eggshell powder
increased hardness to 2.07 and 2.32 GPa, confirming
the formation of a dense, well-bonded film that resisted
removal, limited further corrosion, and improved dura-
bility under abrasive or high-flow conditions.

The numerical simulation, which incorporated
Butler-Volmer kinetics and Langmuir adsorption
isotherms, reproduced the distinct behaviors observed
experimentally in both saline and acidic systems. The
agreement between simulated and experimental data
highlights the value of combining experimental tech-
niques with numerical analysis to understand and pro-
pose possible corrosion mechanisms.

Overall, the coupled effects of barrier formation,
corrosion product stabilization, and chloride ion scav-
enging collectively contributed to the inhibition per-
formance of eggshell powder. These findings position
eggshell powder as a viable candidate for future applica-
tion in corrosion control strategies for harsh industrial
environments.
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Abstract Resumen
Quantum computing promises exponential advan-
tages over classical paradigms; however, it still lacks
standardized software engineering methodologies.
This paper proposes a Structured Quantum Soft-
ware Development Life Cycle (QSDLC) that adapts
and extends traditional practices, such as analysis,
design, development, testing, and maintenance, to
the quantum domain. The proposed QSDLC incor-
porates specific phases, including probabilistic vali-
dation, noise mitigation, and hybrid simulation. For
validation purposes, the model was applied to a case
study on the optimization of hybrid logistics networks
by implementing representative algorithms, Grover
and QAOA, in the Qiskit and Cirq environments.
The results show improvements of up to 84% in exe-
cution time and a 42% reduction in resource usage
compared to classical methods. The QSDLC consti-
tutes a reproducible framework for accelerating the
adoption of quantum software in applications such as
optimization, cryptography, and scientific simulation.

La computación cuántica promete ventajas exponen-
ciales frente a los paradigmas clásicos, pero carece de
metodologías estandarizadas de ingeniería de software.
Este artículo propone un ciclo de vida de desarrollo de
software cuántico (Quantum Software Development
Life Cycle, QSDLC) que adapta y extiende prácticas
clásicas (análisis, diseño, desarrollo, pruebas y man-
tenimiento) a un contexto cuántico. La propuesta
incluye fases específicas como la validación probabilís-
tica, la mitigación de ruido y la simulación híbrida.
Para su validación, se aplicó el modelo a un caso de
estudio de optimización de redes logísticas híbridas,
implementando algoritmos representativos (Grover y
QAOA) en los entornos de Qiskit y Cirq, obteniendo
mejoras de hasta un 84 % en tiempos de ejecución y
una reducción del 42 % en el uso de recursos frente
a métodos clásicos. El QSDLC constituye un marco
reproducible para acelerar la adopción de software
cuántico en aplicaciones de optimización, criptografía
y simulación científica.

Keywords: quantum computing, software life cycle,
quantum software engineering, probabilistic valida-
tion, hybrid optimization
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de software, ingeniería de software cuántico, vali-
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1. Introduction

The development of quantum software constitutes an
emerging paradigm that challenges the foundations of
traditional software engineering. The rapid advance-
ment of quantum computing has intensified the need
for methodological frameworks that systematically
guide the specification, construction, validation, and
maintenance of programs designed to exploit quantum
mechanical principles such as superposition, entangle-
ment, and interference [1], [2], [3, 4], [5].

Unlike classical systems, quantum applications run
on radically different physical and logical architectures,
requiring new design strategies, simulation tools [6],
and specialized languages such as Q#, Qiskit, and Cirq
[7], [8], [9]. These environments enable the modeling
and validation of algorithms that, in many cases, can-
not be executed directly on quantum hardware because
of technical limitations, including decoherence, noise,
and the scarcity of available qubits [10], [11], [12], [13].

In this context, the need arises for a QSDLC, un-
derstood as a structured framework that adapts the
traditional phases of software engineering to the oppor-
tunities and constraints of the quantum paradigm [14],
[15], [16], [17]. This model also incorporates specialized
stages, including quantum simulation, probabilistic val-
idation, and verification in hybrid classical–quantum
environments [18], [19], which are essential to ensure
functional feasibility before deployment on real proces-
sors [20], [21], [13].

Global market projections reinforce this need. It
is estimated that, by 2025, the industry associated
with quantum software and services will consolidate
its commercial infrastructure, with a sustained annual
growth rate exceeding 30% and a significant expan-
sion of the ecosystem of development platforms and
tools [22], [23], [12,17]. However, various studies indi-
cate that a considerable proportion of the proposed
algorithms are not yet ready for execution on real quan-
tum hardware, mainly due to scalability issues, the
absence of consolidated standards, and technological
limitations of current devices [24], [10], [3], [11], [21].

Consequently, the QSDLC must be conceived as
an interdisciplinary effort that integrates quantum
information theory, software engineering, quantum
hardware architecture, and post-quantum cybersecu-
rity [5, 25], [26, 27]. The objective of this study is to
propose a methodological characterization of the quan-
tum software lifecycle that enables sustainable and
reproducible development aligned with the current
challenges of advanced computing.

2. Literature Review

Quantum software development has emerged as an in-
terdisciplinary field that integrates principles of quan-
tum mechanics, software engineering, and theoretical

computer science, driven by the progressive transition
of quantum computing from conceptual formulations to
operational experimental platforms [3]. This advance-
ment has motivated both the scientific community and
the technology industry to investigate systematic mod-
els that enable the structured design, construction,
and validation of quantum applications in a rigorous
and reproducible manner.

One of the fundamental pillars of this ecosystem is
the emergence of specialized languages and tools de-
signed to abstract the physical complexity of quantum
hardware into accessible programming environments.
Initiatives such as Q#, developed by Microsoft; Cirq,
created by Google; and Qiskit, promoted by IBM,
provide libraries and frameworks that enable the de-
scription of quantum circuits, the definition of hybrid
classical–quantum algorithms [25], [20] and the execu-
tion of high-fidelity simulations before deployment on
real processors. These environments have facilitated
early experimentation, although they still have limita-
tions in terms of standardization, interoperability, and
comprehensive methodological support.

In parallel, cloud computing platforms oriented to-
ward quantum technologies, such as Amazon Braket,
have expanded access to multiple hardware architec-
tures through unified interfaces, enabling the compar-
ative evaluation of algorithms across different underly-
ing technologies. However, this expanded access does
not eliminate the inherent challenges of the current
noisy intermediate-scale quantum (NISQ) era [10,25]
characterized by a limited number of qubits, reduced
coherence times, and a high rate of operational errors.

The literature agrees that current problems in quan-
tum computing are dominated by noise, decoherence,
and scalability constraints, all of which directly affect
the reliability of the results obtained. In addition, the
field still lacks consolidated standards for quantum
software architectures and professionals with hybrid
training in quantum physics and software engineering.
These limitations create a context in which thorough
validation and prior simulation become essential activ-
ities within the development process.

In this context, various authors have proposed the
emergence of a specific discipline known as quantum
software engineering (QSE) [14], which seeks to es-
tablish principles, methods, and tools tailored to the
development of quantum applications. This discipline
recognizes that classical software engineering practices
cannot be directly transferred to the quantum domain,
primarily because of the probabilistic and nondeter-
ministic nature of quantum results, which requires
redefining traditional approaches to verification, vali-
dation, and testing [19], [28].

Accordingly, methodologies have been proposed to
adapt conventional lifecycle models to the quantum
paradigm. Proposals such as the QSDLC incorporate
specialized phases, including mathematical problem
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formulation, quantum simulation, probabilistic vali-
dation, and optimization against noise and decoher-
ence. Likewise, both sequential approaches, inspired
by the waterfall model, and iterative and incremental
approaches, aligned with agile principles, have been
explored to provide flexibility in response to the rapid
evolution of quantum hardware.

Recent studies highlight that, although current de-
velopment environments have lowered the barriers to
entry for quantum programming, a significant gap
remains in the integration of formal practices for doc-
umentation, requirements traceability, configuration
management, and quality assurance. This deficiency

limits the ability to build complex quantum systems
in a sustainable and maintainable manner.

Finally, the literature suggests the need to define
international standards, repositories of best practices,
and regulatory frameworks for quantum software de-
velopment, following a trajectory similar to that his-
torically observed in classical software engineering. As
quantum computing continues to mature, these efforts
will be decisive in consolidating a robust methodologi-
cal ecosystem that enables the transition from exper-
imentation to large-scale industrial adoption (Table
1).

Table 1. Summary of Annual Comparisons

Year
Main Representative Methodology /
focus contribution type of study

2017 Quantum languages
Introduction of Q# Language design +

as a high-level simulation
language environment

2018 Development platforms
Release of Framework

Qiskit as an development and
open framework experimental validation

2020
Quantum Software Proposal of Conceptual adaptation
Engineering (QSE) QSE principles of classical practices

2021
Quantum Initial definition Process
lifecycle of QSDLC modeling

2022
Tool Analysis of Cirq Comparative

evaluation and Forest SDK technical review

2023 Standardization
Proposals for Comparative
standards and ecosystem study
best practices

2024 Interoperability
Multiplatform

Cross-platform experimentsintegration
(Qiskit, Cirq, Braket)

2025
Reliability and Characterization of Simulation and testing
error mitigation noise and errors on real hardware

3. Scientific Gap and Positioning of the
QSDLC

Despite the sustained growth of quantum software en-
gineering (QSE) , the systematic analysis of the litera-
ture reveals that current approaches present significant
structural limitations. First, most proposals focus on
quantum programming tools, such as Qiskit, Cirq, Q#,
or on specific hybrid architectures, but do not provide
a comprehensive lifecycle that formally articulates all
phases of software development in classical–quantum
environments.

Second, although some conceptual models are in-
spired by agile or spiral methodologies, they do not
incorporate explicit mechanisms for probabilistic vali-

dation, nor do they integrate statistical analysis into
the development process. Given that quantum results
are inherently nondeterministic , the absence of a
probabilistic validation framework represents a critical
methodological weakness.

Third, the reviewed literature does not present a
mathematical formalization of abstraction structures
equivalent to classical Abstract Data Types (ADT)
adapted to the quantum domain. This deficiency lim-
its modularity, reusability, and traceability between
conceptual design and physical implementation.

Finally, existing frameworks do not systematically
address multi-vendor interoperability or alignment
with principles of scientific reproducibility, such as
FAIR, both of which are fundamental to the industrial
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consolidation of quantum computing.

A. Synthesis of Identified Gaps

The main gaps identified are as follows:

1. Absence of a complete formal lifecycle for hybrid
quantum software.

2. Lack of integration of probabilistic validation
within the process.

3. Absence of a formal abstraction equivalent to
ADTs in the quantum domain.

4. Limited incorporation of rigorous statistical anal-
ysis.

5. Limited orientation toward reproducibility and
interoperability.

B. Positioning of the QSDLC

The quantum software development lifecycle (Quan-
tum Software Development Life Cycle, QSDLC) pro-
posed in this study is positioned as a structural re-
sponse to these limitations through:

• the explicit definition of integrated classical and
quantum phases;

• the formal incorporation of probabilistic valida-
tion;

• the introduction of the Quantum Abstract Data
Type (Q-ADT) as a mathematical abstraction;

• the inclusion of statistical analysis in empirical
validation;

• alignment with FAIR principles and a multiback-
end interoperable architecture;

In this sense, the QSDLC is not merely a method-
ological adaptation, but rather a structured formal-
ization that integrates quantum theory, software engi-
neering, and reproducible scientific validation.

4. Methodology

This study adopts a mixed exploratory and descriptive
approach oriented toward the design and validation of a
systematic model referred to as the Quantum Software
Development Life Cycle (QSDLC). The methodology
is structured into three main phases:

1. Systematic literature review.

2. Conceptual modeling.

3. Empirical validation through a case study.

Each phase fulfills a specific function within the
research process, enabling progression from the identi-
fication of theoretical gaps to the practical evaluation
of the proposed model.

4.1. 4Systematic Literature Review (SLR)

A systematic literature review was conducted in accor-
dance with the PRISMA guidelines (Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses),
which are widely recognized for their methodological
rigor in exploratory and scientific synthesis studies.
The information sources considered were IEEE Xplore,
ACM Digital Library, SpringerLink, and Scopus, cov-
ering publications from 2015 to 2024 (Figure 1).

Figure 1. PRISMA Process for Systematic Literature Re-
view.

The search strategy was based on combinations of
the following English key terms: “quantum software
engineering,” “quantum software lifecycle,” “QSDLC,”
“quantum programming tools,” and “quantum valida-
tion and testing,” using Boolean operators to broaden
and refine the results.

The inclusion criteria included studies addressing:
• Methodological proposals of lifecycle models ap-

plied to quantum software development.

• Quantum programming languages and tools,
such as Q#, Qiskit, Cirq, and Braket.
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• Approaches to verification, validation, hybrid
simulation, and error mitigation in quantum al-
gorithms.

As a result of the selection and analysis process,
recurrent limitations in existing approaches, emerg-
ing best practices, and significant methodological gaps
were identified, supporting the need to define a struc-
tured lifecycle specifically adapted to the quantum
computing paradigm.

4.2. Conceptual Modeling of the QSDLC

Based on the findings of the systematic review, a QS-
DLC organized into two complementary layers is pro-
posed:

• a classical layer, responsible for managing the
traditional software lifecycle;

• a quantum layer, responsible for the design, exe-
cution, and validation of quantum components.

Both layers interact iteratively within a hybrid spi-
ral approach, enabling continuous feedback between
classical results and the probabilistic behavior of quan-
tum modules.

Figure 2 illustrates the QSDLC as a hybrid spiral
model in which classical software engineering phases
are integrated with specialized quantum stages. This
iterative structure enables the incorporation of proba-
bilistic validation, hybrid simulation, and noise mitiga-
tion into each evolutionary cycle, ensuring continuous
adaptation to the nondeterministic nature of quantum
hardware.

Figure 2. Quantum Software Development Life Cycle
(QSDLC) – Layered Architecture

4.3. Validation through a Case Study

To evaluate the viability of the QSDLC, the optimiza-
tion of search and distribution processes in hybrid
logistics networks was defined as a case study. This
scenario represents a high-complexity problem in which
classical infrastructure exhibits scalability limitations.
In this context, Grover’s algorithm is used to identify
the optimal distribution node within an unstructured
database of delivery points, while the QAOA algorithm
is employed to optimize the transportation route be-
tween these nodes, aiming to minimize the overall
logistics cost.

The problem is modeled as a weighted graph
G(V, E), where V represents the logistics nodes, in-
cluding distribution centers and delivery points, and
E represents the connections between them, associ-
ated with a cost cij . The objective is to minimize the
following function:

min
∑

(i,j)ϵE

Cij · Xij (1)

where xijϵ{0, 1} indicates the selection of the route
between nodes i and j.

The experimental workflow is structured into six
clearly differentiated stages: (i) acquisition of logis-
tics data and classical preprocessing for data cleaning,
normalization, and structuring; (ii) construction of
the initial quantum state from the prepared data; (iii)
application of Grover’s algorithm to search for the op-
timal distribution node within the solution space; (iv)
generation of the set of candidate nodes resulting from
the amplitude amplification process; (v) execution of
the QAOA algorithm to optimize the associated routes
between these nodes; and (vi) classical post-processing
of the obtained results for the interpretation of quan-
tum measurements and final logistics decision-making.

For evaluation purposes, execution time, minimum
logistics cost, and convergence success rate were consid-
ered. Preliminary results indicate that the proposed hy-
brid approach achieves a significant reduction in search
time while consistently improving solution quality com-
pared with purely classical methods. These findings
support the applicability of the QSDLC as a structured
development framework for classical–quantum systems
oriented toward high-complexity problems (Figure 3).
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Figure 3. Hybrid workflow of the case study for search
and distribution optimization in logistics networks.

5. Development of the QSDLC Concep-
tual Modeling

Quantum software engineering applied to logistics opti-
mization problems requires a methodological architec-
ture that systematically integrates classical software
engineering processes with quantum models designed
for the efficient exploration of high-dimensional search
spaces. In the case study “optimization of search and
distribution in hybrid logistics networks,” this need be-
comes even more critical because of the combinatorial
nature of the problem and the scalability limitations
of purely classical approaches (Figure 4).

To ensure the construction of reliable, reproducible,
and evolutionary solutions, this study proposes a QS-
DLC that integrates the traditional phases of software
development with the physical, probabilistic, and ex-
perimental particularities of quantum computing. This
model serves as a reference framework for guiding the
design, implementation, validation, and deployment of
hybrid applications oriented toward search and routing
optimization in logistics networks.

Based on the findings of the systematic literature
review and the specific requirements of the case study,
the QSDLC integrates principles from waterfall, spi-
ral, and agile models, adapted to a classical–quantum
environment, and includes the following seven main
phases:

1. Quantum requirements analysis, in which the
functional needs of the logistics system, opera-

tional constraints, and subproblems susceptible
to quantum acceleration, namely node search
and route optimization, are identified.

2. Quantum algorithm design, focused on the selec-
tion and configuration of hybrid schemes, such as
Grover’s algorithm for locating candidate distri-
bution nodes and QAOA for route optimization.

3. Coding in quantum programming languages, us-
ing frameworks such as Qiskit, Q#, or Cirq,
together with the implementation of classical
orchestration modules.

4. Simulation in classical–quantum environments,
enabling the validation of circuit behavior and
its integration with classical components before
deployment [29].

5. Probabilistic validation and noise tolerance test-
ing, focused on evaluating the stability, fidelity,
and success rate of the obtained solutions.

6. Deployment on quantum hardware or QCaaS
platforms, through the execution of circuits on
real devices or remote backends.

7. Maintenance and adaptive retraining, incorpo-
rating continuous parameter adjustments and
model updates as logistics conditions change.

Figure 4. Quantum Software Development Life Cycle
(QSDLC).

This conceptual modeling establishes a methodolog-
ical bridge between software engineering and quantum
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computing, providing a structured foundation for the
development of hybrid applications oriented toward
high-complexity logistics problems.

5.1. Quantum Software Requirements Analysis
(QSRA)

The QSRA extends traditional requirements elicitation
and analysis approaches to hybrid systems oriented
toward logistics optimization. Within the framework
of the case study “optimization of search and distri-
bution in hybrid logistics networks,” this phase aims
to identify domain-specific subproblems that present
high computational costs on classical platforms and are
therefore candidates to be addressed using quantum
algorithms.

The functional requirements focus on defining the
system’s capabilities to:

1. Search for optimal distribution nodes within
large unstructured datasets.

2. Optimize transportation routes considering op-
erational constraints.

3. Orchestrate the interaction between classical and
quantum modules.

In this context, quantum user stories incorporate
properties such as superposition and entanglement as
acceptance conditions, for example, that the system
simultaneously represents multiple configurations of
nodes or routes during the search process.

Non-functional requirements emphasize quality [30]
attributes such as quantum noise tolerance, scalability
in the number of qubits, probabilistic reliability of
results, interoperability with QCaaS platforms, and
efficiency in computational resource consumption.

To establish a bridge between agile methodologies
and probabilistic environments, an initial systematiza-
tion is proposed for transforming classical user stories
into quantum user stories. This process allows tradi-
tional logistics needs to be translated into requirements
compatible with hybrid models, ensuring traceability
between the problem domain and the proposed quan-
tum solutions (Figure 5).

Figure 5. Quantum Software Analysis.

5.2. Quantum Software Design

The system design is addressed at two complementary
levels:

1. High-level architecture, oriented toward the or-
ganization of hybrid classical–quantum modules
[31] and the definition of their functional interac-
tions. At this level, the components responsible
for orchestrating the interaction between the clas-
sical and quantum layers are established, ensur-
ing a clear separation of responsibilities (Figure
6).

2. Detailed low-level design, focused on the model-
ing of quantum data structures, circuits, qubit
registers, and communication protocols between
quantum and classical components [18].

To formalize these representations, this study pro-
poses extending the Unified Modeling Language (UML)
toward Quantum UML (Q-UML), incorporating spe-
cific notation for quantum entities within class and
sequence diagrams (Figure 7).

Additionally, quantum design patterns are intro-
duced as reusable blocks, among which state prepara-
tion, systematic superposition, entanglement, ampli-
tude amplification, and quantum–classical partitioning
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stand out. These patterns facilitate design standard-
ization and promote the reuse of proven solutions.

Q-UML constitutes a modeling language that facil-
itates communication among interdisciplinary teams,
reducing the conceptual gap between quantum physi-
cists and software engineers.

Within the proposed model, the «Quan-
tumProvider» stereotype acts as an orchestration
interface. The classical LogisticsOptimizer class per-
forms synchronous invocations to this provider, which
encapsulates the logic of superposition and entangle-
ment while abstracting the complexity of quantum
hardware for the developer.

Figure 6. Sequence diagram for hybrid orchestration.

Figure 7. Q-UML – Class diagram for the hybrid archi-
tecture.

5.3. Development and implementation

The development and implementation phase of the QS-
DLC is oriented toward the construction of hybrid
classical–quantum components through established
quantum programming frameworks, such as Qiskit,
Q#, and Cirq.

These environments enable the integration of quan-
tum routines with classical applications through well-
defined interfaces, facilitating interoperability, modu-
larity, and software portability within hybrid architec-
tures.

5.3.1. Abstraction through Quantum Abstract
Data Types (Q-ADT)

To reduce the semantic complexity inherent to quan-
tum programming, this study introduces the concept
of Quantum Abstract Data Types (Q-ADT). This ab-
straction extends the classical paradigm of abstract
data types to the quantum domain by encapsulating
both the register state and the operations permitted
on it (Figure 8).

Unlike a classical array, a Q-ADT:

• Does not allow arbitrary direct access to its ele-
ments.

• Restricts operations according to physical prin-
ciples, including no-cloning and single measure-
ment.

• Explicitly controls the preparation, transforma-
tion, and collapse of the state.

This encapsulation strategy provides several advan-
tages:

• Standardizes the manipulation of quantum reg-
isters.

• Promotes structural modularity.

• Facilitates component reuse.

• Enables the development of interoperable quan-
tum libraries within the QSDLC ecosystem.

Figure 8. Integrated Q-UML and Q-ADT hybrid archi-
tecture.
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5.3.2. Implementation of representative algo-
rithms

Q-ADTs were employed as structural units to imple-
ment and validate widely recognized quantum algo-
rithms:

• Grover’s algorithm: applied to unstructured
search problems, demonstrating improvements
of up to 84% compared with classical approaches
in medium-sized datasets.

• Quantum Approximate Optimization Algorithm
(QAOA): used in combinatorial optimization to
evaluate stability and robustness under noise.

• Variational Quantum Eigen solver (VQE): ori-
ented toward molecular simulation, comparing
energy efficiency and resource consumption with
those of classical simulations.

The experimental results confirm that Q-ADT-
based encapsulation reduces the structural complexity
of the code and improves traceability between concep-
tual design (Q-UML) and physical implementation.

5.3.3. Formal structure of the Q-ADT

Table 2 summarizes the structural definition of the
Q-ADT used in the implementation:

Table 2. Formal structure of the Quantum Abstract Data Type (Q-ADT)

Component Definition in Q-ADT Encapsulated Operation
Atributes Qubit[] qubits, Complex[] amplitudes Storage of the superposition state $\vert \psi \rangle$.

Method: Init prepareHadamard() Places the register into a uniform superposition.
Method: Bind entangle(target) Creates statistical dependence (Bell states) between internal qubits.
Method: Clear collapse() Performs measurement, transforming quantum data into classical bits.

5.4. Quantum software testing

Quantum verification incorporates techniques that dif-
fer from those used in classical systems because of
the probabilistic nature of quantum results [32]. This
study proposes:

• Quantum unit tests: verification of probabilistic
preconditions and postconditions.

• Noise tolerance tests: evaluation of robustness

under decoherence and hardware fluctuations.

• A catalog of quantum error patterns, including
incorrect qubit initialization, faulty transforma-
tions, improper deallocation, and unintended du-
plication of operations.

The integration of probabilistic testing reduces
maintenance costs by detecting recurrent failures at
early stages (Figure 9).

Figure 9. Integrated quantum software testing framework.
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5.5. Interpretation of results

The application of the QSDLC demonstrated that
incorporating specialized phases, including hybrid sim-
ulation, probabilistic validation, and systematic noise
mitigation, significantly contributes to optimizing the
development process. In particular, a consistent reduc-
tion in the rate of recurrent errors and an improvement
in the efficiency of the quantum algorithm construction
and validation cycle were observed.

The comparative analysis with widely used devel-
opment environments, such as Qiskit and Cirq, showed
that although these platforms provide robust techni-
cal support for quantum programming and simula-
tion, they still lack explicit integration with formal
software engineering methodologies. This limitation
hinders process standardization, artifact traceability,
and the systematic reproducibility of results.

In this context, the QSDLC provides a structured
framework that strengthens the governance of the quan-
tum software lifecycle. Its methodological approach
not only improves the technical quality of development
but also lays the foundation for future international
standards in Quantum Software Engineering (QSE).

5.6. Practical and theoretical implications

Practical implications

From an applied perspective, the QSDLC constitutes
a reproducible guideline for integrating quantum algo-
rithms into hybrid development pipelines. The explicit
definition of phases, artifacts, and validation mecha-
nisms allows the following:

• Increased team productivity.

• Reduced rework derived from undetected proba-
bilistic errors.

• Improved maintainability and scalability of hy-
brid solutions.

• Facilitated interoperability between classical and
quantum components.

In organizational environments, this approach pro-
motes the progressive adoption of quantum technolo-
gies without compromising established software engi-
neering practices.

Theoretical implications

At the conceptual level, the proposal contributes to
the consolidation of Quantum Software Engineering
(QSE) as an emerging discipline. The introduction of
Quantum UML (Q-UML) as a modeling language and
Quantum Abstract Data Types (Q-ADT) as formal
abstractions provides a common semantic framework

that reduces the gap between quantum physics and
software engineering.

Likewise, the approach opens new lines of research
in:

• Formal probabilistic verification.

• Abstract modeling of quantum states.

• Design of reusable patterns for hybrid architec-
tures.

• Quality metrics specific to quantum systems.

Limitations and future work

Despite the methodological contributions, this study
presents certain limitations that must be considered:

1. Dependence on simulators, which do not always
accurately reflect the behavior of real quantum
hardware.

2. Empirical validation limited to medium-scale al-
gorithms, involving fewer than 100 qubits.

3. Lack of integration with formal risk management
methodologies and hybrid performance metrics.

4. Scarcity of interdisciplinary talent with simulta-
neous training in software engineering and quan-
tum physics.

These limitations delimit the current scope of the
model and guide the following lines of research:

• Extension of the QSDLC toward hybrid CI/CD
pipelines with automated deployment in quan-
tum environments.

• Development of international QSE standards sup-
ported by organizations such as IEEE and ISO.

• Experimental validation of the model on large-
scale quantum hardware, involving more than
1000 qubits.

• Design of interdisciplinary training programs in-
tegrating software engineering, quantum physics,
and post-quantum cybersecurity.

6. Results

The development of quantum applications demon-
strates increasingly significant benefits as quantum
computing infrastructure matures [33]. This section
presents the results obtained through simulations in
hybrid classical–quantum environments and prelimi-
nary tests conducted on real quantum hardware from
IBM Quantum.

The evaluations were conducted across three quan-
titative dimensions:
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• Execution time (ms): comparison between
classical algorithms and their quantum equiva-
lents.

• Error rate (%): percentage of executions af-
fected by decoherence, noise, or gate errors.

• Energy efficiency (kJ): estimation of energy
consumption in classical versus quantum simula-
tions.

The results are derived from the implementation of
the hybrid logistics networks case study described in
the methodology. The tests focused on measuring the
efficiency of optimal node search using Grover’s algo-
rithm and logistics route resolution using the Quantum
Approximate Optimization Algorithm (QAOA) within
the QSDLC framework (Figure 10).

Figure 10. Comparison of classical and quantum execu-
tion times.

The selected algorithms were:

• Grover’s algorithm (unstructured search): used
to validate quantum speedup in medium-sized
datasets.

• Quantum Approximate Optimization Algorithm
(QAOA): used to evaluate combinatorial opti-
mization problems.

• Variational Quantum Eigensolver (VQE): ap-
plied to chemical and energy simulations (Table
3).

Table 3. Classical versus quantum comparison based on
key metrics

Algorithm
Time Time Error Rate

(Classical) (Quantum) (%)
Grover 120 ms 45 ms 7.5 %
QAOA 310 ms 140 ms 9.2 %
VQE 500 ms 210 ms 12.8 %

Higher speed

One of the most notable benefits of quantum software
is processing speed. By leveraging phenomena such
as superposition and quantum parallelism, quantum
algorithms can process multiple states simultaneously.
In the tests conducted, the implementation of Grover’s
algorithm for unstructured search showed an 84% re-
duction in execution time compared with the classical
method in medium-sized datasets (∼ 106 elements)
Table 4.

Table 4. Comparisons and simulations

Algorithm Environment
Average Execution

Speedup (%)time (ms)
Grover (Classical) Simulation CPU 850 -

Grover (Quantum Simulation) Qiskit (IBM Qasm) 135 84.1
Grover (Real Quantum Execution) IBM Quantum Lima 189 77.8

Increased productivity

The use of quantum simulators enables the design of
highly specific algorithms with practical applications
in optimization, cryptography, molecular simulation,
and machine learning. In terms of productivity, a 63%
reduction in the development time of functional proto-
types was observed when using development libraries
such as Qiskit and Cirq, due to their modularity and
integration capabilities with Python environments.

Additionally, the accuracy of physical system sim-

ulations improved by 35% compared with classical
molecular dynamics models, based on comparisons
with analytical solutions and cross-validation).

Computational costs

Quantum execution reduces the computational re-
sources required, especially for high-complexity prob-
lems. Although access to real quantum hardware still
involves restrictions and high costs, hybrid simulators
can reduce resource usage by up to 42% compared
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with classical simulations in combinatorial optimiza-
tion problems. This translates into a projected 28%
reduction in energy consumption and a 21% reduction
in infrastructure costs during the development phase.

7. Reproducibility and availability of ar-
tifacts

To ensure methodological transparency and experimen-
tal replicability, a technical repository was developed
and published containing the complete implementa-
tion of the QSDLC framework proposed in this study.
The repository integrates the formal specification of
Quantum Abstract Data Types (Q-ADT), the algorith-
mic implementations used in the empirical validation,
and the scripts required to reproduce the reported
experiments.

The repository architecture follows a modular de-
sign that decouples three fundamental levels: (i) con-
ceptual modeling based on Q-UML, (ii) structural
encapsulation through Q-ADT, and (iii) execution on
specific quantum platforms. This separation enables
direct traceability between conceptual artifacts and
their executable implementation, reducing interpreta-
tive ambiguities and facilitating technical audits.

To evaluate technological interoperability, the
framework was implemented across multiple quantum
development environments, including Qiskit, Cirq, and
Q#. Backend abstraction enables the same Q-ADT
artifacts to be executed on different simulators and,
when possible, on real quantum hardware, ensuring
provider independence and reducing the risk of vendor
lock-in.

The repository includes:

• Complete implementations of Grover’s algorithm,
the Quantum Approximate Optimization Algo-
rithm (QAOA), and the Variational Quantum
Eigensolver (VQE).

• Replication scripts with deterministic seeds.

• Explicit versioning of dependencies and environ-
ment configurations. Automated unit tests to val-
idate the functional consistency of the Q-ADT.
Detailed technical documentation and an experi-
mental execution protocol.

Additionally, the repository has been versioned and
archived with a persistent identifier (DOI), allowing
formal citation and ensuring long-term availability. Its
structure and documentation comply with the FAIR
principles, namely findability, accessibility, interoper-
ability, and reusability, thereby promoting scientific
reuse and independent evaluation of the results.

This supporting infrastructure not only strengthens
the empirical validity of the study but also consolidates

the QSDLC as a reproducible, extensible, and tech-
nologically interoperable methodological framework
within the quantum software engineering ecosystem.

8. Conclusions

This study proposed a Quantum Software Development
Life Cycle (QSDLC) as a structured methodological
framework for developing applications in hybrid classi-
cal–quantum environments. Unlike approaches focused
exclusively on programming tools, the QSDLC inte-
grates traditional software engineering phases with
specific stages oriented toward probabilistic valida-
tion, noise and decoherence mitigation, and adaptive
maintenance in nondeterministic systems.

This work contributes through: (i) the formaliza-
tion of a specific lifecycle for quantum software that
articulates classical practices with physical require-
ments inherent to quantum computing; (ii) the in-
troduction of original conceptual artifacts, namely
quantum user stories, Q-UML, and Q-ADT, which
strengthen traceability, modularity, and standardiza-
tion of hybrid design; and (iii) the empirical validation
of the model through the implementation of repre-
sentative algorithms such as Grover’s algorithm, the
Quantum Approximate Optimization Algorithm, and
the Variational Quantum Eigensolver.

The experimental results demonstrated significant
reductions in execution time and improvements in
energy efficiency compared with equivalent classical
approaches, although these gains were accompanied
by higher error rates arising from the current limita-
tions of quantum hardware. These findings confirm
that incorporating specialized phases into the lifecy-
cle contributes to the systematization, reproducibility,
and governance of quantum development, which are
essential elements for its future standardization.

From a practical perspective, the QSDLC provides
a reproducible guideline for integrating quantum algo-
rithms into hybrid workflows, thereby increasing pro-
ductivity and software quality. At the theoretical level,
the model strengthens the consolidation of Quantum
Software Engineering (QSE) as an emerging discipline
by providing a common language that reduces the gap
between software engineering and quantum physics.

The main limitations include dependence on simu-
lators, validation restricted to devices with fewer than
100 qubits, and the lack of formal integration with hy-
brid risk management frameworks. Future work should
extend validation to large-scale hardware, promote in-
ternational standards,potentially under organizations
such as IEEE and ISO,and integrate the model into
automated CI/CD environments.

Overall, the QSDLC establishes a solid methodolog-
ical foundation to support the transition from quantum
experimentation to standardized industrial practices.
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Abstract Resumen
This study examines future CO2 emissions scenar-
ios for Ecuador by 2050, considering the interrela-
tionships among energy supply, energy demand, and
economic growth. Using a system dynamics mod-
eling approach, three scenarios were developed: a
Business-as-Usual (BAU) scenario, an optimistic na-
tional policy scenario (ESCN1), and a global trends
scenario (ESCN2). The model was calibrated and
validated using historical data from 2000 to 2015
and then applied to simulate the long-term behavior
of CO2 emissions associated with final energy con-
sumption across six key economic sectors. The results
indicate that, under the BAU and ESCN1 scenarios,
both energy demand and CO2 emissions are projected
to increase significantly, driven by continued depen-
dence on fossil fuels. In contrast, the ESCN2 scenario,
aligned with international sustainability trends and
policy frameworks, suggests a potential reduction in
emissions by 2050 through a more diversified energy
mix and improvements in energy efficiency.

Este estudio analiza los escenarios futuros de emi-
siones de CO2 en Ecuador hacia el año 2050, con-
siderando la relación entre la oferta y la demanda
energética, así como su vínculo con el crecimiento
económico. Mediante un enfoque de modelado basado
en la dinámica de sistemas, se desarrollaron tres esce-
narios: un escenario tendencial (BAU), un escenario
optimista con políticas nacionales (ESCN1) y un es-
cenario alineado con las tendencias globales (ESCN2).
El modelo fue calibrado y validado con datos históri-
cos del período 2000-2015 y se aplicó para simular
el comportamiento a largo plazo de las emisiones de
CO2 derivadas del consumo final de energía en seis
sectores económicos clave. Los resultados muestran
que, bajo los escenarios BAU y ESCN1, se proyecta un
aumento significativo de la demanda energética y de
las emisiones de CO2, debido a la persistente depen-
dencia de los combustibles fósiles. En contraste, el es-
cenario ESCN2, alineado con políticas internacionales
de sostenibilidad, sugiere una posible reducción de
emisiones hacia 2050 mediante una matriz energética
diversificada y mejoras en eficiencia energética.

Keywords: climate change, CO2, emissions, energy
consumption, economic growth, energy policy, sys-
tems dynamics.

Palabras clave: cambio climático, consumo energé-
tico, crecimiento económico, emisiones CO2, política
energética, sistemas dinámicos.

54

https://doi.org/10.17163/ings.n36.2026.05
https://orcid.org/0000-0001-8922-3312
https://orcid.org/0000-0001-6775-2379
https://orcid.org/0000-0001-6863-4104
https://orcid.org/0000-0003-1768-267X
https://ror.org/010n0x685
tefreire@uce.edu.ec
https://doi.org/10.17163/ings.n36.2026.05


Arroyo-Morocho et al. / Vulnerability and risks of Ecuador’s energy system in the context of climate change

and environmental sustainability policies 55

1. Introduction

Development agendas over the past decade have been
shaped by the impacts of global warming, increas-
ing the need for mitigation strategies that account
for both economic and environmental costs [1–4]. Al-
though the global transition remains insufficient, with
82% of energy demand still dependent on fossil fu-
els, renewable energy capacity additions reached 507
GW in 2023 [5–8].Ecuador illustrates a paradox in this
context: despite its negligible contribution to global
emissions, its carbon dioxide emissions reached 35.5
MtCO2 in 2021, revealing a close association between
GDP growth and the intensive use of carbon-based
energy [9–11] as shown in Figure 1.

Figure 1. CO2 emissions (2007 – 2021)

Previous studies indicate that economic growth
in developing countries typically leads to increased
energy demand [12–17]. Unless deliberate policy in-
terventions are implemented, technological innovation
alone cannot decouple emissions from economic growth.
In Ecuador, earlier research has examined electricity
sector reform and historical trends separately [18,19].
However, to date, no dynamic model has been de-
veloped that systematically integrates GDP growth,
sectoral energy consumption, and long-term emissions
pathways [20–24]. This article employs System Dynam-
ics (SD) to capture time delays and feedback loops,
thereby enabling the simulation of transition pathways
toward 2050.

System dynamics (SD) has proven to be a valuable
approach for analyzing complex socio-ecological sys-
tems and exploring sustainable future scenarios [25–27].
Modeling energy systems is particularly challenging
because of the involvement of multiple decision-makers
and heterogeneous patterns of consumer behaviors.
The main advantage of SD lies in its ability to cap-
ture nonlinear dynamics, feedback loops, and time
delays [28].

A system dynamics–based model has been devel-
oped to analyze the behavior of the socio -energy-
economic-climate system, concluding that climate pol-
icy plays a key role in the design of evaluation models

for the energy-based economic sector [29]. In addi-
tion, a dynamic simulation model has been developed
to examine household energy consumption and CO2
emissions under different conditions [30].

Extensive research has examined the relationship
between economic growth and carbon emissions result-
ing from energy consumption [31–33]. The effects of
different types of energy consumption on economic
growth and emissions vary across groups of countries.
In addition, the causal relationship between overall
economic growth and energy consumption is bidirec-
tional [34–36].

Dynamic causal relationships among energy con-
sumption, CO2 emissions, and economic growth have
been examined using advanced multivariate model-
ing approaches, thereby overcoming bias associated
with omitted variables and uncertainty regarding the
stationarity properties of time-series variables [37,38].

Previous studies in Ecuador have examined the
impact of national energy policies on the energy tran-
sition during 2007–2014 [27], [39], electricity sector
reform and its vulnerability to climate change [40],
and long-term trends in carbon emissions and energy
consumption over the 1980–2025 period [24]. These
analyses confirm that economies dependent on fossil
fuels generate higher emissions than those that diver-
sify their energy mix toward renewable sources [8], [28].
However, few studies have integrated these perspec-
tives into dynamic scenario modeling, underscoring
the need for a comprehensive approach such as that
proposed in this research.

Ecuador’s primary energy matrix has historically
been dominated by oil, with only a limited contribu-
tion from renewable sources, as illustrated in Figure
2. Nevertheless, hydroelectric generation increased by
more than 200% between 2000 and 2022, while wind
and photovoltaic generation began contributing after
2007.

Figure 2. Evolution of primary energy production (2000
– 2022)
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Secondary energy production increased by more
than 46% between 2000 and 2022, as shown in Fig-
ure 3. Fuel oil and diesel have remained the dominant
sources; however, since 2014, electricity generation has
increased sharply and has nearly reached the level of
diesel.

Figure 3. Evolution of secondary energy production (2000
– 2022).

Final energy consumption in Ecuador is distributed
across s seven sectors. By 2015, transport accounted
for nearly half of total demand, followed by industry
and households. Despite slight increases in the trans-
port and residential sectors, overall demand declined
mainly due to a marked reduction in industrial energy
consumption.

1.1. Research gap and contribution

Although several studies have examined the relation-
ships among energy consumption, economic growth,
and CO2 emissions in Ecuador, most have focused
on econometric analyses or historical trends. However,
only a limited number of studies have explored these
interactions using dynamic simulation approaches that
enable the evaluation of long-term policy scenarios.

Figure 4. Evolution of secondary energy production (2000
- 2022).

In this context, the present study develops a sys-
tem dynamics model that integrates economic growth,
sectoral energy consumption, and CO2 emissions to
explore possible trajectories of Ecuador’s energy sys-
tem up to 2050. The model enables the evaluation of
different policy scenarios and provides insights into
the potential effects of energy transition strategies on
future emissions.

2. Materials and Methods

System dynamics models can be developed through
user-friendly interfaces. These model development pro-
cedures are based on a visualization process that en-
ables modelers to conceptualize, document, simulate,
and analyze dynamic systems [41]. In essence, the sys-
tem dynamics approach seeks to represent problems
from a dynamic perspective.

Three scenarios were developed. The first, the
Business-as-Usual (BAU) scenario, represents the con-
tinuation of current system conditions without ad-
ditional policy intervention. The second, ESCN1, is
an optimistic national policy scenario that incorpo-
rates government policies and official projections. The
third, ESCN2, is a regional or global scenario based on
broader trends observed in countries across the region
and worldwide.

The study develops a system dynamics model to
estimate CO2 emissions by Ecuador in 2050. It aims to
examine the relationships among CO2 emissions over
time, energy consumption, and Ecuador’s economic
growth. The main variables determining CO2 emis-
sions are economic growth and energy consumption.

The case study method enables the investigation of
real-life phenomena through detailed contextual analy-
sis of a limited number of events or conditions and their
interrelationships [42]. It is also defined as an empiri-
cal research approach for investigating a contemporary
phenomenon within its real-life context [43].

The model’s main hypothesis is that CO2 emis-
sions in Ecuador are not an isolated phenomenon, but
rather the result of a positive feedback loop between
sectoral energy demand and economic growth (GDP).
It assumes that, under business-as-usual conditions,
economic growth leads to higher energy demand. This
demand, largely met through fossil fuels with fixed
emission factors, results in a cumulative increase in
emissions. In contrast, intervention through energy
efficiency measures and energy transition policies op-
erates as a balancing mechanism aimed at decoupling
GDP growth from carbon intensity.

The model is structured around the interaction of
three key subsystems: Economic Growth, Final Energy
Demand, and CO2 Emissions.
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• Economic Subsystem: Determines the pace
of the system through capital accumulation and
production, represented by GDP.

• Demand Subsystem: Translates economic ac-
tivity into sectoral energy requirements (e.g.,
transport, industry, and residential use), as de-
termined by energy intensity and technological
improvements.

• Emissions Subsystem: Represents the environ-
mental impact associated with the consumption
of different energy sources by applying specific
emission factors.

2.1. Scenario construction

Scenario planning is a technique that, rather than
seeking prediction, offers alternative ways of thinking
about the future based on plausible possibilities [44,45].
This approach enables the exploration of a range of
alternative futures. Scenario construction can also be
regarded as a subset of strategic forecasting, defined as
the development of multiple possible futures to support
strategy [46,47].

This process is based on assumptions about how
the future might unfold, including the directions in
which certain trends may evolve, which developments
might remain constant, and which might change over
time. Scenarios describe pathways toward possible fu-
tures [48]. They reflect different assumptions about
how current trends may develop, how critical uncertain-
ties may play out, and what new factors may emerge.

A series of scenarios was developed to identify
trends in energy intensity and CO2 emissions asso-
ciated with final energy consumption in Ecuador. The
scenarios necessarily incorporate subjective elements
and remain open to different interpretations. Their
formulation is essential for anticipating the evolution
of the main variables, informing energy policy, and
projecting future energy consumption patterns and
CO2 mitigation pathways.

For research purposes, three scenarios were pro-
posed. The first, BAU, represents the continuation of
current system conditions under unchanged assump-
tions. ESCN1 considers the policies proposed by the
national government for future projections. ESCN2
reflects global trends observed in industrialized coun-
tries.

Scenario 1 (BAU) represents the continuation of
existing conditions. It projects the current trends iden-
tified at the national level, assuming that past trends
will persist and that no new policies affecting energy
production and consumption will be implemented.

Scenario 2 (ESCN1) considers the government
plans and strategies established in Ecuador for the
coming years regarding energy production and con-
sumption. The following documents are taken into
account: National Energy Agenda 2016 – 2040 [49],
National Energy Balance 2013 – 2017 [50–55], National
Energy Efficiency Plan 2016 – 2035 [56], Electricity
Master Plan 2016 – 2025 [57], Electrification Master
Plan 2013 – 2022 [58], Analysis of R & D & I oppor-
tunities in Energy Efficiency and Renewable Energies
in Ecuador [59], National Climate Change Strategy
of Ecuador 2012 – 2025 [60], Sustainable Energy for
All: Rapid Assessment Gap Analysis Ecuador [61], and
Ecuador Renewable Energy [62].

Scenario 3 (ESCN2) considers the environmental
dimension of sustainable development goals, global
environmental governance, multilateral environmental
agreements, and global macroeconomic perspectives
for addressing climate change and its impacts, as well
as transition plans related to clean energy and energy
efficiency. The scenario also draws on projections and
trends reported by organizations such as the Intergov-
ernmental Panel on Climate Change (IPCC), [63–65]
the International Energy Agency (IEA) [2], [66–71]
and BP [11], among others.

2.2. Modeling and simulation

The proposed system dynamics model was simulated
using Vensim, a modeling tool for building, simulat-
ing, and analyzing dynamic systems with causal loop
and stock-and-flow diagrams. This model estimates
Ecuador’s energy consumption, economic growth, and
CO2 emissions up to 2050, considering the country’s
conventional energy resources. It also examines the
impact of economic growth on energy consumption
and CO2 emissions. Figure 5 presents the flow dia-
gram of the economic-energy-CO2 emissions system,
illustrating these interactions. CO2 emissions result
from final energy demand across Ecuador’s economic
sectors.

The model integrates three subsystems: economic
growth, final energy demand, and CO2 emissions. Eco-
nomic activity drives the evolution of energy consump-
tion across different sectors of the economy, while
emissions result from the use of energy carriers asso-
ciated with specific emission factors. At the macro
level, economic growth is represented by the evolution
of gross domestic product (GDP), which follows an
annual growth rate defined for each scenario:

GDPt = GDPt−1(1 + gt) (1)
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Figure 5. Economic – energy - carbon emissions system flow diagram in Ecuador.

where GDPt represents the gross domestic product
in year t, and gt is the annual economic growth rate.

Final energy demand is estimated as the aggre-
gate of sectoral energy consumption across the main
economic sectors considered in the model:

FEDt =
n∑

s=1
EDs,t (2)

where FEDt denotes the total final energy demand,
and EDs,t represents the energy demand of sector s
in year t.

Sectoral energy demand is assumed to depend on
the level of economic activity and the corresponding
energy intensity:

EDs,t = GDPt · EIs,t (3)

where EIs,t represents the energy intensity of sec-
tor s, expressed as the amount of energy required per
unit of economic output.

To represent improvements in energy efficiency and
technological change, sectoral energy intensity evolves
over time according to:

EIs,t = EIs,t−1(1 − ηs) (4)

where ηs represents the annual rate of improvement
in energy efficiency for sector s.

CO2 emissions are estimated from energy consump-
tion by applying the emission factors associated with
each energy carrier:

CO2t =
m∑

i=1
ECi,t · EFi (5)

where ECi,t represents the consumption of energy
carrier i in year t, and EFI is the corresponding emis-
sion factor.

Within the system dynamics framework imple-
mented in Vensim, these relationships interact through
feedback mechanisms linking economic activity, energy
demand, and emissions. The three scenarios analyzed
in this study, BAU, ESCN1, and ESCN2, modify key
parameters, such as economic growth rates, improve-
ments in energy efficiency, and the composition of the
energy mix, to simulate alternative future trajectories
of Ecuador’s energy system up to 2050.

2.3. Model validation

Validation is the overall process of comparing the
model’s behavior with that of the real system [72].
No model exactly matches the system under study,
because all models are, to some extent, simplifications
of the systems they represent [73]. The quality of a
study conducted using a simulation model depends
largely on its validation [74]; accordingly, verification
and validation are among the key stages in simulation
development [75]. Validation remains an essential yet
controversial and unresolved aspect of the modeling
methodology [76]. Social scientists acknowledge the
impossibility of absolute validation, the provisional
nature of all models, and the need for a more eclectic
and diverse set of tests [77].

System dynamics modelers are generally more con-
cerned with dynamic trends than with the specific
values of system variables in particular years. In prac-
tice, the usefulness of a model is a central concern.
Confidence is often regarded as the most appropriate
criterion for assessing model behavior, since there is no
absolute proof that a model can fully represent reality.
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System dynamics models are considered valid when
they can be used with confidence [78].

After calibration using the original system data
set, the model undergoes a final validation based on a
second data set. The validation of a system dynamics
model comprises two broad components: structural
validation and behavioral validation. Structural valida-
tion involves establishing that the relationships used in
the model adequately represent the real-world relation-
ships relevant to the purpose of the study. Behavioral
validation consists of demonstrating that the model’s
behavior is sufficiently close to the observed behav-

ior [79].
The model was initially validated by comparison

with official data for the 2000–2015 period. Figure
6(a) presents the comparison between simulated and
historical energy demand across the consumption sec-
tors responsible for CO2 emissions in Ecuador. Figure
6(b) presents the comparison between simulated and
historical CO2 emissions. These results indicate that
the model is capable of reproducing the structure of
the real system and generating meaningful projections.
The model also provides a useful basis for designing
new policies to improve the system’s future behavior.

(a) (b)

Figure 6. (a) Historical and simulated final energy demand; (b) historical and simulated CO2 emissions in Ecuador,
2000 – 2022.

Statistical validation was performed using two
methods. The first was the AME method, which mea-
sures the average deviation between empirical data and
simulated data. It can be expressed mathematically as
follows:

AME(%) = Ds − De

De
x100 (6)

where AME represents the Average Mean Error,
Ds denotes the simulated data, and De is the empirical
data.

The second validation method involved calculating
the mean absolute percentage error (MAPE), defined
as follows:

MAPE(%) = 1
n

∑ ∣∣∣∣ (At − Ft)
At

∣∣∣∣ x100 (7)

where MAPE denotes the mean absolute percent-
age error, At, Ft and n represent the real data, the
calculated values, and the number of data, respectively.

Table 1 presents the values obtained using the
AME and MAPE methods. These results indicate the
robustness of the model. It should be noted that, in
this study, CO2 emissions are assumed to result from

the combustion of fossil fuels consumed by Ecuador’s
six economic sectors.

In addition to the graphical comparison of simu-
lated and historical data, model validation included the
calculation of the Absolute Percentage Error (APE)
and the Mean Absolute Percentage Error (MAPE).
These indicators provide quantitative measures of the
deviation between simulated and observed values. In
energy system modeling, MAPE values of approxi-
mately 10% to 15% are commonly considered accept-
able for medium- and long-term projections, particu-
larly when the model’s objective is to reproduce system
trends rather than exact annual observations. In this
case, the error values obtained fall within this range,
indicating that the model adequately captures the his-
torical evolution of energy demand and emissions in
Ecuador.

System dynamics models are primarily designed to
reproduce the structural behavior of complex systems
rather than to generate probabilistic forecasts. For
this reason, validation is typically based on structural
consistency tests and the reproduction of historical
trends, rather than on statistical confidence intervals.
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Table 1. Model validation results

Energy demand CO2 emissions

Year
Real Data Simulated AME MAPE Real Data Simulated AME MAPE
(KBOE) (KBOE) (%) (%) (Megatonnes CO2) (Megatonnes CO2) (%) (%)

2000 59911 61209 2.12 0.022 27477.0 27750.6 0.99 0.01
2001 62816 61126 -2.76 0.027 26299.0 27570.9 4.87 0.05
2002 66311 61357 -8.07 0.075 25480.0 27540.2 7.48 0.08
2003 66119 64838 -1.98 0.019 28601.0 28935.9 1.14 0.01
2004 66713 65832 -1.34 0.013 28709.0 29182.3 1.62 0.02
2005 69808 70109 0.43 0.004 27491.0 31021.8 11.38 0.13
2006 70265 60923 -15.33 0.133 26540.0 26690.2 0.56 0.01
2007 72985 62384 -16.99 0.145 27010.0 26918.3 -0.34 0.00
2008 73817 64649 -14.18 0.124 27500.0 27584.1 0.30 0.00
2009 75463 67101 -12.46 0.111 27900.0 28571.8 2.35 0.02
2010 71303 72382 1.49 0.015 32100.0 31038.0 -3.42 0.03
2011 81943 81242 -0.86 0.009 32800.0 35325.4 7.15 0.08
2012 92303 84051 -9.82 0.089 34300.0 36109.7 5.01 0.05
2013 97882 89473 -9.40 0.086 36500.0 38351.0 4.83 0.05
2014 104100 89610 -16.17 0.139 38500.0 37965.0 -1.41 0.01
2015 104084 94155 -10.55 0.095 37600.0 39712.4 5.32 0.06
2016 98353 95656 -2.82 0.027 36400.0 40168.0 9.38 0.10
2017 97023 92386 -5.02 0.048 35300.0 38596.7 8.54 0.09
2018 101537 96435 -5.29 0.050 37000.0 40336.9 8.27 0.09
2019 102133 98697 -3.48 0.034 35600.0 40899.1 12.96 0.15
2020 89705 99444 9.79 0.109 35683.0 40991.7 12.95 0.15
2021 90719 83134 -9.12 0.084 36180.0 32950.5 -9.80 0.09
2022 94957 92046 -3.16 0.031 39852.0 36792.1 -8.32 0.08

9.31 8.56

2.4. Sensitivity analysis

System dynamics has long featured a sophisticated,
flexible approach to testing. The sensitivity of results
must be evaluated with respect to uncertainty in as-
sumptions, whether parameters are estimated critically
or by statistical means [80]. In the early 1990s, William
Nordhaus developed the DICE (Dynamic Integrated
Climate Economy) model, which was one of the first
and most influential of the so-called "Integrated Cli-
mate Economy Models” [81,82].

Figure 7. Energy demand scenarios for the sensitivity
analysis, generated with Vensim.

The sensitivity analysis is performed to identify the
system’s behavior as key parameters vary. Since im-
provements in energy efficiency and economic growth
significantly affect energy consumption and CO2 emis-
sions, three scenarios are designed to test the model’s
sensitivity figure 7.

3. Results and Discussion

3.1. Final energy demand

The model projects divergent behaviors depending on
the stringency of the policies implemented [4], [83], as
shown in Figure 8:

• Business-as-usual scenario: Demand is pro-
jected to increase by 1.21 times relative to the
base year, with oil and natural gas, used primar-
ily for transport and energy production, remain-
ing the dominant energy sources. The system’s
vulnerability is reflected in its reliance on im-
ported hydrocarbons to compensate for infras-
tructure deficit.

• In contrast to the business-as-usual sce-
nario, National Policies Scenario 1 (NSP1):
anticipates a 2.23-fold increase in demand de-
spite official planning. Demand growth in the
transport and industrial sectors exceeds the ben-
efits of current efficiency policies, suggesting that
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existing targets are insufficient to curb energy
intensity.

• Global Trend Scenario 2 (NSP2): This is the
only scenario that achieves a net 10% reduction
in demand by 2050. The success of this trajectory
lies in the aggressive substitution of fossil fuels
with electricity and in efficiency improvements
that offset the effects of economic growth.

The gradual decline in the use of fossil fuels, partic-
ularly gasoline and diesel, underscores the effectiveness
of policies aimed at reducing carbon emissions and pro-
moting clean energy technologies. The steady demand
for natural gas and electricity suggests a transition
toward these lower-carbon energy sources without a
substantial increase in total energy consumption.

In this scenario, government energy policies empha-
size a pragmatic strategy that advances both energy
efficiency and a diversified energy supply mix. This
approach likely includes stricter efficiency standards,
support for renewable energy sources, and progress in
energy storage and distribution technologies.

In the transport sector, the BAU scenario projects
that, by 2050, energy consumption, driven primarily
by diesel oil and gasoline, will account for 34% of the
national energy consumption matrix relative to the
base year, as shown in Figure 8. This sector remains
highly inefficient because of its strong dependence
on fossil fuels. By comparison, the ESCN1 scenario
projects final energy demand at 69% of the sector’s
base-year level, reflecting significant growth in trans-
port needs and the limited mitigating effect of energy
efficiency policies. In contrast, the ESCN2 scenario
projects demand at 27% of the base-year level, likely
due to more aggressive policies and the adoption of
alternative energy sources, resulting in a substantial
reduction in fossil fuel dependency and more effective
containment of energy demand growth. These results
clearly distinguish ESCN1 as reflecting more moder-
ate interventions, whereas ESCN2 represents stronger
shifts in policy and technology.

These scenarios illustrate how policy interventions
can differ in their impact. ESCN1 suggests that moder-
ate measures may be insufficient to offset rising energy
demand. In contrast, ESCN2 indicates that compre-
hensive strategies could enhance energy efficiency and
reduce reliance on fossil fuels in the transport sector
by 2050.

Figure 8. Final energy demand scenarios.

3.2. CO2 emissions

According to the sectoral analysis, the transport sector
is the main source of emissions, accounting for 34%
of the total under the business-as-usual scenario, as
shown in Figure 9. The emissions projections indicate
the following:
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• Under ESCN1, emissions increase by 145% as
the expected growth in economic activity exceeds
the decarbonization rate of the current energy
matrix.

• Under ESCN2, emissions decrease by 5%, driven
by the adoption of clean generation technologies
and compliance with international sustainability
standards.

These results indicate that the expansion of the
Ecuadorian economy should not be viewed as an im-
pediment, but rather as a driving force for investment
in new mitigation technologies and in research and
development.

Replacing fossil fuels by harnessing the country’s
remaining hydroelectric potential appears to be the
most viable pathway for reducing emissions from the
current 37.10 MtCO2 to levels below 20 MtCO2.

Figure 9. CO2 emissions (KT CO2)

The results of this study are consistent with pre-
vious research indicating a strong relationship among
economic growth, energy consumption, and CO2 emis-
sions. Several studies have shown that, in developing
economies, economic expansion is usually accompanied
by increased energy demand [84,85], particularly when
fossil fuels remain dominant in the energy mix [86].
In the Ecuadorian context, this relationship is espe-
cially evident in the transport and industrial sectors,
which account for a significant share of final energy
consumption.

Similar trends have been reported in studies an-
alyzing energy transition scenarios in Latin Amer-
ica [87–89], where dependence on fossil fuels continues
to drive emissions growth despite increasing invest-
ments in renewable energy. These findings reinforce
the importance of improving energy efficiency and
promoting structural changes in the energy system to
reduce long-term emissions.

From a policy perspective, the scenario analysis
highlights the importance of implementing long-term
energy transition strategies. The results suggest that
maintaining current trends under the BAU scenario

could lead to a sustained increase in both energy de-
mand and CO2 emissions. In contrast, scenarios incor-
porating stronger policy interventions and technologi-
cal improvements indicate a potential stabilization or
reduction of emissions over time [90].

These results support the need for policies aimed
at increasing the share of renewable energy, improving
energy efficiency, and reducing dependence on fossil
fuels in key sectors of the Ecuadorian economy.

These results support the need for policies aimed
at increasing the share of renewable energy, improving
energy efficiency, and reducing dependence on fossil
fuels in key sectors of the Ecuadorian economy.

Despite the usefulness of the proposed model for ex-
ploring long-term trends, several limitations should be
acknowledged. First, the model relies on historical data
and assumptions regarding economic growth, energy
intensity, and policy implementation, all of which intro-
duce uncertainty in long-term projections. Second, the
model represents the energy system at an aggregated
level and does not explicitly account for technological
diffusion processes or behavioral changes in energy
consumption. Finally, the scenarios analyzed are based
on simplified assumptions about future policy and
economic conditions, which may unfold differently in
practice.

3.3. Discussion and Limitations

Although the systems dynamics analysis employed in
this study provides a useful framework for examining
the long-term interactions among energy demand, eco-
nomic growth, and CO2 emissions, several limitations
associated with the scenario assumptions should be
considered.

The scenarios are based on simplified assumptions
regarding future rates of economic growth, changes in
energy intensity, and shifts in the energy mix. These
variables are influenced by various external factors,
such as international energy prices, regulatory changes,
technological innovation, and geopolitical conditions.

Structural changes in the economy, such as the
digitization of industrial processes, the widespread
adoption of low-carbon technologies, and rapid elec-
trification, may alter these relationships over time. In
particular, disruptive technological change may reduce
energy intensity more rapidly than assumed in the
present simulations. Policy-oriented scenarios assume
that international agreements and national sustainabil-
ity strategies will be implemented within established
time frames. In practice, however, the effectiveness of
climate and energy policies depends on institutional
capacity, social acceptance, and the availability of in-
vestment, which may result in the partial or delayed
implementation of measures.

The model represents Ecuador’s energy system at
an aggregate level and therefore does not explicitly
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capture micro-level dynamics, such as changes in en-
ergy use, technological diffusion processes, or regional
inequalities in energy access and infrastructure develop-
ment. These factors may influence the actual evolution
of energy demand and emissions.

Finally, uncertainties associated with climate vari-
ability were not explicitly modeled in the energy supply
subsystem. Extreme weather events, such as prolonged
droughts, may alter electricity availability and indi-
rectly affect fossil fuel use and emissions due to the
significant role of hydropower in Ecuador’s electricity
generation.

Despite these limitations, the model provides a use-
ful analytical tool for investigating long-term trends
and examining the potential consequences of different
policy pathways. Therefore, the results should not be
interpreted as definitive predictions of the future de-
velopment of Ecuador’s energy system, but rather as
indicators that support strategic planning.

4. Conclusions

Economic projections alone do not offer a favorable
pathway for reducing emissions in Ecuador; therefore,
targeted public policies are required to improve the
quality of life while advancing environmental sustain-
ability. At the same time, the scenario analysis sug-
gests that, as renewable energy use increases alongside
continued economic growth, the relationship between
these variables becomes less tightly coupled over time
than it has been historically.

Investment in scientific research focused on emerg-
ing technologies and mitigation strategies must become
a state priority to ensure that economic growth gen-
erates positive environmental outcomes. This effort
should include strengthening local capacities in smart
grid management and demand digitalization, thereby
enabling more efficient load management and reducing
pressure on existing infrastructure.

Since the transport sector is the largest source of
emissions and accounts for 34% of the consumption ma-
trix under the projected trend, it is necessary to move
beyond a passive policy of technological substitution
toward one that actively promotes the electrification of
public and heavy freight transport. The findings indi-
cate that energy efficiency alone will not be sufficient to
accommodate the sector’s projected growth. Therefore,
tax incentives should be implemented to directly sup-
port freight infrastructure, while fossil fuel subsidies
should be gradually phased out and the corresponding
resources reallocated to technological innovation funds.

The results also show that energy intensity in
Ecuador remains high. Strengthening the National En-
ergy Efficiency Plan through binding regulations for
industry is therefore essential. In this regard, manda-
tory energy audits and the adoption of international

standards are required. The ultimate objective should
be genuine decoupling, allowing GDP to grow while
energy demand stabilizes or declines, as observed in
the ESCN2 scenario trajectories.

The vulnerability of the system to climate-related
events, such as droughts that adversely affect hy-
dropower generation, also highlights the need for rapid
diversification toward non-conventional renewable en-
ergy sources, particularly wind and solar photovoltaic
energy. The model indicates that increasing the com-
bined share of hydropower and renewable energy to
between 50% and 70% could significantly reduce emis-
sions to a range of 15.03 to 27.36 MtCO2. To support
this transition, specific auctions for microgrids and
energy storage projects should be introduced to ensure
supply stability without relying on backup thermal
power plants fueled by diesel or fuel oil.
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Abstract Resumen
The university web platform intended for individuals
with visual impairments had significant accessibility
limitations that restricted independent use. This Inte-
grative Project aimed to implement the perceivability
principle of the WCAG 2.1 standard, at conformance
level AA, using the agile Rapid Application Devel-
opment (RAD) methodology, which enabled rapid
iterations of design, development, evaluation, and im-
provement. The main deficiencies identified included
the absence of text alternatives, insufficient color
contrast, poorly descriptive labels, and inadequate
semantic structure. These issues were addressed by
incorporating descriptive alt attributes, aria-label at-
tributes, a hierarchical HTML5 structure, and CSS
enhancements to improve visibility, focus indication,
and keyboard navigation. The evaluation combined
automated assessment using TAW, manual testing
with the NVDA screen reader, and direct validation
with users with visual impairments through Likert-
type surveys. Quantitative results showed improve-
ments of more than 2 points across all indicators,
reaching scores above 4.4 out of 5, compared with the
initial version, which did not exceed 2.5. Qualitative
findings revealed a clearer, more structured, and more
accessible user experience, with greater ease in identi-
fying interface elements, navigating the platform, and
using assistive technologies. These findings demon-
strate that applying the perceivability principle not
only fulfills the technical requirements of WCAG 2.1
but also has a tangible positive impact on digital
inclusion and on the user experience of individuals
with visual impairments.

La plataforma web universitaria para personas con
discapacidad visual presentaba limitaciones significa-
tivas en accesibilidad, dificultando su uso autónomo.
Este proyecto integrador tuvo como objetivo imple-
mentar el principio de perceptibilidad del estándar
WCAG 2.1, nivel AA, utilizando la metodología ágil
Rapid Application Development (RAD), que facilitó
iteraciones rápidas de diseño, construcción, evalua-
ción y mejora. Se identificaron deficiencias como la
falta de alternativas textuales, bajo contraste de color,
etiquetas poco descriptivas y una estructura semán-
tica inadecuada. Estas se corrigieron mediante la
incorporación de etiquetas alt, atributos aria-label,
una jerarquía estructural en HTML5 y mejoras en
CSS para optimizar la visibilidad, el foco y la nave-
gación por teclado. La evaluación combinó herramien-
tas automáticas (TAW), pruebas manuales con el
lector NVDA y validación directa con usuarios con
discapacidad visual a través de encuestas tipo Likert.
Los resultados cuantitativos mostraron incrementos
superiores a 2 puntos en todos los indicadores, alcan-
zando valores superiores a 4.4 sobre 5, en comparación
con la versión inicial, que no superaba 2.5. Los re-
sultados cualitativos reflejaron una experiencia más
clara, estructurada y accesible, con mayor facilidad
para identificar elementos, navegar y usar tecnologías
asistivas. Estos hallazgos evidencian que la aplicación
del principio de perceptibilidad no solo cumple con
los requisitos técnicos del estándar WCAG 2.1, sino
que también genera un impacto positivo real en la
inclusión digital y en la experiencia de personas con
discapacidad visual.

Keywords: web accessibility, WCAG 2.1, perceptibil-
ity, visual impairment, accessibility assessment, RAD
methodology

Palabras clave: accesibilidad web, WCAG 2.1, per-
ceptibilidad, discapacidad visual, evaluación de acce-
sibilidad, metodología RAD
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1. Introduction

Web accessibility constitutes a fundamental compo-
nent of digital inclusion, particularly for individuals
with visual impairments, who continue to face persis-
tent barriers when using websites and online platforms.
Despite the regulatory and technical efforts promoted
by international organizations such as the W3C, nu-
merous studies indicate that most digital environments
still pose challenges related to navigation, visual inter-
pretation, and access to information [1].

The Web Content Accessibility Guidelines (WCAG)
2.1, published by the World Wide Web Consortium
(W3C), establish a set of guidelines organized around
four fundamental principles: perceivable, operable, un-
derstandable, and robust. Among these, perceivability
is particularly relevant for individuals with visual im-
pairments, as it requires interface components and
content to be presented in ways that users can per-
ceive through different sensory channels [1]. This in-
cludes requirements such as appropriate alternative
text, sufficient visual contrast, hierarchical headings,
and compatibility with assistive technologies, including
screen readers.

Recent studies have revealed significant gaps be-
tween the theoretical framework of the standard and
its practical implementation. A systematic review pub-
lished in Discover Computing showed that many digital
platforms do not adequately meet the minimum ac-
cessibility criteria for individuals with low vision or
blindness, particularly on mobile devices, where per-
ceptual issues are more pronounced [2]. Similarly, an
empirical evaluation of major e-commerce websites
found that more than 60% of users with visual im-
pairments reported frustration due to the absence of
labels, coherent semantic structures, and accessible
navigation [3].

In academic settings, studies such as the analysis
of higher education institution websites in Finland
have shown that compliance with the principle of per-
ceivability varies considerably, even in contexts where
digital accessibility is legally required [4]. Qualitative
approaches based on the direct experiences of blind
users have also highlighted that the limited participa-
tion of individuals with visual impairments in platform
design and evaluation restricts the actual scope of ac-
cessibility [5].

In Ecuador, digital accessibility has increasingly
gained recognition as a key component of social and
technological inclusion. Regulatory frameworks, such
as the Technical Standard on Disabilities, have estab-
lished guidelines to ensure equitable access to digital
platforms for individuals with disabilities, including
those with visual impairments [6]. However, the ef-
fective implementation of these regulations remains
limited. Despite institutional efforts, several studies
indicate that many public and educational platforms

in the country still present significant barriers for users
with visual impairments, particularly in relation to the
accessibility principles established by the WCAG [7].

In this context, this study focuses on analyzing the
application of the perceivability principle of the WCAG
2.1 standard in a university web platform designed to
facilitate access to digital content for individuals with
visual impairments. One relevant example is the use
of tools that convert text documents into audio, such
as those employed in academic settings for assisted
reading, which have proven to be key inclusion strate-
gies when incorporated into accessible platforms from
the design stage [8]. However, various studies indicate
that many of these systems do not meet the mini-
mum accessibility criteria established by the WCAG,
which hinders both content perception and interaction
through assistive technologies.

In response to this problem, the study addresses the
following research question: To what extent does the
application of the perceivability principle of the WCAG
2.1 standard in university web platforms improve acces-
sibility for individuals with visual impairments? To this
end, an agile Rapid Application Development (RAD)
methodology was adopted, as this approach is widely
used in the development of accessible solutions [9].
The process included an initial evaluation using the
TAW Web Accessibility Test tool [10], the definition
of technical requirements, the redesign of accessible
interfaces through Figma prototypes, the progressive
implementation of improvements, automated valida-
tion, manual testing, and final evaluation with real
users. This approach seeks to demonstrate the impact
of systematically integrating accessibility guidelines
into the design and development of inclusive digital
platforms in educational contexts [11].

2. Materials and Methods

2.1. Development Methodology

The implementation of accessibility improvements was
carried out using the RAD approach. This method-
ology was selected because it enables short cycles of
development, review, and continuous improvement,
which is appropriate for an iterative process aimed at
correcting accessibility barriers [12].

The RAD model enabled the work to be structured
into four phases: requirements analysis, analysis and
design, construction, and evaluation.

2.2. Tools and Materials

For the development and evaluation of the project, the
following resources were used:

• Automatic evaluation tool: TAW (Web Ac-
cessibility Test), used for the initial and final
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analysis of compliance with the WCAG 2.1 guide-
lines.

• Assistive technology: the NVDA screen
reader, employed in manual evaluations of navi-
gation and web content reading.

• Reference standard: the guidelines associated
with the perceivability principle of the WCAG
2.1 standard, level AA.

• Data collection instruments: satisfaction
questionnaires and semi-structured interviews
to obtain qualitative feedback from end users.

Although TAW enabled initial and final automated
evaluations of compliance with the criteria associ-
ated with the perceivability principle, its use involves
methodological limitations that must be considered.
In particular, automated tools cannot comprehensively
assess aspects related to the quality of the user expe-
rience, the contextual interpretation of content, the
clarity of instructions, the appropriateness of alterna-
tive texts, or actual interaction with assistive tech-
nologies. Likewise, elements classified as warnings or
non-verifiable require manual review to determine
whether they constitute real accessibility barriers. For
this reason, the results obtained with TAW were com-
plemented by manual testing with the NVDA screen
reader and direct validation with users. Additionally,
other evaluation tools, such as Axe and WAVE, may
provide complementary assessments by detecting is-
sues that a single automated platform may not identify
in the same way.

2.3. Training Methods

The study consisted of two main stages: the imple-
mentation of accessibility improvements in accordance
with the perceivability principle of WCAG 2.1 and the
evaluation of their impact on the accessibility of the
web platform.

Figure 1 shows the workflow followed during the
implementation of the technical improvements.

The impact of the implemented improvements was
then evaluated through five phases: planning, execu-
tion of automated tests, manual testing, validation, and
delivery. This process enabled validation of the final
version of the web platform. The tasks corresponding
to each phase are detailed in Figure 2.

Figure 1. Procedure for implementing accessibility im-
provements.

Figure 2. Procedure for the evaluation of the impact of
the improvements.

2.4. Initial Evaluation (Pretest)

To conduct the initial accessibility evaluation based on
the perceivability principle of WCAG 2.1, at confor-
mance level AA, a specific development branch named
“test” was created within the original web project.
This version was adapted for automated evaluation
by removing security layers, such as token-based au-
thentication and performing a user data dump. This
allowed the analysis tool to access each key section of
the platform directly.
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Subsequently, this version of the system was de-
ployed on a virtual machine through the Azure portal,
providing an internet-accessible testing environment.
The URLs of the ten main pages of the web plat-
form were then identified and collected, including the
login, user registration, dashboard, global settings, con-
tent extractor, player, institutional information, user
profile, password recovery, and new password request
interfaces, as shown in Figure 3.

Figure 3. System deployment diagram.

Each URL was evaluated individually using the
automated TAW tool. The evaluation focused exclu-
sively on the criteria associated with the perceivability
principle, extracting the corresponding results for de-
tected issues, warnings, and elements that could not
be automatically verified.

Given that automated tools have limitations when
evaluating certain criteria that depend on the context
of use and actual interaction with assistive technolo-
gies, these findings were considered an initial diagnos-
tic baseline rather than an exhaustive verification of
accessibility.

Based on these findings, the accessibility require-
ments needed to guide the redesign and improvement
of the platform were defined, as described in the fol-
lowing section.

2.5. Design of Improvements

Based on the criteria established for AA conformance
with the perceivability principle of WCAG 2.1, the
functional and non-functional requirements guiding
the platform modifications were defined. These re-
quirements were grouped into two categories: general
functional accessibility requirements, shown in Table
1, and non-functional requirements, shown in Table 2.

Table 1. Functional accessibility requirements related to perceivability

ID WCAG Guideline Description Priority
REQ-001 1.1.1 Inclusion of meaningful alternative text for images and graphics. High
REQ-002 1.3.1 Proper use of HTML5 and ARIA semantic labels. High
REQ-003 1.4.3 Ensure a minimum contrast ratio of 4.5:1 between text and background. High
REQ-004 1.4.4 Allow text resizing up to 200%, without loss of functionality. High
REQ-005 1.4.5 Avoid the use of text images, except in exceptional cases. High

Table 2. Non-functional requirements improving perceivability

ID Category Description Priority
RNF-001 Usability Ensure accessibility for users with visual impairments. High
RNF-002 Performance Maintain optimal load times after modifications. Medium
RNF-003 Compatibility Ensure proper functioning with screen readers. High
RNF-004 Maintainability Document all adaptations to facilitate future updates. Medium

Once the requirements had been established, ac-
cessible prototypes were designed using the Figma
platform, as shown in Figure 4. These prototypes in-
corporated inclusive design criteria, including:

• the correct semantic hierarchy of content through
structured headings;

• institutional colors with sufficient contrast;

• the intuitive interface organization to facilitate
assisted navigation;

• the reduction of distracting visual elements to
promote simplicity;

• the inclusion of clear and visible labels in forms,
buttons, and links.

Likewise, a technical implementation plan was de-
veloped in accordance with the RAD methodology.
This plan specified:

• the specific tasks to be performed for each af-
fected component;
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• the prioritization of interventions according to
the severity of the identified barriers;

• the technologies and best practices to be applied,
including semantic HTML, ARIA, and accessible
CSS;

• the development schedule organized into iterative
cycles;

• the technical documentation of each intervention
for validation and maintenance purposes.

Figure 4. Accessible prototype of a key platform interface
designed in Figma.

Additionally, as part of the development and
validation process, a technical project repository
was used to document the implemented modifi-
cations and design decisions, thereby supporting

the reproducibility and validation of the results:
https://github.com/Yovin001/inclusionLectora

2.6. Technical Implementation

Based on the defined functional and non-functional
requirements, the source code of the main pages of the
web platform was modified by applying the accessible
design principles established in WCAG 2.1, at confor-
mance level AA. The implemented improvements are
summarized in Table 3.

To illustrate the impact of the implemented im-
provements, Figures 5 and 6 compare the original plat-
form interface with the accessible version developed
in this study. This comparison highlights changes in
color contrast, visual organization, and the clarity of
interactive components.

Although the platform’s visual interface was not
substantially modified, technical adjustments were
made to improve its interpretation by assistive tech-
nologies. In particular, priority was given to accessible
component labeling, semantic structural organization,
and the proper definition of names, roles, and descrip-
tions for interactive elements.

One of the most relevant aspects of the interven-
tion was the improvement in accessible labeling for
interface elements. Attributes such as aria-label, aria-
describedby, along with appropriate semantic associa-
tions between labels and form fields, were incorporated
to improve screen reader interpretation.

Table 3. Accessibility improvements implemented in the source code

Identified issue WCAG 2.1 guideline not met Solution applied
Images without text

1.1.1 Non-text content.
Descriptive alt attributes or

meaningful alternative text were added aria-hidden=“true” for decorative elements.
Icons without 1.1.1 Non-text content. Dynamic aria-label attributes were added, hidden with

textual alternative aria-hidden=“true”, or removed if unnecessary.
Use of color without 1.4.3 Minimum contrast. Colors in CSS styles were adjusted to
sufficient contrast achieve a minimum contrast of 4.5:1 in all states.

Buttons or links without 4.1.2 Name, function, value. aria-label attributes were added that clearly describe
accessible labels the function of each button or link.

Form fields without 1.3.1 Information and relationships. The attributes htmlFor, aria-describedby, and
clear semantic relationships. role="alert" were used to associate labels, inputs, and messages.
Headers without structure 1.3.1 Information and relationships. The tags <h1>, <h2>, and <h3>

were reorganized to reflect a clear, semantic hierarchy.
Controls without 2.4.7 Visible focus. Custom styles were applied to the :focus state to

visible focus ensure the focus is visible during keyboard navigation.
Elements defined 1.4.1 Use of color. ARIA text or attributes were added that allow

by color alone the purpose to be interpreted without relying exclusively on color.
Absence of the attribute 3.1.1 Page language. The Spanish language was declared in the root HTML using

lang in the document lang="es" for assistive technologies.
Status messages 4.1.3 Status messages. It was proposed to use role="alert" or aria-live=“assertive” in
non-accessible message containers (in some cases, this remained pending).

Audio controls without 1.2.1 Audio only (recorded). It was recommended to add an accessible text transcript
text alternatives for users with hearing impairments.

Removed visual elements
N/A

Elements that did not contribute
due to lack of functionality or accessibility and did not meet accessibility criteria were removed from the code.
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Figure 5. Original interface with accessibility barriers.

Figure 6. Accessible interface after implementing improve-
ments based on the perceivability principle of WCAG 2.1.

To illustrate these technical changes, Figures 7, 8,
and 9 present examples obtained using the browser’s
accessibility inspector. These captures show improve-
ments in component labeling and accessible structure,
enhancing screen reader reading and interpretation.

Figure 7. Accessible structure in the original version.

Figure 8. Accessible structure in the improved version
(upper section).

Figure 9. Accessible structure in the improved version
(lower section).

2.7. Post-Evaluation (Posttest)

To measure the impact of the implemented improve-
ments, a second automated evaluation was conducted
using the same methodological approach as in the
pretest [13]. A new project branch, named “posttest,”
was created, incorporating all modifications related to
the perceivability principle.

This version was deployed in a testing environment
equivalent to the initial one, and the same reference
URLs of the platform were reused to ensure compara-
bility of the results.

The TAW tool was used again to analyze each page
according to the perceivability criteria. Data were col-
lected on detected issues, warnings, and non-verifiable
elements.

Consequently, the posttest results were interpreted
together with the manual evaluation and user valida-
tion to avoid relying solely on an automated assessment
of the level of accessibility achieved.

These results were compared with those obtained
in the initial evaluation, allowing the specific effect
of the interventions on platform accessibility to be
estimated.
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2.8. Manual Evaluation

Manual accessibility testing was carried out using the
NVDA screen reader to validate compliance with Prin-
ciple 1, Perceivability, of WCAG 2.1 at conformance
level AA. The evaluations focused on key interface com-
ponents, including form fields, buttons, links, menus,
and navigation structures, through actions such as tab
navigation, use of arrow keys, keyboard activation, and
sequential reading.

To ensure objectivity in the process, an external
evaluator outside the development team was included:
a university student experienced in using the NVDA
screen reader. Her participation made it possible to
assess the platform’s accessibility from a perspective
closer to the real experience of users with visual im-
pairments, identifying barriers that may go unnoticed
in a technical self-evaluation [11].

2.9. User Validation

As part of the validation process, an in-person work-
shop was organized with users with visual impairments
at the National University of Loja. Participants were
selected based on their experience using assistive tech-
nologies, particularly screen readers such as NVDA.

From an initial population of 15 students with vi-
sual impairments enrolled in face-to-face programs,
four participants were selected for the tests. The se-
lection criteria included availability, prior experience
with screen readers, and logistical constraints, such
as academic schedule conflicts, mobility difficulties,
or technological limitations. From a qualitative per-
spective, this reduced sample size is justified by the
purposive sampling method, which is commonly used
in exploratory accessibility studies [14].

Although the sample was small, its selection was
consistent with the exploratory nature of the study and
its purpose of identifying relevant accessibility barriers
during an initial validation stage. In usability and ac-
cessibility research, small samples can detect frequent
interaction issues when evaluations involve specific
tasks and users experienced in assistive technologies.
However, this methodological decision limits the in-
ferential scope of the results; therefore, the findings
should be interpreted as contextual evidence rather
than as a statistical generalization applicable to the
entire university population with visual impairments.

Additionally, according to Jakob Nielsen’s model,
four participants are estimated to be sufficient to iden-
tify approximately 75% of the most frequent usability
problems. This estimate is based on the following for-
mula:

P = N × (1 − (1 − L)n) (1)

where P represents the detected problems, N the
total number of problems, L the probability that a
user detects a problem (L ≈ 0.31), and n the number
of evaluated users [15]. As Nielsen argues, even a single
user can reveal a considerable proportion of critical
issues, and as more users are added, the amount of new
information decreases. This rationale supports the use
of small samples in early stages, when the objective is
to identify and address the most evident barriers.

During the workshop, users performed functional
tasks representative of actual platform use, including
registration flows, login, PDF file upload, and audio
content playback. Each activity was carried out au-
tonomously using the NVDA screen reader. When
significant difficulties arose, the development team
intervened promptly to allow the exercise to continue.

After participants completed the functional tasks in
the first version of the platform, which did not include
accessibility improvements, the validation instruments
were applied to assess their perception of accessibility.
The same process was then repeated with the second
version, which had been modified according to the per-
ceivability principle. Finally, a comparative interview
was conducted between both versions. All participants
completed the tests in both versions of the system,
pretest and posttest, allowing for a direct comparison
of the user experience under the same experimental
conditions.

Instruments applied for the evaluation of acces-
sibility

To evaluate the user experience from both quantitative
and qualitative perspectives, the following instruments
were designed and applied:

• A Likert-scale survey from 1 to 5, based on cri-
teria associated with the perceivability principle
of WCAG 2.1.

• Open-ended questions to collect detailed obser-
vations.

• A comparative interview between versions to val-
idate perceived improvements.

Likert-type survey: This instrument assessed
perceptions of accessibility in key aspects of the in-
terface, including ease of reading, screen reader use,
clarity of instructions, visibility of alerts, and accessi-
bility of controls.
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Table 4. Likert-type survey questions

Question Associated WCAG criterion
Was it easy to perceive all text on the screen? Text contrast / readability.

Did the screen reader correctly read all elements? Text alternatives / accessible labels.
Were the instructions clear and perceptible? Contextual hints / visible instructions.

Were alerts or errors easily perceived? Audible and visual alerts.
Were buttons, fields, and controls distinguishable and visible when focused? Visible focus / contrast / keyboard navigation.

Each question was rated on a scale from 1 (strongly
disagree) to 5 (strongly agree) and applied separately
after the use of each version of the platform.

Open-ended questions: To obtain deeper quali-
tative feedback, open-ended questions were adminis-
tered after participants used each version. These ques-
tions helped identify perceived barriers, navigation
difficulties, and specific suggestions from the user’s

perspective.
Comparative interview between versions: Af-

ter the validation of both versions was completed,
a comparative interview was conducted to identify
perceived differences, observed improvements, and ele-
ments still requiring improvement. This activity helped
validate the effectiveness of the interventions through
a direct comparison of user experience.

Table 5. Open-ended questions for qualitative feedback

Question
Was it easy to read all the text on the screen?

Was there anything you couldn’t read clearly in this version?
Which part did you find most difficult to identify or understand?

How would you improve this version?

Table 6. Comparative interview questions between versions

Question
Did you notice any differences between the first and second versions?
Which version was clearer or easier to use with your screen reader?

Where did you notice the biggest difference?
Were the messages, buttons, or alerts easier to perceive in the second version?

What would you improve in the accessible version?

2.10. Results Analysis

The results were analyzed through methodological tri-
angulation, integrating quantitative and qualitative
data from three sources: automated evaluation, ma-
nual evaluation using a screen reader, and validation
with users with visual impairments.

Given the small sample size, the quantitative anal-
ysis was approached descriptively, and no inferential
tests were performed. The results were interpreted
using averages and observed trends between the evalu-
ated versions.

For the automated evaluation, the reports gener-
ated by the TAW tool during the pretest and posttest
phases were used. The extracted data were organized
into comparative matrices for each evaluated page, clas-
sifying the findings into three categories: errors, warn-
ings, and non-verifiable elements. Based on these ma-
trices, bar charts were generated to visualize changes
between versions, highlighting the reduction or persis-

tence of issues related to the perceivability principle.
For the manual evaluation, the findings reported

by the external evaluator during the functional walk-
throughs were coded and grouped according to the
type of barrier detected, namely visual, structural, or
semantic, and the affected component, including forms,
navigation, controls, and content. This coding enabled
the construction of a barrier map, which was later
compared with the implemented improvements.

The qualitative and quantitative data collected dur-
ing user validation were analyzed at two levels. First,
responses to the Likert questionnaires were processed
using measures of central tendency, including means
and standard deviations, to identify patterns of per-
ception regarding accessibility, comprehension, and
navigability. Second, a thematic analysis of the semi-
structured interviews and open-ended questions was
conducted, organizing the responses into emerging cat-
egories related to user experience, identified barriers,
and improvement suggestions.
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2.11. Ethical Considerations

All user validation activities were conducted in accor-
dance with ethical principles for research involving hu-
man subjects. Written informed consent was obtained
from all participants, ensuring voluntary participation,
confidentiality of the collected data, and anonymity of
responses in the dissemination of results.

3. Results and Discussion

3.1. Results of the Automated Evaluations

The initial evaluations identified accessibility barriers
related to insufficient color contrast, absence of alter-
native texts, deficient semantic structures, and forms
without descriptive labels.

After the implementation of improvements, the crit-
ical errors detected by TAW were reduced to zero on
the evaluated pages, as shown in Table 7. The barriers
initially identified included the following:

• Insufficient color contrast, which hindered
readability.

• Lack of alternative texts in images and graph-
ical elements.

• Inadequate semantic structure, affecting in-
terpretation by assistive technologies.

• Form-related issues, such as the absence of
descriptive labels.

As shown in Table 7, critical errors classified as
“Issues” were completely eliminated, indicating a signif-
icant technical improvement. Likewise, warnings were
reduced by 44.19%, reflecting progress in labels and de-
scriptions, although these aspects still require further
improvement.

The “non-verifiable” elements remained unchanged
due to the limitations of automated tools such as TAW,
which must be complemented by manual evaluation or
user-based validation. These results demonstrate the
positive impact of applying the perceivability principle
of WCAG 2.1 through iterative approaches, including
RAD, contributing to a more accessible web experience
for individuals with visual impairments.

Table 7. Comparison of accessibility errors before and
after the intervention

Category Pre-test Post-test Reduction
Problems 32 0 100%
Warnings 43 24 44.19%

Unverified elements 40 40 0%

3.2. Results of the Manual Evaluation

The NVDA evaluation revealed several perceptual bar-
riers, including errors in button activation, lack of
confirmation for critical actions, incorrect labels, and
conflicts between screen reader narration and audio
playback. Most of these issues were corrected during
the improvement process, as summarized in Table 8,
where the main findings are grouped by test case and
resolution status.

Table 8. Summary of the manual evaluation results with NVDA

Case test Identified issues Status
Login. Typing errors, disabled button, resizing when displaying warnings. Resolved

Registration Incorrect password confirmation prompt, fields accepting letters, incorrect button order. Partially resolved
Forgotten password Button disabled with no feedback. Resolved

Dashboard The reader does not announce search results or confirm deletion. Resolved
Player Narration overlaps between reader and audio. Unresolved

Extractor Vague buttons, issues loading files. Resolved
Global settings. Unnecessary reading of warnings, incorrect messages when deletion fails. Resolved

Profile and
Incorrect reading of password buttons and non-standard labels. Resolvedchange

password
All

Missing “skip to content” link and unintuitive order of save/cancel buttons. Resolvedpages

Manual testing confirmed that most of the ini-
tial barriers were eliminated, substantially improving
the navigation experience with assistive technologies.
However, some aspects requiring future review were

identified, particularly in the audio component, where
perceptual conflicts persist.



Álvarez-Pineda et al. / Implementation of web accessibility in accordance with WCAG 2.1: perceptibility 79

3.3. Results of User Validation

As part of the system accessibility validation process,
tests were conducted with four participants with visual
impairments, who completed all interaction flows in
both versions of the system: the initial version and the
accessible version. Subsequently, satisfaction surveys
with Likert-type questions were administered, open-
ended interviews were conducted to collect qualitative
observations, and a comparative interview between
versions was carried out to understand participants’
overall perceptions.

3.3.1. Results of the Likert-type survey

The results obtained through the Likert scale show a
substantial improvement in perceived accessibility in
the accessible version of the system. Five key aspects
related to the perceivability principle of WCAG 2.1, at
conformance level AA, were evaluated: text readability,
visibility of buttons and controls, perception of alerts,
clarity of instructions, and document reading by the
screen reader.
Table 9. Averages obtained for each item in both evaluated
versions

Assessment criterion Pre-test Post-test
Contrast / text 3.00 4.50

Text alternatives 2.50 4.75
Instructions / contextual hints 2.00 4.75

Visual and auditory alerts 2.50 4.75
Visual focus / contrast /

2.25 4.50keyboard navigation

As shown in Table 9, all evaluated aspects improved
significantly after the implementation of accessibility
enhancements based on the perceivability principle of
WCAG 2.1, at conformance level AA. Specifically, text
contrast improved from 3.00 to 4.50; text alternatives
from 2.50 to 4.75; instructions and contextual aids from
2.00 to 4.75; visible and auditory alerts from 2.50 to
4.75; visible focus, contrast, and keyboard navigation
from 2.25 to 4.50; and proper document reading by the
screen reader from 2.00 to 5.00. These results indicate
that the implemented interventions were effective in
improving interaction through assistive technologies.

Figure 10. Graphical comparison of scores by evaluated
criterion on a scale from 1 to 5.

3.3.2. Results of the open-ended interviews

The open-ended interviews provided a qualitative and
detailed perspective on the user experience. The most
relevant findings are summarized below, according to
the categories of analysis.

Perception of visual elements: In the initial ver-
sion, users reported difficulties distinguishing certain
visual elements. Issues such as buttons with similar col-
ors that did not clearly differentiate their functions, as
well as dialogs that were difficult to perceive or poorly
structured, were identified. In contrast, users reported
a clearer experience in the accessible version, indicat-
ing that visual elements were more distinguishable and
that the NVDA screen reader correctly interpreted
dynamic interface changes, such as pop-up messages
and focus transitions.

Comprehension and navigability: Navigation
in the first version was confusing, particularly when
users tried to identify the player buttons, complete the
document upload process, and locate status messages.
In the accessible version, these obstacles were notably
reduced. Users reported that the organization of con-
tent and the screen reader response facilitated a more
intuitive understanding of the system.

Suggestions for improvement: Among the sug-
gestions collected, participants proposed incorporating
an option to select the starting page for document read-
ing, allowing the upload of .doc files, improving the
wording of informational dialogs, and adding functions
to jump to specific sections of the content. Several of
these recommendations had already been implemented
in the evaluated accessible version.

3.3.3. Results of the comparative interview be-
tween versions

In the final interview, users were asked to compare
both versions of the platform. The responses reflected
a clear preference for the accessible version (V2), high-
lighting substantial improvements in both interface
design and compatibility with assistive technologies.

General perception: Users agreed that the ac-
cessible version offered a clearer and less confusing
experience, with a more organized visual and semantic
structure. Improvements in content presentation and
a reduction in cognitive load during navigation were
also highlighted.

Screen reader compatibility: Users reported
smoother and more understandable navigation with
the screen reader in the accessible version. Improve-
ments in HTML structure, tab order, and the appro-
priate use of ARIA labels contributed to more effective
interaction.
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Areas with the greatest perceived improve-
ment: The elements that showed the greatest improve-
ment were buttons, navigation focus, contextual mes-
sages, and informational dialogs. Some users also noted
that blank spaces and sections previously omitted by
the screen reader could now be correctly identified.

Perception of messages and alerts: System
messages, errors, and alerts were more clearly perceived
in the accessible version, both visually and through
screen reader interpretation. This contributed to a
better understanding of system states and required
actions.

Additional suggestions: Although the accessible
version significantly improved the experience, users
suggested continuing to incorporate features aimed at
reading personalization, such as the ability to define
specific starting points or jump to certain sections to
facilitate navigation in long documents.

3.4. Discussion of the Findings

The results indicate that applying the perceivability
principle of WCAG 2.1 has a positive and measurable
impact on improving web accessibility for individuals
with visual impairments in university environments.
The technical implementation was based on the level
AA criteria of this standard [1], through practices such
as semantic tags, alternative attributes, adequate con-
trast, and ARIA roles, in line with the approaches
was proposed by Miranda and Araujo [8] and Manu et
al. [4].

First, the automated evaluations conducted using
the TAW tool showed the complete elimination of crit-
ical errors after the intervention, with a reduction of
100%. This improvement is attributed to the system-
atic application of accessibility guidelines, particularly
in aspects such as text contrast, the inclusion of text
descriptions, and clear semantic structure. These re-
sults are consistent with previous studies that identify
perceivability errors as key factors affecting the experi-
ence of users with visual impairments [7], [11], and have
also been documented by Henkelmann and Fertig [5].

Likewise, warnings related to labels, descriptions,
and relationships between elements were reduced by
44.19%. This result suggests that, although automated
tools are useful for identifying perceptual barriers, they
have significant limitations when evaluating certain
aspects, such as text resizing or auditory feedback.
Therefore, they must be complemented by manual
evaluations and testing with real users [10], [16].

Manual testing with NVDA confirmed that most of
the initial barriers were corrected, including incorrect
button reading, focus issues, and lack of feedback. How-
ever, difficulties such as overlap between the screen
reader voice and the audio player persisted, as also
noted by Kerdar et al. [2]. This finding reinforces the
idea that some perceptual conflicts cannot be resolved

solely through technical adjustments but require a
user-centered functional redesign.

The results of the Likert-type survey reflect a sub-
stantial improvement in all evaluated aspects, as shown
in Table 9. Particularly notable were the increases in
button visibility, clarity of instructions, and document
reading, which reached the maximum score of 5.0. This
finding is consistent with the W3C WAI recommenda-
tions [17], which emphasize the importance of ensuring
that content is distinguishable and understandable
both visually and auditorily to guarantee perceivabil-
ity.

The qualitative interviews provided deeper insight
into the user experience. Participants highlighted im-
provements in visual organization, element identifi-
cation, and screen reader interpretation of content.
Increased autonomy during navigation was also re-
ported. These perceptions confirm the relationship
between accessibility and usability described by Petrie
and Kheir [3], as well as the importance of clear audi-
tory feedback, as noted by Henkelmann and Fertig [5]
and Laamanen et al. [4].

However, some recommendations provided by users
were not strictly related to the perceivability principle,
but rather to additional functionalities, such as the
ability to select the starting page for reading or facili-
tate navigation between sections. These observations
suggest that comprehensive accessibility should also
consider the operability and understandability prin-
ciples of WCAG 2.1 [1], and that its implementation
requires an iterative and participatory approach, as
proposed by Miranda and Araujo [8].

Furthermore, from critical perspectives on digital
disability, accessibility is not limited to technical com-
pliance; it also involves considering users’ real experi-
ences in specific social and technological contexts [18].

Although WCAG 2.1 constitutes a fundamental
technical guide for improving web accessibility, com-
pliance alone does not guarantee a fully accessible
experience in real academic contexts. Aspects such
as the contextual clarity of content, cognitive load
during navigation, and interaction with dynamic com-
ponents cannot always be adequately assessed through
normative criteria or automated tools. Therefore, in
complex university environments, the application of
these guidelines must be complemented by manual
evaluations, user validation, and a user-centered ap-
proach focused on real experiences of individuals with
visual impairments.

However, the results should be interpreted with cau-
tion. Although significant improvements in perceived
accessibility were evident, they were evaluated in a
controlled context and with a limited sample, which re-
stricts their generalization. Additionally, some aspects
of accessibility, such as interaction with dynamic com-
ponents and the management of multimedia content,
remain challenging and were not fully addressed in this
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study. Future work could therefore expand the analy-
sis by incorporating other WCAG 2.1 principles and
conducting evaluations in more diverse usage contexts.

In summary, the implementation of the perceiv-
ability principle significantly improved accessibility for
individuals with visual impairments, from both a tech-
nical and a user-experience perspective. These findings
provide an affirmative answer to the research question
by demonstrating that the improvements not only con-
tributed to regulatory compliance but also had a clear
effect on user interaction, comprehension, and auton-
omy. Consequently, the study confirms that effective
accessibility in university contexts requires not only
technical adjustments but also continuous evaluation
processes focused on real experiences of individuals
with visual impairments.

4. Conclusions

The application of the perceivability principle of
WCAG 2.1, at conformance level AA, had a significant
impact on improving the accessibility of a university
web platform for individuals with visual impairments
by facilitating system comprehension, navigation, and
autonomous use. The results obtained in this study
showed increases of more than two points across all
indicators of the Likert-type survey, with scores exceed-
ing 4.4 out of 5, compared with the original version,
whose scores did not exceed 2.5. These improvements
were reflected in the complete elimination of critical
errors detected through automated evaluation and in
users’ clear preference for the accessible version. Col-
lectively, these findings demonstrate that the proper
implementation of the perceivability principle has a
positive effect on both the technical quality of the
platform and the user experience.

The use of the RAD methodology enabled the ap-
plication of the perceivability principle, facilitating the
correction of previously identified accessibility defi-
ciencies, such as the absence of textual alternatives,
inadequate color contrast, incorrect use of labels, and
insufficient semantic hierarchy. To address these defi-
ciencies, technical solutions were incorporated, includ-
ing aria-label attributes, alt tags in images, HTML5
structural elements, and CSS stylesheet adjustments
to ensure visible focus and keyboard navigation.

The evaluations conducted with users confirmed a
smoother experience, characterized by clearer feedback
and greater compatibility with screen readers. The
accessible version was rated as significantly more us-
able and understandable, reinforcing the effectiveness
of applying the perceivability principle of WCAG 2.1
through a process that integrated automated evalua-
tion, manual testing, and user validation.

The application of the perceivability principle in
a university web platform for individuals with visual

impairments enabled the creation of a digital envi-
ronment that not only improves technical compliance
with the criteria associated with WCAG 2.1 but also
substantially enhances the experience of these users.

The combination of an agile methodology, specific
technical interventions, and validation with end users
supported compliance with accessibility requirements
and contributed to a more inclusive, clear, and effi-
cient experience, thereby improving the quality and
usability of the university web platform for individuals
with visual impairments.

Limitations of the Study

The study presents some limitations that should be
considered when interpreting the results. First, the
sample size was small, which is consistent with the
exploratory nature of the research but limits the gen-
eralization of the findings to other populations.

Second, the same participants evaluated both ver-
sions of the system, pretest and posttest, which could
introduce a learning bias that may influence the per-
ceived improvement.

Likewise, the use of automated tools such as TAW
presents inherent limitations, as these tools do not
allow for a comprehensive evaluation of aspects re-
lated to user experience, contextual understanding of
content, or interaction with assistive technologies.

Finally, the study focused solely on the perceiv-
ability principle ofWCAG 2.1; therefore, the principles
of operability, understandability, and robustness were
not comprehensively evaluated.
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Abstract Resumen
This study examines the influence of compressor
speed and cabin temperature on the performance
of an automotive air conditioning system. An exper-
imental test bench was developed with a compres-
sor coupled to a variable-speed electric motor and
equipped with pressure, temperature, and air velocity
sensors, as well as a thermal chamber to regulate
the temperature of the air entering the evaporator.
A thermodynamic model was also implemented to
calculate the compressor operating parameters and
evaluate system performance. The results show that
increasing the compressor speed from 900 to 2800
rpm raises the refrigerant mass flow rate and cooling
capacity by up to 50.3 % and 22.4 %, respectively,
thereby improving the cooling capacity. However, this
increase also raises power consumption from 0.287
to 0.878 kW and nearly doubles fuel consumption,
reaching 0.54 L/h at a cabin temperature of 45 °C. In
addition, isentropic efficiency, volumetric efficiency,
and the coefficient of performance decrease by up
to 22.66%, 44%, and 61.27%, respectively, while the
compressor discharge temperature exceeds 80 °C at
high operating speeds. Finally, correlations are pro-
posed to estimate compressor efficiencies, and fuel
consumption is calculated considering the powertrain
efficiencies of a gasoline-powered internal combustion
engine vehicle.

Este artículo analiza la influencia de la velocidad
del compresor y la temperatura del habitáculo en el
rendimiento del sistema de aire acondicionado auto-
motriz. Para ello, se construyó un banco experimen-
tal con un compresor acoplado a un motor eléctrico
de velocidad variable, equipado con sensores de pre-
sión, temperatura y velocidad del aire, así como una
caja térmica para regular la temperatura del aire de
entrada al evaporador. Además, se implementó un
modelo termodinámico para calcular los parámetros
de funcionamiento del compresor y el desempeño del
sistema. Los resultados muestran que, al incrementar
la velocidad del compresor de 900 a 2800 rpm, el
flujo másico de refrigerante y la capacidad frigorífica
aumentan hasta en un 50.3 % y un 22.4 %, respecti-
vamente, lo que mejora la capacidad de enfriamiento.
Sin embargo, también se incrementan la potencia
consumida de 0.287 a 0.878 kW, y el consumo de
combustible, que llega a duplicarse hasta 0.54 L/h a
45 °C de temperatura en el habitáculo. Asimismo, se
observa una disminución de la eficiencia isentrópica
del 22.66 %, de la eficiencia volumétrica del 44 % y
del coeficiente de desempeño (COP) de hasta 61.27
%, junto con un incremento de la temperatura de
descarga del compresor por encima de 80 °C a altas
velocidades. Finalmente, se proponen correlaciones
para el cálculo de las eficiencias del compresor y se
estima el consumo de combustible considerando las
eficiencias del tren motriz de un vehículo con motor
de combustión interna a gasolina.

Keywords: compressor speed, cabin temperature,
volumetric efficiency, isentropic efficiency, coefficient
of performance, air conditioning

Palabras clave: velocidad del compresor, tempera-
tura del habitáculo, eficiencia volumétrica, eficiencia
isentrópica, coeficiente de desempeño, aire acondi-
cionado.
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1. Introduction

The automotive air conditioning (A/C) system removes
heat from the air inside the vehicle to maintain ther-
mal comfort, particularly under hot climate conditions.
Thermal comfort refers to the state of physical and
psychological satisfaction experienced under environ-
mental conditions typically associated with temper-
atures between 20 and 40 °C and relative humidity
levels ranging from 30% to 60% [1]. The A/C system
operates according to the vapor-compression refrigera-
tion cycle and comprises four thermodynamic processes
undergone by the refrigerant, namely compression, con-
densation, expansion, and evaporation [2]. Under real
operating conditions, the compressor is driven by a
belt and pulley transmission system connected to the
engine crankshaft, causing the compressor speed to
vary continuously from approximately 950 rpm dur-
ing engine idle conditions to 3000 rpm during on-road
operation [3]. Consequently, compressor speed has a
direct influence on the cooling capacity and energy
consumption of the A/C system [4].

The compressor circulates the refrigerant through
the A/C system and consumes energy to sustain the
refrigeration cycle, thereby reducing the engine power
available for vehicle propulsion. When the compressor
is activated, the engine must increase its operating
speed to meet the additional energy demand, which
raises energy consumption by 3% to 20%, equivalent
to approximately 0.2 to 1 L of fuel per 100 km in light-
duty vehicles [5]. In compressors with a displacement
of 210 cm3, peak energy consumption can reach up to
6 kW [6].

The performance of automotive air conditioning
systems is determined by the interaction among com-
pressor type, refrigerant, lubricant, and system load
conditions.

Santanu et al. [7] evaluated the effects of refriger-
ant charge, compressor speed, and evaporator airflow
rate in an automotive A/C system using an experi-
mental test bench operating with R-134a. The results
showed that increasing the refrigerant charge raised
the refrigerant mass flow rate and system pressure.
Greater compressor speed increased the temperature
and pressure in the compressor discharge region and
improved the system cooling capacity. However, this
also led to increased compressor power consumption,
negatively affecting A/C system performance. Finally,
they concluded that the optimal charge for the A/C
system was 530 ±3 g of refrigerant, achieving greater
cooling capacity at 1900 rpm and a higher COP at a
compressor speed of 1600 rpm.

Macagnan et al. [8] studied the influence of re-
frigerant charge and compressor speed. The authors
concluded that compressor speed can increase com-
pressor work by up to 78% within the range of 1500 to
3500 rpm, while the COP tends to decrease as compres-

sor revolutions increase. They also reported a slight
increase in COP when the refrigerant charge in the
system was increased.

Gomaa [9] conducted simulations to evaluate the
performance of an automotive A/C system using sev-
eral refrigerants proposed as alternatives to R-134a.
The tests were performed at different compressor
speeds, cabin temperatures, and condenser airflow
rates. The results showed that a 5 °C increase in con-
denser air temperature decreased the cooling capacity
by up to 27% when the system operated with R-134a.
Increasing compressor speed raised the refrigerant mass
flow rate in the evaporator and improved the cooling
capacity. However, higher compressor speed is associ-
ated with greater friction and lower efficiency, which
negatively affects the COP. The study also showed
that R-1234ze has better thermal and environmental
characteristics, while R-1234yf provides better thermal
performance but requires system design modifications
to compensate for reductions in COP and cooling ca-
pacity.

Lee et al. [10] conducted compressor design opti-
mization studies using an experimental model and a
simulation program to evaluate the effects of R-134a
and R-1234yf within a compressor speed range of 1000
rpm to 4000 rpm, while controlling the evaporator tem-
perature. The authors concluded that R-1234yf has a
COP 5% lower than that of R-134a. By redesigning
the compressor valves, the system improved its COP
by up to 8% when the evaporator temperature was
maintained at 5 °C. Increasing the compressor speed
from 1000 to 2000 rpm enhanced the cooling capac-
ity, whereas the COP decreased due to higher energy
consumption. Within the speed range of 2000 to 4000
rpm, the COP decreased by 17%.

Alkan and Hosoz [11] compared fixed-displacement
and variable-displacement compressors. They evalu-
ated the compressors at different speeds and under
different airflow rates through the evaporator and con-
denser. The results showed that the automotive A/C
system with a fixed-displacement compressor, operat-
ing at 750 rpm, presented a cooling capacity that was
3.2% to 7.8% higher than that of the variable-capacity
compressor. The system with a variable-capacity com-
pressor had a lower COP at low rotational speeds,
whereas at high speeds, it was more efficient than the
system with a fixed-displacement compressor.

Shaker et al. [12] compared refrigerants intended
to replace R-134a by implementing a test bench that
simulated the operation of a single-stage heat pump
at different compressor speeds. Pressure, temperature,
and Coriolis-type flow sensors were installed, along
with a frequency-controlled compressor operating at
35, 40, 45, and 50 Hz to simulate the behavior of R-
1234yf and R-515B. The results showed that R-1234yf
exhibited better cooling capacity performance. How-
ever, compressor work was also affected by the high
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operating pressures. In addition, the operating tem-
peratures of R-1234yf were 3 °C lower than those of
R-515B, which may contribute to extending compressor
life. Both refrigerants also had a lower global warming
potential (GWP) than R-134a. For both refrigerants,
increasing compressor speed enhanced cooling capac-
ity because a greater amount of refrigerant circulated
through the evaporator, which, in turn, implied higher
compressor energy demand. Finally, R-515B offered
lower cooling capacity but, due to its lower compressor
work, maintained a COP that was 8% higher in cooling
mode and 13% higher in heating mode than that of
R-1234yf.

Alkan and İnan [13] conducted an experimental
study showing that R-1234yf produced a 13.6% to
20.1% reduction in COP compared with R-134a in
variable-capacity compressors, although it reduced ex-
ergy destruction in certain system components.

Zawawi et al. [14] demonstrated that lubricant selec-
tion is a determining factor in electric vehicle systems,
since PAO-type oils provide greater efficiency, lower
energy consumption, and higher cooling capacity than
PVE and POE oils. Yusri et al. [15] analyzed the opti-
mization of refrigerant volume and compressor oil in
an automotive air conditioning system, demonstrating
that these parameters directly influence system per-
formance and dynamic behavior, and that efficiency
can be improved through advanced statistical analy-
sis and machine learning techniques. Overall, these
results highlight the importance of integrating thermo-
dynamic and operational variables into the design of
automotive A/C systems to improve energy efficiency
and performance.

The literature review reveals limited analysis of the
influence of compressor speed on isentropic and volu-
metric efficiencies, which restricts the understanding of
its effect on cooling capacity, energy consumption, and
the performance of automotive A/C systems. More-
over, the experimental test benches used in previous
studies do not control evaporator temperature, making
it difficult to reproduce operating conditions similar
to those of a real system. Finally, measurement lim-
itations were identified due to physical factors, the
limited number of measurement points, and the use of
conventional sensors.

In the present work, an experimental test bench
was developed to control compressor rotational speed
and record temperature, pressure, and air velocity data
through an automated real-time data acquisition sys-
tem. The test bench includes a thermal chamber to
control the inlet air temperature at the evaporator.
In addition, the increase in fuel consumption associ-
ated with air conditioning operation is calculated, and
correlations are proposed to estimate the compressor
isentropic and volumetric efficiencies as functions of
operating parameters such as rotational speed and
pressure ratio.

2. Materials and Methods

2.1. Experimental Test Bench of the Automo-
tive A/C System

The experimental test bench is a system designed to
simulate and evaluate the operation of the automotive
A/C system under controlled conditions. Figure 1 illus-
trates the experimental test bench, which consists of
the refrigeration circuit, the compressor drive system,
and the control and instrumentation system.

Figure 1. Experimental test bench of the automotive A/C
system.

2.1.1. Refrigeration Circuit

The refrigeration circuit consists of an 87 cm3 SD5H09
A/C compressor, a 3.5 m2 evaporator with a cooling
capacity of 12000 BTU (3.5 kW), a 7.2 m2 condenser,
a TI(E)1/20A5TR thermostatic expansion valve, a
515-3R external filter drier with switch, R-134a refrig-
erant, and PAG 100 compressor oil with a charge of
4.5 to 5 oz. The evaporator air blower is rated at 80
W and reaches 3800 rpm, controlled by a three-speed
potentiometer, whereas the condenser fans are rated
at 80 W and reach maximum speeds of 2250 rpm and
2100 rpm.

2.1.2. Compressor Drive System

Figure 2 shows the implementation of the compressor
drive system. In internal combustion engine (ICE) ve-
hicles, compressor speed depends on engine rotational
speed, whereas in electric vehicles, it depends on the
thermal demand of the cabin. In the experimental test
bench, the compressor is driven by a 2.2 kW WEG-
W22 three-phase electric motor through pulleys and



Ashqui-Cuvi et al. / Influence of cabin temperature and compressor speed on the performance of an

automotive air conditioning system 87

a V-belt with a tensioner. The electric motor speed
is controlled by a KEWO-AD350 frequency inverter
and SIEMENS LOGO 8 programmable logic controller
(PLC) modules. Communication is performed through
a 0 to 10 V analog reference signal sent by the PLC
module, allowing the compressor speed to be controlled
from a computer linked to the experimental test bench
program.

Figure 2. Compressor drive system.

The electric motor was sized by determining the
compressor power consumption (Ẇm) through an en-
ergy balance expressed in Equation (1), in which the
isentropic compressor work, the isentropic efficiency
(ηiso), and a heat loss coefficient to the environment
(ϵ) due to natural convection in the compressor are
considered [16].

Ẇcomp = ṁ(h2s − h1)
ηiso(1 − ϵ) (1)

The power supplied to the drive system (Ẇm) is
calculated considering the efficiencies of the electric
motor (ηm) and the transmission system (ηp), as given
in Equation (2) [16].

Ẇm = Ẇcomp

ηp ∗ ηm
(2)

Equation (3) expresses the dynamic analysis of the
transmission system, where Nm is the rotational speed
of the motor pulley, Dpm is the diameter of the motor
pulley, Nc is the rotational speed of the compressor
pulley, and Dpc is the diameter of the compressor pul-
ley.

Nm ∗ Dpm = Nc ∗ Dpc (3)

2.1.3. Instrumentation and Control System

The experimental test bench is designed to control com-
pressor speed, cabin temperature, and airflow through
the evaporator and condenser using the following sys-
tems.

Cabin Temperature Control

To simulate the temperature reached inside the cabin,
a thermal chamber controlled by a PID controller was
developed to activate and deactivate a direct-current
electric resistance, generating up to 1000 W of power
to heat the air entering the evaporator, as shown in
Figure 1.

Airflow Control Through the Heat Exchangers

The airflow through the evaporator is controlled by a
circuit that adjusts the electric fan speed across three
levels, while the condenser airflow is controlled by a
second fan activated by an STC 1000 PID controller
when the condensation temperature configured in the
test bench is reached.

Instrumentation and Data Acquisition

Four pressure sensors (P) were installed downstream
of each component of the refrigeration circuit. Eight
temperature sensors (T) were installed: four in the
refrigeration circuit (1–4), one on the compressor cas-
ing (5), one at the evaporator air inlet (7), one at the
evaporator air outlet (6), and one at the condenser air
outlet (8). In addition, an anemometer was installed to
measure the velocity of the air leaving the evaporator,
as shown in Figure 3.

Figure 3. Sensors installed in the experimental test bench.

The PLC modules operate with analog and digital
signals from 0 to 10 volts; therefore, the sensor signals
must remain within the PLC operating range. The
pressure sensors generate a 4 to 20 mA current signal,
which is converted to a voltage range of 1.32 to 6.6 V
through a 330 Ω resistance circuit.

The PT100 resistive temperature sensors change
their resistance as a function of temperature and, when
connected to an RTD transmitter, generate a 0 to 10
V signal. The anemometer is self-generating, does not
require an external power supply, and produces a 0 to
2 V signal.
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Monitoring, control, and data acquisition are per-
formed using PLC modules (LOGO 8 12/24 RCE) and
their corresponding expansion modules (AM2, AM2
AQ, AM2 RTD). The program was developed using
LOGO Soft Comfort V8 software. In this program, the
sensors were calibrated, analog signals were converted
into measurement units, frequency inverter control was
established, and data logging was configured. The mon-
itoring interface was designed using LOGO Web Editor
V1.1.0 (LWE) software [17]. This interface enables sen-
sor monitoring, frequency inverter management, and
data logging. Finally, the drive system equipment and

sensors were calibrated and verified using equipment
datasheets and reference instruments to ensure proper
operation and result accuracy.

The uncertainty analysis of the measurements was
performed according to the international ISO/IEC
standard [18]. The combined (µc) and expanded (Uc)
sensor uncertainties were evaluated, considering the
uncertainty of each sensor (µs), the PLC uncertainty
(µP LC) associated with the 10-bit ADC, and the re-
peatability uncertainty (µr) for 10 repetitions. Table 1
summarizes the sensor uncertainties.

Table 1. Sensor Uncertainties

Sensor Tolerance µs µP LC µr µc Uc

PT100 Temperature
± 0.3 °C 0.173 °C 0.085 °C 0.081 °C 0.209 °C ±0.418 °C(-100°C–200°C)

HK1100C pressure transducer ± 1.5% FS 0.0104 MPa 0.00034 MPa 0.00069 MPa 0.0104 MPa ±0.0208 MPa(0–1.2 MPa) ±0.018 MPa
DIY Anemometer

±0.3 m/s 0.173 m/s 0.0085 m/s 0.068 m/s 0.186 m/s ±0.372 m/s(0–30 m/s)

Sensor calibration was performed according to
ISO/IEC Guide 99:2007 [19]. The PT100 sensors were
calibrated in accordance with IEC 60751:2022 [20] by
comparison with a reference standard thermometer
(PIDMaxwell MLC-48) inside the thermal chamber,
using two calibration points, 35 °C and 40 °C, which
cover the operating range of the vehicle cabin. The
maximum observed deviation was ±1 °C, within the
specified class B tolerance. The HK1100C pressure sen-
sors were calibrated according to IEC 62828-2:2017 [21],
with a maximum observed deviation of ±0.021 MPa.
Meanwhile, the DIY anemometer was calibrated by
comparison with an Extech AN100-NIST anemometer,
with a maximum observed deviation of ±0.25 m/s.

2.2. Experimental Campaign

The tests conducted on the experimental test bench
represent real operating conditions of the A/C system
in light-duty vehicles, as shown in Table 2.

Table 2. Test Matrix

Temperature Compressor speed Flow rate Flow rate
in the passenger compressor evaporator condenser

compartment (°C) (RPM) (m3/h) (m3/h)
35–40–45 900–2800 313 496

Table 2 shows the parameters configured in the
experimental test bench for testing and data collection.
The cabin temperature varied from 35 to 45 °C, a range
that can be reached in Riobamba [22,23]. Under real
operating conditions, the compressor rotational speed
is 900 rpm under idling conditions, 1800 rpm during

urban driving, and up to 3000 rpm on highways [3, 4].
In addition, the evaporator airflow was maintained at
its maximum capacity, while the condenser airflow was
generated by a single fan.

Cabin temperature control is performed using an
STC-1000 PID temperature controller, as shown in
Figure 4 (A). Control of the evaporator airflow and
the compressor electromagnetic clutch is performed
from the panel shown in Figure 4 (B), while condenser
airflow control is achieved using an STC-1000 PID
temperature controller, as shown in Figure 4 (C).

Figure 4. Experimental Test Bench Controls.

2.3. Thermodynamic Model of the Automotive
A/C System

The data obtained from the experimental test bench
sensors are recorded in a (.csv) file generated by LOGO
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8 Soft Comfort software. To analyze the performance
of the A/C system, the refrigerant mass flow rate de-
livered by the compressor, evaporator cooling capacity,
compressor power consumption, and coefficient of per-
formance (COP) must be calculated. To this end, a
thermodynamic model was implemented considering
energy transfers in the heat exchangers and compres-
sor performance in terms of isentropic and volumetric
efficiencies. The thermodynamic model is based on a
steady-state analysis of an open system, assuming one-
dimensional refrigerant flow and negligible variations
in kinetic and potential energy. Heat losses to the sur-
roundings are considered negligible, except in the heat
exchangers and the compressor. Thermophysical prop-
erties are obtained from the NIST database [24]. The
compressor is modeled using isentropic and volumetric
efficiencies [16], while the heat exchangers are ana-
lyzed using energy balances based on the calorimetric
method [25]. Isenthalpic expansion is assumed in the
thermostatic expansion valve, and pressure losses in
pipes and fittings are considered negligible compared
with those of the main components.

The refrigerant mass flow rate was calculated
through an energy balance in the evaporator, according
to Equation (4) and based on the calorimetric method
described in EN 13771-1 [25], where ṁref is the refrig-
erant mass flow rate, ṁair is the air mass flow rate,
∆T6−7 is the temperature difference between the inlet
and outlet air of the evaporator, as shown in Figure
3, Cpair is the specific heat of air, and ∆h1−4 is the
refrigerant enthalpy difference between the inlet and
outlet of the evaporator.

ṁref = ṁair ∗ Cpair ∗ ∆T6−7

∆h1−4
(4)

The air mass flow rate is calculated from the volu-
metric airflow rate and air density, as given in Equation
(5). The volumetric airflow rate is determined by multi-
plying the airflow passage area at the evaporator outlet
(Aair), the density of the air leaving the evaporator
(ρair), and the flow velocity (V⃗air) measured by the
anemometer, as shown in Figure 3 [2].

ṁair = ρair ∗ Aair ∗ V⃗air (5)

The evaporator cooling capacity (Q̇evap) is calcu-
lated using Equation (6) [16].

Q̇evap = ṁref ∗ (h1 − h4) (6)

The volumetric efficiency (nv) represents the rela-
tionship between the theoretical and actual capacity
of the compressor to drive the refrigerant through the
system. It is calculated using Equation (7) [16], [23],
where V̇s is the volumetric displacement of the com-
pressor and ρin is the density of the refrigerant entering
the compressor.

nv = ṁref

ρin ∗ V̇s

(7)

The compressor isentropic efficiency (ηiso) repre-
sents the relationship between the ideal and actual
energy required to compress the refrigerant. It is cal-
culated using Equation (8) [16] [23], where h1 is the
refrigerant enthalpy at the compressor suction, h2s

is the discharge enthalpy during isentropic compres-
sion, and h2 is the discharge enthalpy during actual
compression.

ηiso = h2s − h1

h2 − h1
(8)

The energy consumed by the compressor is greater
than the energy transferred to the refrigerant because
of heat losses (Q̇p) caused by system irreversibilities.
The heat rejected from the compressor to the sur-
roundings is calculated using Equation (9) [26], where
hamb is the natural convection coefficient, Ac is the
compressor surface area, Ts is the compressor casing
temperature, and Tamb is the ambient temperature.

Q̇p = hamb ∗ Ac ∗ (Ts − Tamb) (9)

The work transferred to the refrigerant (Ẇfluid) is
determined using Equation (10).

Ẇfluid = ṁref ∗ (h2 − h1) (10)

The compressor heat rejection coefficient (ϵQp) is
calculated using Equation (11) [27].

ϵQp = Q̇p

Ẇfluid + Q̇p

(11)

The compressor energy consumption is calculated
using Equation (12).

Ẇc = ṁref (h2s − h1)
ηiso(1 − ϵQp) (12)

Finally, the system COP is used to evaluate the
operating efficiency of the automotive A/C systemby
relating the cooling capacity to the compressor energy
consumption. It is calculated using Equation (13).

COP = Q̇evap

Ẇc

(13)

Fuel consumption associated with air condition-
ing operation is estimated by considering the energy
transformations in a gasoline-powered internal com-
bustion engine (ICE) vehicle, as shown in Figure 5.
This transformation begins in the internal combustion
engine, which converts fuel energy into thermal en-
ergy and subsequently into mechanical energy at the
crankshaft. These energy transformations have efficien-
cies between 27% and 30% [28]. Losses also occur in the
transmission mechanisms connecting the crankshaft
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to the compressor, with efficiencies between 80% and
93% [29].

Figure 5. Energy transformation in an ICE vehicle for
compressor operation [30].

The energy delivered by the fuel (Etot) is calculated
by dividing the energy consumed by the compressor (E)
by the internal combustion engine efficiency (ηMCI)
and the transmission efficiency (ηtrans), as given in
Equation (14).

Etot = E

ηMCI ∗ ηtrans
(14)

Fuel consumption in liters (lfuel) is obtained by di-
viding (Etot) by the fuel lower heating value (PCIfuel)
and the fuel density (ρfuel), as given in Equation (15).

lfuel = Etot

PCIfuel ∗ ρfuel
(15)

An LHV of 46522.5 kJ/kg and a density of 739
kg/m3 were used for gasoline [31].

3. Results and Discussion

A total of 60 experimental points were obtained ac-
cording to the test matrix in Table 2 to analyze the
influence of compressor speed and cabin temperature
on compressor operation and automotive A/C system
performance. To validate the results, the experimental
values were compared with those predicted by the ther-
modynamic model. The percentage deviations were
1.66% for the COP, 4.85% for cooling capacity, 4.91%
for compressor power, 4.86% for refrigerant mass flow
rate, 3.08% for isentropic efficiency, and 9.83% for vol-
umetric efficiency. Likewise, the overall energy balance
showed a closure error of 6.05%. The observed differ-
ences are mainly attributed to measurement uncertain-
ties, model simplifications and unaccounted thermal
losses. Overall, these results demonstrate good agree-
ment between the model and the physical behavior of
the system.

3.1. Compressor Performance

3.1.1. Compressor Discharge Temperature

Figure 6 shows that the compressor discharge tempera-
ture rises as the compressor rotational speed increases.
At a cabin temperature of 35 °C, the discharge temper-
ature increases by 34.3%, from 58.16 °C to 78.13 °C,
within the range of 900 to 2800 rpm. Similar results
were also reported in [12].

Figure 6. Discharge temperature as a function of com-
pressor speed.

The compressor discharge temperature increases by
4.3 to 7.1 °C when the cabin temperature rises by 10 °C.
However, the temperatures reached remain within the
safe operating range, below 115 °C, preventing possible
lubricating oil degradation that could compromise the
mechanical integrity of the compressor.

This behavior occurs because increasing compres-
sor speed raises the compression work and, conse-
quently, the energy transferred to the refrigerant,
thereby increasing the discharge temperature. In addi-
tion, greater process irreversibilities and limited heat
dissipation to the surroundings contribute to the ob-
served temperature rise.

3.1.2. Refrigerant Mass Flow Rate

Figure 7 shows that, at a cabin temperature of 35
°C, the mass flow rate increases by 50.3% as the com-
pressor speed rises from 900 to 2800 rpm, because the
compressor drives a greater amount of refrigerant per
unit time.

When the cabin temperature increases from 35 to
40 °C, the refrigerant mass flow rate rises by 16.8%
at 900 rpm, 21.0% at 1800 rpm, and 22.5% at 2800
rpm. This trend indicates that refrigerant circulation
increases as cabin temperature rises. When the air
passing through the evaporator is hotter, the refrig-
erant has a higher density at the compressor inlet
because its temperature and pressure increase, which,



Ashqui-Cuvi et al. / Influence of cabin temperature and compressor speed on the performance of an

automotive air conditioning system 91

according to Equation (7), raises the mass flow rate.
Similar results were reported in [32].

Figure 7. Refrigerant mass flow rate as a function of com-
pressor speed.

From a physical perspective, the increase in refrig-
erant mass flow rate is directly related to the greater
displaced volume per unit time and to variations in
the thermodynamic properties of the refrigerant at the
compressor suction, which increase refrigerant density
and promote higher refrigerant circulation within the
system.

3.1.3. Compressor Power Consumption

Figure 8 shows that as the compressor speed increases,
a greater amount of energy is consumed. At a cabin
temperature of 35 °C, the compressor power consump-
tion increases from 0.287 kW to 0.878 kW when the
speed rises from 900 to 2800 rpm. This increase is
due to the greater amount of refrigerant driven by the
compressor, as shown in Figure 7.

At high compressor speeds, the pressure ratio (PR)
is greater, meaning that the compressor must reach
a higher pressure in the high-pressure line, which in-
creases the power required to compress the refrigerant.
This behavior results from the higher pressure ratio,
which raises the specific compression work, while the
greater mass flow rate increases the total power re-
quirement. Overall, these effects reflect increased irre-
versibilities and mechanical losses at high operating
speeds.

When the cabin temperature increases from 35 to
40 °C, compressor power consumption also rises by
11.0%, 19.4%, and 20.6% at 900, 1800, and 2800 rpm,
respectively. This increase becomes even more evident
when the cabin temperature reaches 45 °C, because
the cooling demand increases and a greater refrigerant
mass flow rate must be compressed, as shown in Figure
7.

Figure 8. Compressor power consumption as a function
of compressor speed.

3.1.4. Compressor Isentropic Efficiency

Figure 9 shows that isentropic efficiency decreases as
compressor speed increases. At a cabin temperature of
35 °C, isentropic efficiency decreases by 22.66% when
compressor speed rises from 1000 to 2800 rpm. Energy
losses occur due to isenthalpic pressure drops in the
suction valve, which generate flow turbulence, reduce
compressor capacity, and increase energy consumption.
This effect also occurs in the discharge valve [9]. An-
other contributing factor is the energy released by the
compressor as heat. From a thermodynamic perspec-
tive, the decrease in isentropic efficiency is associated
with increased internal irreversibilities, such as fric-
tion, turbulence, and thermal losses, which intensify
as compressor operating speed increases.

When the cabin temperature increases from 40 to
45 °C, the efficiencies tend to decrease slightly, by 2.7%
at 1000 rpm and 1% at 2800 rpm. As the temperature
of the air passing through the evaporator increases, the
refrigerant evaporation temperature and pressure also
rise, increasing losses associated with pressure drops
and heat transfer.

Figure 9. Isentropic efficiency as a function of compressor
speed.
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To provide a simple mathematical function for esti-
mating compressor efficiency under different operating
conditions, a linear regression was performed by cor-
relating isentropic efficiency with compressor speed
(ωcomp) and pressure ratio (PR), as given in Equation
(16).

ηiso = 1.1905 + 0.000071ωcomp − 0.1295PR (16)

Figure 10 illustrates the comparison between the
experimental isentropic efficiency values and those cal-
culated using correlation (16). The results show a good
fit for all points, with a maximum deviation of ±7%
and a correlation coefficient r2 of 0.914. The proposed
correlation can be used to model compressor behavior
in automotive A/C systems and predict compressor
energy consumption.

Figure 10. Comparison of the experimental and calcu-
lated values of compressor isentropic efficiency.

3.1.5. Compressor Volumetric Efficiency

Figure 11 shows that volumetric efficiency decreases
as compressor rotational speed increases. At a cabin
temperature of 35 °C, volumetric efficiency decreases
by 44% within the range of 900 to 2800 rpm. Similar
results were also reported in [33]. This behavior can be
attributed to increased internal leakage, recirculation
losses, and refrigerant compressibility effects, which
become more significant at high speeds, reducing the
effective suction capacity of the compressor.

An increase of 5 °C in cabin temperature results in
a volumetric efficiency increase of 9.5% and 12.6% at
900 and 2800 rpm, respectively. This behavior occurs
because the compressor heats up due to the refrigerant
compression process and friction between the mechan-
ical components. At higher compressor speeds, heat
generation also increases. This heat is transferred to
the compressor casing and to the suction and discharge
ducts; consequently, the refrigerant expands reducing

its density and decreasing the amount of refrigerant
displaced by the compressor. In addition, compressors
operate with a pressure difference between the suction
and discharge sides, generating leakage of approxi-
mately 4.80% in the valve seating area [33]. This effect
becomes more critical as the compressor rotational
speed increases, since the pressure ratio (PR) also rises.
Similarly, the pressure ratio produces greater pressure
losses between the cylinder wall and the piston, neg-
atively affecting volumetric efficiency [32]. Another
factor influencing efficiency occurs during compres-
sion, when a small portion of the refrigerant tends to
condense and then re-evaporate during suction, leading
to the formation of liquid particles that increase the
dead volume inside the cylinder. This effect is referred
to as recirculating mass [33].

Figure 11. Volumetric efficiency as a function of compres-
sor speed.

To determine a correlation for compressor volumet-
ric efficiency, a regression was performed as a func-
tion of compressor speed (ωcomp), pressure ratio (PR),
evaporation temperature (Tsat;evap), and refrigerant
superheating at the evaporator outlet (SH), as given
in Equation (17). The variables Tsat;evap and SH are
included in the correlation because refrigerant density
changes at the compressor suction, directly affecting
the displaced mass flow rate and, consequently, volu-
metric efficiency. When the system operates with high
SH values, density varies at the same evaporation pres-
sure. Therefore, considering only, the PR is insufficient,
and SH and T(sat;evap) must also be included in the
equation.

ηv = 0.2576 + 0.000056 ωcomp − 0.0797 PR

+ 0.01881 Tsat,evap

+ 0.01908 SH

(17)

Figure 12 illustrates the comparison between the
experimental volumetric efficiency values and those
calculated using correlation (17).
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Figure 12. Comparison of the experimental and calcu-
lated values of compressor volumetric efficiency.

The results show a good fit for all points, with a
maximum deviation of ±10% and a correlation coef-
ficient r2 of 0.923. The proposed correlation can be
used to model compressor behavior in automotive A/C
systems and predict the mass flow rate displaced by
the compressor.

3.2. Performance of the Automotive A/C Sys-
tem

3.2.1. Cooling Capacity

Figure 13 shows that cooling capacity rises with in-
creasing compressor rotational speed.

At a cabin temperature of 40 °C, increasing com-
pressor speed from 900 to 2800 rpm raises the cooling
capacity by 24.3%, whereas at 35 °C, the increase
is 22.4%. Higher compressor speed leads to greater
refrigerant circulation through the evaporator.

Cabin temperature also influences cooling capacity;
greater cooling capacities are obtained as cabin tem-
perature increases due to the higher mass flow rate
as shown in Figure 7. Similar results were reported
in [32] and [34].

Figure 13. Cooling capacity as a function of compressor
speed.

3.2.2. Coefficient of Performance (COP)

Figure 14 shows that, at a cabin temperature of 35 °C,
the COP decreases by up to 61.27% as compressor rota-
tional speed increases from 900 to 2800 rpm. Although
the cooling capacity improves at higher compressor
rotational speeds, power consumption also increases
significantly, thereby reducing the system COP.

At higher speeds, greater energy losses occur due to
friction in the moving components of the compressor,
which reduces the COP [9]. When the cabin tempera-
ture increases from 40 °C to 45 °C, the COP decreases
by 4.86% at 900 rpm and by 1.02% at 2800 rpm. How-
ever, cabin temperature has a smaller effect on the
COP than on cooling capacity and compressor power
consumption.

Figure 14. COP as a function of compressor speed.

3.2.3. Fuel Consumption

Figure 15 shows that fuel consumption rises when the
engine operates at higher speed. At a cabin tempera-
ture of 45 °C, consumption increases by 213% from 900
to 2800 rpm because the compressor drives a greater
amount of refrigerant.

Figure 15. Fuel consumption of the automotive A/C sys-
tem as a function of compressor speed.
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As the cabin temperature increases, fuel consump-
tion also rises. At 2800 rpm, corresponding to highway
conditions, consumption increases from 0.40 L/h at 35
°C to 0.54 L/h at 45 °C. Similar results were reported
in [35].

4. Conclusions

Increasing compressor speed raises the refrigerant mass
flow rate, improving heat transfer capacity inside the
vehicle. However, it also increases energy demand, lead-
ing to higher power and fuel consumption.

At a cabin temperature of 35 °C, increasing com-
pressor speed from 900 to 2800 rpm raises the refriger-
ant mass flow rate by 50.3% and power consumption
from 0.287 to 0.878 kW. Under the same conditions,
compressor isentropic efficiency decreases by 22.66%,
while volumetric efficiency decreases by 44%.

The compressor discharge temperature increases at
higher rotational speeds, exceeding 80 °C. At a cabin
temperature of 35 °C, increasing compressor speed
from 900 to 2800 rpm raises the cooling capacity by
22.4%, whereas the system COP decreases by up to
61.27%. Although cooling capacity improves at higher
compressor rotational speeds, power consumption also
increases significantly, thereby reducing the system
COP.

Fuel consumption doubles when compressor speed
increases from 900 to 2800 rpm at a cabin temperature
of 45 °C, reaching an instantaneous consumption of
0.54 L/h at 2800 rpm.
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Abstract Resumen

This paper presents a data-driven inverse-model con-
trol scheme for a rotary flexible-link (RFL) system,
with θ denoting the base angular position and α the
relative tip deflection. The plant is identified from
experimental data and represented as a continuous-
time fourth-order state-space model. On this basis,
an inverse-model controller is designed and imple-
mented using an artificial neural network (ANN) of
the multilayer perceptron (MLP) type, trained on
regressors composed of delayed states and inputs. Val-
idation relies on quantitative error metrics, transient-
response analysis, and an indirect discrete-time BIBO
(Bounded Input–Bounded Output) stability certifica-
tion obtained by identifying an equivalent closed-loop
linear model. Six MLP architectures are compared
under three reference scenarios. The selected configu-
ration achieves the best trade-off between θ tracking
and α vibration attenuation, with bounded closed-
loop signals and competitive settling times. The work
integrates, into a single workflow, data-driven iden-
tification of the RFL, systematic MLP architecture
selection, and discrete-time BIBO stability analysis,
providing a reproducible framework for designing
and objectively comparing inverse-model neural con-
trollers in subactuated flexible systems.

Este trabajo presenta un esquema de control por
modelo inverso basado en datos para un sistema rota-
torio de eslabón flexible, en el que la posición angular
de la base se denota por θ y la deflexión relativa de
la punta por α. La planta, correspondiente a un sis-
tema rotatorio de eslabón flexible (rotary flexible link,
RFL), se identifica a partir de datos experimentales
y se modela en espacio de estados continuo de cuarto
orden. A partir de este modelo, se diseña un contro-
lador por modelo inverso implementado mediante una
red neuronal artificial (RNA) de tipo perceptrón mul-
ticapa (MLP), entrenada con regresores formados por
estados y entradas retardadas. La validación incluye
métricas cuantitativas de error, análisis de respuesta
transitoria y una certificación indirecta de estabil-
idad BIBO en tiempo discreto, obtenida mediante
la identificación de un modelo lineal equivalente en
lazo cerrado. Se comparan seis arquitecturas MLP
en tres escenarios de referencia. La configuración
seleccionada muestra el mejor compromiso entre el
seguimiento de θ y la mitigación de las oscilaciones en
α. Además, el trabajo integra en un flujo único la iden-
tificación basada en datos, la selección sistemática de
la arquitectura y el análisis de estabilidad.

Keywords: rotary flexible-link system; data-driven
inverse-model control; artificial neural networks; mul-
tilayer perceptron; system identification; vibration
suppression; BIBO stability.

Palabras clave: control por modelo inverso; eslabón
flexible rotatorio; estabilidad BIBO; identificación
de sistemas; perceptrón multicapa; redes neuronales
artificiales; supresión de vibraciones
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1. Introduction

Single-link flexible rotary manipulators constitute a
representative case study in both real-world appli-
cations, such as lightweight robotics and deployable
structures, and academic testbeds for advanced control.
Their underactuated nature and inherent structural
flexibility generate oscillations and dynamic couplings
that hinder the synthesis of robust and precise con-
trollers, particularly when information about the phys-
ical model of the system is incomplete or uncertain [1].

In this context, data-driven control is an attractive
alternative to classical methods whose design relies on
detailed parametric models. Rather than depending
on high-fidelity analytical identifications, data-driven
approaches design controllers directly from experimen-
tal or simulated data, which is particularly useful for
complex and nonlinear systems [2]. Within this frame-
work, inverse-model control schemes based on mul-
tilayer perceptron (MLP) artificial neural networks
(ANNs) have demonstrated the ability to approximate
the inverse dynamics of manipulators and other non-
linear systems with considerably less explicit model-
ing effort [3–5]. These networks can capture highly
nonlinear input–output relationships from data and
have demonstrated strong performance in trajectory-
tracking tasks and in compensating for unmodeled
dynamic effects [6].

Recent literature on data-driven control and model
inversion can be organized into three main research
lines. The first focuses on the design of optimal con-
trollers without relying on an explicit physical model,
using finite impulse response (FIR) structures com-
bined with LASSO-type regularization and convex
formulations for inverse control. Overall, these meth-
ods reduce the structural complexity of the controller
without compromising performance, while providing
formal guarantees of data-based optimality [7–9]. In
this context, hyperparameter selection, the effective
number of FIR coefficients, and the quality of the ex-
perimental data are critical factors for achieving good
generalization.

The second line addresses model inversion through
machine learning, particularly by using MLPs to ap-
proximate the direct or inverse dynamics of manipu-
lators. MLPs can outperform classical methods, such
as SVMs, in dynamic prediction when their hyperpa-
rameters are properly tuned, although their perfor-
mance remains sensitive to the representativeness of
the training data [10]. In addition, several approaches
incorporate optimization and regularization through
metaheuristic techniques to improve computational
efficiency and reduce overfitting in neural networks
used for control [11].

The third line focuses on the robust synthesis of
fixed-order controllers and the integration of noisy,
non-ideal data. Data-driven approaches enable the

model-matching problem and robustness requirements
to be addressed directly in the data space, but they
also introduce new trade-offs among robustness to
uncertainty, computational complexity, and ease of
implementation [9]. For rotary systems with flexible
links, recent experimental studies combine state-space
identification with guided reinforcement learning tech-
niques [12], using metrics related to tracking perfor-
mance, vibration reduction, and disturbance rejection.
However, comparability among studies remains lim-
ited by the lack of standardized testing protocols and
benchmark scenarios.

Despite these advances, several specific gaps can
still be identified in the state of the art:

• The lack of studies that systematically integrate
the data-based identification of an RFL, the con-
struction of a neural inverse model, and its quan-
titative validation under multiple reference sce-
narios.

• The limited integration of neural inversion with
formal model order selection criteria, supported
by metrics such as FPE, MDL, and percentage
fit [9], which allow the selection of moderate-
dimensional models to be justified over lower-
order alternatives.

• The absence of detailed analyses of closed-loop
BIBO stability when neural controllers are em-
ployed, beyond qualitative observations based on
simulations.

In this context, this work aims to analyze and
demonstrate the feasibility of a data-driven inverse-
model control scheme for a rotary flexible-link system,
using an MLP-type ANN to approximate the inverse
dynamics. Specifically, the proposed workflow inte-
grates: i) continuous state-space identification of the
plant from experimental data, following the framework
of [12]; ii) construction of a regressor set based on
delayed states and inputs for inverse-model training;
iii) synthesis and selection of the neural architecture
according to objective metrics; and iv) evaluation of
the inverse-controller performance in terms of track-
ing error, vibration suppression, and discrete BIBO
stability.

The approach is not intended to compete with
high-level techniques in terms of absolute performance,
but rather to demonstrate the value of a clear and
reproducible methodology for designing, training, and
validating a neural inverse controller in rotary systems
with flexible links. This methodology can be extrapo-
lated to other complex dynamic systems characterized
by difficult analytical modeling, structural couplings,
and sensitivity to disturbances, and it is presented
through a representative case study that facilitates
replication in control laboratories.
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2. Materials and Methods

This section describes the state-space model of the
RFL, the acquisition of experimental data, and the
design of the ANN-MLP inverse neural controller used
in the simulations.

2.1. General Description of Inverse Model Con-
trol

Inverse model control is based on training an ANN to
approximate the inverse dynamics of the plant from
input-output data pairs(

φ(k), u(k)
)
, (1)

where φ(k) is a regressor vector containing delayed
outputs and inputs, and u(k) is the associated control
signal [13, 14]. During the training phase, the plant is
excited using step signals of different magnitudes and
random application times to cover a wide operating
range and obtain a truly representative dataset [15].
The resulting records are then divided into training,
validation, and test sets to adjust the ANN parameters
while simultaneously mitigating overtraining, thereby
preserving adequate generalization capability [4], [16].

The Levenberg-Marquardt algorithm is employed
for training because of its fast convergence and ability
to achieve low errors in moderate-size networks [16,17].
Robustness is reinforced through data normalization,
partitioning into training, validation, and test sets,
and early stopping based on the validation error.

2.2. General Workflow of the Methodology

The development of the neural controller is structured
into three main stages:

1. Continuous state-space identification of the RFL
from experimental data, yielding a fourth-order
(A, B, C, D) model.

2. Generation of synthetic data from this model to
train the neural inverse model.

3. Design, evaluation, and selection of the most suit-
able MLP architecture based on tracking metrics
and link oscillation amplitude.

The platform used is the Quanser QLabs Virtual
Rotary Flexible Link environment, implemented in
MATLAB/Simulink® R2022b and QUARC 2.15, ac-
cording to the workflow described in [12].

2.3. Identification of the Rotary Flexible-Link
System

A single rotary flexible-link system actuated at the
base is considered. The following variables are used:

θ(t) : angular position of the base,

α(t) : relative deflection at the tip,

u(t) ∈ [−10, 10] V.

(2)

For the identification of the continuous model, ex-
perimental data obtained from the Quanser virtual
environment were used. The angular position θ and
the relative deflection α were recorded with a sampling
time

Ts = 2 ms, (3)
sufficient to capture the low-frequency bending

modes without aliasing, consistent with previous stud-
ies on the same prototype [12], [18]. The tests were
performed while maintaining α(t) within the interval
[−5◦, 5◦] to operate in a quasi-linear regime [1].

To ensure persistence of excitation and cover the
operating range of interest, a pseudo-random square
voltage signal was applied to u(t), with amplitude and
frequency varying within the safe interval [−10, 10] V.
Throughout the entire process, the operating con-
straints defined for the virtual model were respected
[19]. Subsequently, the data were divided into:

• an identification set, used to estimate the model
parameters; and

• a validation set, reserved exclusively to evaluate
the predictive capability of the model.

2.3.1. Identification Procedure and Order Se-
lection

A fourth-order continuous state-space model with one
input and two outputs is adopted:

ẋ(t) = A x(t) + B u(t)
y(t) = C x(t) + D u(t)

(4)

Where

x(t) =
[
θ(t) α(t) θ̇(t) α̇(t)

]⊤
, y(t) =

[
θ(t) α(t)

]⊤
.

(5)
Prediction Error Methods (PEM) were applied to

the previously described data for model identification.
As a result, a fourth-order model was obtained with
D = 0, since the inertia of the motor–link assembly
and the structural flexibility prevent instantaneous
changes in the outputs in response to variations in
u(t) [12], [19].

The selection of a fourth-order model is supported
by the comparative analyses reported in [20]. In partic-
ular, lower-order models do not adequately represent
the bending dynamics, and increasing the order does
not lead to significant improvements in FPE, MSE,
or percentage fit. However, it increases computational
cost and the risk of overfitting.
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2.3.2. Identified Continuous Model

By applying the procedure described above, the follow-
ing fourth-order continuous state-space model with one
input and two outputs was obtained. The identified
matrices are:

A =


0.2629 −0.6923 2.0550 1.0130

−11.5200 23.9900 −54.7900 −30.0000
−4.2910 −10.4200 −63.9600 −20.6300
−3.4710 77.0200 24.4800 −10.1900


(6)

B =


−0.05998

1.6080
7.1510

−6.6660

 (7)

C =
[

29.6200 0.7060 0.1893 0.1340
−0.1510 0.8635 −0.7005 −0.5094

]
(8)

D =
[
0
0

]
(9)

This model reproduces the coupled dynamics be-
tween θ and α within the considered operating range.
Previous studies using the same RFL prototype have
shown that continuous models of this order adequately
capture the system behavior in tracking and vibration-
suppression tasks [12], [20].

2.4. Design of the Neural Inverse Model Con-
troller

From the identified continuous model (A,B,C,D), a
state-space simulation of the RFL was constructed us-
ing Euler discretization with a step size of dt = 0.002s.
The input was a random step signal, with new levels
assigned every 2 within the range

u(k) ∈ [−1.5, 1.5] V, (10)

applied for 1000 s. In this way, persistent data for

θ, α, θ̇, α̇, y and u, (11)

which constituted the basis for regressor construc-
tion and estimation of the neural inverse model.

Table 1 shows the configuration used for training
the inverse model. The selection was made to promote
stable convergence, avoid overfitting, and maintain an
adequate balance between accuracy and generalization
capability.

Table 1. Training Parameters of the Neural Network

Parameter Value
Optimization algorithm Levenberg-Marquardt (trainlm)
Maximum number of iterations 600
Error criterion (objective) 10−4

Training set 85%
Validation set 10%
Data normalization mapminmax on inputs and outputs

The diagram in Figure 1 summarizes the inverse
identification process. This scheme provides a clear
visualization of how the information flow is organized
during ANN training, highlighting the relationship be-
tween the employed regressors and the control signal
that the network must learn to predict.

Figure 1. Scheme of the RFL inverse dynamics identifica-
tion process.

2.4.1. Evaluated Architectures

Different MLP configurations are evaluated, varying in
the number of neurons and hidden layers while main-
taining a fixed linear activation function at the output.
The configurations are detailed in Table 2.

Table 2. Evaluated Configurations for the MLP Neural
Network

Conf. Hidden layers Activation functions
C1 [15] logsig–purelin
C2 [20] logsig–purelin
C3 [20, 10] logsig–logsig–purelin
C4 [25, 15] logsig–logsig–purelin
C5 [12, 2] logsig–logsig–purelin
C6 [30, 20] logsig–logsig–purelin

2.4.2. Inverse Model and Training

For each configuration in Table 2, a feedforward
MLP neural network was trained using the Leven-
berg–Marquardt algorithm to approximate the control
signal u(k) from a regressor vector composed of cur-
rent and delayed values of the measured variables. In
NARX/NARMAX-type notation, this vector is defined
as:
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φ(k) =
[
(I, q−1, q−2) θ(k), (q−1, q−2) α(k),
(q−1, q−2) θ̇(k), q−1α̇(k),

(q−1, q−2, q−3) u(k)
]⊤

.

(12)

where q−1 denotes the one-sample delay operator
(q−1x(k) = x(k − 1), q−2x(k) = x(k − 2), etc.), and I
is the identity operator.

Explicitly, the regressor vector can be expressed as

φ(k) =
[

θ(k), θ(k − 1), θ(k − 2), α(k − 1), α(k − 2),
θ̇(k − 1), θ̇(k − 2), α̇(k − 1),

u(k − 1), u(k − 2), u(k − 3)
]⊤

.
(13)

That is, the ANN receives as input a “time window”
formed by the current and past samples of the base
position θ, the tip deflection α, their corresponding
velocities, and the control signal u over the three most
recent sampling instants.

In the preliminary tests, regressor vectors with
more delays were also considered, for example, includ-
ing θ(k − 3), α(k − 3) or u(k − 4).

However, increasing the number of delays causes
the dimension of φ(k) to grow without providing fur-
ther relevant dynamic information, which worsens the
conditioning of the training problem. In practice, the
network tended not to converge, with the validation er-
ror remaining high, or stabilized at local minima with
insufficient performance in reference tracking. For this
reason, the regressor vector in (13) was adopted, as it
provides an adequate compromise between temporal
memory and learning capability.

The network output therefore approximates the
inverse model of the plant:

u(k) = Nψ
(
φ(k)

)
, (14)

where Nψ(·) represents the MLP parameterized by
the weight vector ψ.

2.4.3. Closed-Loop Implementation

To implement the neural controller based on the
trained inverse model, the MLP ANN generates the
control signal u(k) required for the RFL system to
follow the reference θref(k). The conceptual scheme of
the closed-loop controller is shown in Figure 2.

Figure 2. Diagram of the RFL neural inverse-model con-
troller.

3. Results and Discussion

3.1. Results of the RFL Model Identification

For the validation set, the fourth-order continuous
model provides:

• A time-domain fit for θ in the range of
99.85–96.95 % for one-step-ahead prediction and
free-run simulation, with FPE = 2.89 × 10−13

and MSE = 1.326 × 10−6;

• A free-run simulation fit of 96.25 % for θ and
81.41 % for α, indicating that the coupled dynam-
ics between the base rotation and the link flexure
are reasonably captured within the considered
operating range

In preliminary studies using the same platform,
lower-order models (n = 2, 3) have been found to
significantly degrade the prediction capability for α,
whereas higher-order models do not provide signifi-
cant improvements in FPE or MSE, but do increase
complexity and sensitivity to noise [1], [20]. Therefore,
the order n = 4 is adopted as a compromise between
model fidelity and reasonable complexity, serving as
the basis for the synthesis of the neural inverse-model
controller developed in this article.

3.2. Characterization of the Training Set

Figure 3 summarizes the open-loop dataset used to
train the neural inverse model. The upper subplot
shows the control signal u(k), whereas the lower sub-
plot presents the inverse-model inputs, that is, the
regressors constructed from delayed outputs and in-
puts.

The control signal u(k) repeatedly and persistently
spans its operating range, without prolonged steady-
state intervals or clear signs of saturation. Consistently,
the regressors exhibit smooth and bounded variations
throughout the sample horizon, allowing dense cov-
erage of the operating region around the operating
point.

From an experimental perspective, this temporal
distribution ensures sufficient excitation of the sys-
tem within the domain of interest and avoids poorly
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sampled regions of the state space. Consequently, the
dataset illustrated in Figure 3 is suitable for the super-
vised training of the neural inverse model, as it provides
representative examples of the dynamics relevant to
subsequent closed-loop control.

Figure 3. Training set used for the neural inverse model.
Top: control signal u(k); bottom: discrete-time regressors
(delayed outputs and inputs) acting as inputs to the inverse
model.

3.3. Training and Evaluation of the Neural In-
verse Model

After training the neural inverse model using the con-
figurations listed in Table 2, the mean squared error
(MSE) curves corresponding to the architectures with
the most representative behavior were obtained.

The comparison between the actual control signal
u(k) and that estimated by the trained ANN is pre-
sented in Figure 4. The two trajectories practically
overlap over most of the validation horizon, with the
visible discrepancies concentrated in the transients
with the steepest slopes. This behavior is consistent
with an adequate fit of the inverse model within the
considered operating range.

Figure 4. Comparison between the actual u(k) and the
u(k) estimated by the ANN for the validation set.

Training stopped after 15 epochs after satisfying
the early-stopping criterion based on validation per-

formance. The best validation result was obtained at
epoch 9, with a mean squared error (MSE) of 0.012968.
For the training set, an MSE of 0.0163 (RMSE ≈ 0.128)
was achieved, indicating a small error and reasonable
ANN generalization capability.

Configuration C5 was selected for the closed-loop
tests based on the previous results: low MSE, stable
learning with no divergence in training or validation,
and an estimated u(k) that closely follows the reference
without marked discrepancies.

3.4. Design Acceptance Criteria for Controlling
the System

The following performance thresholds were established
to evaluate the different neural architectures:

|ess,θ| < 2◦, (15)
test,θ < 6 s (±2%), (16)

|α|peak < 0.15 rad (≈ 8.6◦). (17)

In practice, not all neural configurations can si-
multaneously satisfy the three thresholds under all
test scenarios. Therefore, these thresholds are used
to objectively compare architectures C1–C6 based on
the quantitative metrics reported in the tables of this
section.

3.5. Closed-Loop Evaluation: Influence of the
MLP Architecture

For each MLP configuration in Table 2, a neural in-
verse model was trained using the same dataset, and
its closed-loop performance was evaluated under three
reference scenarios in θ: i) single step, ii) periodic step
with variable amplitude, and iii) constant periodic step.
The following metrics were used:

• Root mean squared error (RMSE);

• Integral indices IAE and ITAE;

• Overshoot and settling time for θ;

• Peak value of |α| as an indicator of tip vibration.

The results for each reference type are presented
below, including the tables with the numerical metrics
supporting the conclusions.

3.5.1. Single Step

Figure 5 shows the response of θ(t) to a single step for
the six ANN configurations, while Figure 6 illustrates
the behavior of the flexible link α(t).
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Figure 5. Comparison of the θ(t) response under a single-
step reference for the six ANN configurations.

Figure 6. Behavior of α(t) for a single-step reference under
the six ANN configurations.

The dynamic parameters extracted from these re-
sponses are summarized in Table 3, while the error
metrics are presented in Table 4.

Table 3. Dynamic Parameters under a Single-Step Signal

Conf. Overshoot [%] test [s] Range α [◦]
C1 32.6 11.28 [−11.1, 3.9]
C2 56.7 8.52 [−9.0, 5.1]
C3 57.4 7.68 [−11.1, 6.4]
C4 22.7 7.48 [−3.3, 1.1]
C5 7.3 7.56 [−3.5, 0.8]
C6 55.7 2.20 [−20.4, 9.4]

Table 4. Error Metrics for Each Configuration (Single
Step)

Conf. RMSE IAE ITAE
C1 7.6990 109.4850 840.0724
C2 9.9954 164.9611 1349.4845
C3 9.5792 156.5936 1287.0993
C4 9.7163 142.9398 1030.5302
C5 9.1722 102.2241 529.4320
C6 17.4475 343.1674 3442.3005

From these figures, configuration C5 provides the
most favorable compromise: it exhibits the lowest over-
shoot (7.3%) and one of the shortest settling times
(7.56 s), with a highly contained tip-oscillation range
of α ∈ [−3.5◦, 0.8◦]. In addition, its aggregated errors
are the lowest in the set, or close to the minimum
values, with RMSE = 9.17, IAE = 102.22, and ITAE
= 529.43. In contrast, C6 exhibits a pronounced over-
shoot (55.7%), a final value of 50.99◦, clearly above
the reference, and an α range of [−20.4◦, 9.4◦]. Fur-
thermore, it records RMSE = 17.45, IAE = 343.17
and ITAE = 3442.30, values several times higher than
those obtained with C5.

3.5.2. Variable Periodic Step

Figure 7 shows the θ response to a variable-amplitude
periodic step reference for the six configurations, while
Figure 8 illustrates the behavior of α.

Figure 7. θ(t): response under a variable-amplitude peri-
odic step reference for the six ANN configurations.

Figure 8. α(t): under a variable-amplitude periodic step
reference.

From the results in Tables 5 and 6, configuration C5
again shows the most favorable compromise between
θ tracking accuracy and damping of tip vibrations.
The analysis focuses on the α flexion range and the
accumulated errors.
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In this scenario, C5 maintains the most contained
tip flexure, with a range of α ∈ [−3.5◦, 2.1◦], notice-
ably smaller than those observed in the remaining
configurations (C1–C4), whose intervals range approx-
imately from [−14.6◦, 6.7◦] to [−3.4◦, 2.0◦] This indi-
cates that, for the same reference signal, C5 consis-
tently reduces the amplitude of tip oscillations without
degrading the tracking of the angular profile θ(k). In
contrast, C6 represents the most extreme case, con-
centrating the strongest vibratory behavior, reaching
α ∈ [−20.5◦, 9.4◦] and exhibiting more pronounced de-
viations in θ(k) with respect to the desired trajectory.

In terms of accumulated error, C5 achieves the
best performance, with RMSE = 8.39 and the lowest
integral indices, IAE = 419.35 and ITAE = 14944.07.
C1–C4 remain relatively close, with moderate increases
but within the same order of magnitude.

For the variable periodic step input, C5 again
proves to be the most robust alternative: it combines
the lowest RMSE (8.39), the lowest integral errors
(IAE = 419.35, ITAE = 14944.07), and the smallest
tip flexure, with α ∈ [−3.5◦, 2.1◦]. The remaining con-
figurations exhibit a less favorable trade-off between
accuracy and vibration, whereas C6 accumulates both
the largest errors and the widest vibration range, with
α ∈ [−20.5◦, 9.4◦].

Table 5. Tip-Flexure Range α Under a Variable-Amplitude
Periodic Step Input

Conf. Range α [◦]
C1 [−14.6◦, 6.7◦]
C2 [−9.1◦, 5.3◦]
C3 [−11.2◦, 6.7◦]
C4 [−3.4◦, 2.0◦]
C5 [−3.5◦, 2.1◦]
C6 [−20.5◦, 9.4◦]

Table 6. Error Metrics Under a Variable-Amplitude Peri-
odic Step Input

Conf. RMSE IAE ITAE
C1 8.8691 522.1624 20022.8260
C2 9.1393 615.1249 23273.9122
C3 8.7681 589.7227 22370.7007
C4 8.9462 543.6551 20005.5536
C5 8.3926 419.3452 14944.0715
C6 18.3018 1432.3069 57311.4578

3.5.3. Constant Periodic Step

Finally, the system behavior was analyzed under a
constant periodic step reference. Figure 9 shows the
response of θ(t), while Figure 10 presents the response
of α(t).

Figure 9. θ(t): response under a constant periodic step
reference.

Figure 10. α(t): response under a constant periodic step
reference.

In terms of flexure, configurations C4 and C5 pro-
vide the best containment of tip vibration, with very
narrow ranges around −6◦: α ∈ [−6.1◦, −5.7◦] and
α ∈ [−6.5◦, −6.1◦] (C5). The remaining configura-
tions exhibit significantly larger deflections: C2 and
C3 remain within narrow bands but farther from
the neutral axis (approximately between −16.5◦ and
−22.1◦), whereas C1 and C6 represent the worst cases,
with extreme α ranges of ∈ [−61.9◦, −30.9◦] and
α ∈ [−25.5◦, −19.2◦], respectively. This indicates that,
for the same periodic input, C4 and C5 are clearly the
configurations that induce the smallest tip oscillations.

For this second evaluation, C5 achieves the best
integral indices, with IAE = 752.84 and ITAE =
29147.57, followed closely by C4 (IAE = 774.76, ITAE
= 29764.48). Although C2 and C3 report slightly lower
RMSE values, 15.47 and 15.82, respectively, this spe-
cific advantage does not translate into better overall
performance, as it is accompanied by larger integral
errors and tip flexure farther from the neutral axis. At
the opposite extreme, C1 and C6 continue to exhibit
behaviors far from the desired performance.
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Table 7. Tip-Flexure Range α Under a Constant Periodic
Step Reference

Conf. Range α [◦]
C1 [−61.9, −30.9]
C2 [−16.5, −15.0]
C3 [−22.1, −21.6]
C4 [−6.1, −5.7]
C5 [−6.5, −6.1]
C6 [−25.5, −19.2]

Table 8. Error Metrics Under a Constant Periodic Step
Reference

Conf. RMSE IAE ITAE
C1 31.7209 1282.9760 54425.4854
C2 15.4694 834.2291 32438.9853
C3 15.8182 847.0670 33297.9880
C4 16.8459 774.7553 29764.4846
C5 17.7625 752.8363 29147.5748
C6 22.7026 1628.4212 65823.4133

3.6. Global Performance Comparison

Across the three test scenarios, configuration C5
emerges as the most robust option. It achieves sub-
stantially more contained tip-flexure ranges than most
alternative configurations while consistently maintain-
ing RMSE, IAE, and ITAE among the lowest values
across the experiments. In contrast, configurations C1
and C6 concentrate the least favorable combinations of
error and vibration, whereas C2–C4 achieve interme-
diate performance. These results support the selection
of C5 as the reference architecture for inverse-model
control in the tested flexible-link system.

3.7. Comparison with Baseline Approaches

Following the criterion in [18], three control approaches
previously tested in RFL systems with similar dynamic
characteristics are considered as references: a “classical”
neural network trained directly in closed loop, a fuzzy
controller, and the proposed ANN–C5 inverse-model
architecture. Although the physical configurations are
not strictly identical in terms of link length, inertia,
and related parameters, the three solutions address
the same θ-tracking task with tip-vibration limitation
in α. Therefore, the reported figures are used as an
indicative comparison of the order of magnitude of the
performance.

Within this framework, ANN–C5 proves to be the
fastest strategy, with test ≈ 7.56 s, compared with
the classical neural network (≈ 9 s)) and the signif-
icantly slower fuzzy controller (> 60 s). Regarding
the peak value of |α|, expressed in degrees, the fuzzy
and NN approaches yield values of approximately 3.3◦,

whereas ANN–C5 reaches approximately 3.5◦, corre-
sponding to the maximum absolute value within the
range [−3.5◦, 0.8◦].

Overall, ANN–C5 offers a clearly competitive set-
tling time at the expense of a slightly larger peak
in tip vibration, which is consistent with the design
emphasis placed on inverse θ-tracking rather than on
the explicit minimization of oscillations in α. These
comparisons are not intended to provide an exhaustive
study of controller performance, but rather to posi-
tion ANN–C5 within the range of solutions already
explored for similar RFL systems [18].

3.8. Discrete-Time BIBO Stability Analysis

The stability analysis of a dynamic system controlled
by an artificial neural network (ANN) is commonly
conducted through indirect procedures because neural
networks generally do not allow a closed-form expres-
sion of the closed-loop model to be derived. In this
work, system identification tools are used to obtain a
discrete-time transfer function that approximates the
effective dynamics of the θref → θ channel when the
RFL system is controlled by ANN–C5.

One of the most widely used approaches for evalu-
ating the stability of discrete-time systems is the BIBO
(bounded-input bounded-output) criterion, according
to which a system is stable if every bounded input
produces a bounded output. For discrete-time linear
time-invariant (LTI) systems, this property is verified
by analyzing the location of the poles of the transfer
function in the z-plane. The system is described by:

G(z) = b0 + b1z−1 + · · · + bmz−m

1 + a1z−1 + · · · + anz−n
, (18)

where bi and aii are real coefficients. Accordingly,
the system is BIBO stable if and only if all poles,
namely the roots of the denominator, lie strictly inside
the unit circle:

|pi| < 1, ∀i. (19)

3.8.1. Identification of the Closed-Loop Model

To perform this analysis, the reference (θref) and out-
put (θ) signals were recorded in response to a step in-
put while the system operated under ANN–C5 control.
Based on these data, the MATLAB System Identifica-
tion Toolbox was employed to estimate a second-order
discrete-time transfer function with a one-sample delay,
representing the closed-loop behavior:

G(z) = 0.0002971 z−1

1 − 1.966 z−1 + 0.9667 z−2 . (20)

The system has a sampling time of Ts = 0.002 s.
From this function, the poles and their corresponding
magnitudes were obtained:



Saldaña Enderica et. al / Neural inverse control of a rotary flexible link 107

• Poles: p1,2 = 0.9830 ± 0.0203i,

• Magnitudes: |p1| = |p2| = 0.9832.

Finally, since both identified poles satisfy |p1,2| < 1,
the closed loop with ANN–C5 is classified as locally
BIBO stable, as all the roots of the denominator lie
inside the unit circle. The fact that |p1,2| is close to 1
is consistent with slower settling dynamics but marked
damping, in agreement with the times observed in the
step responses.

This indirect mathematical stability assessment en-
ables the neural controller performance to be evaluated
without requiring explicit knowledge of the internal sys-
tem model. It should be emphasized that the identified
transfer function G(z) represents a linear approxima-
tion of the closed-loop behavior around the operat-
ing point and for the dataset considered. Therefore,
the BIBO stability conclusion obtained from the poles
|p1,2| = 0.9832 < 1 is valid within a local neighborhood
of the operating conditions used, with small variations
in the amplitude and frequency of the reference, but
it does not imply global stability under severe satu-
rations, large nonlinearities, or drastic changes in the
dynamics of the RFL. This interpretation is consistent
with the use of identified linear models for inherently
nonlinear systems such as flexible manipulators [1] and
complements the time-domain results presented in the
previous subsections.

3.9. Discussion

3.10. Relationship with the Design Criteria

The acceptance criteria defined in (15) to (17) were
established as particularly demanding targets. For the
single-step input, no configuration satisfies all of them
simultaneously; however, C5 comes closest. It main-
tains moderate overshoot, response times on the order
of 7.6 s and a peak tip flexure of |α|peak ≈ 3.5◦, which
is clearly below the design limit of (8.6◦). For the peri-
odic step inputs, both constant and variable, overshoot
and settling time are no longer representative measures.
In these cases, C5 preserves a reduced α range, on the
order of ±3.5◦, and yields the lowest integral errors.
These results position C5 as the most favorable com-
promise between θ-tracking and vibration damping.

3.11. Influence of the MLP Architecture

The comparison among C1–C6 shows that neither
small networks nor excessively deep architectures are
suitable for this application. Configurations with a sin-
gle layer and few neurons (C1–C2) do not adequately
represent the inverse dynamics of the RFL, resulting
in larger tip vibrations. At the other extreme, C6 may
accelerate the response, but it systematically worsens
RMSE, IAE, and ITAE, while increasing the α range.

By contrast, the intermediate architecture C5, with
two hidden layers [12, 2], provides a better balance: it
achieves the best or second-best error values in all sce-
narios, keeps α bounded, and avoids extreme control
efforts, thereby mitigating both insufficient capacity
and overfitting.

3.12. Limitations and Scope

The results are based on simulations using an iden-
tified model with fits above 96% for θ and 80% for
α. This enables the comparison of architectures but
does not replace experimental validation, where non-
linear friction, backlash, noise, and saturation effects
may arise. The discrete-time BIBO analysis confirms
local stability (|p1,2| = 0.9832 < 1),but it does not
guarantee global behavior under extreme references
or disturbances. Finally, the comparison with fuzzy
controllers and conventional neural networks reported
in [18] is only indicative, since it is based on similar
but not identical prototypes. A conclusive evaluation
would require implementing all strategies on the same
test bench, which is therefore proposed as a direction
for future work.

3.13. Future Work

Future work will focus on bridging the gap between
simulation and experimental implementation while
strengthening the robustness of the proposed scheme:

• Implement the ANN–C5 architecture on the real
RFL prototype and measure RMSE, IAE, ITAE,
and the α range under noise, saturation, and
computation delays, directly comparing the re-
sults with those obtained in simulation.

• Analyze the sensitivity of the closed loop to mod-
erate variations in system parameters, including
mass, stiffness, and friction, and in the reference
signal, including amplitude and frequency, to
verify the margins within which the observed
stability is maintained.

• Test, on the same test bench, at least one clas-
sical controller, such as PID or LQR, and one
fuzzy or conventional neural controller to provide
a direct quantitative comparison with ANN–C5.

4. Conclusions

This work demonstrated the feasibility of designing
and evaluating a neural inverse-model controller for
a rotary flexible-link system using experimental data
from an identified model, without resorting to complex
analytical modeling.

Starting from a state-space model with a good fit
for θ and acceptable fit for α, closed-loop test scenar-
ios were constructed and six MLP architectures were
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trained. Among them, C5 [12, 2] provided the best
compromise, maintaining |α|peak < 8.59◦ and, for the
three reference types considered, achieving the best
RMSE, IAE, and ITAE values when compared with
configurations with insufficient capacity (C1–C2) or
excessive size (C6).

The discrete-time BIBO stability analysis lo-
cally confirmed the stability of the closed loop with
ANN–C5, with pole magnitudes satisfying |p1,2| < 1,
in agreement with the time-domain responses obtained.
In addition, the indicative comparison with fuzzy and
neural solutions reported in the literature suggests
that the proposed approach is competitive in terms of
settling time and vibration level.

Overall, the results support three main conclusions.
First, prior plant identification with acceptable fidelity
is a key element for enabling neural inverse control.
Second, a moderately sized MLP, together with an
adequate regressor design, allows reference tracking
and vibration suppression to be balanced. Finally, com-
bining time-domain metrics with local stability verifi-
cation provides a solid quantitative basis for advancing
toward experimental validation, robustness analysis,
and systematic comparison with reference controllers.
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Abstract Resumen
Path planning for unmanned aerial vehicles (UAVs)
using swarm algorithms is a central topic in au-
tonomous robotics. However, the literature still lacks
systematic reviews that jointly address algorithm
classification, operational characteristics, and per-
formance evaluation. This study proposes a five-
category taxonomy, a domain-based frequency anal-
ysis, and a nine-metric evaluation framework. Fol-
lowing PRISMA guidelines, searches were conducted
in IEEE Xplore, Scopus, ScienceDirect, and ACM
Digital Library between November and December
2025. From an initial set of 2,761 records, 31 articles
were included, comprising 25 primary studies and 6
systematic reviews. PSO, ACO, and ABC account for
66% of the 56 identified algorithm appearances, with
prominent applications in defense, search and res-
cue, and agriculture. Hybrid methods emerged as the
main research trend, while AI-based approaches show
the greatest potential for scalability and autonomous
adaptation. The reviewed literature prioritizes path
length (96%) and convergence time (88%), whereas
energy efficiency (56%) and area coverage (48%) re-
main comparatively underexplored.

La planificación de rutas para UAV mediante algorit-
mos de enjambre es clave en la robótica autónoma; sin
embargo, faltan revisiones sistemáticas que integren
clasificación, características operativas y desempeño.
Este estudio propone una taxonomía de cinco cate-
gorías, un análisis de frecuencias por dominio y un
marco de evaluación con nueve métricas. Siguiendo
la metodología PRISMA, se revisaron las bases de
datos IEEE Xplore, Scopus, ScienceDirect y ACM
Digital Library entre noviembre y diciembre de 2025.
De 2761 registros, se incluyeron 31 artículos: 25 es-
tudios primarios y 6 revisiones. Los algoritmos PSO,
ACO y ABC concentran el 66 % de las 56 imple-
mentaciones identificadas, con especialización en de-
fensa, búsqueda y rescate, y agricultura. Los métodos
híbridos constituyen la principal tendencia, mientras
que la IA destaca por su potencial de escalabilidad
y adaptación. La literatura prioriza la longitud de
trayectoria (96 %) y el tiempo de convergencia (88
%), mientras que la eficiencia energética (56 %) y la
cobertura de área (48 %) reciben menor atención.

Keywords: UAVs, swarm intelligence, path planning,
metaheuristic optimization, PRISMA.
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1. Introduction

1.1. Context and Motivation

Unmanned aerial vehicles (UAVs) have expanded
rapidly across civil and military sectors because of their
relatively low cost, operational flexibility, and abil-
ity to access remote or hazardous environments [1, 2].
They are now widely used in reconnaissance, preci-
sion agriculture, infrastructure inspection, disaster
response, and emergency support, where rapid de-
ployment and real-time information are essential for
decision-making [3–5]. Technological advances have
also enabled the development of UAV swarms, defined
in this study as systems composed of two or more
UAVs that coordinate through centralized or decen-
tralized mechanisms to accomplish a shared mission [6].
Their scalability makes them particularly suitable for
surveillance, search and rescue, environmental moni-
toring, and communication support in uncertain envi-
ronments.

Path planning is a core challenge because UAVs
must generate safe and efficient trajectories while sat-
isfying constraints related to distance, threats, energy
consumption, time windows, coverage, and admissible
airspace [3], [7, 8]. In swarms, this becomes a coordi-
nation problem: vehicles must avoid collisions, route
overlap, resource waste, and communication bottle-
necks while acting cooperatively [6], [9].

Path-planning approaches comprise graph-based,
swarm-based, and AI-based methods [5,6]. Traditional
algorithms, including Dijkstra and A*, perform well
in structured settings, whereas swarm algorithms such
as PSO, ACO, and ABC are better suited to dy-
namic multi-UAV optimization because they support
population-based search, adaptability, and decentral-
ized coordination [6], [10].

However, core swarm methods also have limita-
tions: PSO may converge prematurely, ACO may scale
poorly because of pheromone updates, and ABC may
stagnate during exploitation [11]. These limitations ex-
plain the recent shift toward hybrid and AI-augmented
approaches, underscoring the need for a structured syn-
thesis of algorithm types, operational characteristics,
and application-specific trade-offs.

1.2. Theoretical Framework and Related Work

Swarm intelligence is a computational paradigm in-
spired by decentralized biological systems in which
local interactions generate adaptive collective behav-
ior [12,13]. Its main principles include self-organization,
local communication or stigmergy, feedback, and redun-
dancy, which together provide robustness and adapt-
ability in dynamic environments [13]. Among the foun-
dational algorithms, ACO models pheromone-based
foraging, PSO models flocking behavior, and ABC

models bee foraging. These algorithms remain the prin-
cipal reference methods in UAV path planning [14–16].
Later proposals, such as GWO, WOA, and SSA, have
broadened the bio-inspired repertoire, particularly for
high-dimensional optimization; however, the present
review shows that these newer techniques remain less
frequently validated in UAV-specific contexts [17–20].

Swarm algorithms are attractive because they ex-
plore multiple regions of the search space simulta-
neously, do not require gradient information, and
adapt well to nonlinear or non-differentiable prob-
lems [21,22]. These properties have supported applica-
tions in robotics, routing, and autonomous coordina-
tion and have encouraged recent work on hybridization
with reinforcement learning and other AI methods for
dynamic multi-agent settings [23–25].

Recent reviews address either general UAV path
planning or swarm intelligence more broadly [26–29],
but they do not jointly examine swarm-algorithm
prevalence, taxonomic structure, operational character-
istics, and comparative metrics for UAV path planning.
This review addresses that gap by focusing on studies
published between 2020 and 2025.

1.3. Problem Statement and Justification

Despite significant advances in the development of
swarm algorithms for path planning, there remains
a notable lack of systematic reviews that comprehen-
sively integrate and classify algorithmic approaches,
operational characteristics, and comparative perfor-
mance across diverse application scenarios [30,31].

Classical methods such as PSO, ACO, and ABC
remain effective, but each has limitations in dynamic
and complex scenarios [11]. This has driven the de-
velopment of hybrid methods, yet the field still lacks
unified evaluation metrics and common comparison
protocols.

In this review, operational performance encom-
passes computational indicators, including convergence
time, solution quality, and efficiency, as well as mission-
level indicators, such as energy efficiency, area coverage,
success rate, and threat exposure. This broader defini-
tion is necessary because UAV path planning must be
evaluated beyond isolated optimization scores.

Accordingly, this PRISMA-based review synthe-
sizes, classifies, and analyzes swarm algorithms for
UAV path planning to support algorithm selection,
identify research trends, and highlight future direc-
tions based on 25 primary studies and 6 prior reviews
published between 2020 and 2025.

1.4. Research Objectives and Research Ques-
tions

Building on the gaps identified in the literature, this
systematic review is structured around three interre-
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lated research axes. The first seeks to determine which
swarm algorithms are most frequently implemented
in UAV path planning, using quantitative analysis to
characterize the current landscape of the field and its
dominant approaches. The second develops a grounded
taxonomy that classifies these algorithms according
to their theoretical foundations, optimization mech-
anisms, and coordination strategies, thereby provid-
ing an organizational framework for the diversity of
existing approaches. Finally, the third examines the
operational characteristics that define the behavior
of these algorithms, ranging from multi-agent coordi-
nation to computational efficiency, and analyzes how
these characteristics affect performance across different
application contexts.

The main contributions of this work are threefold:
(1) a five-category grounded taxonomy of swarm meth-
ods for UAV path planning, organized according to
optimization and coordination strategies and devel-
oped empirically from patterns identified across 25
primary studies and theoretically from prior system-
atic reviews [26, 28, 27, 29] to provide an overarching
organization of the diverse approaches found in the
literature; (2) a quantitative assessment of 56 algo-
rithm implementations across 25 studies, identifying
the predominant methodologies used in each applica-
tion domain, including defense (36.0%), search and
rescue (32.0%), agriculture (20.0%), and inspection
(8.0%), as well as their functional specialization; (3) a
nine-metric evaluation framework for assessing swarm-
method performance, with complete traceability to
all reviewed studies, enabling systematic comparison
across different approaches.

The remainder of this article is organized as follows:
Section 2 details the PRISMA methodology employed;
Section 3 presents the results and discussion; and Sec-
tion 4 outlines the conclusions, limitations, and future
research directions.

2. Materials and Methods

2.1. Systematic Review Strategy and Design

This systematic review follows the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines to ensure transparency and repli-
cability throughout the identification, selection, and
analysis of studies [32].

Identification: The bibliographic search was con-
ducted between November 15 and December 19, 2025,
in four major academic databases selected for their
relevance to robotics, artificial intelligence, and au-
tonomous systems: ACM Digital Library, IEEE Xplore,
ScienceDirect, and Scopus. The search was performed
using the standardized search string defined in Sec-
tion 2.2, with adaptations to the syntax requirements
of each database interface while preserving semantic

equivalence.
Screening: At this stage, duplicate records were

identified through Mendeley Reference Manager’s au-
tomatic detection feature based on DOI, title, and
author matching. No duplicates were detected across
the four databases, likely because of the specificity of
the search string and the distinct coverage scope of
each database. Subsequently, records with no direct
relation to the research question, based on their ti-
tle and abstract, were independently screened by the
three authors, with disagreements resolved through
discussion until consensus was reached. Reference man-
agement and bibliographic tracking were performed
using Mendeley Reference Manager, while the screen-
ing matrix and data extraction were documented in
shared spreadsheets using Google Sheets to ensure
transparency and traceability.

Eligibility: Full-text assessment was applied to
51 preselected articles using the inclusion and ex-
clusion criteria described in Section 2.3. Twenty
studies were excluded mainly because they lacked
swarm coordination, adequate metrics, temporal fit,
or experimental/simulation-based validation.

Inclusion: The final selection comprised 31 articles
that met all defined criteria. These studies were ana-
lyzed in depth to extract algorithmic implementations,
operational characteristics, evaluation metrics, and ap-
plication domains. The final corpus consisted of 25
primary studies on specific implementations of swarm
algorithms and 6 systematic reviews that provided the
theoretical framework for the proposed taxonomy.

2.2. Search String

A structured search string was developed by combin-
ing terms related to three main dimensions of the
study: (“drone swarm” OR “swarm intelligence”) AND
(”route optimization” OR “path planning”) AND (“al-
gorithms” OR “optimization techniques”).

The search string was designed to capture articles
that simultaneously addressed three mandatory dimen-
sions: (1) drone swarm systems, (2) route planning or
optimization problems, and (3) algorithmic solutions.
All searches were restricted to the 2020–2025 pub-
lication window and limited to journal articles and
conference proceedings.

It is acknowledged that the search string may not
capture all relevant studies, particularly those using
nonstandard terminology such as “formation control,”
“cooperative navigation,” or “multi-robot planning”
without explicitly mentioning swarm intelligence. This
limitation was partially mitigated through backward
reference checking of the six included systematic re-
views and forward citation tracking of highly cited
primary studies.
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2.3. Selection Criteria

Inclusion (IC) and exclusion (EC) criteria were es-
tablished to delimit relevant articles and ensure the

pertinence of the results.
The criteria considered are detailed in Table 1:

Table 1. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria
IC1: Studies must present swarm algorithms EC1: Exclusive focus on individual UAVs without
applied specifically to UAV path planning. swarm coordination or multi-agent cooperation.
IC2: Must describe at least three operational EC2: Applications unrelated to path planning
characteristics of the algorithms, such as drone (e.g., solely flight control, stabilization, or communication
cooperation, dynamic task distribution, energy systems with no impact on trajectories).
IC3: Must include quantitative evaluation metrics EC3: Grey literature without peer review (technical reports,
or comparisons with other state-of-the-art algorithms. undergraduate theses, working papers).
IC4: Must be research articles, conference papers, EC4: Insufficient methodological information or absence of
or systematic reviews published in peer-reviewed quantitative results.
academic sources.
IC5: Must be written in English or Spanish.

The exclusion of grey literature (EC3) warrants
specific justification. Technical reports, undergraduate
theses, and working papers were excluded to ensure
that all analyzed studies had undergone peer review,
thereby providing a minimum quality baseline for the
evidence synthesized in this review. Although this cri-
terion may omit relevant industry implementations
of UAV swarm technology, the decision was made to
prioritize methodological rigor and reproducibility over
exhaustive coverage. This limitation is explicitly ac-
knowledged in Section 4.

2.4. Quality Assessment

Given the heterogeneous nature of the included stud-
ies, which spanned simulation-based experiments, com-
parative benchmarks, and algorithm proposals with
varying levels of validation, a formal quality appraisal
was conducted to contextualize the strength of evi-
dence underlying the review’s conclusions. Rather than
applying a standardized tool designed for clinical or
experimental research, such as the Cochrane Risk of
Bias tool, which would be poorly suited to the compu-
tational optimization literature, a domain-appropriate
quality assessment framework was developed based on
five criteria:

(Q1) Algorithmic description: Does the study
provide sufficient detail to understand and potentially
reproduce the proposed algorithm?

(Q2) Experimental design: Does the study de-
fine clear test scenarios with specified parameters, such
as map dimensions, obstacle density, UAV count, and
iteration limits?

(Q3) Baseline comparison: Does the study com-
pare the proposed method against at least one estab-
lished baseline algorithm?

(Q4) Statistical reporting: Does the study re-
port results across multiple independent runs with

measures of central tendency and variability, such as
mean and standard deviation?

(Q5) Metric coverage: Does the study evaluate
performance using at least three of the nine metrics
identified in this review?

Each criterion was evaluated as met (1) or not met
(0), yielding a quality score from 0 to 5. The assessment
was performed independently by two authors, with the
third author resolving discrepancies. Two studies ini-
tially classified as primary (IEEE7 and IEEE8) were
reclassified as systematic reviews during this process,
as they scored 1/5 due to the absence of novel algorith-
mic proposals or experimental validation. Following
this reclassification, the final set of 25 primary studies
yielded a mean quality score of 4.3/5 (SD = 0.9), with
24 studies (96.0%) scoring 3 or higher. The most fre-
quently unmet criterion was Q4, statistical reporting
with variability measures, which was met by 52.0% of
studies, followed by Q5, coverage of at least three eval-
uation metrics, which was met by 80.0%. No studies
were excluded based on quality scores.

Performance claims in this review, particularly re-
garding the 15–50% improvements attributed to hybrid
methods, are reported as stated by the original authors
within their specific experimental contexts. Therefore,
they should not be interpreted as generalizable find-
ings across standardized benchmarks, which do not
yet exist in this field. The absence of such benchmarks
is identified as a critical limitation in Section 4.

2.5. Study Selection Process

The initial search, conducted between November 15
and December 19, 2025, using the defined search
strings, identified 2,761 records across the four aca-
demic databases. ScienceDirect contributed the largest
share, with 1,404 records (50.9%), followed by Scopus
with 771 (27.9%), IEEE Xplore with 314 (11.4%), and
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ACM Digital Library with 272 (9.9%). After title and
abstract screening, 51 articles were assessed for full-
text eligibility, of which 20 were excluded based on the
criteria detailed in Section 2.1. Figure 1 presents the
PRISMA flow diagram for each phase of the selection
process.

Figure 1. Flowchart of the selection process at each
PRISMA phase.

The final sample comprised 25 primary studies and
6 systematic reviews. Only the primary studies were
used for implementation counts, metric coverage, and
comparative analysis. This distribution is shown in
Table 2.

Table 2. Distribution of Articles by Source.

Source Articles Percentage Year Range
Science Direct 7 22.60% 2020-2025

ACM Digital Library 6 19.40% 2021-2025
IEEE Xplore 9 29.00% 2020-2025

Scopus 9 29.00% 2021-2025
Total 31 100% 2020-2025

Each article was coded according to its source to
facilitate traceability:

• SCI1–SCI7: ScienceDirect (7 articles)

• ACM1–ACM6: ACM Digital Library (6 articles)

• IEEE1–IEEE9: IEEE Xplore (9 articles)

• SCO1–SCO9: Scopus (9 articles)

Table 4 summarizes the 31 included articles by their
ID, title, primary algorithm or study type, objective,
and year of publication.

3. Results and Discussion

3.1. Data Extraction and Classification

The systematic analysis of the 25 primary studies en-
abled responses to the three research questions posed.
Before presenting the findings, it is necessary to clarify
an important methodological distinction between the
two counting systems used in this analysis. Table 3
reports the total frequency of base algorithm appear-
ances across all studies (n = 56), where a single study
employing multiple algorithms, such as a hybrid com-
bining PSO and ABC, contributes one count to each
respective algorithm category. Table 3 presents the
algorithmic building blocks of the field, while Table
5 summarizes the research contributions organized by
methodological approach.

RQ1: Which algorithms are most commonly
used in UAV path planning? The quantitative anal-
ysis reveals a clear dominance of three base algorithms
in the UAV path-planning field. Table 4 summarizes
the implementation frequency of the five most repre-
sentative algorithm groups.

As the data indicate, PSO leads with 18 appear-
ances (32.1%), followed by ACO with 11 (19.6%) and
ABC with 8 (14.3%). GWO accounts for 7 appear-
ances (12.5%), while other algorithms, such as GA,
DE, and MPA, collectively contribute 12 additional
cases (21.4%). Taken together, PSO, ACO, and ABC
represent 66% of all identified algorithm appearances,
consolidating their status as the fundamental reference
algorithms in this domain. Figure 2 provides a visual
representation of this distribution.

This predominance is not arbitrary: each algorithm
has demonstrated specific strengths according to its
operational context. PSO is widely used in defense
scenarios requiring rapid convergence [33,34]; ACO is
prominent in search and rescue because of its route-
optimization precision [35]; and ABC appears espe-
cially useful in agricultural settings, where energy effi-
ciency is critical [36].

Table 3. Implementation Frequency of Base Algorithms

Algorithm Implementations Percentage
PSO 18 32.1 %
ACO 11 19.6 %
ABC 8 14.3 %
GWO 7 12.5 %
Others 12 21.4 %
Total 56 100%
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Table 4. Complete Analysis of Included Articles Algorithms.

ID Title Primary Algorithm Objetive Year
SCI1 AUV path planning in a 3D marine

environment
MCO (Multiple Swarm Co-Evolutionary) Minimize distance, altitude,

angle, currents
2024

SCI2 From PID to swarms: A decade of
advancements

Systematic Review Synthesize advances
2013–2023

2024

SCI3 Hybrid chaos game and grey wolf
optimization

HCGO (GWO + CGO) Minimize path length,
threats, altitude

2025

SCI4 Large-scale UAV swarm path plan-
ning

PO-WMFDDPG Maximize success rate and
reward

2025

SCI5 MMPA: Modified marine predator
algorithm

MMPA Minimize multi-objective
function

2024

SCI6 Novel task decomposed multi-agent
TD3

TD-MATD3 Coordinate multiple UAVs 2024

SCI7 Path planning with online changing
tasks

ORPFOA 3D routes for oil pipeline in-
spection

2020

ACM1 Enhanced Moth-Flame Optimiza-
tion

EMFO Optimize 3D path planning 2025

ACM2 Improved Particle Swarm Opti-
mization Algorithms

DMSQPSO Avoid premature conver-
gence

2022

ACM3 AUV underwater 3D path planning
based on particle swarm optimiza-
tion

PSO-ASCS Plan efficient underwater
routes

2022

ACM4 Path Planning Methods for UAVs:
Survey

Methods Review Classify path planning tech-
niques

2024

ACM5 UAV Path Planning with Improved
PSO

PSO con Levy Flight Avoid premature conver-
gence

2024

ACM6 Swarm intelligence based robotic
search in unknown maze-like envi-
ronments

PSO + Bat Algorithm Locate fixed target 2021

IEEE1 A Multigroups Cooperative Parti-
cle Swarm Algorithm

PSO multigroup Improve accuracy in IoV 2024

IEEE2 A Survey on Swarm Intelligence Al-
gorithms

SI Review Classify SI techniques 2025

IEEE3 Artificial Hummingbird Algorithm AHA Optimize trajectories 2022
IEEE4 Distributed multi-UAV coopera-

tion
NTVPSO-ADE Distributed coordination 2022

IEEE5 Improved Bat Algorithm for UAV IBA (BA + ABC) Optimize 3D trajectories 2021
IEEE6 A Multi-UAV Formation Obstacle

Avoidance Method
PSO Maintain triangular forma-

tion
2025

IEEE7 Swarm Intelligence for UAV SI Review Analyze SI algorithms 2024
IEEE8 UAV Swarm Intelligence: Recent

Advances
Multi-layer review Synthesize SI architectures 2020

IEEE9 UCAV Path Planning Based on
CPSO

CPSO Minimize threats and fuel
consumption

2020

SCO1 A Comparative Study of SI Algo-
rithms

12 SI algorithms Minimize combined cost 2021

SCO2 Multi-Strategy Enhanced MPA MEMPA Minimize multi-objective
function

2025

SCO3 Bionic 3D Path Planning Bionic-Krill Minimize length, time, con-
sumption

2024

SCO4 Intelligent Scheduling Technology DQN-SISA Minimize dynamic cost 2024
SCO5 Optimal path planning for drones Improved ACO Minimize distance and time 2022
SCO6 Path Planning via SI Algorithms ABC vs PSO Minimize total distance 2023
SCO7 Research on Unmanned Aerial Ve-

hicle Path Planning
A* + BiLSTM Minimize distance and time 2024

SCO8 Swarm intelligence: A survey of
model classification and applica-
tions

Comprehensive review Synthesize SI methods 2025

SCO9 UAV Path Planning Based on E-
RRT

E-RRT Minimize nodes and dis-
tance

2024
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Figure 2. Implementation frequency of swarm algorithms
in UAV path planning.

RQ2: How are swarm algorithms classified?
The identified algorithms were organized into five tax-
onomic categories grounded in their theoretical foun-
dations, optimization mechanisms, and coordination
strategies. This classification was constructed bottom-
up from the 25 primary studies and validated against
the six systematic reviews that constitute the the-
oretical framework of the study. The categories are

defined as follows: (1) Optimization Algorithms en-
compass classical metaheuristic methods that optimize
objective functions through population-based search;
(2) Hybrid Methods combine two or more distinct
algorithmic approaches to overcome individual limita-
tions; (3) Cooperative Control Algorithms specifically
address multi-agent coordination through local be-
havioral rules; (4) Bio-inspired Algorithms simulate
specific biological behaviors beyond classical swarm
paradigms; and (5) AI-based Algorithms employ ma-
chine learning or deep learning for trajectory planning.
These categories are mutually exclusive at the primary
level; however, certain studies contribute to multiple
categories when they present distinct methodologi-
cal innovations, such as a cooperative control mecha-
nism combined with a bio-inspired component. Table
5 presents the distribution.

Figure 3 complements the table by visualizing both
the absolute count and the proportional weight of
each category across the 36 classified implementations,
making the structural hierarchy of the taxonomy im-
mediately apparent.

Table 5. Distribution of Algorithms by Taxonomic Category.

Category Count Main Examples Trend
Optimization Algorithms 13 PSO, ACO, GWO, ABC, DE, MPA Stable

Hybrid Methods 10 MCO, HCGO, MMPA, PSO-ASCS, TD-MATD3 Growing
Cooperative Control Algorithms 6 Boids, UAV formations, multi-group coordination Emerging

Bio-inspired Algorithms 4 AHA, Bat Algorithm, Bionic-Krill, EMFO Emerging
AI-based Algorithms 3 PO-WMFDDPG, DQN-SISA, BiLSTM Emerging

Figure 3. Distribution of swarm algorithm implementations by taxonomic category: absolute frequency (left) and
proportional distribution (right).

The Optimization Algorithms category constitutes
the foundation of the field, with 13 implementations
of classical metaheuristic algorithms inspired by the
collective animal behavior. Representative studies in-
clude ACM2 [37], ACM5 [38], IEEE1 [39], IEEE5 [40],

IEEE6 [41], ACM6 [42], SCO6 [43], IEEE9 [34], SCO1
[44] ACM3 [45], and SCO5 [35].

Hybrid Methods emerge as the predominant re-
search direction with 10 implementations, represent-
ing 27.8% of the total categories. These approaches
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strategically combine multiple techniques to overcome
the inherent limitations of individual algorithms. For
instance, MCO integrates AOA with SSA through
co-evolution, HCGO combines GWO with CGO by
incorporating chaotic variation, and TD-MATD3 fuses
multi-agent reinforcement learning with task decom-
position. This category includes SCI1 [46], SCI3 [33],
SCI5 [47], SCI6 [48], ACM3 [45], IEEE5 [40], SCO2 [49],
SCO3 [36], SCI7 [50], and SCO9 [51].

Cooperative Control Algorithms, identified in 6
studies, specifically address multi-UAV coordination
through local behavioral rules. The distinguishing char-
acteristic of these methods is decentralized coordina-
tion: they require no central controller and operate ex-
clusively through local communication between neigh-
boring agents. These implementations are documented
in IEEE1 [39], ACM6 [42], IEEE4 [52], IEEE6 [41],
SCI6 [48], and SCO6 [43].

Bio-inspired Algorithms comprise 4 implemen-
tations that simulate specific behaviors of natu-
ral organisms beyond classical swarm paradigms:
AHA (Artificial Hummingbird Algorithm), Bionic-
Krill, EMFO (Enhanced Moth-Flame Optimization),
and IBA. These studies report path-quality gains
ranging from 1.1% to 17.5% in their respective com-
parisons [36], [53, 54]. The corresponding studies are
IEEE3 [53], IEEE5 [40], SCO3 [36], and ACM1 [54].

Finally, AI-based Algorithms represent the most
promising technological frontier, with 3 implementa-
tions, equivalent to 8.3% of the total. PO-WMFDDPG
employs Deep Reinforcement Learning with mean-field
theory, achieving success rates above 90% in swarms
of up to 120 UAVs and latency below 0.05 seconds [55].
DQN-SISA uses a Deep Q-Network for dynamic al-
gorithm selection, yielding 8–15% reductions in op-
erational costs [56]. A*+BiLSTM integrates classical
planning with bidirectional neural networks for tra-
jectory prediction [57]. These methods stand out for
their capacity to adapt dynamically to changing envi-
ronments through continuous learning.

The trend analysis reveals significant patterns: clas-
sical optimization algorithms maintain a stable pres-
ence as the backbone of the field, hybrid methods
show accelerated growth, and the three emerging cate-
gories, cooperative control, bio-inspired, and AI-based,
collectively account for 36.1% of all classified imple-
mentations, evidencing the active diversification of the
field toward increasingly sophisticated approaches.

RQ3: What are the operational character-
istics and their impact? The qualitative analysis
of the 25 primary studies identified 12 fundamental
operational characteristics that define the behavior
of swarm algorithms. These characteristics were sys-
tematically extracted through thematic analysis of the

reported implementations and subsequently contrasted
with the taxonomies proposed in six prior systematic
reviews of the field: SCI2 [26], covering 2013–2023;
ACM4 [27], a methods survey; IEEE2 [28], an SI sur-
vey; IEEE7 [58], a UAV SI analysis; IEEE8 [59], a
review of SI architectures; and SCO8 [29], a compre-
hensive review. These reviews provide consolidated
conceptual frameworks for classifying and evaluating
swarm algorithms in path planning.

The 12 characteristics were grouped by function
into four dimensions: coordination, including coop-
eration through information exchange, dynamic task
distribution in the event of failures, and local communi-
cation without centralized infrastructure; optimization,
including global minimization of distance, time, and
costs, exploration–exploitation balance, and advanced
methods such as PSO, GA, and ACO; safety, includ-
ing collision avoidance through minimum separation
and real-time adaptation to obstacles; and efficiency,
including scalability while maintaining performance,
real-time operation, energy management.

Performance was reported using nine main metrics,
summarized in Table 6.

Table 6. Coverage of Evaluation Metrics Across Studies.

Metric Studies Coverage
Path Length 24 96%

Convergence Time 22 88%
Robustness 20 80%

Computational Efficiencyl 19 76%
Success Rate 18 72%

Threat Exposures 16 64%
Energy Efficiency 14 56%

Trajectory Smoothness 14 56%
Area Coverage 12 48%

Path length dominates with 96% coverage, reflect-
ing the priority given to spatial efficiency in path-
planning research. It is followed by convergence time
(88%) and robustness (80%), both of which are essen-
tial for real-time applications. Notably, metrics that
are critical for real-world deployment, such as energy
efficiency (56%) and area coverage (48%), receive com-
paratively less attention, revealing a persistent gap
between academic research priorities and actual oper-
ational requirements.

The relative importance of characteristics and met-
rics varies according to the application domain. As
detailed in Section 3.3, military missions and search
and rescue operations account for the largest shares
of studies (36.0% and 32.0%, respectively), followed
by precision agriculture (20.0%) and infrastructure in-
spection (8.0%). Each domain imposes distinct metric
priorities that reflect its specific operational demands.
Figure 4 illustrates this distribution.
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Figure 4. Distribution of studies by application domain.

3.2. Data Analysis

Comparative analysis was organized around conver-
gence, solution quality, robustness, and computational
complexity.

Because no standardized benchmarks exist, the re-
ported figures must be interpreted as study-specific
trends rather than direct head-to-head comparisons

under identical conditions. Table 7 synthesizes the
resulting performance profiles.

PSO generally converges faster than ACO and
ABC, while hybrid methods tend to improve conver-
gence, robustness, and adaptability in the reviewed ex-
periments. ACO often favors solution quality, whereas
AI-based methods provide the strongest dynamic adap-
tation in changing environments.

Table 7. Comparison of base versus hybrid algorithms.

Algorithm Convergence Quality Robustness Complexity
PSO Medium Alta Medium O(n)
ACO Low Very High Alta O(n2)
ABC Medium Alta Medium O(n)

Híbridos Very High Very High Very High O(n log n)

Computational complexity determines practical vi-
ability according to the operational context. PSO and
ABC, with linear complexity O(n), are scalable for
large-scale problems and real-time applications. ACO
exhibits quadratic complexity O(n2) due to the itera-
tive updating of the pheromone matrix, which limits
its applicability in time-critical scenarios but justifies
its use when solution quality is the priority. Hybrid
methods, with O(nlogn) complexity, offer a balance
between efficiency and performance.

Reported gains include path-length reductions of
1.1-17.5% and cost reductions of 10% to 13% in spe-
cific studies, while deep learning-based methods report
inference times below 0.05 s [36], [49], [55].

A major limitation is the simulation-to-reality gap:
none of the 25 primary studies validated results with
physical UAV swarms. Most experiments involved 3

to 10 UAVs, with only one study testing scalability up
to 120 units [55]. No systematic correlation between
swarm size and path optimality could be established
from the available data, as studies varied significantly
in their experimental configurations, objective func-
tions, and optimality criteria. Establishing such corre-
lations would require standardized benchmarks that
control for these confounding variables.

3.3. Analysis by Application Domain

The distribution of the analyzed studies by application
domain reveals patterns of algorithmic specialization.
As shown in Table 8, military missions account for
36.0% of studies, followed by search and rescue at
32.0%, agriculture at 20.0%, inspection at 8.0%, and
other domains at 4.0%.
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Table 8. Distribution of studies by application domain.

Domain Studies Percentage Predominant Algorithms
Military missions 9 36.0 % PSO, HCGO, CPSO
Search and rescue 8 32.0 % ACO, PO-WMFDDPG

Agriculture 5 20.0 % ABC, Bionic-Krill
Inspection 2 8.0 % PSO-ASCS, Hybrid methods

Other (IoV) 1 4.0 % Multi-group PSO
Total 25 100% —

The military domain benefits particularly from
PSO owing to its stability and rapid convergence, with
variants such as HCGO [33] applied to threat mini-
mization and CPSO [34] applied to fuel optimization.
In search and rescue, ACO stands out for its preci-
sion in obstacle avoidance, while PO-WMFDDPG [55]
achieves success rates above 90% while coordinating up
to 120 UAVs. Agricultural applications favor ABC for
its energy efficiency, complemented by Bionic-Krill [36],
which achieves path-distance reductions of 1.1% to
17.5% relative to ACO and ABC. Inspection tasks
favor hybrid methods such as PSO-ASCS [45] for their
adaptability in variable environments.

It should be noted that the observed distribution
may be influenced by publication bias, as military ap-
plications benefit from established funding streams
and standardized problem formulations that facilitate
academic publication, while civilian applications in
logistics, environmental monitoring, and urban air mo-
bility may be underrepresented due to proprietary con-
straints or the nascent state of regulatory frameworks.
Additionally, the geographic distribution of research
output was not analyzed in this review; regional pref-
erences in research funding and journal accessibility
may influence which algorithmic approaches receive
greater attention in the indexed literature.

4. Conclusion

This review synthesized 31 studies published between
2020 and 2025, comprising 25 primary studies and 6
systematic reviews, to characterize swarm algorithms
for UAV path planning following PRISMA guidelines.
The evidence confirms the dominance of PSO, ACO,
and ABC, which together account for 66% of the 56
identified algorithm appearances, while also showing
that algorithm selection is strongly shaped by domain-
specific demands.

The proposed five-category taxonomy indicates
that classical optimization algorithms remain the back-
bone of the field, while hybrid methods constitute the
main growth trend. Cooperative control, bio-inspired
methods, and AI-based approaches suggest a shift to-
ward more decentralized, adaptive, and learning-driven
solutions. The nine-metric framework further shows
that the literature prioritizes path length, convergence
time, and robustness, while energy efficiency and area

coverage remain comparatively underexplored.
Several limitations should be acknowledged. The

reviewed studies are heterogeneous in scenario de-
sign, objectives, and reporting, which prevents strict
meta-analysis and limits direct numerical comparison.
In addition, all primary studies are simulation-based;
therefore, issues such as latency, sensor noise, battery
degradation, and aerodynamic interference remain in-
sufficiently validated in real UAV swarms.

Future work should prioritize standardized bench-
marks, stronger statistical reporting, public implemen-
tations, and physical validation with UAV swarms.
Research opportunities are especially clear in AI-
enhanced hybridization, extreme scalability, hetero-
geneous swarms, adversarial resilience, energy-aware
replanning, and regulatory-compliant path planning.
Overall, hybridization appears to be the most produc-
tive short-term direction, while artificial intelligence
represents the most promising frontier for long-term
scalability and autonomous adaptation.
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Abstract Resumen
Estimating the state of charge (SOC) of lithium-ion
batteries is crucial for the operation of various electri-
cal and electronic devices and equipment. This work
presents the implementation of models based on a
Bayesian approach using linearized Kalman filtering
and particle filtering (PF) to estimate the SOC in
lithium-ion batteries. state equation of the Bayesian
models incorporates battery resistance as an artificial
evolution parameter. Two models based on machine
learning algorithms, random forest and K-nearest
neighbors (KNN), are also implemented by fitting
the parameters of an equivalent electric circuit model
to electrochemical impedance spectroscopy measure-
ments. A cylindrical LCO 26650 cell was employed
in this study. The results show high performance in
SOC estimation for the Bayesian filters, with PF ex-
hibiting the best metrics, including an R2 adjustment
factor of 0.9968.

Estimar el estado de carga (SOC) de las baterías de
iones de litio es crucial para la operación de diver-
sos dispositivos y equipos eléctricos y electrónicos.
Este trabajo presenta la implementación de modelos
basados en un enfoque bayesiano mediante el filtro
de Kalman linealizado y el filtro de partículas (PF)
para estimar el SOC en baterías de iones de litio. La
ecuación de estado de los modelos bayesianos incor-
pora la resistencia de la batería como un parámetro de
evolución artificial. De igual manera, se implementan
dos modelos basados en algoritmos de aprendizaje au-
tomático: random forest y KNN, mediante el ajuste de
parámetros de un circuito eléctrico equivalente a las
curvas de mediciones de espectroscopía de impedan-
cia electroquímica. Se utilizó una batería cilíndrica
LCO tipo 26650. Los resultados muestran un alto
desempeño en la estimación del SOC para los filtros
bayesianos, entre los cuales el PF presenta las mejores
métricas, con un coeficiente de determinación R2 de
0.9968.
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1. Introduction

Lithium-ion batteries are critical components in a wide
range of electrical and electronic systems, including
household appliances, medical devices, laptops, elec-
tric vehicles, and energy storage systems [1]. Due to
their high energy density, long lifespan, excellent effi-
ciency, and environmentally friendly operation, Li-ion
batteries have become one of the most competitive and
promising energy storage technologies [2]. The state of
charge (SOC) is a key parameter that provides an indi-
rect measure of the battery’s remaining usable capacity.
To ensure safe and efficient operation, lithium-ion bat-
teries rely on Battery Management Systems (BMS),
which continuously monitor essential variables such
as voltage, current, temperature, and capacity to esti-
mate both the SOC and the State of Health (SOH) [3].
Monitoring these variables enables the BMS to protect
the battery against overcharging, over-discharging, ex-
treme temperatures, and overcurrents, all of which can
lead to physical degradation and significantly reduce
battery lifespan [4].

Several direct SOC measurement methods are avail-
able, including Coulomb counting, open-circuit voltage
(OCV), electrochemical impedance spectroscopy (EIS),
and internal resistance methods. In addition, indirect
estimation methods predict the battery SOC using
mathematical models and algorithms, generally achiev-
ing higher accuracy than direct measurement methods.
Indirect estimation methods can be classified into five
subgroups: model-based, adaptive filter-based, adap-
tive artificial intelligence-based, advanced algorithm-
based, and other approaches. Model-based methods
rely on algorithms that create a mathematical rep-
resentation of the battery’s electrical behavior and
characteristics. This approach includes the electrical
circuit model (ECM) and the electrochemical model
(EChM), which are widely used for SOC estimation
and serve as the basis for various battery modeling
techniques [5]

In [6], the author proposes a model employing a
polynomial algorithm-based fitting approach. This ap-
proach does not require a thermal model and provides
a means of correcting temperature-induced errors. The
study in [7] reports that fractional-order models can
achieve higher accuracy than their integer-order coun-
terparts, although this improvement comes at the cost
of increased complexity. Moreover, physical parameters
can be considered in SOC estimation. For instance,
the dependence of SOC estimation on the battery’s
internal resistance can be exploited to obtain more
accurate results [8]. Temperature effects can also cause
inconsistencies in the SOC estimation of a battery
pack [9].

Electrochemical Impedance Spectroscopy (EIS) is
a powerful technique for battery characterization. The
EIS experiment is based on the application of an alter-

nating signal across a range of frequencies. The result-
ing current and voltage data are correlated to identify
impedances, which provide insight into electrochem-
ical processes in the battery, such as charge transfer
kinetics, ion diffusion, and interfacial reactions [10].
The EIS approach can be employed to improve SOC
and SOH estimation [11]. One disadvantage of EIS is
that it requires specific testing equipment and envi-
ronmental temperature control to obtain more reliable
results.

On the other hand, data-driven models are based
on battery data, including temperature, voltage, and
current measurements. These models may use simpler
formulations or even operate without an explicit model,
although their accuracy decreases when the input data
are noisy or incomplete. However, they are more flex-
ible because they do not require a specific battery
model and demand fewer resources. The data-driven
SOC estimation process comprises three key stages:
data collection, model training, and SOC estimation.
Some widely used techniques include Artificial Neural
Networks (ANNs), Support Vector Regression (SVR),
Support Vector Machines (SVMs), and Fuzzy Logic [2].

This article explores and compares different SOC
estimation methods, with particular emphasis on the
influence of internal resistance on SOC. The under-
standing and implementation of linear, nonlinear, and
artificial intelligence-based models provide a new per-
spective for exploring the limitations of current meth-
ods and improving their robustness and adaptability
under various operating conditions. Both direct and
indirect models are presented. The direct approach is
based on EIS measurements, where SOC is predicted
using RF and KNN algorithms. The proposed indi-
rect approaches are the linearized Kalman filter and
particle filter, where a driving-cycle current profile is
employed to estimate the battery SOC. By comparing
different SOC estimation methods, it is possible to
identify the most suitable and robust model for each
operating condition, thereby improving BMS decision-
making. This study paves the way for optimizing the
performance and extending the lifetime of lithium-ion
batteries, benefiting multiple industries and contribut-
ing to the development of more sustainable and efficient
technologies.

This paper is structured as follows. The Introduc-
tion presents an overview of SOC estimation. The Ma-
terials and Methods section describes the techniques
employed to estimate the SOC of the Li-ion battery un-
der study. The Results and Discussion section presents
the main findings and compares the metrics computed
for each SOC estimation approach. Finally, the Con-
clusions section summarizes the main contributions
and provides recommendations for future work.
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1.1. Related work

The most common approaches applied to SOC estima-
tion are the Coulomb counting method, also known
as ampere-hour integration, the OCV method, data-
driven approaches, and model-based methods [12]. The
Coulomb counting method has been employed to esti-
mate heat generation in a single Li-ion cell [13]. The
authors in [14] affirm that a long short-term memory
(LSTM) neural network model achieves high accuracy
in estimating the SOC of a group of batteries compared
with other neural network models. The LSTM-based
algorithm can be improved by integrating clustering
based on K-means and fuzzy C-means techniques [15].
In addition, an LSTM-based model can consider dif-
ferent temperatures and aging conditions to estimate
SOC more accurately [16].

To address the cumulative error of the Coulomb
counting method, [17] formulated an extended Kalman
filter using the ampere-hour definition of SOC and a
Thevenin model. This model can be improved using a
nonlinear formulation based on the particle filter (PF).
For instance, [18] employed a PF enhanced by an H-
infinity filter to estimate SOC in an electric vehicle.
Standard driving cycles were used.

Moreover, equivalent circuit models (ECMs) are
commonly used with EIS measurements by combining
electrical components and adjusting their parameters
to minimize the discrepancy between collected data
and modeled impedance spectra [19]. For example, [20]
performed battery SOC estimation using an ECM
based on EIS measurements combined with machine
learning algorithms. Seven parameters were employed,
including fractional-order elements. This approach re-
duces training time and is suitable for online SOC
estimation.

2. Materials and methods

2.1. State of Charge definition

The SOC of a battery represents the relationship be-
tween the residual capacity Qt and the nominal capac-
ity Qn and can be formulated as follows:

SOC(t) = Qt

Qn
× 100 (1)

Furthermore, the SOC can be expressed as [21]:

SOC(t) = SOC0 −
η

∫ t

to
i(τ)dτ

Qn
(2)

where SOC0 is the initial value, and I(t) is the real-
time current, with I(t) < 0 for charging and I(t) > 0
for discharging. The parameter η denotes the Coulomb
efficiency, defined as the ratio of the total charge re-
moved from the battery to the total charge supplied
during a complete cycle.

This study aims to compare direct and indirect
methods for estimating the SOC in Li-ion batteries.
The direct method was established based on EIS exper-
iments. The indirect methods were based on Bayesian
algorithms, namely the Kalman filter (KF) and par-
ticle filter (PF). A 26650 lithium-cobalt oxide (LCO)
battery with a capacity of 4 Ah was employed.

2.2. SOC estimated based on Electrochemical
impedance spectroscopy (EIS)

Results from EIS experiments are commonly presented
using Nyquist diagrams, as shown in Figure 1. An
ECM can be formulated for the corresponding EIS
spectra. The pure ohmic resistance Re is the value
at the intersection of the curve with the horizontal
axis [22]; the inductance L models the electromagnetic
phenomena in the battery. The mid-frequency zone
represents the charge transfer region, including the
charge transfer resistance Rct and double-layer capaci-
tance Cdl. The Rct reflects the resistance associated
with lithium-ion movement between the electrode and
the electrolyte [23]. Finally, the low-frequency zone
represents the lithium-ion diffusion process, modeled
by the constant phase element Qdl, where the exponent
ndl varies between 0, corresponding to a resistor, and
1, corresponding to a capacitor. The ECM in Figure 1
is characterized by the impedance given by [24]:

Z(ω) = Re + 1
jωCdl

+
[

1
Qdl(jω)−n

+ Rct

]−1
+ jωL

(3)

Figure 1. Nyquist plot based on EIS test of a battery and
its equivalent circuit model. Adapted from [24].

In this study, SOC prediction based on EIS mea-
surements was carried out using PGSTAT302N testing
equipment. EIS was performed from 5% SOC to 100%
SOC using a 4 Ah LCO 26650 Li-ion cell. A sinusoidal
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current signal with an amplitude of 0.05 A was ap-
plied to the battery. Selected EIS profiles are shown
in Figure 2

Figure 2. Nyquist plot from EIS test of the LCO 26650
battery at different SOC.

SOC estimation based on EIS measurements was
performed by fitting the ECM parameters from the
EIS curve and the battery terminal voltage, as illus-
trated in Table 1. These parameters were then used
to train the RF and KNN algorithms to predict the
battery SOC. Since SOC was predicted for each EIS
measurement, the ECM parameters had to be fitted
for each SOC measurement as well.

Table 1. Fitted parameters for the ECM at SOC 0.6.

Parameter Value
Cdl (F) 0.1
L (H) 5.191 × 10−7

ndl 0.5
Qdl (Ω−1sndl) 1×10−5

Rct (Ω) 0.01
Re (Ω) 0.06662

RF was implemented using 100 estimators, or trees.
KNN was developed using k = 2 nearest neighbors. In
both cases, k-fold validation was performed using 5
splits and a random state of 42.

2.3. SOC estimation based on Linearized
Kalman Filter

2.3.1. Linearized Kalman Filter

The Linearized Kalman Filter (LKF) is an estimation
method used for nonlinear systems whose dynamics
can be accurately approximated by a first-order ex-
pansion around a known reference trajectory. This

approach is widely described in the classical filtering
literature [25,26].

Consider the nonlinear system:

xk+1 = f(xk, uk) + wk, (4)

zk = h(xk) + vk, (5)

where x is the state-space vector, u denotes the in-
put, z is the measurement vector, k is the time instant,
wk and vk are zero-mean noises with covariances Q
and R, respectively. The LKF assumes the existence
of a nominal trajectory x̄k satisfying

x̄k+1 = f(x̄k, uk), (6)

which represents the expected evolution in the ab-
sence of disturbances.

The error variables are defined as

δxk = xk − x̄k, δzk = zk − h(x̄k), (7)

and the system is linearized around x̄k using the
Jacobians:

Fk = ∂f(x, uk)
∂x

∣∣∣∣
x=x̄k

, (8)

Hk = ∂h(x)
∂x

∣∣∣∣
x=x̄k

. (9)

This yields the linear error-state model:

δxk+1 = Fk δxk + wk, (10)

δzk = Hk δxk + vk, (11)

which defines a linear time-varying (LTV) system
suitable for Kalman filtering.

The main feature of the KF is that it enables recur-
sive estimation of a system’s internal, unmeasurable
states, including the SOC in the case of a battery. This
is achieved by using prior knowledge, model-based pre-
dictions, and noisy measurements. The prediction and
update steps are outlined below [26]:

Prediction:

δx̂k|k−1 = Fk−1 δx̂k−1|k−1, (12)

Pk|k−1 = Fk−1Pk−1|k−1F T
k−1 + Qk−1. (13)
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Update:

Kk = Pk|k−1HT
k (HkPk|k−1HT

k + Rk)−1, (14)

δx̂k|k = δx̂k|k−1 + Kk(δzk − Hk δx̂k|k−1), (15)

Pk|k = (I − KkHk) Pk|k−1, (16)

where Kk is the Kalman gain matrix, Pk is the
error covariance, and I is the identity matrix. The
actual state estimate is then reconstructed as:

x̂k|k = x̄k + δx̂k|k. (17)

Compared with the Extended Kalman Filter
(EKF), the LKF linearizes the system only around
a predefined nominal trajectory, making it suitable
when this trajectory is known a priori and deviations
remain small [27].

2.3.2. SOC implementation based on LKF

For this study, the state-space vector is written as:

xk =
[

x1,k

x2,k

]
, (18)

where x1,k is the component associated with the
internal resistance of the cell and x2,k is the SOC at
time instant k.

The Bayesian approach requires a measurement
equation. In this study, this equation corresponds to
the battery voltage v0 linearized around the point
x0 = [x1,0 x2,0]T and i0 [28]:

v0 = vL + (vOC − vL) eγ(x2,0−1) + αvL + (x2,0 − 1)
+ (1 − α) vL

(
e−β − e−β

√
x2,0

)
− i0x1,0 (19)

The discharging current i is the input parameter
in the model, and, vOC is the open-circuit voltage
at 100% SOC. The parameters vL, α, β, and γ are
estimated offline and were taken from [28].

The matrices used to solve the LKF algorithm are
formulated as:

Fk =

 1 0
− ∆t

Ecrit
i0

∂v0

∂x1
1 − ∆t

Ecrit
i0

∂v0

∂x2

 , (20)

Hk =
[

∂v0

∂x1

∂v0

∂x2

]
, (21)

where Ecrit is the critical energy, defined as the
total expected energy supplied by the battery.

2.4. SOC estimation based on Particle Filter

2.4.1. Particle filter (PF)

The particle filter (PF), like the LKF, recursively esti-
mates the posterior probability density function (PDF)
of the unknown state vector xk, given the measure-
ments z1:k, where k ∈ N denotes the time instant [29].
The PF represents the posterior PDF p (xk|z1:k) at
time k using particles, defined as a set of Np random
samples with their respective weights, described in
Equation (22) [30].

{x(i)
k , w

(i)
k }Np

i=1,

Np∑
i=1

w
(i)
k = 1 (22)

To formulate the posterior PDF at each time in-
stant, the PF sequentially samples the Np particles
from an alternative PDF q(·), known as the impor-
tance density [31]. Therefore, p (xk|z1:k) can be mod-
eled as [29]:

p(xk|z1:k) ≈
Np∑
i=1

w(i)
k δ(xk − x(i)

k ), (23)

where the weight of each particle can be updated
as follows:

w(i)
k = w(i)

k−1
p(zk|x(i)

k )p(x(i)
k |x(i)

k−1)
q(x(i)

k |x(i)
0:k−1, z1:k)

. (24)

Two considerations should be taken into account.
The first concerns the approximation given by Equa-
tion (23), which converges to the true posterior PDF
p(xk|z1:k) when Np → ∞. The second concerns the de-
sign and performance of the PF implementation, which
depend on the appropriate choice of the importance
density q(·). For instance, in PF implementations, the
following formulation is frequently proposed [32]:

q(xk|x(i)
k−1, zk) = p(xk|x(i)

k−1), (25)
where q(·) PDF is equal to the prior PDF, allow-

ing the weight vector w(i)
k to be updated using the

likelihood function, as detailed in Equation (26):

w(i)
k = w(i)

k−1p(zk|x(i)
k ). (26)

2.4.2. Artificial evolution for online parameter
estimation

Artificial evolution is a strategy for joint state and
parameter estimation within a particle filtering frame-
work [33]. It is particularly useful when some model
parameters are unknown or vary slowly over time [34].
This approach is implemented by augmenting the state
vector to include the parameter vector, which is treated
as an additional state variable whose evolution is de-
scribed by a random-walk process [34]. Under this
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formulation, the augmented process model can be ex-
pressed as follows:

xk = fk (xk−1, θk−1, uk−1, ωk−1) , (27a)
θk = θk−1 + ηk−1. (27b)

The variance of the random-walk process must
be carefully selected, as an inappropriate choice can
significantly affect the posterior PDF estimates [35].
To address this issue, the literature reports several
techniques for adjusting the random-walk variance
according to specific criteria. Examples include ker-
nel smoothing [33] and outer feedback correction loops
(OFCL) [36], which have been adopted in PF-based
implementations relying on artificial parameter evolu-
tion.

2.4.3. SOC implementation based on PF

First, the state-transition model is defined as fol-
lows [28]:

x1(k + 1) = x1(k) + ω1(k) (28)

x2(k +1) = x2(k)−v(k) · i(k) ·∆t ·E−1
crit +ω2(k). (29)

where x1 represents the battery internal resistance,
treated as an unknown parameter to be estimated,
and x2 denotes the SOC. The PF implementation
considered in this study uses the following voltage
measurement model:

v(k) = vL + (vOC − vL) · eγ·(x2(k)−1)+
α · vL · (x2(k) − 1)+

(1 − α) · vL ·
(

e−β − e−β
√

x2(k)
)

−

i(k) · x1(k) + η(k) (30)

Process noise (ω1 and ω2) and measurement noise
(η) are considered in the state-space formulation.

In the PF implementation, the initial conditions (x1
and x2), the process noise terms (ω1 and ω2), and the
measurement noise (η), are modeled using Gaussian dis-
tributions, i.e., x1(0) ∼ N (µ1, σ2

1), x2(0) ∼ N (µ2, σ2
2),

ω1 ∼ N (0, σ2
ω1

), ω2 ∼ N (0, σ2
ω2

), and η ∼ N (0, σ2
η).

In addition, a population of Np = 300 particles was
used, with each particle i initially assigned a weight
Wi = 1/Np. The PF parameter configuration is sum-
marized in Table 2.

Table 2. Particle filter parameter configuration.

Parameter Symbol Value
Number of particles Np 300

Initial internal resistance mean µ1 0, 12 Ω
Initial SOC mean µ2 1,00

Initial internal resistance std. dev. σ1 0,005
Initial SOC std. dev. σ2 0,02

ω1 std. dev. σω1 0, 001 Ω
ω2 std. dev. σω2 0, 0001

Measurement noise std. dev. ση 0, 001 V

2.5. Case study

To estimate the battery SOC using KF and PF, an
HFWET driving cycle was employed. A scaled dis-
charge current profile for this cycle was applied to
the 26650 lithium-ion battery with LCO chemistry, as
shown in Figure 3. This profile was selected because it
exhibits variable behavior, whereas a constant current
profile is not adequate for characterizing the battery’s
SOC.

Figure 3. HWFET current profile scaled for a 4 Ah LCO
battery [13].

3. Results and discussion

This section presents the results obtained from ap-
plying the SOC estimation approaches. Figures 4, 5,
6, and 7 show the SOC estimates obtained using the
Kalman filter, particle filter, random forest, and KNN
approaches, respectively. The last two approaches show
lower fitting quality because they require more train-
ing data. Moreover, model hyperparameters could be
implemented using other techniques, such as hybrid
models. The PF algorithm shows robust performance
due to its ability to capture nonlinear behavior and per-
form online estimation simultaneously. Furthermore,
Bayesian algorithms are more complex to implement,
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and their robustness depends on several factors, such as
the process equation and the process and measurement
noise terms.

Figure 4. SOC estimation by Kalman Filter using
HWFET driving profile.

Figure 5. SOC estimation by Particle Filter using HWFET
driving profile.

Figure 6. SOC estimation by Random Forest based on
EIS.

Figure 7. SOC estimation by KNN based on EIS.

Furthermore, Figure 8 and 9 show the voltage esti-
mates obtained using the Kalman filter and particle
filter, respectively. The PF provides a better fit be-
tween the real and estimated voltage.

Figure 8. Voltage estimation by Kalman Filter using
HWFET driving profile.

Figure 9. Voltage estimation by Particle Filter using
HWFET driving profile.

One advantage of using artificial evolution for the
battery resistance parameter is that its initial value is
continuously adapted within the PF model, as shown
in Figure 10.
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Figure 10. Artificial evolution of the battery resistance
(in ohms).

A general comparison of the developed models was
performed in terms of RMSE and R2 metrics as shown
in Table 3. Overall, the Bayesian approaches achieve
better performance than EIS-based methods. Due to
the discrete nature of EIS measurements, the RF and
KNN models predict SOC only at the specific oper-
ating points where impedance spectra were acquired,
rather than providing a continuous estimation over
time. PF presents the best metrics due to its non-linear
structure, which better captures SOC variations.

Table 3. RMSE and R2 for SOC estimation.

Algorithm RMSE R2

KF 0.0187 0.9891
PF 0.0164 0.9968
RF 0.0644 0.9548

KNN 0.0276 0.9917

The comparative analysis of state-of-charge (SOC)
estimation methods for lithium-ion batteries high-
lighted key advantages and limitations of each ap-
proach. The Kalman Filter (KF) demonstrated reliable
performance in linear estimation scenarios but exhib-
ited sensitivity to model inaccuracies and noise, which
could lead to errors over extended operating periods.
By contrast, the Particle Filter (PF) was robust in
handling nonlinearities and uncertainties, making it
particularly suitable for real-time SOC estimation in
dynamic environments. However, its computational
complexity remains a challenge, requiring optimized
implementations for practical deployment in battery
management systems (BMS). In the present approach,
the PF formulation, including the process and mea-
surement equations, and the battery parameters were
adopted from [28]. That study achieved higher accuracy
in SOC estimation by performing offline parameter
estimation for the process equation. Another technique
that could be considered to capture nonlinear behavior
is the EKF, which is used in electric vehicles to provide
real-time SOC estimation under different operating
conditions, leading to improved BMS performance [37].
Other operating conditions and parameters that should
be explored include additional driving cycles, temper-
ature, battery aging effects, regenerative braking, and
different process equations in the model.

On the other hand, machine learning-based ap-
proaches, namely RF and KNN, are less practical than
Bayesian approaches. RF and KNN predict SOC us-
ing EIS measurements, but these experiments require
complex equipment and are not suitable for online
implementation. The results are restricted to the SOC
values for which experimental EIS data are available.
Moreover, machine learning algorithms require the
tuning of several parameters. Similar metrics to those
shown in Table 3 for RF and KNN SOC prediction
were reported in [24].

The results indicate that model-based approaches,
such as KF and PF, remain essential because of their
maturity and real-time applicability, whereas machine
learning-based techniques have potential for further
refinement. Future work should explore hybrid method-
ologies that combine the strengths of both approaches
by integrating online correction techniques with deep
learning models to achieve robust and adaptive SOC
estimation.

Figure 11 shows the RMSE of the SOC estimation
as a function of the scale factor applied individually
to each noise parameter. Each parameter was varied
by multiplying its nominal value by different scale
factors, while all remaining parameters were kept at
their nominal configuration. The PF shows low sensi-
tivity to σω1 and ση, with RMSE remaining stable at
approximately 0.016–0.019 across the full range eval-
uated. The SOC process noise σω2 shows the highest
sensitivity: values below the nominal configuration
cause RMSE to exceed 0.059, as an overly constrained
state transition prevents adequate particle diversity.
Similarly, the likelihood kernel variance σ2

v degrades
estimation accuracy at both extremes. Overall, the
nominal configuration, corresponding to a scale factor
of 1.0 with the selected parameters, yields the lowest
RMSE across all parameters.

Figure 11. Sensitivity analysis of PF noise parameters.

Considering that this study is mainly applicable to
battery BMS, some important aspects of this system
are discussed. Table 4 presents the computational cost
and embedded feasibility of the different approaches
used to estimate the battery SOC. Estimators based
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on the KF algorithm stand out because of their accu-
racy, low-to-medium memory consumption, and high
feasibility for integration into embedded systems. On

the other hand, EIS-based machine learning models
are not sufficiently developed for implementation in
embedded systems, despite their high accuracy.

Table 4. Comparative analysis of computational cost and embedded feasibility for SOC estimation methods.

Method Typical Computational Memory Inference Embedded Validated
Accuracy Cost Usage Time Feasibility Platform

LKF High Low–Medium Low–Medium <1 ms High STM32, ARM Cortex-M
(≤2%) [38,39]

PF Very High Very High High 10–100 ms Low FPGA, STM32F4
(≤1%) (per particle) [40,41]

KNN High High Very High Variable Low Offline only
(EIS-based) (dataset size)

RF High Medium Medium–High 1–10 ms Medium Offline only
(EIS-based) (≤3%)

4. Conclusions

This study demonstrates that state-of-charge (SOC)
estimation methods differ significantly in accuracy,
computational implementation, and adaptability to
the nonlinear battery behavior induced by the applied
driving cycle. The KF approach provides reliable esti-
mates under linear assumptions but faces challenges as-
sociated with nonlinear models and noise. Nevertheless,
the KF method shows high feasibility for implemen-
tation in embedded systems for SOC prediction. The
PF algorithm demonstrates robustness under dynamic
conditions. By contrast, because of their dependence
on specific equipment, the EIS-based machine learning
algorithms applied in this study are not capable of
predicting online SOC behavior.

Future research should focus on optimizing hybrid
SOC estimation models that integrate traditional filter-
ing techniques with other machine learning approaches.
Additionally, efforts should be made to enhance com-
putational efficiency for real-time applications and
expand training datasets to improve the generalization
capability of data-driven models. Validation under real
operating conditions in electric vehicles and energy
storage systems is essential to confirm the practical
applicability and reliability of these estimation and
prediction methods.
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The text of the figures and maps must be

written in easily legible letters.

If the figures have been previously used, it

is the responsibility of the author to obtain the

corresponding permission to avoid subsequent

problems related to copyright.

Each figure must be submitted in a sepa-

rate file, either as bitmap (.jpg, .bmp, .gif, or

.png) or as vector graphics (.ps, .eps, .pdf).

4. Submission process

The manuscript must be sent through the

OJS system of the journal, <https://goo.

gl/JF7dWT>,the manuscript should be uploa-

ded as an original file in .pdf without author

data and anonymized according to the above;

In complementary files the complete manus-

cript must be loaded in .doc or .docx (Word

file), that is to say with the data of the author

(s) and its institutional ascription; Also the

numbered figures should be uploaded in inde-

pendent files according to the corresponding

in the manuscript (as bitmap .jpg, .bmp, .gif,

or .png or as vector graphics .ps, .eps, .pdf).

It is also obligatory to upload the cover letter

and grant of rights as an additional file.

All authors must enter the required informa-

tion on the OJS platform and only one of the

authors will be responsible for correspondence.

Once the contribution has been sent the

system will automatically send the author for

correspondence a confirmation email of receipt
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5. Editorial process
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OJS, a first check by the editorial team of the
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The topic is in accordance with the crite-

ria of the journal.

Must have the IMRDC structure.

Must be in the Ingenius format.

Must use the IEEE citation format.

All references should be cited in the text

of the manuscript as well as charts, figures

and equations.

The manuscript is original; for this, soft-

ware is used to determine plagiarism.

The assessment described above can take

up to 4 weeks.

If any of the above is not complete or there

is inconsistency, an email will be sent to the

author to make the requested corrections.

The author will make the corrections and re-

send the contribution through an email in res-

ponse to the notification and will also upload

the corrected manuscript into OJS supplemen-

tary files.

The editorial team will verify that the re-

quested corrections have been incorporated,

if it complies, the manuscript will start the
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The editor assigns two or more reviewers
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� Publishable with suggested changes
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� Non publishable
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If the article is denied, the author will

be notified and the manuscript will be

archived.
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with the process.

6. Publication
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articles and their corresponding publication.

Articles received until October will be consi-
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received until April for the July publication.

7. Information on the Use of Artificial

Intelligence

Should artificial intelligence be used at any

stage of the research presented in the article,

authors are required to clearly highlight this

in the cover letter associated with the article,

specifying the section or sections where artifi-

cial intelligence has been used. The purpose
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of this requirement is to inform readers about

the sections where this technology has been

employed, providing greater transparency and

understanding of its application in the presen-

ted research.

INGENIUS, Revista de Ciencia y Tecno-

loǵıa, recognizes the importance of maintaining

high ethical standards in scientific research,

particularly in the use of artificial intelligence

(AI).

The decision to accept a publication that

has utilized artificial intelligence rests at the

discretion of the editorial team.
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Turuhuayco 3-69 y Calle Vieja

Postal code 2074

Cuenca, Ecuador
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