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It is a pleasure to present Volume 16, Issue 1 of the
Enfoque UTE journal, which features a selection of
high-quality research articles. It is worth mentioning
that the articles included in this edition have undergone
a rigorous peer review process by national and inter-
national experts. After this thorough process, we have
selected six articles that make up the current issue.

In this issue we are pleased to present the paper by
Mera et al. which is a contribution to the study of the
environmental impact of road transportation. This stu-
dy presents an evaluation of the effects of idling and
power demand on fuel consumption and CO, emissions
from taxis. The study evaluates the impact of idling, tra-
ffic, and ecodriving on fuel consumption and well-to-
wheel (WTW) CO, emissions in urban taxi operations
under real traffic conditions in Ecuador. Five scenarios
were examined: baseline, eco-driving, low traffic, start-
stop technology, and a combined scenario. The results
shows that urban driving resulted in the highest WTW
CO, emissions (354 ¢CO,/km) compared with rural and
highway driving. In the case of the combined scenario,
which merges lower power demand with start-stop te-
chnology, achieved the greatest improvements, reducing
WTW CO, emissions and fuel consumption by 15%
compared to the baseline scenario. These findings un-
derscore the potential of ecodriving and start-stop te-
chnology in reducing fuel consumption and emissions.

Continuing with our line of engineering contribu-
tions, the paper presented by Gallardo et al., investiga-
tes the efficacy of submerged vanes as a technique for
stabilizing riverine structures and reducing local scour
around bridge piers. The study examined acrylic vanes
placed at a 15° angle upstream of a square bridge pier
in a sedimentation channel at the National Polytech-
nic School in Quito, Ecuador. According to the experi-
ments, these vanes considerably decreased average silt
flow downstream by 40% and maximum scour depth
by up to 60%. The findings suggest that submerged va-
nes are not only effective but also cost-efficient, making
them a promising alternative to traditional scour pro-
tection methods such as riprap or aprons.

In the electrical and electronics area, the Enfoque
UTE journal presents the paper developed by Naranjo
et al. The paper aims to analyze the challenges in the
Coca Codo Sinclair hydropower in Ecuador. The stu-
dy identifies structural problems, geological problems,
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and environmental impacts including erosion and se-
dimentation. The authors recommend urgent action on
remediation works, with a combination of investments
in repairs and maintenance activities, improvements in
management and governance of the project.

Continuing with the exploration of innovative te-
chnologies, we present the paper by Carrillo et al.,
which investigates Artificial Intelligence methods for
automatic bandwidth adjustment in wireless networks,
focusing on their impact on improving Quality of Ser-
vice (QoS) and user experience. This study explores
automatic bandwidth adjustment techniques using
supervised learning methods, assessing their effec-
tiveness in wireless networks. Results indicate that
Random Forest is the most effective method, followed
by Naive Bayes, Logistic Regression, and SVM, while
KNN and neural networks showed limited performan-
ce. The research underscores the importance of these
techniques in optimizing traffic management and ensu-
ring service quality.

Moving into the environmental area, Chumi et al.
present the bioremediation of water contaminated with
motor oil by biological surfactants produced by Strep-
tococcus thermophilus bacteria, using cheese whey as
a carbon source. In this paper, the ecotoxicity test with
Daphnia magna confirmed that the biosurfactant is en-
vironmentally friendly.

We also present the paper by Susunagua et al., which
analyzes the greenhouse gas emissions generated by
commercial grills in the metropolitan area of Veracruz,
Mexico, and their impact on climate change. The study
is focused on CO,, CH,, and N,O generated by cooking
processes using firewood and charcoal. Surveys reveal
74.18% of establishments use charcoal, while 25.81%
use firewood, resulting in total emissions of 11,612.65
tons/year of CO, equivalent. These emissions contribu-
te significantly to climate change and highlight the need
for inclusion in local regulations and climate change
agendas. The findings provide essential data for addres-
sing environmental impacts in this region.

We invite readers to explore these six contributions,
each of which reflects the dedication of their respecti-
ve authors to advancing scientific knowledge across a
diverse range of fields. These studies not only deepen
our understanding of key topics but also offer practical
solutions to pressing global challenges.

Dr. Diego Guffanti Martinez
Universidad UTE
Editor-in-Chief
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Es un placer presentar el Volumen 16, Nimero 1 de
la revista Enfoque UTE, que incluye una seleccion de
articulos de investigacion de alta calidad. Cabe destacar
que los articulos incluidos en esta edicion han pasado
por un riguroso proceso de revision por pares realiza-
do por expertos nacionales e internacionales. Tras este
exhaustivo proceso, hemos seleccionado seis articulos
que conforman el niimero actual.

En esta edicidon nos complace presentar el articulo
de Mera et al., que constituye una contribucién al estu-
dio del impacto ambiental del transporte terrestre. Este
estudio evalda los efectos del ralenti y la demanda de
potencia sobre el consumo de combustible y las emi-
siones de CO, en taxis. Se examinan cinco escenarios:
linea base, conduccién ecoldgica, trafico reducido,
tecnologia start-stop y un escenario combinado. Los
resultados muestran que la conduccién urbana gene-
ra las mayores emisiones de CO, (354 gCO/km) en
comparacién con la conduccion rural y en carretera. El
escenario combinado, que integra una menor demanda
de potencia con tecnologia start-stop, logra las mayores
mejoras, reduciendo las emisiones de CO, y el consu-
mo de combustible en un 15 % respecto al escenario
base. Estos hallazgos destacan el potencial de la con-
duccidn ecoldgica y la tecnologia start-stop para dismi-
nuir el consumo de combustible y las emisiones.

Continuando con nuestra linea de contribuciones en
ingenieria, el articulo presentado por Gallardo et al. in-
vestiga la eficacia de las aletas sumergidas como técnica
para estabilizar estructuras fluviales y reducir la soca-
vacion local alrededor de pilares de puentes. El estudio
analizo aletas acrilicas colocadas en un angulo de 15°
aguas arriba de un pilar cuadrado en un canal de sedi-
mentacion de la Escuela Politécnica Nacional en Quito,
Ecuador. Los experimentos demostraron que estas ale-
tas redujeron considerablemente el flujo de sedimentos
aguas abajo en un 40 % y la profundidad maxima de so-
cavacion hasta en un 60 %. Los hallazgos sugieren que
las aletas sumergidas no solo son efectivas, sino tam-
bién rentables, lo que las convierte en una alternativa
prometedora a los métodos tradicionales de proteccion
contra la socavaciéon como el enrocado o las losas.

En el area de electricidad y electrdnica, la revista
Enfoque UTE presenta el articulo desarrollado por Na-
ranjo et al. Este trabajo analiza los desafios en la hi-
droeléctrica Coca Codo Sinclair en Ecuador. El estudio
identifica problemas estructurales, geoldgicos e impac-
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tos ambientales como la erosion y la sedimentacion.
Los autores recomiendan acciones urgentes en obras de
remediacion, combinando inversiones en reparaciones
y actividades de mantenimiento, asi como mejoras en
la gestion y gobernanza del proyecto.

Continuando con la exploracién de tecnologias inno-
vadoras, presentamos el articulo de Carrillo et al., que
investiga métodos de Inteligencia Artificial para el ajuste
automatico de ancho de banda en redes inalambricas,
con énfasis en su impacto en la mejora de la Calidad de
Servicio (QoS) y la experiencia del usuario. Este estudio
explora técnicas de ajuste automético de ancho de ban-
da utilizando métodos de aprendizaje supervisado. Los
resultados indican que Random Forest es el método mas
efectivo, seguido de Naive Bayes, Regresion Logistica y
SVM, mientras que KNN y las redes neuronales mostra-
ron un desempefio limitado. La investigacion resalta la
importancia de estas técnicas para optimizar la gestion
del trafico y garantizar la calidad del servicio.

En el &mbito ambiental, Chumi et al. presentan la bio-
rremediacion de agua contaminada con aceite de motor
mediante surfactantes bioldgicos producidos por bacte-
rias Streptococcus thermophilus, utilizando suero de le-
che como fuente de carbono. En este trabajo, la prueba
de ecotoxicidad con Daphnia magna confirmé que el
biosurfactante es amigable con el medio ambiente.

También presentamos el articulo de Susunagua et al.,
que analiza las emisiones de gases de efecto inverna-
dero generadas por las parrillas comerciales en el area
metropolitana de Veracruz, México, y su impacto en el
cambio climético. El estudio se centra en el CO,, CH, y
N,O generados por procesos de coccion utilizando lefia
y carbdn. Las encuestas revelan que el 74.18 % de los es-
tablecimientos usan carbon y el 25.81 % lefa, resultando
en emisiones totales de 11 612.65 toneladas/afio de CO,
equivalente. Estas emisiones contribuyen significativa-
mente al cambio climético y destacan la necesidad de
incluirlas en las normativas locales y agendas de cambio
climatico. Los hallazgos proporcionan datos esenciales
para abordar los impactos ambientales en esta region.

Invitamos a los lectores a explorar estas seis contri-
buciones, cada una de las cuales refleja la dedicacion
de sus respectivos autores al avance del conocimiento
cientifico en una variedad de campos. Estos estudios no
solo profundizan nuestra comprension de temas clave,
sino que también ofrecen soluciones practicas a los de-
safios globales mas apremiantes.

Dr. Diego Guffanti Martinez

Universidad UTE
Editor en Jefe
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Effect of 1dling and power demand on fuel
consumption and CO, emissions from taxis

Mera Zamir', Rosero Fredy?, Rosero Ramiro?, Tapia Fausto®, Sergio Ibarra-Espinosa’

Abstract — Urban driving worldwide is characterized by fre-
quent vehicle idling due to traffic congestion, which significantly
impacts fuel consumption and vehicle emissions. While strategies
such as eco-driving techniques and start-stop systems have been
studied extensively in various regions, limited research has been
conducted to assess their effects in Latin America. This study
evaluates the impact of idling, traffic, and ecodriving on fuel con-
sumption and well-to-wheel (WTW) CO, emissions in urban taxi
operations under real traffic conditions in Ecuador. Real-world
driving data were collected using on-board diagnostics (OBD).
A key innovation of this research is the assessment of alternati-
ve scenarios, with reduced idling times and power demand, ba-
sed on the Vehicle Specific Power (VSP) approach. As result, five
scenarios were examined: baseline, eco-driving, low traffic, start-
stop technology, and a combined scenario. The results shows that
urban driving resulted in the highest WT'W CO, emissions (354
gCO,/km) compared with rural and highway driving. The combi-
ned scenario, which merges lower power demand with start-stop
technology, achieved the greatest improvements, reducing WTW
CO, emissions and fuel consumption by 15% compared to the ba-
seline scenario. Annually, the combined scenario could avoid 3.68
tons of CO, emitted per vehicle and fuel savings of 870 USD. The-
se findings underscore the potential of ecodriving and start-stop
technology in reducing fuel consumption and emissions to mitiga-

te the environmental impact of road transportation.

Keywords: taxis; ecodriving; well-to-wheel CO, emissions; on-
board diagnosis; idling; vehicle specific power (VSP).

Resumen — La conduccion urbana a nivel mundial se carac-
teriza por el frecuente tiempo en ralenti de los vehiculos, debido
a la congestion del trafico. Esto impacta significativamente en el
consumo de combustible y las emisiones de los vehiculos. Si bien
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se han estudiado ampliamente estrategias como las técnicas de
conduccion ecoldgica y los sistemas start-stop en varias regiones,
se ha realizado poca investigacion para evaluar sus efectos en
América Latina. Este estudio evalia el impacto del ralenti, el tra-
fico y la conduccion ecolégica en el consumo de combustible y las
emisiones de CO, de pozo a rueda (WTW) en las operaciones de
taxis urbanos bajo condiciones de trafico real en Ecuador. Se re-
copilaron datos de conduccién real utilizando diagnéstico a bordo
(OBD). Una innovacion clave de esta investigacion es la evaluacion
de escenarios alternativos, con tiempos ralenti y demanda de po-
tencia reducidos, basada en el enfoque de Potencia Especifica del
Vehiculo (VSP). Como resultado, se examinaron cinco escenarios:
linea base, conduccién ecolégica, bajo trafico, tecnologia start-
stop, y un escenario combinado. Los resultados muestran que
la conduccién urbana resulté en las mayores emisiones de CO,
WTW (354 gCO,/km) en comparacion con la conduccién rural
y en carretera. El escenario combinado, que fusiona una menor
demanda de potencia con la tecnologia start-stop, logré mayores
mejoras, reduciendo las emisiones de CO, WTW y el consumo de
combustible en un 15% en comparacion con el escenario base.
Anualmente, el escenario combinado podria evitar 3.68 toneladas
de CO, emitidas por vehiculo y ahorrar 870 USD en combustible.
Estos hallazgos subrayan el potencial de la conduccion ecologica
y la tecnologia de arranque y parada para reducir el consumo de
combustible y las emisiones, contribuyendo a mitigar el impacto
ambiental del transporte por carretera.

Palabras Clave: taxis; ecoconduccién; emisiones de CO, de
pozo a la rueda; diagnéstico a bordo; ralenti; potencia especifica
del vehiculo.

I. INTRODUCTION

HE global challenge of climate change has driven nations

worldwide to adopt severe policies aimed at curbing the
rise in global temperatures. The Intergovernmental Panel on
Climate Change (IPCC) warns that if the current rate of war-
ming continues, the planet is likely to experience a 1.5 °C in-
crease in human-induced global warming by 2040 [1]. A major
strategy to mitigate climate change involves reducing emissions
from the road transport sector, either through the promotion
of cleaner vehicle technologies or the implementation of effi-
cient emissions control systems [2]. In Latin America and the
Caribbean (LAC), road transport represents 95% of the total
energy consumption in the transport sector, with cars and light
commercial vehicles accounting for over 55% of this demand
[3]. Ecuador faces a significant challenge with its road trans-
port sector, which contributes approximately 14.3 million tons
of CO, emissions annually [4]. The country’s fuel subsidies,
which cover 68% of the annual fuel costs for road transporta-
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tion, exacerbate the issue by encouraging higher fuel consump-
tion and emissions. Adjusting these subsidies could play a pivo-
tal role in making the road transport system more sustainable.
However, the lack of a comprehensive and low-cost methodo-
logy for estimating fuel consumption across Latin America
further complicates efforts to address this issue. Despite these
challenges, the implementation of fuel-saving strategies could
potentially result in savings of over 550 million barrels of oil by
2030 [5]. Addressing vehicle emissions and fuel consumption
is not only critical for mitigating environmental damage but
also for improving public health.

Nowadays, some of the most urbanized regions in the world
include Northern America (82% of its population living in ur-
ban areas as of 2018), Latin America and the Caribbean (LAC)
with 81%, followed by Europe (74%), and Oceania (68%).
Meanwhile, Asia’s urbanization level has reached nearly 50%,
and Africa remains predominantly rural, with only 43% of its
population living in cities [6]. In LAC, rapid urbanization has
placed immense pressure on mobility systems, which often lack
the capacity and infrastructure to meet the growing demands
of urban populations. This has led to a reliance on inefficient
transportation solutions such as taxis and motorcycles, which
are typically low-capacity and inefficiently routed [7]. The pre-
valence of these modes of transport complicates efforts to ma-
nage energy consumption and implement effective fuel-saving
policies. In many urban areas, taxis have become the preferred
mode of transportation, contributing significantly to traffic con-
gestion, especially during peak hours. This congestion leads to
increased idling and stop-start driving, both of which result in
higher fuel consumption and elevated CO, emissions [8]. As a
result, addressing the inefficiencies in urban transport systems,
particularly in terms of vehicle emissions and energy use, is
crucial for enhancing sustainability and reducing the environ-
mental impact in these rapidly urbanizing regions. Effective
policy interventions, such as optimizing public transportation
and adjusting transportation subsidies, are critical to tackling
these challenges and improving urban mobility in LAC and
countries like Ecuador.

Vehicle performance is influenced by various internal factors
such as technology, powertrain configuration, and fuel type, as
well as external factors like regulations, driving behavior, tra-
ffic conditions, and road quality. In urban environments, traffic
congestion significantly increases vehicle emissions due to the
high frequency of idling and repeated acceleration and decele-
ration cycles. To mitigate the problems related to traffic con-
gestion, several studies have explored strategies like reducing
idling times, implementing eco-driving techniques, and utili-
zing start-stop systems, which collectively offer substantial fuel
savings by minimizing unnecessary braking and acceleration.
Idling alone accounts for 6% to 8% of CO, emissions, 0.2% to
0.5% of CO emissions by volume, and hydrocarbon emissions
can reach up to 2.5 parts per million (ppm) during idle periods
[9]. Eco-driving, which involves maintaining a steady speed,
avoiding harsh braking, and minimizing idling, has demonstra-
ted average fuel savings of 6% per trip with only a 1.5% increa-
se in travel time [10]. These benefits are seen across different
vehicle types and driving environments, highlighting the po-

tential of eco-driving to contribute to emission reduction goals
without significantly disrupting traffic flow.

Start-stop systems, which automatically shut off the engi-
ne when the vehicle is stationary, can further reduce fuel con-
sumption to zero during idle periods, effectively eliminating
associated emissions. Despite the proven benefits, these tech-
nologies remain underutilized in LAC, where emissions regu-
lations typically do not address CO, emissions. The absence of
CO, limits allows vehicles with higher fuel consumption and
carbon footprints to continue entering the market, undermining
progress toward carbon neutrality [11]. Additionally, the lack
of stringent regulations reduces incentives for automakers to
adopt fuel-saving technologies, such as hybridization, engine
downsizing, and start-stop systems, which could play a pivotal
role in reducing emissions and improving energy efficiency in
the region. Addressing this regulatory deficiency is crucial for
aligning the LAC region with global emission reduction targets
and fostering a transition toward cleaner, more efficient trans-
portation systems.

In recent years, the global automotive industry has seen
considerable variation in the fuel consumption of newly re-
gistered light-duty vehicles (LDVs), which averaged 7.2 li-
ters of gasoline-equivalent per 100 kilometers (L/100 km) in
2017. Significant disparities in fuel consumption exist bet-
ween countries, with advanced economies like Australia, Ca-
nada, and the United States, where gasoline prices are below
USD 1 per liter, averaging higher fuel consumption rates of
7.9 to 9 L/100 km. In contrast, countries with higher fuel pri-
ces, such as those in the European Union, Japan, and Korea,
achieve lower fuel consumption figures, ranging from 5.2 to
6.5 L/100 km. Emerging economies also show variation, with
average consumption between 6.5 and 8.5 L/100 km, although
India stands out as an exception with a notably lower rate of
5.6 L/100 km [12].

The variation in fuel consumption across regions is largely
driven by factors such as fuel pricing, regulatory frameworks,
and the adoption of fuel-efficient technologies. These dispari-
ties highlight the urgent need for tailored policies that address
the unique challenges of each region in reducing fuel consump-
tion and vehicle emissions. In emerging economies, where re-
gulatory structures and technological adoption may lag, there is
a critical demand for standardized and cost-effective methodo-
logies to evaluate fuel consumption. One such approach is the
Vehicle Specific Power (VSP) methodology, which provides a
valuable tool for estimating fuel economy and mobile source
emissions by analyzing the relationship between driving pat-
terns and vehicle performance [13]. VSP offers a detailed un-
derstanding of how factors like acceleration, road grade, and
speed influence fuel consumption, making it an essential fra-
mework for developing fuel-saving strategies, particularly in re-
gions where conventional testing infrastructure may be limited.

A key gap in the existing literature is the limited research
on the effects of idling on fuel consumption and emissions in
taxis, particularly in high-altitude cities. While some studies
have explored vehicle performance using OBD systems, these
are few and often limited in scope, highlighting the need for
more accessible, low-cost equipment for widespread applica-
tion. Additionally, there is a lack of studies that specifically



ENFOQUE UTE, VOL. 16, NO. 1, JANUARY 2025, pp. 1-9, E-ISSN: 1390-6542

examine the impact of eco-driving techniques and the use of
start-stop systems on fuel consumption in urban taxi fleets.
Although the VSP approach has shown promise in analyzing
fuel economy and emissions, its application in studies across
LAC has been limited.

This study investigates the effects of idling, traffic condi-
tions, and eco-driving on fuel consumption and well-to-wheel
(WTW) CO, emissions of taxis in urban environments, leve-
raging real-world driving data collected through the On-Board
Diagnostics (OBD) system. The innovative aspect of this re-
search is the application of the Vehicle Specific Power (VSP)
methodology to simulate alternative vehicle operation scena-
rios, including eco-driving techniques and start-stop system
use. By integrating the Well-to-Tank approach, the study pro-
vides a comprehensive analysis of fuel consumption and emis-
sions, offering key insights into strategies for enhancing taxi
performance and minimizing environmental impact, especially
in high-altitude urban areas. Five scenarios—eco-driving, low
traffic conditions, start-stop technology, and a combined ap-
proach—were evaluated using VSP to assess the performance
of a representative vehicle in Ecuador. This approach highlights
the potential benefits of adopting these strategies to signifi-
cantly reduce fuel consumption and CO, emissions in urban
taxi fleets.

The structure of this paper is organized as follows: Section 2
details the methodology, including the tested vehicles, measu-
rement campaign, and the definition of operating modes. It also
explains the VSP approach, emissions modeling, and the simu-
lation scenarios. Section 3 presents and analyzes the results,
discussing their implications for fuel efficiency and emissions
reduction in urban taxi fleets. Finally, Section 5 offers the con-
cluding remarks, summarizing key findings and their relevance
to improving vehicle performance and reducing environmental
impacts in urban settings.

II. METHODOLOGY
A. Tested vehicles

Two gasoline-powered passenger vehicles representative of
the Ecuadorian fleet was selected to assess emissions and fuel
consumption in real-world conditions. The vehicles were mo-
deled as an average vehicle, using the VSP methodology.

Over the past decade, the Chevrolet Aveo and Chevrolet Sail
has been among the most used for taxi services in various cities
across Ecuador. The Chevrolet Aveo was the best-selling mo-
del in its segment in Ecuador, with approximately 70,000 units
sold between 2009 and 2019, and reported by the Association
of Automotive Companies of Ecuador [14]; its successor, the
Chevrolet Sail, became the top-selling vehicle in the same seg-
ment, with 10,000 units sold between 2019 and 2023 [15]. The
purpose of selecting these models is to compare the technolo-
gical development in emissions of the current vehicle with its
predecessor, as both share similar technical characteristics. The
characteristics, including displacement, weight, engine torque
and power are typical of the country’s automotive segment.
Additional details about the vehicle can be found in Table I.

TABLE I
TECHNICAL SPECIFICATIONS OF THE TESTED VEHICLES
Vehicle parameter Vehicle 1 Vehicle 2
Fuel type Gasoline Gasoline
Model name Aveo Emotion Sail
Model year 2011 2021
Gross vehicle weight (kg) 1592 1470
Engine displacement (cm®) 1598 1498
Engine maximum power (kW @min™") 76@5800 81@6000
Engine peak torque (Nm@min'') 145@3600 141@4000
Fuel injection type Indirect Indirect
Compression ratio 9.5:1 10.5:1

Notably, the tested vehicles underwent a comprehensive
preventive and corrective maintenance program to ensure the
reliability of the study’s results.

B. Measuring campaign

The measuring campaign was performed in the city of Iba-
rra, located in Ecuador and serving as the capital of Imbabu-
ra Province. The selection of Ibarra as the study site is based
on a thorough analysis of its mobility landscape and the rapid
growth of its automotive fleet, making it an ideal representation
of intermediate high-altitude cities in Ecuador and Latin Ame-
rica. According to the United Nations (UN) definition and va-
rious studies, the population of intermediate cities ranges from
20,000 to 500,000 inhabitants, depending on factors such as
population density and the country’s urban system [16]. Ibarra,
situated in a valley at an altitude of 2,200 meters above sea le-
vel, currently has an estimated population of 221,000 residents,
a number that continues to rise [17]. Additionally, the province
has seen a significant 55% increase in its automotive fleet from
2013 to 2022.

The vehicles were driven by professional drivers during
real-world taxi trips. The driving profiles from passenger cars
were derived from real-world data collected at 1-second in-
tervals. As shown in Fig. 1, these profiles are recorded using
a GPS+GLONASS logger GL-770 [18]. The speed data was
smoothed, and road grade was adjusted using altitude profi-
les, following the methodology outlined in Regulation EU
2018/1832 [19].

To record engine operating parameters and vehicle fuel con-
sumption data, an OBD interface device ELM 327 [20] was con-
nected to the Torque Pro mobile phone application. The ELM
327 was connected to the OBD2 diagnostic port to read engine
operating parameters in real time from the engine control unit
(ECU). Simultaneously, these parameters were transmitted via
Bluetooth from the ELM 327 to the Torque Pro mobile applica-
tion for recording and further synchronizing process.
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Fig. 1. Tested vehicle equipped and equipment for field data collection.

Long stops higher than 300s were removed from data because
they represent stops at the taxis stands. During the tests, a mini-
mum altitude of 2155 meters above sea level was reported. The
total positive elevation gain during the test was 343 meters, indi-
cating significant changes in the road levels, particularly in rural
and highway segments, which is typical of high-altitude locations

C. Definition of operating modes

Thedrivingmodeisdescribedas[21];however, weused2km/h
as threshold to define not idling driving modes (Eq. 1-2-3-4).

Idle v < 2km/h; otherwise (1)
Cruise -0.1m/s? <a>01m/s? )
Acceleration a=01m/s? 3)
Deceleration @ < —0.1m/s? 4)

D. Vehicle specific power and emissions modelling

The tractive power refers to the instantaneous power
supplied by the engine to alter the kinetic and potential ener-
gies of the vehicle, while also counteracting rolling resistance
and aerodynamic drag. As a mass-independent parameter, trac-
tive power is commonly expressed as Vehicle Specific Power
(VSP) in units of W kg™'. VSP is widely utilized in emissions
research and modeling, including the Motor Vehicle Emission
Simulator (MOVES) model employed by the United States En-
vironmental Protection Agency (EPA). The formulation of VSP
is described in references [22], [23] (Eq. 5).

Pwheel

1
VSP = =v-(a(1+£i)+g-a+g-CR)+Epa

)

where m corresponds to the vehicle mass, v is speed (in m
s1), a is acceleration (in m s72), & ~ 0.1 is the mass factor for
rotational masses, g = 9.81 m s72 is the acceleration of gravi-
ty, @ is the road grade, Cy is the rolling resistance coefficient
(dimensionless), Cp is the drag coefficient (dimensionless), p,

is the air density (1.207 kg m™ at 20 °C and 1.013 bar), and A
is the cross-sectional area (in m?). VSP values are binned in 14
modes, establishing different VSP modes and derived power
usage, as presented in Table II [24], [25], [26], [27].

TABLE II
VSP MODE AND POWER USAGE LEVEL
VSP mode Power usage VSP range
[Wkg '] (Wkg™]
1 VSP<-2
Deceleration VSP <0
2 -2<VSP<0
3 0<VSP<1 Idle 0<VSP<1
4 1<VSP<4
5 4<VSP<7 Normal usage-low 1<VSP< 10
power
6 7<VSP<10
7 10<VSP< 13
8 13<VSP< 16 Normal usage-high 10<VSP< 19
power
9 16<VSP< 19
10 19<VSP<23
11 23 < VSP <28
12 28 <VSP <33 Extra-high power VSP2>19

13 33<VSP<39

14 VSP =39

The emissions outcomes from the conventional VSP method
depend on the average emission level of each of the 14 VSP mo-
des. The instantaneous emission p (in g) of the pollutant i is equal
to the average emission p (in g) of the VSP mode k [28] (Eq. 6).

Pi = Dik (6)

The total emission P (in g) of the pollutant i are computed
using the number of datapoints for each VSP mode as (Eq. 7):

14
P = Z Ny " Dik
k=1 @)

where k is the VSP mode, N the number of data points, and D
is the VSP-mode average emission (g).

E. Simulation scenarios

1. BASELINE SCENARIO

In the baseline scenario for this study, the real-world fuel
consumption is used to derive the CO, emissions and the fuel
consumption. The baseline scenario is crucial in evaluating
the impact of alternative scenarios or experimental conditions
presented below.
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2. ECODRIVING SCENARIO

In the Eco driving scenario, VSP power usage levels cate-
gorized as ‘normal usage-high power’, and ‘extra-high power’
were substituted with a minimum level of ‘normal usage-low
power’. Thus, VSP values exceeding 4 W/kg were replaced
with the corresponding emissions and fuel consumption values
specific to the VSP bin 4 category. This alternative scenario
aims to evaluate the potential impact of less aggressive driving
behavior on overall emissions and fuel efficiency.

3. LowW TRAFFIC SCENARIO

In this scenario, all vehicle stops lasting longer than 60
seconds were excluded from the dataset. The average stop
time in urban driving and traffic can vary depending on tra-
ffic density, signal timings, and road conditions. In congested
urban environments, stop times can be significantly higher,
especially during peak hours, where idle times exceed 30-60
seconds per stop [29].

4. START-STOP SCENARIO

In the start-stop scenario, vehicle stops larger than 2 seconds
were removed from the dataset. The fuel consumption by res-
tart of the engine after the start-stop action was assumed to be
increased by 3%.

5. COMBINED STRATEGIES SCENARIO

This scenario evaluated the combined effects of ecodri-
ving and start-stop scenarios. Since a start-stop device turns
off the vehicle during traffic congestions, long stops and con-
gestion become less relevant for the comparison in terms of
GHG emissions.

F. Emission Factors

1. WELL-TO-WHEEL EMISSIONS

The WTW CO, emissions were computed from the fuel
consumption and based on the emission values reported by the
ICCT in the ‘Global comparison of the life-cycle greenhou-
se gas emissions of combustion engine and electric passenger
cars’ [30]. The reported values were 19.9 ¢CO,/MJ and 73.4
gCO,/MJ for WTT and TTW emissions for gasoline, respecti-
vely. The low heat value for the gasoline (LHV) was 32.1 MJ/It.
The well-to-tank (WTT) emissions of gasoline —primarily re-
lated to petroleum extraction, processing, and transportation—
along with the tank-to-wheel (TTW) emissions from fuel com-
bustion in vehicles. The WTT emissions were calculated by
integrating these TTW figures with the well-to-wheel (WTW)
emissions outlined in the European Union’s Fuel Quality Di-
rective [31] and the U.S. Renewable Fuel Standard Program

[32]. The TTW emissions are based on data from a report by
a consortium consisting of the European Commission’s Joint
Research Centre, EUCAR, and Concawe [33].

2. DISTANCE-SPECIFIC EMISSION FACTORS

For pollutant j and road section k, the raw distance-specific
emission factor (in mg km-') was computed as (Eq. 8).

2 mj’k " At
EF;, = ——
k ®)

where 1 is the instantaneous emission (in mg s-1) during
the distance s (in km), and At is the sampling time of 1 s.

G. Fuel cost and annual mileage

Fuel savings were calculated based on the reduction in fuel
consumption per kilometer for each scenario and the current
average price for the gasoline in Ecuador. The analysis assumes
an annual mileage of 70,000 km/year or 200 km/day, typical
for taxis [34]. As of August 2024, under Presidential Decree
No. 308 [35], gasoline prices in the country were liberalized,
allowing for price adjustments tied to international oil prices.
However, the decree guarantees a maximum monthly increase
of 5% and a maximum reduction of 10% in the price. While
prices fluctuate, the average cost over recent months has been
2.68 USD per gallon or 0.71 USD per liter of gasoline. The
calculation is done only for urban driving since taxis are most
of the time used in this area.

III. RESULTS AND DISCUSSION

A. Vehicle activity

These results provide a comprehensive overview of the
vehicle’s performance across different driving conditions
and altitude variations, which will be used for subsequent
emissions analysis. The distribution of time spent across di-
fferent driving environments was 67% in urban, 27% in rural,
and 6% in highway driving, while the distance correspon-
ded to 64% in urban settings, 26% in rural areas, and 10%
on highways.

The time spent in different driving modes was categorized
into four distinct phases: idle, deceleration, acceleration, and
cruising. Overall, 34% of the total testing time was spent in
idle mode, 25% in deceleration, 29% in acceleration, and 12%
in cruise mode.

Fig 2 illustrates the time share across driving modes in urban
environment for baseline, ecodriving, low traffic, start stop, and
combined scenarios. The smoothed acceleration mode (light
yellow) represents the conditions where high power demand
observations were replaced by low power demand values. The
vehicle spent 33% idling, 25% decelerating, 29% accelerating,
and 13% cruising under the baseline scenario. As reference, the
idling time of NEDC and WLTC driving cycles, corresponds to
22.6% and 13.4%, respectively [36]. This study shows that ove-
rall idling time in real-world conditions is higher than driving
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cycles. These values reflect the more frequent stops and starts
typical of city driving characterized by frequent stops at traffic
lights and congestion under low speeds.
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Fig. 2. Time share for each driving mode for the evaluated scenarios in urban zone.

For the ecodriving scenario, part of the acceleration con-
ditions under high power demand is replaced by smoothed
accelerations, which becomes 13% of the driving time. In the
low traffic scenario, idle time further decreases to around 26%.
With fewer prolonged stops, vehicles spend more time cruising
and reduced total travel time to destiny. This result indicates
that reduced traffic congestion allows for more continuous ve-
hicle movement, thus increasing overall efficiency.

In the start-stop scenario, designed to eliminate idle time
through the use of start-stop technology, acceleration time do-
minates this scenario. However, in heavy urban traffic with fre-
quent short stops, the effectivity of this system may be reduced
due to the frequent restarting of the engine, potentially dimi-
nishing its overall benefits [37]. The combined scenario leads
to no idle time like to the start-stop scenario and 20% of the
time in smoothed acceleration mode. The redistribution of time
shares for acceleration and deceleration reflects the smoother
driving associated with ecodriving, in conjunction with the eli-
mination of unnecessary idling through start-stop functionality.
This scenario represents the optimal configuration for urban
driving, merging both strategies to achieve significant improve-
ments in fuel efficiency and emissions reduction.

1. Stops

Fig. 3 presents the distribution of stop time recorded du-
ring the urban driving test. The histogram illustrates a highly
skewed distribution with the majority of stop times concentra-
ted in the lower range. The stop time data predominantly falls
below 50 seconds, with a peak between 0 and 10 seconds. As
stop time increases, the frequency sharply decreases, indicating
that most stops during the test were of short duration.
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Fig. 3. Frequency distribution for the stop time in urban driving.

Additionally, the dashed vertical line represents the median of
20.5 s, which is positioned within the lower part of the distribu-
tion, reaffirming the preponderance of shorter stops. Few instan-
ces of stop times exceed 100 seconds. These results suggest that
in typical urban driving conditions, stops tend to be brief, but
outliers representing prolonged stops occur infrequently.

B. VSP distributions

Fig. 4 shows the frequency distributions for the VSP mo-
des for each scenario. The VSP modes do not exceed bin 10,
reflecting the urban driving patterns in these scenarios. The ba-
seline scenario exhibits the highest frequency of observations
in bin 3. This idling frequency significantly decreases in the
low traffic, start-stop, and combined scenarios. Note that Fig. 4
shows the VSP mode distributions during the engine operation.
Additionally, VSP mode 4 is more prevalent in the ecodriving
scenario, and subsequently in the combined scenario, due to
the shift from higher power demand bins to VSP mode 4.
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Fig. 4. Frequency distribution of VSP mode for the evaluated scenarios in ur-
ban driving, during the engine operation.
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C. Baseline fuel consumption and emissions

For comparison, and the use along this study, the average
vehicle across all driving conditions had an overall fuel con-
sumption of 11.2 L/100km. Considering the driving zone,
the average vehicle achieved 11.8 L/100km in urban driving,
10.8 L/100km in rural driving, and 8.2 L/100km on highways.

Taking the average vehicle, Fig. 5 presents the well-to-wheel
(WTW) CO, emissions for three driving zones: urban, rural,
and highway. The emissions are divided into two components:
fuel consumption and fuel production, with total emissions re-
ported in grams of CO, per kilometer (gCO,/km).

400 ~
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200 A
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100 +
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Well-to-wheel emissions (gCO,/km)

0 .
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Highway

®m Fuel consumption (TTW) m Fuel production (WTT)

Fig. 5. WTW CO, emissions for urban, rural, and highway driving zones.

As is shown, CO, emissions from fuel consumption is hig-
her than fuel production. Fuel consumption emissions repre-
sent 79% of WTW emissions. The urban driving exhibits the
highest total WTW emissions, having 354 ¢CO /km. Of this
total, 279 gCO,/km, is attributed to fuel consumption, while
the remaining emissions from fuel production. This high emis-
sion level in urban settings can be linked to frequent idling,
stop-and-go traffic, and the relatively low average speeds cha-
racteristic of city driving. These conditions lead to less efficient
fuel combustion, thereby increasing both fuel consumption and
overall emissions.

In contrast, the rural driving shows a slight reduction in
WTW emissions, reaching 322 ¢CO_/km. This reduction can
be explained by the typically higher speeds and fewer stop-start
events in rural driving, which allow for more efficient fuel use.

The highway driving zone demonstrates the lowest WTW
emissions, falling below 244 ¢CO,/km. The efficiency gains
associated with highway driving can be attributed to sustained
higher speeds and fewer interruptions, allowing the engine to
operate in their optimal fuel efficiency range for extended pe-
riods [38]. Additionally, highway driving involves less accele-
ration and deceleration, which further enhances fuel efficiency.

Overall, these results illustrate the substantial variability in
WTW CO, emissions across different driving environments.
Urban driving, with its frequent stops, lower speeds, and higher
idling times, is associated with the highest emissions, unders-
coring the need for targeted interventions such as enhanced
traffic management, eco-driving practices, and the adoption of
start-stop systems to reduce fuel consumption in cities.

D. Fuel consumption and emissions in alternative scenarios

Fig. 6 and Fig. 7 provide a comparison of fuel consump-
tion (in L/100km) and well-to-wheel CO, emissions (in gCO,/
km) across five evaluated scenarios in urban driving: baseline,
ecodriving, low Traffic, start-stop, and combined scenario. In
Fig. 7, WTW emissions are divided into fuel consumption and
fuel production, with percentage reductions from the Baseline
scenario indicated for each alternative.

The baseline scenario has the highest emissions, while each
strategy leads to progressively lower emissions, with the com-
bined approach yielding the largest reduction of 15% in emis-
sions and fuel consumption. Together, these figures demonstra-
te that implementing fuel-saving techniques and technologies
can simultaneously improve fuel consumption and reduce en-
vironmental impact.
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Fig. 6. Comparison of fuel consumption for the evaluated scenarios in urban driving.
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Fig. 7. Comparison of WTW CO, emissions for the evaluated scenarios in
urban driving.

The ecodriving scenario, achieved a 4% reduction in total
WTW CO, emissions compared to the Baseline. This relatively
modest reduction can be attributed to improvements in fuel effi-
ciency through better driving practices, represented in this study
by a driving style with reduced power demand. In the low traffic
scenario, where stops longer than 60 seconds are removed, WTW
emissions decreased by 5%. The reduction in fuel consumption
under low traffic conditions has a direct impact on the overall
emissions, especially in urban areas where idling is common.
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Consequently, the start-stop scenario demonstrates a 10%
reduction in WTW CO, emissions and fuel consumption. This
significant reduction is achieved by utilizing start-stop techno-
logy to eliminate idle fuel consumption. The near-complete
elimination of idling substantially reduces fuel consumption,
leading to a more noticeable decrease in overall emissions
compared to ecodriving or low traffic scenarios. A reduction
of 2.5-4.8% in CO, emissions were found under the NEDC
and WLTC cycles and 4-7% in a report for the revision of Re-
gulation (EC) No 443/2009 on CO, emissions from cars [36].
This could be explained because real-world emissions can di-
ffer in longer vehicle stops, and the tested vehicles are Euro 3
technology, with expected lower fuel efficiency. Fonseca et al.
reported CO, emission reduction of more than 20% for die-
sel passenger cars equipped with the stop/start system. Those
results were consistent regardless of the variability in driving
style, the grade and type of streets, traffic congestion, and the
engine operating temperature [39].

The combined scenario, which integrates both ecodriving
techniques and start-stop technology, delivers the most subs-
tantial reduction in WTW CO, emissions and fuel consump-
tion, achieving a 15% decrease compared to the baseline. This
scenario benefits from both smoother driving patterns, which
improve fuel efficiency, and the elimination of idling using
start-stop systems.

E. Fuel cost and avoided emissions

The annual fuel consumption for an average vehicle in urban
driving is estimated at 8,279 liters, costing approximately 5,861
USD. The projected fuel savings per taxi for each evaluated
scenario are as follows: 233 USD for the low traffic scenario,
306 USD for the ecodriving scenario, 596 USD for the start-
stop scenario, and 870 USD for the combined scenario. At the
same time the avoided emissions per taxi in one year are 0.98,
1.30, 2.52, and 3.68 tons of CO, for the low traffic, ecodriving,
start-stop, and combined scenarios, respectively. The avoided
emissions are diminished from a total of 24.8 tons of CO, emis-
sions released under the baseline scenario.

IV. CONCLUSIONS

The study provides an assessment of fuel consumption and
WTW CO, emissions of a representative average taxi under
different driving or technology scenarios related to the idling
in urban driving. The study uses real-world fuel consumption
obtained from ODB data.

Urban driving is the least efficient zone, with frequent idling
(33% of driving time) and the highest well-to-wheel (WTW)
CO, emissions at 354 gCO,/km, representing 24.8 tons of
CO, emissions per vehicle-year. This contrasts with rural and
highway driving, where emissions are lower due to fewer stops
and more sustained speeds. In general, emissions from fuel
consumption (TTW) accounts 79% of WTW emissions

The analysis of alternative driving scenarios highlights the
potential for emission reductions and fuel savings. The baseline
scenario recorded the highest emissions and fuel consumption
(11.8 L/100km in urban settings), while the low traffic scenario

reduced WTW emissions and fuel consumption by 4%), due to
fewer long stops. The ecodriving scenario led to an 5% reduc-
tion in emissions by reducing the power demand. The start-stop
scenario, which nearly eliminated idle time, reduced emissions
and fuel consumption by 10%. The most significant gains were
observed in the combined scenario, which merged ecodriving
techniques with start-stop technology, resulting in a 15% de-
crease in emissions to 301 gCO,/km and fuel consumption to
10.1 L/100km, which avoids 3.68 tons of C, per vehicle each year.

In terms of economic impact, the combined scenario yielded
the highest annual fuel savings, reducing costs by 870 USD
from the 5,861 USD of the baseline scenario, where the fuel
consumption is estimated at 8,279 liters.

Overall, these findings highlight the potential of ecodriving
practices and start-stop systems to change the distribution of dri-
ving modes, particularly in urban settings where idling and strong
acceleration is prevalent. As result, fuel consumption and emis-
sions are mitigated by reducing idle time and the power demand,
consequently increasing the share of cruise time. The Combined
scenario demonstrates the greatest potential for improving effi-
ciency by combining both smoother driving techniques and the
elimination of idling. This suggests that urban driving strategies
that encourage consistent vehicle motion, alongside the use of
start-stop systems, could play a crucial role in reducing the envi-
ronmental impact of urban transportation.
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Experimental Analysis of the Effectiveness
of Submerged Vanes in Mitigating Local Scour
at Quadratic Bridge Piers

Karina Gallardo!, Khaled Hamad-Mohamed?, and Jorge Escobar-Ortiz?

Abstract — The use of submerged vanes has been experimenta-
lly validated as an effective method for controlling local scour and
stabilizing riverine structures. This study evaluates the efficacy of
submerged vanes in mitigating local erosion around a square bridge
pier. Four experiments were conducted under controlled conditions
in the sedimentation channel of the Laboratory of the Faculty of
Civil and Environmental Engineering at the National Polytechnic
School in Quito, Ecuador. Acrylic submerged vanes were installed
upstream of the pier at a 15° attack angle relative to the flow direc-
tion, aiming to modify the velocity distribution and sediment trans-
port dynamics. The experimental results showed that submerged
vanes reduced the maximum scour depth by up to 60% compared
to tests without vanes, with an average reduction of approximately
58%. This significant reduction was attributed to the generation
of vortices that redistributed sediment, resulting in shallower and
more stable scour holes. Furthermore, the average sediment trans-
port downstream decreased by approximately 40 %, further valida-
ting the vanes’ efficiency in controlling erosive processes. The vanes
demonstrated consistent effectiveness across varying flow rates and
sedimentation conditions, underscoring their practical adaptabili-
ty. By modifying flow dynamics and reducing bed shear stress, the
vanes provided reliable scour protection regardless of the hydraulic
conditions tested. This study highlights the submerged vanes’ poten-
tial as a viable, economical, and innovative solution for protecting
riverine infrastructures, particularly bridge piers, against erosi-
ve forces. Their scalability and adaptability to different hydraulic
conditions make them suitable for mitigating scour in river systems
with high sediment transport activity and for retrofitting existing
infrastructure to enhance its stability. This research contributes to
the body of knowledge on local scour mitigation by presenting a re-
plicable experimental methodology and emphasizing the practical
applicability of submerged vanes. in hydraulic engineering. The fin-
dings suggest that submerged vanes are not only effective but also
cost-efficient, making them a promising alternative to traditional

scour protection methods such as riprap or aprons.
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Resumen — El uso de paneles sumergidos ha sido validado expe-
rimentalmente como un método efectivo para controlar la erosion
local y estabilizar estructuras fluviales. Este estudio evalia la efi-
cacia de los paneles sumergidos en la mitigacion de la erosion local
alrededor de una pila de puente cuadrada. Se realizaron cuatro ex-
perimentos bajo condiciones controladas en el canal de sedimenta-
cién del Laboratorio de la Facultad de Ingenieria Civil y Ambiental
de la Escuela Politécnica Nacional en Quito, Ecuador. Los paneles
sumergidos de acrilico se instalaron aguas arriba de la pila con un
angulo de ataque de 15° respecto a la direccion del flujo, con el ob-
jetivo de modificar la distribucién de velocidades y la dinamica del
transporte de sedimentos. Los resultados experimentales mostra-
ron que los paneles sumergidos redujeron la profundidad maxima
de socavacion en hasta un 60% en comparacién con las pruebas sin
paneles, con una reducciéon promedio de aproximadamente 58%.
Esta reduccion significativa se atribuyé a la generacion de vortices
que redistribuyeron el sedimento, resultando en cavidades de soca-
vacién mas someras y estables. Ademas, el transporte promedio de
sedimentos aguas abajo disminuy6 aproximadamente un 40%, lo
que valida aiin mas la eficiencia de los paneles en el control de los
procesos erosivos. Los paneles demostraron una efectividad consis-
tente frente a diferentes caudales y condiciones de sedimentacion,
subrayando su adaptabilidad practica. Al modificar la dindmica del
flujo y reducir las tensiones cortantes del lecho, los paneles propor-
cionaron una proteccion confiable contra la socavacion, indepen-
dientemente de las condiciones hidraulicas evaluadas. Este estudio
destaca el potencial de los paneles sumergidos como una solucién
viable, economica e innovadora para proteger infraestructuras flu-
viales, particularmente pilas de puentes, contra fuerzas erosivas.
Su escalabilidad y adaptabilidad a diferentes condiciones hidrau-
licas los hacen adecuados para mitigar la socavacion en sistemas
fluviales con alta actividad de transporte de sedimentos y para
reacondicionar infraestructuras existentes, mejorando su estabili-
dad. Esta investigacion contribuye al cuerpo de conocimiento sobre
la mitigacién de la socavacién local al presentar una metodologia
experimental replicable y resaltar la aplicabilidad practica de los
paneles sumergidos.

Palabras Clave: Erosion local; vortices; paneles sumergidos;
transporte de sedimentos.

I. INTRODUCTION

COUR remains one of the most critical challenges in civil
engineering, being the leading cause of structural settlement
in the vicinity of bridge piers. Predicting scour depth, unders-
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tanding its mechanisms, and defining the equilibrium dimen-
sions of scour holes are fundamental for the hydraulic design of
bridges, ensuring their stability under varying channel and flow
conditions [1]. These considerations require a comprehensive
understanding of key parameters such as sediment size, flow
velocity, and the geometric characteristics of bridge piers, as
they directly influence the structural safety of hydraulic infras-
tructure [2].

Local erosion around bridge piers occurs due to the removal
of bed material, creating a localized flow action that signifi-
cantly lowers the riverbed around the pier. This process invol-
ves two subprocesses: active and passive erosion. The active
phase originates at the bottom of the scour hole upstream of
the pier, driven by the horseshoe vortex—a flow structure with
a horizontal axis whose size depends on the water level [3].
The passive phase, characterized by the intermittent collapse
of scour hole walls, is entirely dictated by the dynamics of the
active phase. These flow structures amplify bed material dis-
placement and exacerbate scour depth, particularly under clear-
water conditions [4]; [5]. The complexity of these subprocesses
underscores the need for targeted mitigation strategies to redu-
ce local shear stress and stabilize sediment dynamics.

Traditional methods for mitigating scour, such as riprap,
concrete aprons, groins, and spurs, have been widely used in
hydraulic engineering. While effective, these methods often
come with limitations such as high construction costs, reduced
adaptability to dynamic flow conditions, and potential ecolo-
gical disruption [2]. Comparative analyses reveal that submer-
ged vanes offer a more economical and adaptable alternative,
particularly in environments with complex sediment transport
dynamics [6]. Unlike riprap, which can be dislodged during
high-flow events, submerged vanes actively modify flow pat-
terns to reduce bed shear stresses, making them less prone to
failure [7]; (Brian Barkdoll et al., 1999).

Submerged vanes have emerged as a viable and cost-effec-
tive solution for controlling sediment transport and mitigating
local scour [7]. These structures generate secondary circula-
tion, altering velocity distributions and reducing bed stresses
(Hamidi et al., 2024).

Experimental studies and numerical simulations have
highlighted the importance of optimized design parameters,
such as angles of attack and vane placement, in minimizing
scour depth. For instance, dual submerged vanes have been
shown to reduce scour depth by up to 33% when positioned at
specific angles and distances relative to the pier diameter [8];
[9]. Similarly, [S] demonstrated that incorporating collars at
the leading edges of submerged vanes effectively prevents local
scour, further enhancing their stability and efficiency.

While submerged vanes present clear advantages, challenges
remain, particularly in highly turbulent flows or sediment trans-
port systems dominated by coarse materials [5]; [10]. Studies
have shown that rectangular vanes often underperform under
these conditions, necessitating alternative designs to enhance
their stability and effectiveness. For instance, modifications
such as tapered or angled vane configurations have demons-
trated improved flow redirection and sediment redistribution
capabilities, particularly in reducing shear stresses near bridge
piers [11] [12] further highlighted that the application of cur-

11

ved vanes significantly enhances scour mitigation in systems
dominated by coarse sediments.

Furthermore, most existing studies focus on circular bridge
piers, leaving a significant gap in understanding scour mitiga-
tion around square piers. Square piers, with their sharp edges,
exacerbate turbulence and increase vortex strength, making them
particularly vulnerable to scour [13]; [14]. The three-dimensio-
nal nature of the flow around square piers further complicates
the problem, as increased velocity gradients form horseshoe and
wake vortices that intensify bed material displacement [3].

This study addresses these gaps by exploring the use of
submerged vanes specifically designed for square bridge piers.
Experimental findings highlight that the strategic placement of
vanes upstream of the pier can reduce scour depth by up to
30%, particularly in sharp bend configurations [15]. Additio-
nally, recent reviews emphasize the importance of optimizing
vane dimensions and configurations, such as aspect ratios and
angles of attack, to maximize sediment control and hydraulic
stability [16]. By tailoring vane design and positioning to clear-
water conditions, this research aims to achieve equilibrium
states that balance erosion control and sediment deposition,
offering a practical and sustainable methodology for improving
hydraulic stability.

II. MATERIALS AND METHODS

The experimentation was conducted in the channel of the
Hydraulic Teaching Laboratory of the Faculty of Civil and En-
vironmental Engineering at the National Polytechnic School
(EPN), Quito, Ecuador. The channel features a closed water
circuit driven by a pump, capable of reproducing conditions
from the incipient movement of particles to bed washout. Dis-
charge flow rates were measured using weirs, and the channel’s
inclination can vary from 0 to 10%. Figure 1 shows the channel,
which is 1.55 m long, 78 mm wide, and 110 mm deep.

Fig. 1. Sediment Transport Demonstration Channel (Sedimentation Channel
Operation Instructions, 2004, Cussons brand).

The design conditions of the submerged vanes experimented
with in this research depended on the scenario in which the
process was conducted. The primary objective was to mitigate
the local scour hole that forms at the bridge pier, generating
vortices that affect downstream flow. The height of the vane
depended on the draft, as well as the spacing between vanes
and the walls of the sedimentation channel, ensuring sufficient
sediment redistribution to stabilize the scour hole.



ENFOQUE UTE, VOL. 16, NO. 1, JANUARY 2025, pp. 10-16, E-ISSN: 1390-6542

Four systematically designed tests were conducted to eva-
luate the influence of submerged vanes on local scour around
a square bridge pier. Each test was performed under controlled
laboratory conditions to ensure reproducibility and accuracy.
The submerged vanes were installed upstream of the pier at a
15° attack angle relative to the flow direction. [7] established
that this angle optimizes secondary circulation, reducing bed
shear stress and enhancing sediment redistribution. Subsequent
studies, including [5], [11], and [4], validated that angles below
20° effectively promote horizontal vortices while maintaining
manageable hydraulic resistance. Additionally, [8] demonstra-
ted that dual submerged vanes positioned at optimal angles can
reduce scour depth by up to 33%, making them a viable solu-
tion for real-world applications.

During the experiments, the water draft was systematically
varied while maintaining a constant flow rate, ensuring that
clear-water conditions prevailed. This approach allowed for
consistent development of the scour hole until equilibrium
was achieved. Discharge flow rates were measured using a
rectangular weir at the channel’s outlet, and the Hegly equa-
tion (1921) was applied to ensure accuracy. Calibration of
the weir was verified before each test to minimize measure-
ment errors.

Boundary conditions were carefully controlled to prevent
external influences on erosion evolution. Following [17], the
pier’s dimensions were set at least 10% of the channel width,
using a 10 mm square wooden pier. Quartz sand with a cha-
racteristic diameter of 0.74 mm and og < 3 was selected, as its
uniformity facilitates reproducibility and aligns with sediment
properties commonly used in hydraulic studies. The sand was
distributed uniformly along the channel, with the bridge pier
placed at its center, 50 cm from the starting point.

The channel allowed for control of critical variables, such
as flow rate and inclination, essential for simulating real-world
conditions. Using square piers ensured that the study addressed
challenges unique to their geometry, as sharp edges exacerbate
turbulence and increase vortex strength [13]; [14].

The submerged vanes were designed using the equations
proposed by [7] to modify flow dynamics effectively and re-
duce local scour depth. The attack angle of 15° was selected
based on its hydraulic efficiency demonstrated in prior studies.
This choice balances efficiency with practical implementation,
avoiding the excessive flow resistance associated with larger
angles [11]; [12]. Additionally, [9] highlighted the importance
of proper vane spacing and alignment for maximizing sediment
redistribution in controlled conditions.

The variation of the water draft in the tests allows observing
the effect of different flow levels on local erosion. Maintaining
a constant flow rate ensures that observed differences are due
to the influence of the submerged vanes and not changes in
flow. This approach strengthens the reliability of the results,
isolating the impact of the submerged vanes from other poten-
tial variables.

Table 1 presents the boundary conditions with the different
drafts and scenarios conducted in each test

TABLE I
BOUNDARY CONDITIONS FOR DIFFERENT WATER DRAFTS
Calado (d) A Rh Q v
Fr Re
cm m m2 m m3/s m/s

El 45 0.045 0.0036 0.0212 0.0019 0.517 0.778 38424
E2 5 0.05 0.0040 0.0222 0.0019 0.465 0.665 36290
E3 55 0.055 0.0044 0.0232 0.0019 0423 0.576 34380
E4 6 0.06  0.0048 0.0240 0.0019 0.388 0.506 32661

The submerged panels were dimensioned according to the
equilibrium scour hole characteristics observed in each test, fo-
llowing the equations proposed by [7]. These equations ensure that
the panels are optimally sized to modify flow dynamics effectively,
promoting sediment redistribution while minimizing local scour
depth. These equations were used to determine the optimal dimen-
sions of the submerged vanes, considering the draft of each test,
the spacing between vanes and the channel walls, and the distance
from the edge of the pier to the edge of the submerged vanes.

The equations used are as follows (Eq. 1-2-3-4-5):

H = 1
“3n (D
Where:

H: Height of the submerged panel.

L: Length of the submerged panel.

ds: Distance from the edge of the pier to the start of the panel.
dn: Distance between vanes.

db: Distance from the channel wall to the submerged panel.

Table 2 establishes the dimensions of the submerged vanes
tested for each trial.

TABLE II
DIMENSIONS OF SUBMERGED VANES

Sizing of submerged vanes (a=15°)

H L ds dn db

m m m m m
El 0.015 0.045 0.1125 0.020 0.020
E2 0.017 0.05 0.125 0.020 0.020
E3 0.018 0.055 0.1375 0.020 0.020
E4 0.020 0.06 0.15 0.020 0.020

The implementation of the submerged vanes in each of the
tests is shown in Figure 2.
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Fig. 2. Equilibrium State Scour Hole (a) left side view, (b) top view, (c)
upstream view, (d) downstream view.

III. RESULTS AND DISCUSSION

Test E1

In test E1, the evolution of the erosive phenomenon was
observed during the first hours of the test. The development of
the horseshoe vortex initiated the active subprocess, followed
by the collapse of the scour hole walls in the form of intermit-
tent collapses, as shown in Figure 3. The scour hole reached
its equilibrium state at 10 hours into the test. The early-stage
aggressiveness of the erosion process highlights the dominan-
ce of vortices under lower drafts, which amplify bed shear
stress and sediment mobilization. These findings align with
the work of [2], emphasizing the critical role of draft height in
influencing local scour dynamics. Additionally, the observed
trends are consistent with the studies of [10], which demons-
trate the importance of hydrodynamic parameters in shaping
scour morphology.

Fig. 3. Equilibrium State Scour Hole E1.

Test E2

In test E2, the onset of movement was ensured to maintain
clear-water conditions throughout the process of local erosion
evolution. The erosive phenomenon reached its equilibrium
state at 13 hours into the test. It was observed that the erosion
process occurred more rapidly during the initial hours, both
in the formation of the scour hole and in sediment transport
downstream of the pier, as shown in Figure 4. Compared to
test E1, the erosion rate deceleration observed in the latter sta-
ges indicates a stabilization process driven by increasing draft
height, which reduces flow turbulence near the bed. These re-
sults support the hypothesis of [5], which states that drafts ex-
ceeding the critical depth minimize sediment disturbance and
enhance sediment stability.

Fig. 4. Equilibrium State Scour Hole E2.



ENFOQUE UTE, VOL. 16, NO. 1, JANUARY 2025, pp. 10-16, E-ISSN: 1390-6542

Test E3

In test E3, clear-water conditions were maintained to ensure
comparability with the previous tests. In this case, the erosive
phenomenon was less aggressive due to a greater draft, resul-
ting in lower bed stress and smaller characteristic vortices.
The erosive phenomenon reached its equilibrium state at 14
hours into the test, as shown in Figure 5. The reduced erosion
rates confirm the theoretical relationship between draft height
and vortex intensity, as described by [7]. These findings are
further corroborated by the results of [8], who demonstrated
a significant reduction in scour depth under controlled hydro-
dynamic parameters.

Flow Scour
Sediment Hols
transport .

Fig. 5. Equilibrium State Scour Hole.

Test E4

In the final test, the pier was positioned at the point of in-
cipient motion, as in the previous experiments. With a greater
draft, the flow velocity and bed stress were lower, resulting in
a slower and less aggressive development of the erosive phe-
nomenon. Despite this, the formation of the horseshoe vortex
in front of the pier and the wake vortex downstream was ob-
served, causing sediment transport. Figure 6 shows the deve-
lopment of the erosive phenomenon at 16 hours into the test
when it reached its equilibrium state. The slower progression
of scour and reduced depth highlight the stabilizing effects of
higher drafts. This behavior aligns with the studies of [18] and
[12], confirming the critical role of draft height in controlling
scour dynamics.

Fig. 6. Equilibrium State Scour Hole.

Table 3 presents the conditions for each experiment once the
erosive phenomenon had developed, as well as the maximum
experimental scour depth (ds). The results reveal a direct corre-
lation between draft height and scour depth, with lower drafts
generating deeper scour holes. This behavior agrees with esta-
blished theories [2] and demonstrates the critical role of flow
velocity and turbulence intensity in shaping scour morphology.

Error margins were calculated by repeating each experiment
three times under identical conditions. The standard deviation of
ds across trials ranged between 0.1 cm and 0.2 cm, indicating
high repeatability and reliability of the experimental methodology.

TABLE 111
EXPERIMENTAL RESULTS

Experiment with bridge pier

Exp. szt I]:g;; Velll(])/csity Froude Reynolds ds Exp.
El 0.045  0.0019 0.52 0.78 38424 3
E2 0.05 0.0019 0.47 0.66 36290 2.6
E3 0.055  0.0019 0.42 0.58 34380 2.1
E4 0.06 0.0019 0.39 0.51 32661 1.2
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The implementation of submerged vanes significantly re-
duced scour depth, achieving an average protection efficiency
of 58% across all tests. These findings confirm their ability to
alter flow patterns and mitigate bed shear stress effectively, as
summarized in Table 4.

TABLE IV
PROTECTION EFFICIENCY OF SUBMERGED VANES
Ex dsexp dsw/vanes Protection
p- em em Efficiency (%)
El 3 1.2 60
E2 2.6 1.1 57
E3 2.1 0.9 57
E4 1.2 0.6 50

Table 5 compares experimental results with theoretical
methods, showing that the FHWA (HEC-18) method [19] pro-
duced results closest to the experimental data, with deviations
within £10%. Other methods, such as [2], tended to overestimate
scour depth due to assumptions of higher turbulence intensity.

TABLE V
EROSION CALCULATION METHODS
ds ds ds
ds
Ex ds exp em cm cm cm
P am WA M. M. M.
: Larras Coleman Melville

El 3 3,7 6,641 6,9 9
E2 2,6 3,6 6,641 7,5 10
E3 2,1 3,5 6,641 8,1 11
E4 1,2 2,4 6,641 8,7 12

The results confirm the high effectiveness of submerged
vanes in reducing the depth of the scour hole around bridge
piers. This effectiveness stems from their ability to modify flow
patterns, redistribute velocities, and reduce the erosive capaci-
ty of the flow. These findings are consistent with prior studies
that demonstrate the efficacy of submerged vanes in mitigating
local erosion [7]; [20]. Furthermore, the comparative analysis
using various methods for calculating maximum erosion revea-
led that the FHWA (HEC-18) method provides predictions clo-
sest to the experimental results, with deviations within £10%,
validating its application under clear-water conditions [19].
These results reinforce the potential of submerged vanes as a
scalable and practical solution for mitigating local scour.

However, practical implementation, especially in large-scale
applications, poses certain challenges. A significant limita-
tion is the cost associated with the fabrication and installation
of vanes, particularly when durable materials are required to
withstand harsh environmental conditions and prolonged sub-
mersion. Durability under highly turbulent flows or in envi-
ronments dominated by coarse sediment transport is another
critical concern, as these factors can lead to increased wear and
reduced efficiency over time [12].
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Scaling up submerged vane deployment also introduces
logistical complexities, such as precise alignment during ins-
tallation and maintaining optimal spacing to ensure effective
sediment redistribution. Innovative approaches, such as modu-
lar vane designs or materials with enhanced erosion resistance,
could help address these challenges. Additionally, field studies
in diverse hydraulic environments would provide valuable in-
sights into their real-world performance, offering a clearer pic-
ture of their adaptability and long-term effectiveness.

Despite these challenges, the adaptability, proven perfor-
mance, and cost-effectiveness of submerged vanes undersco-
re their potential as a practical solution for mitigating local
scour. Future research should focus on cost-benefit analyses,
exploring ways to reduce manufacturing costs, optimize vane
configurations for various hydraulic conditions, and test their
performance in field-scale implementations. Addressing these
aspects will enhance their applicability and ensure their sca-
lability as a robust solution for protecting hydraulic structures
against local scour.

IV. CONCLUSIONS

The study determined that the erosive phenomenon deve-
lops continuously over a period known as the equilibrium sta-
te. During this phase, the vortices gradually diminish, leading
to a cessation of interactions between the active and passive
subprocesses of scour. This stabilization ultimately results in
equilibrium in downstream sediment transport.

The results obtained for maximum erosion, calculated using
the different methods presented in Table 5, revealed discrepan-
cies when compared to the experimental results. These diffe-
rences arise from limitations in accurately determining veloci-
ties near the onset of local erosion and the specific conditions
under which the calculation methods were developed. Despite
these discrepancies, the FHWA (HEC-18) method provided
predictions closest to the experimental results, validating its
application under clear-water conditions. This reinforces its
practicality as a reliable tool for preliminary design in scena-
rios where site-specific hydraulic conditions resemble those of
the controlled experiments.

Laboratory tests clearly demonstrated that submerged vanes
can induce significant changes in flow velocity distribution,
effectively modifying the depth and shape of the local scour
hole around square bridge piers. This behavior is attributed to
the reduction in bed shear stresses caused by the vanes. Specifi-
cally, the implementation of two submerged vanes upstream of
the bridge pier generated vortices that influenced a broader area
of the channel cross-section, ensuring complete coverage of the
scour hole in all experiments. The evolution of the active and
passive subprocesses varied across tests, influenced by the wa-
ter draft, which controlled the vortex intensity. Consequently,
the formation and equilibrium time of the scour hole differed,
with a corresponding reduction in shear stress observed in each
case. This systematic variation highlights the adaptability of
submerged vanes to varying hydraulic conditions, providing a
flexible tool for site-specific sediment management strategies.

From a practical perspective, the use of submerged vanes
presents a promising solution for mitigating local scour in real-
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world applications. These vanes could be strategically imple-
mented in river systems with high sediment transport activity,
especially in areas with sharp bends or regions experiencing
significant turbulence where traditional methods, such as ri-
prap or aprons, are less effective. Furthermore, their adaptabi-
lity makes them suitable for retrofitting existing bridge infras-
tructure in locations where erosion poses an ongoing threat.
However, practical challenges such as precise alignment during
installation and ensuring structural integrity under fluctuating
hydraulic loads remain areas that require further exploration.
However, practical challenges such as precise alignment during
installation and ensuring structural integrity under fluctuating
hydraulic loads remain areas that require further exploration.
Addressing these factors will be essential for maximizing the
vanes’ effectiveness in field applications.

Future research should focus on addressing the economic
and material challenges associated with large-scale implemen-
tation. Optimizing the panel design for durability in highly
turbulent flows and coarse sediment transport conditions is
crucial. Cost-benefit analyses and long-term performance eva-
luations will also be essential to promote their widespread
adoption. Moreover, developing guidelines for scaling labora-
tory results to real-world scenarios will help standardize the
use of submerged vanes in hydraulic engineering projects.
Additionally, field studies in diverse hydraulic settings will help
validate laboratory findings and provide critical insights into
real-world performance, especially under variable sediment
and flow conditions.

In summary, submerged vanes have proven to be an effec-
tive, economical, and practical technique for controlling local
erosion around square bridge piers. Their ability to modify
flow patterns, reduce shear stress, and enhance structural sta-
bility under varied flow conditions highlights their potential as
a sustainable and innovative solution in hydraulic engineering.
Their demonstrated scalability and efficiency position them as
a viable alternative to traditional erosion control measures, ca-
pable of addressing the limitations of existing approaches. This
positions submerged vanes as a transformative tool for future
scour mitigation practices.
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Bioremediation of water contaminated
with motor o1l by biological surfactants produced
by Streptococcus thermophilus, using cheese
whey as a carbon source

Ariana Chumi-Pasato', Mary Rueda-Vinces*, Giovanni Larriva®, and Verdnica Pinos-Vélez*

Abstract — The hydrocarbons that contaminate water are
difficult to remove, among other things, due to their hydrophobic
nature. A surfactant is one way to facilitate contact between the
treatment agents. This research prepared a biological surfactant
from whey fermentation through Streptococcus thermophilus
bacteria. To optimize its production, a complete factorial design
was carried out, varying the factors temperature (38, 40, and 42
°C) and time (24, 48, and 72 hours), and the response variable is
the amount of surfactant produced. It was found that the highest
performance was obtained at 40°C and 48 hours. The biosurfac-
tant was characterized to determine hemolytic activity, Parafilm,
oil dispersion, emulsification index (63.64%), and surface tension
(52.7 mN/m). The ecotoxicity test with Daphnia magna confirmed
that the biosurfactant is environmentally friendly. Finally, a bio-
remediation process was applied during the 45 days when more

than 50% engine oil removal was achieved.

Keywords: biosurfactants; Streptococcus thermophilus; biore-
mediation; cheese way valorization.

Resumen — Los hidrocarburos que contaminan el agua son di-
ficiles de remover entre otras cosas por su naturaleza hidrofébica.
Una forma de facilitar el contacto entre el agente del tratamiento
es usando un surfactante. En esta investigacion se preparé un sur-
factante biolégico a partir de la fermentacién de lactosuero a tra-
vés de las bacterias Streptococcus thermophilus. Para optimizar
su produccion se realizé un disefio factorial completo variando
los factores la temperatura (38, 40 y 42 °C) y el tiempo (24, 48 y
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72 horas) y siendo la variable respuesta la cantidad de surfactan-
te producido. Se encontré que el mayor rendimiento se obtuvo a
40 °C y 48 horas. Se caracterizé el biosurfactante para determi-
nar actividad hemolitica, Parafilm, dispersion del aceite, indice
de emulsificacion (63.64%) y tension superficial (52.7 mN/m). La
prueba de ecotoxicidad con Daphnia magna corroboro que el bio-
surfactantes es amigable con el ambiente. Finalmente, aplicando
un proceso de biorremediaciéon durante los 45 dias donde se al-
canz6 mas del 50% de remocion de aceite de motor.

Palabras Clave: biosurfactante; Streptococcus thermophilus;
biorremediacion; valorizacion del suero de queso.

I. INTRODUCTION

YDROCARBONS are a severe pollution problem becau-

se they are poorly degradable and contain toxic compo-
nents. Within the hydrocarbons derived from petroleum are
motor oils, whose global production uses approximately 2%
of the total refined crude oil, corresponding to a consumption
of nearly 38 million tons per year. In other words, 0.42 gallons
of engine lubricants are produced [1] for every barrel of crude
oil. Used massively, once discarded, they are a potential water
contamination source [2], [3].

Used engine lubricating oil contains several chemical com-
pounds such as heavy metals, as well as polynuclear aromatic
hydrocarbons, benzene, and sometimes there may be the pre-
sence of chlorinated solvents, PCBs, etc., producing a direct
effect on human health since they can become carcinogenic [4].
As aresult of car washing in washing machines and lubricators,
up to one million gallons of fresh water are polluted with oils,
which has important effects on the exposed ecosystems [5].

In Ecuador, around 54 million liters of used oil are discar-
ded annually, of which only 70% are for domestic use. The
rest, equivalent to approximately 4 million gallons, correspond
to the automotive and industrial sectors. Currently, in Cuen-
ca, around 34 thousand gallons of used oils are collected per
month from washing machines, mechanics, vulcanizers, and
industries, representing 55% [6].

Due to the potential contaminants of motorcycle oil, several
legislations have regulated the discharge of oils into the water
since poor management of these wastes generates considerable
environmental problems [7]. For example, in its official stan-
dard NOM-001-SEMARNAT-2021, Mexico established maxi-
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mum permissible limit values for fats and oils of 18 mg/l as
a daily average and 15 mg/l as a monthly average [8], [9]. In
Directive 75/440/EEC, Spain limits the content of these com-
pounds in the water used for purification, where quality limit
values are between 0.05 to 1 mg/l for dissolved or emulsified
hydrocarbons and from 0.0002 to 0.001 mg/l. 1 for polycyclic
aromatic hydrocarbons [10]. Within Ecuadorian legislation,
Book VI of the TULSMA establishes that the maximum per-
missible limit for the discharge of compounds such as total
petroleum hydrocarbons, oils, and greases are 20 mg/l and
70 mg/1, respectively [11].

Spill treatment methods or discharge to water or soil sour-
ces are expensive and/or generate other waste due to the che-
micals used, including biological, chemical, physicochemical,
thermal, electrical electromagnetic, acoustic, and ultrasonic
treatment methods [12]. One of the treatments that turns out
to be economical and widely used because it is friendly to the
environment is bioremediation, which allows the restoration of
contaminated soils or waters, a very interesting biotechnologi-
cal alternative [13].

Bioremediation is a process that consists of using plants, mi-
croorganisms, and enzymes that can be naturally or genetically
modified to neutralize chemical and biological contaminants,
reducing or eliminating their toxicity for living beings [14]. In
addition to being economical, it is environmentally friendly and
less invasive than other techniques [15]. For example, effec-
tive results have been seen when treating organic and inorga-
nic contaminants with microalgae and plants in wetlands and
mangroves that are solubilized in water [16], [17], [18], [19],
[20]. However, in the case of hydrophobic contaminants, the
efficiency of the treatments is limited by the difficulty involved
in contact between the agent that performs the bioremediation
and the contaminant [21], [22], [23]. For this reason, in addition
to microorganisms, compounds that help increase the efficiency
of contaminant removal can be implemented during the bio-
remediation process, such as biosurfactants, to reduce surface
tension, thus allowing the mobilization and reduction of conta-
minants [24]. Indeed, most of the compounds in hydrocarbons
are hydrophobic, making them difficult to degrade by microor-
ganisms; therefore, when using biosurfactants, they allow these
compounds to solubilize and increase biodegradation by having
greater contact with the contaminant [22], [25], [26].

Some studies demonstrate the effectiveness of using biosur-
factants in the bioremediation process. For example, biological
surfactants produced by bacterial strains were used together
with a consortium of bacteria in water samples contaminated
with light crude oil, which was carried out for 90 days and
increased the efficiency of the bioremediation process, obtai-
ning 81% remediation [27]. In another study, rhamnolipid and
surfactin-type biosurfactants were used together with microor-
ganisms in water contaminated with diesel for 90 days, where
the bioremediation efficiency of water and soil contaminated
with diesel was improved and had a 94% remediation [28].
Hence, a duo between a biosurfactant and a bioremediation
organism is interesting for treating hydrophobic contaminants
such as hydrocarbons [21], [26], [28]. An interesting organism
for bioremediation is Fungi because they efficiently remove
contaminants. The removal mechanism with which they act by
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adsorption of the contaminant in their biomass or by its use in
their metabolism [29], [30].

This research aims to obtain a biosurfactant through the ac-
tion of Streptococcus thermophilus using cheese whey as a car-
bon source to treat water contaminated with motor oil.

II. METHODOLOGY

2.1 biosurfactant

Activation of microbial strains: The Streptococcus thermo-
philus strain of the CHR HANSEN brand, variety ST1-12, was
used. The activation temperature was between 37 °C to 45 °C.
The strain was activated with a water-serum solution in an 8:2
ratio at an incubation temperature of 37 °C for 24 hours.

A dilution of up to 10-5 was made for the CFU count, accor-
ding to the INEN 1529-7:2013 standard. Briefly, culture media
were prepared with agar in Petri dishes. Then 0.1 ml of the
dilutions of the activated inoculum were placed in each dish,
subsequently spreading the inoculum throughout the culture
medium. The boxes were sealed with Parafilm and incubated
in the oven at 37°C for 48 h. The number of colonies was cou-
nted, then multiplied by the dilution factor and divided by the
volume used using the following formula (Eq. 1):

colony count  inverse of dilution

UFC/ml = ey

Volumen
* Additionally, the Turbidimeter equipment was used with
each dilution to corroborate the results. The higher the
dilution factor, the lower the turbidity value. Density,
protein, lactose, and fat were determined. The Milkotes-
ter equipment (Master Pro model) and a potentiometer

were used to measure the pH.

e Cheese Whey: The liquid was sterilized at 121 °C for 45
minutes. After the time was up, a filtering process sepa-
rated the proteins and fats. A 100 ml aliquot of whey was
taken, and the pH was adjusted to 6.8 with IN NaOH.

Biosurfactant production: A 10% aliquot of activated inocu-

lum was added to the sterilized whey. The fermentation process
was carried out for 72 hours at 37 °C. After fermentation, the
culture broth was centrifuged at 4000 rpm for 30 minutes. The
precipitate was removed. The biosurfactant extraction was done
using the acid precipitation method with 96% ethanol. 100 ml
culture was taken as a sample; it was acidified with 5 N H, SO,
to obtain a pH of 2. An equal volume of ethanol was added to
the sample and shaken vigorously until the components were
completely mixed. This procedure was modified based on the
methodology described in Santos (2017) [31]. After 8 h of rest,
the appearance of a white precipitate indicated the presence
of the biosurfactant. After that, the sample was separated by
centrifugation at 4000 rpm for 10 minutes, leaving the white
precipitate, which was washed twice with distilled water and
then evaporated for 12 hours in the oven at 45 °C.

Optimization: To optimize production conditions, a comple-

te factorial design with three levels and two factors was carried
out, with the response variable being the amount of surfactant
obtained. Three replicas of each experiment were carried out.
The main effects of the factor’s temperature (38, 40, 42 °C) and
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time (24, 48, and 72 h) and their combination were evaluated
by ANOVA statistical analysis using the R software version
4.4.0 with the R Studio interface.

2.2 Biosurfactant characterization

Hemolytic Activity was determined to check the presence
of the biosurfactant through the breakdown of red blood cells.
A colony of Streptococcus thermophilus strains inoculated on
Blood Agar plates and incubated at 37 °C for 48-72 hours was
obtained [31]. Those strains that presented a clear area around
the colonies were considered positive. The presence of a diffu-
se green area represents a behavior a- hemolytic; if it is a clear
area, it is considered - hemolytic, and finally, if it does not pre-
sent a change around the colony, it is a behavior y- hemolytic.

After the fermentation period, the resulting liquid was sub-
jected to a double centrifugation process for 30 minutes to de-
tect the biosurfactant. The precipitate was discarded, and the
supernatant was placed in the refrigerator for use in the diffe-
rent biosurfactant detection tests.

For the oil dispersion test (OSM), a modified method of
Alkan et al. (2019) [32]. 25 ml of distilled water was placed
in a 9 cm diameter Petri dish, and 10 uL of used motor oil
was added to the center of the plate; subsequently, 20 uL of
the product obtained after fermentation was added to half of
the oil. The diameter of the transparent area was measured in
centimeters. A theoretical comparison was performed with the
diameters of the Tween 80 zone as a positive control sample.
The diameter of the transparent zone (cm) was evaluated as “+”
for 0.5-0.9 cm, “++” for 1-1.5 cm, “+++” for 1.5-2.1 cm and
“++++" for 2.1 cm [31].

For the Parafilm test, 2 ml of the supernatant was taken, and
a drop of methylene blue was added. Then, 10 pl of the mixture
was taken and placed on a piece of Parafilm, making sure to
leave a drop without stirring it. The appearance of the drop was
examined 1 minute after being placed on the Parafilm. If the
drop maintained its shape, it was estimated as negative, while if
it took a flat or “collapsed” shape, it was valued as positive [31].

The emulsifying activity was measured by adding 5 ml of
hexane to 5 ml of the aqueous sample and stirring at high speed
in a vortex for 2 minutes. Measurements were carried out 24
hours later. The emulsion index (E24) was determined with the
Eq. 2 [33].

Aemulsion layer height
Y e 100

0 =
/E Total height ()

A sample of the fermented liquid containing the biosurfac-
tant was used to determine the surface tension. The test was
carried out using the ring method following the NTE INEN
834 standard. The maximum thrust exerted by the fluid on the
platinum-iridium ring was measured with a dynamometer. The
surface tension was calculated from the diameter of the ring
and the measured force [34].

An acute test was applied with Daphnia magna (a cladoce-
ran crustacean) to determine ecotoxicity. The average effective
concentration (EC50) against the biosurfactant was calculated
to evaluate the strains’ sensitivity. Twenty neonates under 24
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hours old were exposed to different amounts of biosurfactant:
30, 25, twenty, fifteen, 10, 5, and 0 mg/L. The immobilized
neonates were counted at 24 and 48 hours. The EC50 value or
concentration was calculated, where 50% of the crustaceans
were immobilized [35], [36].

2.3 Bioremediation of water contaminated with motor oil

The analyzed samples were prepared from distilled water
and used motor oil. Each treatment was prepared by adding the
biosurfactant obtained from the strains (10% v/v), the inocu-
lum (10% v/v), and the water contaminated with motor oil for
a total volume of 100 ml [27], See table I. The treatments were
incubated for 15, 30, and 45 days at 40 °C, with gentle shaking
at 40 rpm. In addition, total hydrocarbon analyzes were per-
formed before and after treatment. The results were compared
with a standard sample consisting of a mixture of water and
motor oil.

TABLE 1
DIFFERENT TREATMENTS USED FOR BIOREMEDIATION

Treatment Water Oils Biosurfactant Inoculum
(ml) (ml) (ml) (mil)
Water + Oil (AA) 99 1
Water + Oil + Inoculum
(AAD) 89 1 10
Water + Oil + biosurfac- 79 1 10 10

tant + inoculum (AAIB)

Two methods were used to determine the percentage of
motor oil removed from water: the gravimetric method based
on standard 5520 of the Standard Methods for the Examina-
tion of Water and Wastewater and the UV-visible spectrosco-
py method.

The procedure followed for the gravimetric method consis-
ted of evaporating the water sample with oil from the different
proposed treatments in a rotary evaporator and then extracting
the oil that remains as a residue with an amount of 10 ml of
n-hexane (EMSURE brand), subsequently dry the solvent and
weigh. The HTS is calculated with Eq. 3. P1 corresponds to the
weight of the empty container in grams, P2 to the weight of the
container with the sample residue in grams and V to the sample
volume initially measured in ml.

(P2-P1) * 1000000

HTP(mg/L) = m

3)

The concentration of hydrocarbons was carried out by UV-
visible spectrophotometer (THERMO SCIENTIFIC model
GENESYS 180). First, a calibration curve was obtained by
measuring the absorbance of a series of solutions of known
concentrations, with n-hexane as a standard substance, and
worked in a wavelength range between 200 to 400 nm in the
case of hydrocarbons [37]. Subsequently, the samples were
evaporated in the rotary evaporator and extracted with n-hexa-
ne to obtain the concentration of the used motor oil sample.
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III. RESULTS AND DISCUSSION

3.1 Obtaining the biosurfactant

After cultivation, ovoid-shaped Streptococcus thermophilus
bacteria were obtained, and the majority were grouped, forming
elongated chains, which developed into pairs known as diplo-
cocci [38]; these can be seen in Figure la. In the colony count
with the dilution of 10 after 48 hours, UFC /ml = 1.34 x 107

Fig. 1. a. Structure of the studied strain observed under a microscope at 100x.
b. Colony count of Streptococcus thermophilus in Petri dish.

Figure 1b shows the growth of Streptococcus thermophilus
colonies in the Petri dishes, in which whitish circles of different
sizes correspond to the colonies of the bacteria studied. The
culture medium used was enriched Agar, so the count values
are lower compared to other studies in which M-17 Agar or
MRS medium were used [38], [39]. Its characteristic white co-
lor was visualized with diameters less than 3 mm.

From measuring the parameters of the fresh cheese whey with
the Milkotester equipment, values of 0% fat, 3% protein, 4.5%
lactose, and a 1.019 g/cm3 density were obtained. The serum, be-
fore being sterilized, presented microorganisms such as Bacillus.
Most of the values obtained are close to those reported for other
serums, which are between 0.85-1.25% for proteins, 0.94-5.2%
for lactose, 0.25-0.7% for fat, 6.45-6.66 for pH, 1.025-1.027 g/
cm? for density, 3.71% lactose content and 6-7.3% for total so-
lids of sweet whey obtained from homemade cheese production
[40]. Only the percentages of proteins and fats differ considera-
bly, presumably due to a poor process in obtaining the cheese.

According to the Ecuadorian standard INEN 2594, which
corresponds to the requirements of liquid whey, values of the
physicochemical parameters for sweet whey are established of
5% lactose content, 0.8% milk protein, 0.3% milk fat, 6.4-6.8
pH [41]. The measured pH of the serum studied was 6.4, clas-
sifying the serum as sweet and being within the established
ranges. The fat percentage of the studied whey reflects a lower
value than that referred to in national regulations (0.3%), which
can be explained by the long resting time of the whey, where
the fats form a cream on the surface that is then removed, cau-
sing that whey contains little fat. The amount of milk protein
is above the norm value (0.8%); this phenomenon is due to the
early cutting of the curd, which, being soft, causes premature
clot breaks, causing the release of protein and other compo-
nents in the whey. The amount of lactose present in the stu-
dy whey was 4.5%, a value close to other studies that reached
around 5%, which turned out to be an excellent culture medium
for the growth of Streptococcus thermophilus, the main source
of energy for the bacteria.
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Fig. 2. a. Drying of the biosurfactant. b. Biosurfactant observed under
a microscope.

The presence of biosurfactants was verified with quantitative
tests such as surface tension and emulsification index. The bio-
surfactant concentration was 1 g/L, a value similar to that ob-
tained in other studies, where values were between 0.8 and 1.2
g/L [42]. The resulting white powder was observed under a mi-
croscope, giving crystalline structures, as shown in Figure 2B.
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Fig. 3. a. Box plot of the interaction temperature: time vs. Weight. b. Time/
temperature plot concerning weight.

For optimization, tests were carried out at different tempe-
ratures and times. The weights obtained are shown in Fig. 3,
which correspond to the dry whitish residue of surfactant. In
Figure 4, you can see the dot scatter plot of the interaction of
temperature and time concerning weight. Each color represents
a temperature tested (red for 38 °C, blue for 40 °C, and yellow
for 42 °C) and the weights obtained. It is observed that the best
surfactant production was found at a longer time and tempera-
ture. Studies indicate that the influence of time is fundamental
for production because bacteria sometimes require more time
to process the nutrients present in the carbon source to produce
the desired metabolite [31]. It also depends on the microorga-
nisms since each type has its metabolism.
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It is important to determine the production time and tem-
perature since it was shown that they influence the concen-
tration of the biosurfactant; during the treatment, the bacteria
can run out of the substrate and begin to feed on what they
produce, affecting the final amount obtained from the biolo-
gical surfactant [43], [44]. The optimal time and temperature
choice was also based on reducing costs and production times
and obtaining a high biosurfactant concentration. Furthermore,
the growth temperature range of the chosen bacteria is between
37 °C and 45 °C. The highest yield was a weight of 0.14 g for
the conditions of 40 °C for 48 h.

Once homoscedasticity and normality were confirmed
through two-way ANOVA statistical analysis, it was confirmed
that the factors time p(8.41¢®) and temperature p(0.00076)
and their interaction p(4.63e) were statistically significant. As
shown in Figure 3, the temperature and time in which a greater
average weight (0.14 g) was obtained were 40 °C and 48 hours,
respectively. Therefore, these values have been chosen as the op-
timal ones, which give better performance in producing biologi-
cal surfactants. This is also evident when comparing the means
of the different combinations of the factors. The total amount
obtained from the optimized biosurfactant was 5.6 g/L, which,
when compared with the value of the unoptimized biosurfactant
(1 g/L), can be said to have increased the amount produced.
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Fig. 4. Factor interaction graph.

The interaction graph shows that the highest surfactant pro-
duction was obtained at 40 °C, at 48 h. Also, it can see the
interactions between time and temperature.

3.2 Biosurfactant characterization

After 48 hours of incubation at 37 °C, whitish growth areas
corresponding to Streptococcus thermophilus were observed.
The test was considered positive due to a transparent halo
around the colonies generated by the lysis of red blood cells,
indicating a decrease in surface tension caused by the secretion
of biosurfactants. The light area represents that the bacteria
strains studied have a high potential for biosurfactant produc-
tion [31], and the larger the halo diameter, the greater the con-
centration of the biosurfactant that is produced [45]. In the case
of the strains studied, the observed halo was considered to have
B hemolytic behavior since the hemolysis was total or complete
due to the presence of a transparent halo.
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The hemolytic activity test is performed to verify the absence
of production of hemolysins without surfactant properties [46].
It is important to perform these tests to identify false positives,
as in one study, the strains showed hemolytic activity, had ne-
gative results in the other tests performed (droplet collapse and
oil dispersion), and a low reduction in surface tension (greater
than 60 mN/m), due to the presence of compounds other than
biosurfactants that caused the lysis of red blood cells.

Fig. 5. Hemolytic activity test.

Figure 5 shows the results of the hemolysis test, where the
transparent halos formed due to the red blood cell membrane
rupture caused by the biosurfactants are observed. The seeding
was done by puncture and streaking; the halo was formed simi-
larly in both cases.

The oil dispersion test resulted in a halo diameter of 6.5 cm
(++++), confirming the presence of biosurfactant in the sam-
ple. The results were compared with those obtained in another
study where crude oil was used for the test with a diameter of
5.9 cm for the biosurfactant obtained from lactic acid bacteria
[32]. It can be estimated that neither value differed much. In
addition, Tween 80 was taken as a positive control sample, this
being a chemical surfactant. This test, in addition to helping
confirm the presence of the biosurfactant, also demonstrated its
ability to break surface tension. There is a linear relationship
between the concentration of the biosurfactant and the diame-
ter obtained in the oil dispersion, where the larger the diameter,
the higher the concentration, and in turn, it is inversely pro-
portional concerning the surface tension, where the larger the
diameter, the lower the surface tension [47].

The Parafilm test studies change in surface tension through
the behavior of a drop on a hydrophobic surface [31]. After the
estimated time of 1 minute, the shape of the drop placed on the
Parafilm was verified. The test was considered positive when a
collapse of the placed drop was observed. Additionally, a drop
of distilled water was placed on the Parafilm as a blank and was
observed to maintain its round shape.

As in the oil dispersion test, there is also a relationship
with the concentration of the biosurfactant, where a total and
immediate drop collapse will result in a higher product con-
centration. It may also be due to the carbon source used for
production. If fats or oils are used, due to their hydrophobic
nature, it is more difficult for bacteria to obtain their nutrients
than when sugars are used as a carbon source. Therefore, the
concentration of the biological surfactant will vary [31]. After
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24 hours, the height of the emulsion was measured, obtaining
a value of 2.8 cm out of a total height of 4.4 cm. The emulsi-
fication index at 24 h was 63.64%, and it was observed that
after a while, the emulsions remained stable since their height
did not vary significantly. These results are similar to those of
another study where a%E was obtained. 50% at 24 hours and
remained stable a week later [32]. A positive test is the presen-
ce of emulsion and an emulsification index greater than 40%
that remains stable over time. In addition, it was reported that
the emulsion is formed depending on the carbon source, as is
the case with glucose and acetate of sodium as carbon sources
in the production of the biosurfactant, which generated a high
positive response when carrying out this test, contrary to what
happens with other sources such as diesel where the emulsion
was not formed [31].

Research with different microorganisms in different carbon
sources found that both variables are relevant when performing
the test since it is easier for one strain to adapt to a specific
medium than another. Regarding the emulsification index, an
investigation reported a higher value for glucose and oil for the
Ralstonia taiwanensis strain. In contrast, the Pseudomonas ve-
ronii strain had a low index in the same substrates. Another
investigation that used a synthetic substrate for the strain of
Streptococcus thermophilus obtained a lower%E than when
using lactic whey, repeating the same with other strains of lac-
tic acid bacteria where the index increased when using whey as
a carbon source [32].

The surface tension test result showed a surface tension va-
lue of 52.7 mN/m, compared with other studies, which obtai-
ned a similar result of 48.85 mN/m [32], using cheese whey as
a carbon source and Streptococcus thermophilus as a biosurfac-
tant-producing bacteria. Taking pure water as a reference as a
control value of 72 mN/m, there is a considerable reduction in
surface tension, thus confirming the presence of biosurfactants.

Other studies that used different types of bacteria, obtained
surface tension values of between 42 to 71 mN/m, using oil and
glucose as culture medium. Likewise, in another study, bacteria
and yeast were used to produce a biological surfactant, which
managed to reduce the surface tension from 72 to 36 mN/m for
the bacteria and 42 mN/m for the yeast [46], [48].

A selection criterion for biosurfactant-producing strains is
surface tension values less than 40 mN/m; likewise, higher
values are considered emulsifiers [31], [49]. Strains that show
values greater than 60 mN/m of surface tension are not con-
sidered producers of biological surfactants since there is an
inversely proportional relationship between the concentration
of the biosurfactant and the surface tension; as long as there
is a high reduction in surface tension, the greater will be your
concentration [47]. It should be considered that there is an im-
portant relationship between the reduction of surface tension
with the carbon source, having significant variances between
one medium and another, regardless of the strains used, and di-
fferent carbon sources exert different effects on the production
of the biosurfactant [31].

In the different treatments in water for the removal of the oil
with the biosurfactant, a concentration of 30 mg/L was used,
which is equivalent to 10% of the solution; at the beginning of
the study, the test was carried out at that concentration, resul-
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ting in the death of 7 neonates of the 20 placed, at 48 hours. But
then, by continuing with the standard for the test, they were ca-
rried out at different concentrations of the biosurfactant to find
out EC50 value. When carrying out the test, it was observed
that after 24 hours of having placed the Daphnia magna in the
solutions with the biosurfactant at a lower concentration, there
is low mortality. From 10 mg/L, the mortality increases until
all of them die at 48 hours. The EC50 value (mean effective
concentration) can be seen in Figure 6, which shows that at a
concentration of 14.366 mg/L, p(8.653e'10), 50% of the neona-
tes die, obtained from the statistical analysis where the value is
significant, having a reliability of 97%, and it can be said that
the biosurfactant has a low toxicity. Other studies obtained an
EC50 of between 3 and 120 mg/1 in the evaluation of the toxi-
city of anionic chemical surfactants, which are generally used
in detergents, tested after 24 hours with Daphnia magna, de-
monstrating a low to intermediate toxicity[50]. Although these
values do not represent the toxicity of a biological surfactant,
they can be used as a reference and allow comparison of both
types since they are marketed and widely used.
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Fig. 6. Biosurfactant concentration concerning immobility rate.

3.3 Application in water bioremediation

The treatments were exposed to different conditions, such
as placing them in an incubator with constant shaking at 40 °C
and using a bacteria-fungus consortium, in which it was propo-
sed to use the fungus Aspergillus niger. Bioremediation with
fungus relies on improved detoxification and degradation of to-
xic pollutants through intracellular accumulation or enzymatic
transformation to less toxic or nontoxic compounds [21], [23].

The different treatments showed a considerable reduction of
oil in the water during the incubation time, except the treatment
that contained only water with used motor oil, which had a 5%
reduction due to losses in the container when performing other
tests. Other studies reported a 7% reduction in the standard
sample because the water they used was not sterile [27].

The different treatments had an initial concentration of to-
tal petroleum hydrocarbons of 8780 mg/L. After the 45 days
proposed in the study, final concentrations were between 5348
and 3012 mg/L. The treatment with a higher percentage of re-
moval was that of water, oil, consortium of microorganisms,
and biosurfactant (AAIB), achieving 57.68% oil removal. In
comparison, the treatment with a lower percentage of biore-
mediation was the control sample of water and oil, having a
5% reduction. These results were compared with studies that
reported removal of 50% in the first 30 days and 81% at 90
days; the treatment with biosurfactant and mixed culture had
the highest removal [27]. These results are also compared with
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another study, where a high percentage of hydrocarbon remo-
val was obtained (92%) in the third week of experimentation,
considering the hydrocarbon concentrations were lower (38.30
mg/l). Likewise, in another investigation, a 39.4% removal of
heavy crude oil was obtained for 100 days, where natural mine-
ral nutrients were combined with rhamnolipid biosurfactants.
With these values, it is possible to analyze what influences the
removal percentage, such as the type of contaminant, the con-
centration, and the days the treatment lasts [51].

The better removal obtained with the combination of biosur-
factant with bioremediation with fungi is because the biosur-
factant makes the contaminant available for use by the fungus.
This is demonstrated when comparing treatments with (AAIB)
or without (A AI) biosurfactants. In all cases, the use of biosur-
factants favors bioremediation.

Table 2 shows the results of the weights of the different
treatments from day O to 45 days.

TABLE I
RESULTS OF THE DIFFERENT TREATMENTS
USED FOR BIOREMEDIATION

D Micro- AAI(g) HTP % AAIB  HTP %
ays organisms g (mg/L) Removal (g) (mg/L  Removal
0 0.878 8780 0 0.878 8780 0
15 0.6265 6265 25.15 0.6453 6453 23.27

Bacteria
30 0.6009 6009 27.71 0.524 5240 354
45 0.5348 5348 34.32 04182 4182 45.98
0 0.878 8780 0 0.878 8780 0
15 Consortium:  0.6107 6107 26.73 0.5202 5502 32.78
Bacteria-
30 Fungus 0.583 5830 29.5 0.4251 4251 45.29
0 0.5075 5075 37.5 03012 3012 57.68

Note. AAI: Water, oil and inoculum. AAIB: Water, oil, inoculum, and biosurfactant

The results open the way for this treatment to be used on an
industrial scale. Cheese whey is a frequent waste in the local
industry. This would justify implementing a system to obtain
biosurfactants, which can be used in biological systems such as
water treatment plants. Additionally, it can be used in combi-
nation with bioremediation to eliminate hydrophobic contami-
nants such as car wash water or other aqueous waste contami-
nated with hydrocarbons.

Lubricating oils, in addition to containing hydrocarbons in
their composition, also contain other contaminants such as
heavy metals, chlorinated solvents, and residual engine dirt,
making them difficult to degrade. That said, with the results
obtained in this research, it can be concluded that using the
biosurfactant and the bacterial consortium removes the hydro-
carbon and other types of contaminants in the sample [52]. For
example, there is a study where biosurfactants produced by P.
aeruginosa were used to remove lead and mercury in marine in-
tertidal sediments, resulting in 62% and 50% of Pb and Hg, res-
pectively. The ionic character of surfactants provides for their
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use in removing heavy metals due to the affinity of the cations
for negatively charged surfactants [53].

CONCLUSIONS

Whey is the main byproduct of the dairy industry and due to
its high level of nutrients, it has a high contaminant load and,
far from being used, is disposed of in water sources or sewage
systems without prior treatment. That said, using whey as a
carbon source made it possible to obtain a biological surfactant
through whey fermentation by the action of Streptococcus ther-
mophilus bacteria. Its extraction was obtained using the acid
precipitation method, which was modified since, from the be-
ginning, the solvents used were methanol and chloroform; their
risk and cost are known; it was decided to replace them with
96% ethanol, obtaining similar results.

It was demonstrated that time, temperature, and their inte-
raction play a fundamental role in the production of the bio-
surfactant, where it was evident that at a temperature of 40 °C
and 48 hours of fermentation, the ideal conditions are achieved
where Streptococcus thermophilus produces a greater amount
of biological surfactant improving process performance.

The biosurfactant could be identified thanks to the different
qualitative and quantitative tests, thus confirming the product’s
presence. Furthermore, the ecotoxicity tests and results conclu-
ded that the biological surfactant is not dangerous to aquatic
fauna if used in water bodies.

The efficiency of the biosurfactants was evaluated in the di-
fferent treatments carried out for the bioremediation process.
The product obtained and the microorganisms that degraded
the oil in the contaminated water had a favorable result. Given
that the oil is a complex sample, it is recommended that the
bioremediation time be increased to improve the biodegrada-
tion of contaminating compounds.
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Coca Codo Sinclair Hydropower Plant:
A time bomb in the energy sector for Ecuador
or a successful project?

Sebastian Naranjo-Silva'”, Juliana Romero-Bermeo?

Abstract — In Ecuador, the electricity sector has undergone
significant transformation over the past 15 years, with a marked
increase in renewable energy capacity, particularly hydropower,
which grew from 1,707 MW in 2000 to 5,100 MW in 2022. This
shift, driven by the need to diversify the energy grid and redu-
ce fossil fuel dependence. Despite its importance, the Coca Codo
Sinclair project with 1,500 MW has faced several technical, envi-
ronmental, and social challenges, including erosion and structu-
ral issues, raising concerns about its long-term sustainability. This
article aims to analyze these challenges, their causes, impacts, and
potential solutions, providing insights for future hydropower de-
velopments in similar regions. Coca Codo Sinclair is an example
of the ambition of a government that did not follow the recommen-
dations of technical studies on the maximum capacity that could
be generated by a plant that now has more problems than ad-
vantages, analyzing all the associated drawbacks that the largest
hydropower plant in Ecuador, it is important to understand that
technical criteria must prevail over political decisions. In order to
keep the more than 3 billion dollars of investment going, urgent
action is required on CCS remediation works, with a combination
of investments in repairs and maintenance activities, improve-
ments in management and governance of the project, therefore,
currently the largest plant in Ecuador represents a time bomb

that can collapse due to any of the various problems.

Keywords: Case study, Coca, disadvantages, energy grid, hy-
dropower, Quijos, river.

Resumen — En Ecuador, el sector eléctrico ha experimentado
una importante transformacion en los dltimos 15 afios, con un
marcado de la capacidad de energia renovable, en particular la
hidroeléctrica, que pasé de 1.707 MW en 2000 a 5100 MW en
2022. Cambio, impulsado por diversificar la matriz energética y
reducir la dependencia fésil. A pesar de su importancia, el pro-
yecto Coca Codo Sinclair con 1500 MW ha enfrentado varios
desafios técnicos, ambientales y sociales, incluidos problemas
de erosién y estructurales, lo que genera preocupaciones sobre
su sostenibilidad a largo plazo. Este articulo tiene como objeti-
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vo analizar estos desafios, causas, impactos y posibles soluciones,
brindando perspectivas para futuros desarrollos hidroeléctricos
en regiones similares. Coca Codo Sinclair es un ejemplo de la am-
bicion de un gobierno que no siguié las recomendaciones de los es-
tudios técnicos sobre la capacidad maxima que genera una planta
que ahora tiene mas problemas que ventajas, analizando todos
los inconvenientes asociados que tiene la hidroeléctrica mas gran-
de de Ecuador, es importante entender que los criterios técnicos
deben prevalecer sobre las decisiones politicas. Y, para mantener
en marcha los mas de 3 mil millones de délares de inversion, se
requiere actuar urgentemente en obras con una combinacién de
inversiones en actividades de reparaciéon y mantenimiento, y me-
joras en la gestion y gobernanza del proyecto, pues actualmente la
planta mas grande del Ecuador representa una bomba de tiempo
que puede colapsar por cualquiera de los diversos problemas.

Palabras Clave: Estudio de caso, Coca, desventajas, red energé-
tica, hidroelectricidad, Quijos, rio.

[. INTRODUCTION

IN Ecuador, a South American country, its electricity sector
has been changing for almost 15 years, increasing its capa-
city in areas of renewable generation, and thus its energy grid
grew widely, specifically moving into hydropower development
in the year 2000 with 1,707 MW, to 5,100 MW in 2022, means,
in 22 years, Ecuador’s installed hydroelectricity capacity grew
by around 300 % [1], [2].

Ecuador has experienced notable growth in the renewable
sector, driven by the need to diversify its energy grid, and re-
duce dependence on fossil fuels. This development has been
an integral part of national energy policies, which seek to meet
the growing demand for energy and mitigate the environmental
impacts associated with traditional electricity generation [3].

Hydropower has been the keystone of the growth of re-
newable energy in Ecuador. Emblematic projects such as Coca
Codo Sinclair, with a capacity of 1,500 megawatts, have been
fundamental to increasing the country’s installed capacity [4].
Other important hydroelectric projects include the start-up of:
Sopladora, Minas San Francisco and Toachi Pilaton, which
have contributed significantly to the generation capacity and
the stability of the electricity supply with 487 MW, 270 MW,
and 254 MW respectively [5], [6].

The Coca Codo Sinclair hydropower plant (CCSHP), loca-
ted in the Amazon region of Ecuador (Fig. 1), is one of the lar-
gest and most ambitious infrastructure projects in the country.
Inaugurated in 2016, this hydroelectric central is the largest in
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installed capacity in the country, which makes it a key piece
for Ecuador’s energy supply [7]. However, since its conception,
the project has faced multiple technical, environmental and so-
cial challenges that spark widespread debate and concern both
nationally and internationally [8], [9].
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Fig. 1. Coca Codo Sinclair in Ecuador. Source: [10].

The planning and construction of Coca Codo Sinclair began
with the objective of harnessing the hydroelectric potential of
the Coca and Quijos rivers to meet the country’s growing ener-
gy demand and reduce dependence on fossil fuels [11]. Mainly
financed by mostly Chinese international loans, and built by
the Chinese company Sinohydro, the project promised not only
a stable energy supply, but also economic and development be-
nefits for the Amazon region [12], [13].

Despite these promises, the central construction was marked
by delays, cost overruns and controversies related to the quality
of the materials used and poor project management practices
[14]. The need to meet deadlines led to hurried decisions that
subsequently resulted in significant structural problems, inclu-
ding cracks in critical infrastructure components [15].

One of the most critical issues facing Coca Codo Sinclair
is erosion on the Coca and Quijos rivers, exacerbated by the
construction of two dams and natural events such as the San
Rafael waterfall slide in 2020 [16]. The alteration of the river
channel and the modification of sediment flows have intensified
erosive processes, putting both the plant’s infrastructure and
local communities and ecosystems at risk [17].

Erosion has caused the loss of agricultural land, affected
biodiversity and forced the relocation of several communities.
Additionally, it has generated significant additional costs for
the repair and maintenance of the plant facilities, calling into
question the long-term economic and environmental sustaina-
bility of the project [18]. The Coca Codo Sinclair hydropower
plant has the capacity to supply approximately 30% of the elec-
trical energy consumed in Ecuador, however, since its inaugu-
ration, it has faced operational and technical challenges, but
remains a crucial component in the country’s energy grid [19].
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With this background, it observed that there is a technical
gap that society is unaware of between the investment made in
the Coca Codo Sinclair hydropower plant, and the current pro-
blems that must be discussed to generate sustainability for the
project, which cost approximately 3.2 billion of american do-
llars to Ecuador, a figure that includes the cost of construction,
equipment, inspection, administration and other aspects until
the largest hydropower plant in the country is launched [20].

Thus, this article aims to analyze the problems associated
with the Coca Codo Sinclair hydropower plant, exploring the
causes, impacts and possible solutions. Through a comprehen-
sive review of literature, and technical data to provide an in-
clusive understanding of the challenges faced by this project
and lessons learned that can be applied to future hydropower
developments in similar regions.

II. METHODOLOGY

This study employs a technical-scientific analysis to evalua-
te the Coca Codo Sinclair Hydropower Plant, focusing on its
operational, environmental, and economic implications. Infor-
mation for this analysis was sourced from official project docu-
mentation, including feasibility studies, technical designs, and
performance reports published by government agencies, pro-
ject contractors, and independent auditors. Additionally, data
from scientific publications and engineering journals provided
a foundation for cross-referencing project outcomes [21], [22].

Key regulations and standards relevant to hydropower and
energy infrastructure were reviewed, including Ecuador’s le-
gal framework for energy generation, environmental impact
assessments, and international hydropower guidelines from or-
ganizations such as the International Hydropower Association.
These were compared with Coca Codo Sinclair’s adherence to
ensure compliance and evaluate sustainability.

Technical documents analyzed include structural integrity re-
ports, turbine performance evaluations, and reservoir management
strategies. Particular attention was given to assessing compliance
with seismic safety codes, given the region’s geologic instability.
This involved a comparative analysis of global engineering practi-
ces in similar projects to identify any deficiencies [23].

Economic data, including construction costs, maintenance
expenses, and revenue projections, were analyzed to assess the
project’s financial viability. Secondary data from government
audits and independent financial assessments were incorpora-
ted to identify deviations from initial projections and their im-
plications for national energy policy.

Lastly, public records were used to contextualize socio-en-
vironmental impacts, focusing on displacement, biodiversity,
and downstream water use. This holistic approach ensured a
robust understanding of the project’s technical, economic, and
social dimensions.

III. RESULTS

Through the development of a mega structure like Coca
Codo Sinclair, several geomorphological faults, environmental
problems, migration of communities, and energy stoppages to
Ecuador have been triggered. First there was a 144 meters wa-
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terfall called San Rafael, which, due to the manipulation of the
direction of the Coca River, now presents pronounced regres-
sive erosion [24].

In Ecuador, in February 2020, a catastrophic reestablishment
of the basin upstream and downstream of the hydropower plant
began. This sudden failure in river control and regressive erosion
continued with processes familiar to geomorphologists that are
not previously observed at this scale during the historical era [25].

However, this event is just one more of the problems since
2016 after starting up the plant, problems that have been getting
worse, the Coca Codo Sinclair central faced difficulties such as:
The location of the plant in a geologically unstable area has cau-
sed a phenomenon of regressive erosion in the Coca River. Stu-
dies have found that the construction of the plant increased the
erosion rate in the area by 42 %, increasing sediments [26], [27].

On the other hand, failures and microcracks have been de-
tected in the plant’s infrastructure, which has generated uncer-
tainty about its safety and long-term stability and highlights the
importance of a rigorous evaluation of this project. Therefore,
the Coca Codo Sinclair hydropower plant has faced several pro-
blems since its construction and start-up, following the main

problems detected:

Machine quality

Structural Problems

Geological Problems

‘inancial and Management
Problems

Coca Codo Sinclair Hydropower

Technical and

Problems

Fig. 2. Problems identified at the Coca Codo Sinclair hydropower plant in Ecuador.

With the references in Fig. 2, the development of each
drawback was followed for a better understanding and future
discussion in a technical manner:

A. Structural Problems

There are fissures and cracks in the water accumulation and
distribution plants, prior to the turbines, as one of the most
notable problems. These cracks have raised concerns about the
structural integrity and safety of the plant [28].
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Likewise, the government entities of Ecuador have still de-
cided not to formally receive the work from the Chinese com-
pany Sinohydro due to the quality of construction with criti-
cism about the effectiveness of the materials and labor used in
the construction, which contributes to structural problems [29].

These two problems are serious, major and are under dis-
cussion in an International Arbitration because these findings
are inside the power house, the heart of the hydropower plant,
only this part that contains the distributors, water conduits, and
turbines required 1.1 billion of dollars, and is the core of the
entire plant [30], [31].

In the case of the International Arbitration trial between Ecua-
dor and Sinohydro for the Coca Codo Sinclair hydropower plant,
it is carried out under the auspices of the International Cham-
ber of Commerce (ICC). According to the Ecuadorian informa-
tion, the sponsorship of the lawsuit is in charge of the Attorney
General’s Office of the State of Ecuador, in coordination with the
Electric Corporation of Ecuador. In this specific case, the seat of
the arbitration is in Paris, France, it began in 2019, and the main
grounds of this arbitration include the following key points:

¢ Construction Defects,

* Responsibility for Repairs, and

e Additional Costs and Overruns.

B. Geological Problems

The Coca Codo Sinclair plant was built in a geologically uns-
table area, rather than a more stable zone as is the usual prac-
tice for this type of large-scale hydropower projects. It caused
a phenomenon of regressive erosion in the Coca River, hence
breaking away at the banks of the river and threatens to affect key
infrastructure such as the water collection of the plant itself [32].

Additionally, the location of the dam is in an area with seis-
mic activity of the Reventador volcano that poses additional
safety challenges. According to an analysis by the United States
Army Corps of Engineers from 2023, it was mentioned that
pre-construction studies would have used outdated data on wa-
ter flow and geological risk, without taking into account the
effects of climate change, reason for which these physical pro-
blems are currently accentuated [33]. The Fig. 3 is a compara-
tive image of the geomorphological displacements in the area.

Planet Scope

Planet Scope

Fig. 3. Coca River erosion (Before 2020 — Now 2024). Source:[34]
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Thus, the landslide near the plant is located in a geologica-
Ily active area, which resulted in earth movements that affect
the infrastructure and access roads. Finally, the induced seis-
micity due to the construction of the reservoir raises concerns
about the possibility of loss of part of the region’s infrastruc-
ture [35], [36].

C. Environmental impacts

Erosion in the Coca River basin is now evident, the cons-
truction of the dam significantly altered the river dynamics,
causing erosion problems downstream, which affected, among
other things, the San Rafael waterfall, which collapsed in 2020,
and it currently no longer exists (Figure 4). It was a 140-meter
waterfall and served as a place for tourist visits due to its exten-
sive majesty [37], [38].

Fig. 4. San Rafael Waterfall near CCS (Before 2020 — Now 2024). Source:[34].

In February 2020, the basin upstream and downstream of
the hydropower plant presented a sudden failure in river control
and regressive erosion that continued with accelerated proces-
ses. During the first three years after faulting and rupture (2020-
2023), the erosion front migrated almost 13 km upstream, at
speeds controlled by the variable resistance of the underlying
substrates and the sequence of flows [39].

Erosion of the main valleys and tributaries upstream of the
lava dam generated a sediment pulse estimated at 500 MT
in three years (one of the largest in modern times), which
deposited sediment several meters thick along dozens of kilo-
meters downstream of the dam near the site of the San Rafael
waterfall [40], [41].

In contrast, the riverbed at the upstream end of the degraded
reach began to open up and form a more channelized flow path,
but the Coca River will likely require a decade or more to ex-
port most of the sediment. Additional supply from erosion and
the presence of sediment storage tracts in the downstream river
corridor will slow recovery time [39], [41].

Likewise, another problem is sedimentation, the accumu-
lation of material in the reservoir affects the storage capacity
and efficiency of the plant, and has caused several stoppages of
Coca Codo Sinclair due to removing these sediments manually
in the sand traps. In 2024 there will already be 16 stoppages, as
indicated below [42], [43].
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TABLE 1
STOPPAGES AT COCA CODO SINCLAIR
DUE TO SEDIMENT CLEANING IN THE SAND TRAP

No. Year Stoppages Observation
1 2019 3 -
2 2020 3 -
3 2021 1 -
4 2022 10 -
5 2023 9 -
6 2024 16 Until May 2024*

Source: [44]

Together, these two problems of erosion and sedimentation
are serious since the erosion of the surrounding areas, both
upstream and downstream of the plant, generates stoppages to
release the waste that prevents both the accumulation of water
and its discharge.

D. Financial and Social Management Problems

Additional costs in the hydropower plant’s development ari-
se from structural and maintenance issues, leading to unfore-
seen expenses that increase the financial burden on Ecuador,
including foreign debt to China’s Exim Bank [45].

Likewise, the management of the administration is very
questionable, showing variations throughout the contracts, the-
re have been complaints and suspicions of corruption in the
awarding of contracts and in the project management, which
has affected the transparency and efficiency of the central de-
noting overprice.

Associating, the Attorney General’s Office of the State of
Ecuador investigates an alleged network of bribes for appro-
ximately 76 million US dollars related to the construction of
Coca Codo Sinclair between 2009 and 2018, in which former
ex-president of Ecuador, public officials and the company Sino-
hydro are involved [46].

Finally, there is displacement and impact on communities,
the construction of the power plant and its reservoirs (compen-
sation and generation) has affected local communities, both in
terms of displacement and in the impact on their traditional
livelihoods such as fishing, tourism, hunting and agricultural
activities [47].

E. Technical and Operational Problems

One of the main difficulties is the lack of Maintenance,
the need for frequent repairs due to structural problems has
affected the continuous and efficient operation of the plant,
but above all, since there is no structured preventive mainte-
nance plan, it takes its toll throughout of the operation of the
hydropower plant.
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Likewise, the operating capacity of the plant, although has
an installed capacity of 1,500 MW, technical problems have
limited its ability to operate at full power, and according to his-
torical data, it appears that it was not adequately sized in capa-
city, operating at 70 % average energy generation as indicated
in Table 2.

F. History of Coca Codo Sinclair

On the other hand, after defining these problems in various
schemes, magnitudes, and that in the end determine the effi-
ciency of the plant, it is important to understand where these
difficulties came from, wherefore pertinent to mention the his-
tory of the Coca Codo Sinclair.

The Ecuadorian Institute of Electrification (INECEL in
Spanish), created in 1961, studied the Coca Codo Sinclair Pro-
ject between 1970 and 1992, with the support of internatio-
nal consulting companies, such as: Hidro Service from Brazil
(1976-1980) and Electroconsult from Italy (1986 - 1992), of
which concluded that the work would depend on an under-
ground powerhouse built in two phases, 432 MW and 427
MW, totaling 859 MW, with flows of 63.5 m%/s to generate
6,000 gigawatts/hour each year (GWh/year), with a plant fac-
tor of 0.8, in which the total cost of the project was 915 million
dollars [48].

After 15 years of Italian, Brazilian and Ecuadorian studies,
in 2007 there was talk again of the construction of the Coca
Codo Sinclair Project, and in 2008, the company Coca Codo
Sinclair EP was created. Where new design parameters were
defined for the hydroelectric project, and the power was chan-
ged from 859 to 1,500 MW, with a design flow of 222 m’/s
and a plant factor of 0.65 to generate 8,800 GWh/year, with a
project cost of 1.6 billion dollars [43].

In general figures from Table 3, it changes and decisions
represent a 43 % increase in energy generation compared to
the original project, and also an additional 75% investment,
without considering all the complementary works, defining
this increase as a political proposal, and unrealistic to the cu-
rrent generation data of Coca Codo Sinclair that are later obser-
ved with historical generation information [48].

Subsequently, on October 5, 2009, when there was still
no firm financing, the Coca Codo Sinclair company and the
Chinese company Sinohydro Corporation signed the contract
for the construction of the 1,500 MW project, for a value of
1,979,700,000 USD; value that consists of two parts: 85 %
Chinese financing, through debt, and 15 % contribution from
the Ecuadorian government, that is, 1,682,745,000 USD and
296,955,000 USD, respectively [48].

Next, on May 31, 2011, a Coca Codo Sinclair Management
and Supervision contract was signed between Coca Codo Sin-
clair EP and the company CFE — PYPSA, for a final value of
140,667,692 USD, due to complementary contracts, made for
first year of activities, the details of which are not known in
detail so far [49].

Also, to transfer the energy from Coca Codo, power lines
were needed, for which high voltage transmission lines were
installed to carry the electricity generated from the plant to the
consumption centers, this included the construction of substa-
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tions and towers. of transmission. Access Roads and Bridges
were also developed to allow access to the construction site and
to facilitate the transportation of materials and equipment. And
finally, it was spent on Environmental Control measures which
included the construction of wastewater management systems,
reforestation programs and other actions to mitigate the envi-
ronmental impact of the project.

Finally, in April 2016 the first four turbines were provisio-
nally received and in November the other four. The new project
entered into commercial operation on November 16,2016 and
during the last 8 years, it has generated, on average, about 6,551
GWh/year, which means that the hydropower plant provides a
value in energy similar to that predicted by INECEL in 1992,
but with a smaller plant and cost as indicated in Table 2 in the
energy delivered since 2016.

TABLE II
ENERGY DELIVERED FROM
THE COCA CODO SINCLAIR PLANT IN GWH
Ave-
Years 2016 2017 2018 2019 2020 2021 2022 2023 0
Energy
produced 3264 6242 6488 6,730 7,140 6,969 7,202 8376 6,551
GWh
Percentage 91% 4% 4% 6% 2% 3%  16%
change %

Source: [50]

I'V. DISCUSSION

Starting from the fact that to finance Coca Codo Sinclair as
the largest work carried out in Ecuador, external credits were
required, this project was carried out with Chinese loans and
oil agreements were generated that allowed Ecuador to access
a large part of the necessary external credit, which became the
main source of income to change the electricity sector [45].
However, at the same time it is particular that after generating
the credits, the project was built by China.

After understanding that by generating debt, a large-scale
work was built, the negotiations became political, and with
that, it is assumed that the pressures decided for the construc-
tion of China, however, the first finding that since studies, from
investigators of China in others cases of energy constructions
reveals that quality failures are caused by defaults by workers,
inadequate checking procedures, incomplete construction site
surveys, wrong design work, and fraud of construction compa-
nies that conclude in quality failures [51].

Relating, although rework is a common phenomenon in the
Chinese construction industry and significantly affects projects
success, an interview with 13 experienced construction profes-
sionals in China to prioritize these causes determines that the
unclear project process management, poor quality of construc-
tion technology, and the poor construction materials are the
principal causes [52].

From the compiled history, after generating new calcula-
tions from the engineering studies, increasing the capacity of
the hydropower plant, the geomorphic adjustment of the Coca
& Quijos rivers was not predicted, which now represents an
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unusual natural disaster that threatens life, property, important
infrastructure and energy security, since it compromises nearby
oil pipelines and the largest hydroelectric installation in Ecua-
dor. However, this rare event creates valuable opportunities
to learn how a major disturbance and recovery of an autoge-
nous basin evolves, with important lessons for understanding
the geomorphic transience and sedimentary record of volcanic
landscapes [53], [54].

Nevertheless, after verifying the current problems of the hy-
dropower plant, it is important to discuss how to prevent immi-
nent damage to the works to seek to maintain it, which has a
high cost and can establish a risk of paralysis at any time. Thus,
based on the 2021-2022 analysis of the United States Army
Corps of Engineers in coordination with the Corps of Civil
Engineers of Ecuador, options have been generated, especially
in nearby works to avoid erosion as the biggest problem that
generates stoppages at the moment.

In July 2021, the United States Army Corps of Engineers vi-
sited the Coca Codo Sinclair area to inspect the progress of re-
gressive erosion of the Coca River that, since February 2020, has
threatened the hydroelectric plant. Among the improvement op-
tions there are several discussions, however, the three viable al-
ternatives to mitigate the impacts related to the problems identi-
fied so far are considered and updated with investigative criteria:

1. Dredge the river upstream and downstream;

2. Develop sediment retention structures in mountains

3. (foundation walls);

4. Automate sediment tramps (sand filters).

Regarding these three options proposed and discussed, it
is considered that they are valid for the current situation of
the plant, in which the operational development management
could be largely improved for proper operation. Additional to
the design of the United States Army Corps of Engineers at the
request of the Ecuadorian government, these improvements are
the minimum necessary to guarantee the safety and efficiency
of the plant, as well as to identify and mitigate any potential
problems that could affect its operation, and the safety of near-
by communities.

However, again the United States Army Corps of Engineers,
during a visit in 2023, generated more recommendations, and
as options for aggressive and major changes, in the same study,
it was also proposed:

1. Raise the number of machines, which would imply re-
building this part of the plant;

2. Divert the outlet downstream through a longer tunnel;

3. Change the water reception distributors.

Nonetheless, it is important to mention that what these other
three proposed options would do is eliminate the guarantee that
the Chinese construction company, Sinohydro, must still cover,
because the Ecuadorian State has not yet received officially the
plant, and it would also require an abysmal expense, therefo-
re, the first recommendations are the necessary ones, until in
international instances, the International Arbitration is resol-
ved, which if it is fair should give Ecuador the reason to grant
equipment changes in the powerhouse due to the low quality
verified [55].

Though, after discussing these improvement options, it must
open the discussion, about how it was abruptly decided to
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change the initial configuration, in which the original proposed
design flow was 63.5 m?/s, and when deciding to build step
by step 222 m?/s, that is, the amount of water needed to gene-
rate hydrogeneration increased by more than 220 %, changing
the power from 859 MW to 1,500 MW in a bureaucratic man-
ner, without technical criteria or updated data on the possible
effects that a work would have. in capacity increased by 75 %,
an unreal value to achieve, if one considers that Ecuador has
seasonal periods in which the capacity drops even more than
the effective designed one. Followed by a comparative table of
the dimensioned values before and after construction with the
comparison of percentage variation.

TABLE III
COCA CODO SINCLAIR COMPARISONS
(INITIAL AND FINAL PROJECTION)

No.  Parameter Unit Initial Final Lercenta
ge change
1 Design flow m/s 63.5 222 +250%
2 Power MW 859 1,500 +75%
3 Investment Millions -USD 915 1,600 +75%
4 Energy GWh/year 6,000 8,800 +43%
5 Plant factor - 0.8 0.65 -19%

Source:[30], [43], [56].

Table 3 discusses the initial and final design criteria and
parameters, but the plant factor shows a reduction as a nega-
tive percentage variation. However, it is important to unders-
tand that the plant factor means that the operating efficiency
of the central, and when projecting an increase in power, flow,
and investment, it is important to note that the teams were not
analytical with the power factor that is ultimately related to the
real approved energy that will enter the system [26].

With this background, this research serves as a case study
that should be raised to energy policy decision makers, as well
as those responsible for the construction of hydropower sys-
tems who must act in a committed manner because it is de-
monstrated that with a good idea that was irresponsibly mo-
dified, more problems were generated than solutions, and this
shows that the research gap with energy simulations of real effi-
ciency could avoid these current disadvantages, understanding
that Coca Codo Sinclair is a plant with a considerable number
of failures for a project of only 8 years of operation.

A. Improved Solution Evaluation
for Coca Codo Sinclair Hydropower Plant

1. Economic Feasibility: To determine the economic viabi-
lity of the three proposed solutions—dredging the river, deve-
loping sediment retention structures, and automating sediment
traps—it’s essential to conduct a cost-benefit analysis that
assesses funding sources, expected return on investment, and
long-term maintenance costs. This analysis should take into
account both direct funding opportunities, such as government
and international grants, and possible indirect financial im-
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pacts, like the protection of surrounding agricultural land and
infrastructure from erosion. Given Ecuador’s limited budget,
prioritizing cost-effective measures that promise a sustainable
return of inversion will be crucial to ensure the plant’s conti-
nued operation without excessive financial burden. However,
having already executed the most expensive work in the his-
tory of the country, the expenses to maintain its operation are
strictly necessary, and indispensable, like this proposal.

2. Technical Feasibility: Evaluating Ecuador’s current te-
chnical capacity to implement and maintain these solutions
is vital. This feasibility check should consider whether local
industries and personnel can support complex operations such
as automated sediment filtration and construction of large se-
diment retention walls, or if it will be necessary to introdu-
ce external technologies and specialized training programs.
Collaborations with international engineering firms, like the
U.S. Army Corps of Engineers, may provide insights into ne-
cessary adjustments for these solutions to be successful within
Ecuador’s technological landscape. However, it is believed that
for this proposal, there is technical feasibility in Ecuador, the-
refore, as a recommendation, it could be linked to the academy
to form an interdisciplinary group, teachers who know about
hydrology, civil engineering, structures, etc. [57].

3. Social Feasibility: Each proposed solution has potential
social implications, particularly for communities near Coca
Codo Sinclair. Assessing social feasibility means analyzing
how these solutions could affect local employment, econo-
mic opportunities, and quality of life, as well as identifying
any possible social resistance. Local job creation, especially
in construction and maintenance, could foster community sup-
port; however, it is worth mentioning that most of the impacts
have already been deployed, because the work of developing
hydropower has already been developed, and what is now pro-
posed are supplementary works.

4. Environmental Feasibility: Long-term environmental
impact is a critical factor in the feasibility assessment of the
proposed interventions. Dredging, constructing sediment ba-
rriers, and adding automated sediment traps all impact the river
ecosystem, potentially affecting local flora, fauna, and water
quality. A thorough environmental impact assessment would
be necessary to predict and mitigate any adverse effects on bio-
diversity and to ensure that solutions do not unintentionally
create new environmental challenges. This evaluation would
help Ecuador prevent further degradation of natural habitats
while stabilizing the operational environment of the Coca
Codo Sinclair plant [58].

5. Community Engagement: Building trust and gaining
support from nearby communities are crucial steps in project
success. Engaging local stakeholders in the planning process
through informational meetings and discussions can help to
identify community concerns early on. This engagement would
support transparency and ensure that the needs and voices of
the local population are integrated into the project’s design and
implementation, fostering a sense of shared purpose and redu-
cing the likelihood of opposition [59].

6. Monitoring and Evaluation Mechanisms: Once the se-
lected solutions are implemented, establishing a continuous
monitoring and evaluation system is essential to assess their
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effectiveness over time. This system should include performan-
ce metrics, regular environmental impact assessments, and a
feedback loop to allow for adjustments as needed. The deve-
lopment of a robust monitoring plan would ensure that Coca
Codo Sinclair remains a viable and safe power source while
protecting the surrounding environment and communities. This
proactive approach could serve as a model for future hydro-
power projects in similar regions [60].

Summarizing, analyzing the long-term impact of the pro-
posed solutions for the Coca Codo Sinclair Hydropower Plant
(dredging, constructing sediment retention structures, and
automating sediment traps) requires careful consideration
of environmental, operational, and community implications.
Dredging could reduce sediment buildup and mitigate regres-
sive erosion, yet, if done repeatedly, it risks disrupting aquatic
ecosystems and impacting water quality downstream. Building
sediment retention structures on mountainous terrain could
effectively limit erosion but may alter natural water flow and
potentially affect nearby habitats. Automating sediment traps
would streamline sediment control with less human interven-
tion, improving efficiency and operational stability, yet this te-
chnology requires continuous monitoring and maintenance to
ensure long-term functionality [61].

Balancing these interventions with ongoing environmen-
tal monitoring would be critical to ensure that the benefits of
enhanced plant stability and erosion control are not offset by
unintended ecological disturbances.

B. Implementations Costs

Estimating the exact cost of implementing solutions with the
nowadays data, would be:

1. Dredging: Costs for dredging depend heavily on the volu-
me and nature of sediment to be removed. For example, dred-
ging a port can range from $15 to $20 million for large projects
removing 400,000 to 600,000 cubic meters. Per cubic meter,
costs may range from $6 to $8 USD depending on the equip-
ment used. Applying this to Coca Codo Sinclair, 252,286 m? of
sediment must be removed. This would fill 100 Olympic swim-
ming pools [32], [44].

The volume of sediment to be removed corresponds to an
analysis by the Rio Coca Executive Commission of the Ecua-
dorian Electric Corporation in Eq. 1, therefore:

Dredging: 252,286 m® x 8 USD/m? (1)
Dredging: 2,018,288 USD

However, since dredging is directly related to other actions
such as wall foundations and sand trap automation, an addi-
tional 20% of impact that could result from material must be
proposed in Eq. 2, therefore, the final cost is considered to be:

Total Dredging: 2,018,288 USD x 1.20 )
Total Dredging: 2,421,956 USD

2. Sediment Retention Structures: Building sediment reten-
tion walls in mountainous regions is costly due to construction
challenges and specialized engineering requirements. However,
the construction phase involves reinforcing both sides of the
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river for 15 km upstream of the intake structure and 10 km
downstream after water has passed through the turbines. With
an average wall height of 20 meters, the total reinforcement
area is estimated at 1,000,000 m?

The estimated cost per square meter is approximately $55
USD, given the need for specialized equipment for mountain
foundation work in Eq. 3. Additionally, 15 % is added to the cost
to account for extra civil works, such as soil leveling to prevent
future erosion in Eq. 4. Thus, the calculation for the total cost is:

Sediment Retention = 1,000,000 m> x 55 USD 3)
Sediment Retention = 55,000,000 USD
Total Sediment Retention = 55,000,000 USD x 1.15 “4)

Total Sediment Retention = 63,250,000 USD

3. Automated Sediment Traps (AST): Automating sediment
management requires both initial setup costs and ongoing main-
tenance. Automated traps are generally less labor-intensive and
can reduce operational disruptions, but require technology in-
vestments, potentially including sensors and filtration systems,
whose costs vary based on technical specifications, which are
presented below as approximate costs:

a. Sediment Dredging System (SDS): The cost of a mini
dredge for 8 gates of the desander is related to the size and
capacity, this desander has 8 water discharge gates, and each
part of the mini dredge per gate. Furthermore, it is important
to mention that the Coca Codo Sinclair Project consists of a
run-of-river development with a capture flow of 222 m%/s [40].

The Coca Codo Sinclair sand trap is made up of eight cham-
bers with grids to retain solid particles with a diameter grea-
ter than or equal to 0.25 millimeters which, at high speed, can
cause damage to the turbines. According to inquiries, 17,000
dollars is needed for each grid in Eq. 5:

SDS = 8 gates x 17,000 USD 5)
SDS = 136,000 USD

b. Automatic Sediment Washing System (AWS): Implemen-
ting an autonomous sediment washing system requires calcu-
lating the amount of sediment removed monthly, and it is ne-
cessary to know the time it takes to remove the sediment [56].
Assuming that the removal time is a minimum of 60 minutes
each day, the amount of sediment removed monthly is calcula-
ted as follows in equations 6 -7-8:

1. Removal time each day: 60 minutes.

2. Water flow: 222 m?/s.

3. Volume of sediment removed per unit of time each day:
222 m3/s x 60 minutes/day x 60 s/m = 799,200 m3/day 6)
4. Amount of sediment removed daily (5%):

799,200 m3/day x 0.05 = 39,960 m3/day @)
5. Amount of sediment removed monthly:

39,960 m*/day x 30 days/month = 1,198,800 m*/month  (8)

Under this average minimum automatic washing capacity,
it is projected that due to the complexity of the system and the
evacuation capacity, it would require

Total AWS = 1,500,000 USD
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c. Monitoring and Control System, and Information and
Analysis (MCS): To install monitoring systems that allow real-
time supervision of the sediment level in the sand traps, sensors
that detect any problem before a stoppage occurs, alarms and
connection to the control system in the powerhouse. The cost
of a monitoring system would reach USD 500,000 [18], [62].

In summary, the total cost of automating the Coca Codo Sin-
clair sediment desander would be as follows in Eq. 9:

Total AST = SDS + AWS + MCS 9)
Total AST = 136,000 + 1,500,000 + 500,000
Total AST = 2,136,000 USD

Each of these solutions would benefit from a tailored feasi-
bility and cost analysis specific to Coca Codo Sinclair’s condi-
tions to ensure sustainable and cost-effective implementation,
giving the total cost of Eq. 10:

A: Dredging = 2,421,956 USD

B: Sediment Retention Structures = 63,250,000 USD

C: Automation of sediment traps = 2,136,000 USD

Redesign Cost=A +B +C (10)
Redesign Cost = 67,807,956 USD

Finally, due to any inconvenience, such as an additional te-
chnical study, supplementary work, external structure to depo-
sit the collected sediments, or other intervention, it is projected
that 5% of the total will be projected due to any unforeseen
event as show the Eq. 11.

Total Redesign Cost = 67,807,956 USD x 1.05 (11)
Total Redesign Cost = 71,198,354 USD

Once the necessary investment was defined, the estimated
loss due to inactivity of the hydropower plant was projected,
which contained loss of income, cleaning and maintenance
costs, and administrative costs, it represents (Eq. 12):

Installed capacity Coca Codo Sinclair: 1,500 MW (12)

The average rate at the national level with the application of
the Tariff Schedule approved at 2024 by the National Electri-
city Council Board of Directors is 9.20 cUSD/kWh, as shows
the Eq. 13.

Average price of electricity: 92 USD/MWh

Maintenance duration average: 1 day (24 hours).

Loss of income = 1,500MW x 24hrs x 92 USD/MWh

Loss of income = 3,312,000 USD/day (13)

In addition, Coca Codo Sinclair sediment cleaning and
maintenance costs is 70,000 USD to cover labor, materials and
equipment. The administrative costs have an additional cost of
10,000 USD to cover planning, coordination and supervision
(Eq. 14):

Total estimated cost = Loss of income + Cleaning and mainte-
nance costs + Administrative costs

Total lost cost = 3,312,000 + 70,000 + 10,000

Total lost cost = 3,392,000 USD (14)
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Thus, it is defined for each economic literal in recovery, for
which, the following list of payments to the proposed inves-
tments of energy optimization is obtained in Eq. 15:

Total proposed project

Recovery time =

5)

Total losses per stop
71,198,354

Recovery time = 3392000

Recovery time = 21 days

According to Electric Corporation of Ecuador data, the lar-
ge volume of sediment (composed of silt - soil thicker than
clay -, clay and sand) has caused the hydroelectric plant to be
shut down 20 times until August 2024. In addition, on some
occasions, these shutdowns have been for up to eight hours in
a single day, which means that the projected recovery time of
the proposal is amply justified due to the need to eliminate said
shutdowns [30].

Finally, there is a hidden cost that is much more represen-
tative of the stoppages of the largest plant in Ecuador, so, as a
second comparison, it has that every time there is a stoppage,
Ecuador imports energy from Colombia to supply its demand,
however, from journalism data, it is known that the kWh of the
neighboring country is much more expensive when requiring
this service as show Eq. 16:

Ecuador: Average price of electricity: 92 USD/MWh.
Colombia: Importation 21 cUSD/kWHh, it represents 210 USD/
MWh.

Import loss = Current average capacity CCS,  , x Duration x

2024

Import price MWh
Loss of income = 900 MW x 24 hours x 210 USD/MWh
Loss of income = 4,536,000 USD/day (16)

C. International Cooperation for Hydropower Projects

1. Creating an International Quality Supervision Fra-
mework: To ensure quality and accountability in large-scale
hydropower projects like Coca Codo Sinclair, establishing a
collaborative international supervision framework is essen-
tial. This framework would define standardized protocols and
methodologies for quality checks, involve international experts
in periodic project assessments, and incorporate real-time qua-
lity monitoring systems. Countries with advanced hydropower
experience, such as Norway or Canada, could share best practi-
ces in quality control, thereby helping emerging economies like
Ecuador implement high standards across construction phases.
This cooperative framework would also facilitate timely identi-
fication and correction of quality deviations, ensuring the lon-
gevity and safety of the project [63], [64].

2. Clarifying Roles and Responsibilities for Quality Con-
trol: Effective international cooperation requires that all par-
ties involved—local governments, foreign contractors, and
international investors—have clearly defined roles in quality
supervision. For Coca Codo Sinclair, this could mean that each
stakeholder agrees to a transparent and shared accountability
structure, where the quality obligations of engineering firms,
environmental consultants, and local authorities are precisely
delineated. This structure would facilitate the division of labor,
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streamline communication channels, and ensure consistent pro-
ject standards. The experience of other international projects
has shown that role clarification fosters accountability, reduces
delays, and helps prevent misunderstandings that could com-
promise project quality and safety.

3. Developing a Sustainable Supervision and Maintenance
Mechanism: Beyond construction, establishing international
partnerships for the ongoing supervision and maintenance of
hydropower projects can be crucial for their long-term success.
This might include creating an international committee for re-
gular inspections, utilizing advanced monitoring technology
from partner countries, and sharing resources for the training
of local engineers. For Coca Codo Sinclair, this ongoing inter-
national collaboration could support Ecuador in maintaining
operational efficiency, managing environmental impacts, and
addressing potential technical challenges proactively [65].

As a comparison, the Three Gorges Dam is a prime exam-
ple of successful international cooperation in large-scale in-
frastructure, demonstrating effective strategies for optimizing
collaboration across nations. This project benefited from part-
nerships with international engineering firms, financiers, and
environmental experts, each bringing specific expertise to ad-
dress various challenges. To ensure high construction standards,
the project implemented a global supervision framework, in-
volving frequent consultations and assessments by foreign
specialists. Additionally, the participation of international en-
vironmental organizations encouraged stricter environmental
standards, ensuring that project impacts on local ecosystems
were minimized and that there was consistent oversight across
all stages [66], [67].

The project also emphasized role clarity and transparent
communication among all stakeholders, which fostered ac-
countability and efficiency. By creating dedicated committees
for quality control, environmental management, and financial
supervision, each aspect of the project had specialized interna-
tional support, reduced delays and increasing operational effi-
ciency [68].

These committees, along with regular audits and transparent
reporting, allowed the Three Gorges Dam project to maintain
high standards of quality and environmental compliance while
optimizing costs through pooled international resources. This
approach illustrates the value of structured, specialized inter-
national roles and consistent oversight in achieving successful
outcomes in complex hydropower projects, best practice that
can implement in projects as Coca Codo Sinclair.

V. CONCLUSIONS

e Coca Codo Sinclair is an example of the ambition of a
government that did not follow the recommendations of
technical studies on the maximum capacity that could be
generated by a plant that now has more problems than
advantages, hence, when analyzing all the associated
drawbacks that the hydropower plant has largest in Ecua-
dor, it is important to understand that technical criteria
must prevail over wrong political decisions.

e In order to keep the more than 3 billion dollars of inves-
tment going, urgent action is required on CCS remedia-
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tion works, with a combination of investments in repairs
and maintenance activities, improvements in manage-
ment and governance of the project, and continued atten-
tion to environmental and social impacts.

The problems of the Coca Codo Sinclair hydropower
plant reflect challenges in large-scale infrastructure
projects such as migration of populations, surrounding
erosion and low quality of equipment that were notably
not prevented in Ecuador, and are now risks, especially
in this region with high geological activity and complex
environmental conditions.

After verifying the history of Coca Codo Sinclair, ex-
ploring the causes, impacts and possible solutions, there
must be an exhaustive reflection that the technical data of
capacities, infrastructure, reservoir, type of turbines, and
other equipment must provide a comprehensive unders-
tanding of the challenges that each project will face in
the future, therefore, currently the largest plant in Ecua-
dor represents a time bomb that can collapse due to any
of the various morphological, environmental, or opera-
tional problems.

Future studies should consider simulation algorithms of
the real efficiency of Coca Codo Sinclair, and define the
generation capacity to standardize the maximum energy
quantity and maintain a homogeneous power that does
not require the accumulation of too much water in a place
that has too many seismic and geological disadvantages.
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Greenhouse Gas Emissions in Commercial
Grills 1n the Metropolitan Area of the City
of Veracruz, Mexico
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Mario Diaz Gonzalez*, Olaya Pirene Castellanos Onorio’, Juan Francisco Mejia Pérez ©

Abstract — The present work is an effort to determine the ge-
neration of greenhouse gases, including carbon dioxide, metha-
ne and nitrous oxide, from the cooking process that is developed
for chickens, meats, ribs, hamburgers and pizzas, using firewood
and coal as a source of thermal energy in the commercial grills
of the metropolitan area of the City of Veracruz, which is made
up of the municipalities of Veracruz, Boca del Rio, Medellin de
Bravo, Jamapa and Manlio Fabio Altamirano, at Veracruz Sta-
te, Mexico which as a whole They have a population of 882,011
inhabitants, where they exist of 430 commercial establishments
of this type exists, making 275 visits to carry out interviews and
surveys, showing that 74.18 % use charcoal and 25.81 % use fi-
rewood. Using emission factors and caloric indices, it was deter-
mined that a total of 2,739.99 tons/year of carbon dioxide equiva-
lent is generated by consumption of firewood and 8,872.66 tons/
year of carbon dioxide equivalent by consumption of coal and with
a total of 11,612.65 tons/year of carbon dioxide equivalent for all
commerecial grills facilities, which are involved in constant climate
change and the effects that this causes in this metropolitan area on
the central coast of the Gulf of Mexico and that must be included

in both regulations municipal and in the climate change agenda.!
Keywords: commercial grills; emissions, greenhouse gases.

Resumen — El presente trabajo tiene como objetivo determinar
la generacion de gases de efecto invernadero, especificamente dio-
xido de carbono, metano y 6xido nitroso, derivada del proceso de
coccion empleado en asaderos comerciales de la zona metropolita-
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na de la Ciudad de Veracruz. Este proceso incluye la preparacion
de alimentos como pollos, carnes, costillas, hamburguesas y pizzas,
utilizando lefia y carbén como fuentes de energia térmica. La zona
metropolitana de la Ciudad de Veracruz esta conformada por los
municipios de Veracruz, Boca del Rio, Medellin de Bravo, Jamapa
y Manlio Fabio Altamirano, en el Estado de Veracruz, México, con
una poblacion conjunta de 882,011 habitantes. En esta region, se
identificaron 430 establecimientos comerciales de este tipo. Para el
estudio, se realizaron 275 visitas, en las cuales se llevaron a cabo
entrevistas y encuestas. Los resultados indican que el 74.18 % de
los establecimientos utilizan carbén como combustible, mientras
que el 25.81 % emplean lefia. Mediante factores de emision e indi-
ces caloricos se determiné que se genera un total de 2,739.99 tone-
ladas/afio de diéxido de carbono equivalente por consumo de lefia
y 8,872.66 toneladas/afio de di6xido de carbono equivalente por
consumo de carbén y con un total de 11,612.65 toneladas/aio de
dioxido de carbono equivalente para la totalidad de los asaderos
comerciales los cuales son participes del constante cambio clima-
tico y los efectos que esto ocasiona a esta zona metropolitana en la
costa central del Golfo de México y que deben estar incluidos tanto
en reglamentacion municipal y en la agenda de cambio climatico.

Palabras Clave: asaderos comerciales, emisiones, Gases de
Efecto Invernadero.

[. INTRODUCTION

LOBAL temperatures have increased over the last 50

years, not only due to carbon dioxide emissions (CO,), but
also due to other types of greenhouse gases (GHG) as methane
and nitrous oxide [1], Since the intensive use of energy based
on the burning of fuels of origin fossil (such as oil, coal and
gas) has been one of the main sources of energy, especially in
developing countries; the global average combined surface and
ocean temperature is estimated to show an increase, in a range
of 0.8 to 1.2 °C, during the period 1880-2012 compared to the
pre-industrial era [2].

Since 1992, Mexico has signed the United Nations Fra-
mework Convention on Climate Change (UNFCCC), with this
it committed to comply with the guidelines established in that
instrument, among which is the development and updating of
a national GHG inventory [2]. This is why in 2012 the General
Law on Climate Change was decreed and in 2013 the state law of
mitigation and adaptation to the effects of climate change for the
state of Veracruz, where the guidelines are established for the re-
gulation of Greenhouse Gas emissions and the obligation to have
inventories with estimates of anthropogenic emissions [3],[4].
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Firewood is a fuel widely used for cooking in Mexico, with a
consumption pattern that reveals implications for climate chan-
ge, since by 2022 it was estimated that a total of 31.3 million
Mexicans, which represents close to 26 % of the population, will
total of the country [5], and according to the National Institute
of Statistics, in 2018, 11 % of the national population consumes
firewood and charcoal in Mexican homes. [6]. This fuel is ob-
tained from various sources, including forests, scrub areas [7],
and waste from the construction industry and tree pruning. The
use of this fuel has a great impact due to its combustion power,
apart from the social and symbolic importance since cooking
and preparing food is an activity that is carried out every day
[8]. The quality of the wood is the most important factor for use
as firewood, since these affect properties such as heating value,
ash content and humidity content, among other attributes [9].

Exposure to pollutants generated by the consumption of
firewood in the United States has had a great impact on the
increase in respiratory diseases, including infections, cancer,
asthma and cardiovascular diseases, among others, as well as
the deterioration of cognitive functioning in older people [10].
The WHO estimates that 3.8 million deaths occur each year
due to air pollution, where the use of firewood takes first pla-
ce, where women and children are the most affected [11], the
use of firewood in commercial grills represents 26 % of total
final energy consumption where it is estimated that 2.6 billion
people, mainly low and middle income, use traditional biomass
(firewood, charcoal, crop residues, livestock manure) to meet
your cooking energy needs [12].

The consumption of this type of solid biofuels is an issue
of environmental concern, because it arises from the unsus-
tainable production and use of firewood, exerting pressure on
the regional and global environment. The unsustainable extrac-
tion of firewood has caused deforestation, soil erosion and loss
of biodiversity. Traditional biomass, when produced and used
from controlled and sustainable sources, represents a reliable
and accessible source of energy because it supplies energy in
places where access to conventional fuels and technologies is
null or limited. Thanks to proposed strategies such as forest
codes and certification programs, it has been possible to achie-
ve sustainable production and use of firewood. And now, bio-
fuels and clean cooking technologies are the new alternatives to
traditional cooking with biomass. For example: biogas, pellets
and briquettes, as well as improved wood stoves [13].

It is important to mention that the use of firewood and char-
coal represents a substantial generation of Greenhouse Gases;
only the United States Environmental Protection Agency has
reported since 1998 that the generation of Carbon Dioxide has
been 1,032 and 1,979 grams for each kilogram of Firewood and
Coal used as fuel, while for methane it was 4.2 and 7.9 and 0.35
and 0.51 for nitrogen dioxide [14].

The first attempt to determine the emission of greenhouse
gases from commercial grills in the metropolitan area of the
City of Veracruz was carried out by Lango-Reynoso et al., in
2018, which calculated the CO, emissions produced by burning
different fuels in grills. commercials, but it is restricted to the
City of Boca del Rio, which only represents 16 % of the metro-
politan area, concluding that 30 grills in operation emit a total
of 134.56 tons/year of CO, [15], Diaz-Nigueda et al., in 2022,
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the calculation of Emissions generated by the consumption of
firewood and charcoal in the preparation of roasted chickens
in the city of Tuxtla Gutiérrez, Chiapas, Mexico is carried out
through the application of emission factors (EF), where they
were categorized from establishments based on their produc-
tion and the infrastructure used for the activity to determine
the fuel consumed annually, the results of which indicate that
carbon dioxide emissions as a greenhouse gas is 5312.12 tons/
year [16].

II. MATERIAL AND METHODS

A. The Metropolitan Area of City of Veracruz, Mexico

The Metropolitan area of City of Veracruz is located in the cen-
tral part of the State of Veracruz, in the Sotavento Region on the
coast of the Gulf of Mexico, it has 1061.9 km? (0.3 % of the state
territory) and 882,011 inhabitants which represents 7.5 % of the
state total and with the municipalities of Boca del Rio, Medellin
Jamapa and Manlio Fabio Altamirano form as a whole the most
metropolitan area in the state populated metropolitan area in the
State of Veracruz [17] (Fig. 1).

Gulf of México

Metropolitan area of
City of Veracruz

Puebla
Veracruz

Fig. 1. Metropolitan Area of City of Veracruz, Veracruz State, Mexico.

B. identification and location of commercial grills

To account for the commercial grills, an in-person visit was
made to the most populated neighborhoods in the month of
June 2024 in the municipalities of Veracruz and Boca del Rio
because they were the most populated, going street by street,
especially the main avenues where Strategy and location Most
of the grills are located there. In this tour, a total count and
structured interviews were carried out with the owners, mana-
gers and employees of these establishments.

Surveys were applied with questions related to establishment
data, type of fuel used, fuel consumed (kg), daily production,
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days and hours of service. The establishments were classified
into three categories with based on its production and infrastruc-
ture; identifying national franchises, as well as establishments
established on the banks of streets and avenues. The number of
establishments surveyed was calculated by [16] (Eq. 1):

n = Njo?z?
t (Ni—1)€2+0'222 (1)

Where:

i = category.

n, = sample size in category i,

Ni = number of establishments in category i,

Z = value of 1.96 for a level of 95 % confidence
o = population variance in study (0.5).

e = absolute precision level (9 %).

This equation has been used to determine the number of
samples that must be taken to be representative with a finite
universe, in research carried out for this type of research [16]:

C. Greenhouse gas emission calculation

To calculate pollutants, the annual production of CO,, CH,,
N,O (greenhouse gases) was quantified. This was done using
the equation [16] (Eq. 2):

1Ton
Eyj = (CA)(FE)) izs o
Where:
1= category.

j = pollutant.

E = annual emission of pollutant j in category i (t year-1).
CA, = annual fuel consumption in category i (kg year-1).

FE = factor of emission of pollutant j by type of fuel (g kg™).

D. Calculation of the volume of Methane,
Carbon Dioxide and Nitrous Oxide from the consumption
of firewood and Coal in commercial grills

The emission factors of the greenhouse gases Carbon
Dioxide, Methane and Nitrogen Dioxide for charcoal and fi-
rewood were obtained from the values tabulated by Diaz-Ni-
genda and co-authors in 2022, which on average are presented
in Table 1 [16].

TABLE 1
GREENHOUSE GAS EMISSION FACTORS

Emission factors (firewood) (g kg'l)

co CH N,0

2 4

5.47 (£2.25)

1569.5 (+ 104.25) 0.06 (= 0.01)

Emission factors (carbon) (g kg'l)

CcO CH

2 4

2 424.26 (= 353.37) 5.62 (= 1.55)

N,0

0.20 (= 0.13)
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E. Calculation of the Tons of Methane
and Nitrous Oxide in Tons of CO2 equivalent

To calculate the tons of Methane and Nitrous Oxide equiva-
lent to Tons of Carbon Dioxide, the formulas proposed by the
Institute of Ecology and Climate Change of Mexico in 2020
were used, [18] which establishes (Eq. 3):

CH,emin CO,eq = (CH, em)(PCGCH,) 3)

Were CH, em is the total Methane emissions during the
reporting year and PCGCH, is a Global warming potential of
methane (Eq. 4).

N,0 emin CO,eq = (N,0 em )(PCGN,0) )

Were N,O em is the total Nitrous Oxide emissions during
the reporting year and PCGN, O is a Global warming potential
of Nitrous Oxide.

Considering the global warming potential of methane at 28
and nitrous oxide at 265 [19].

F. Calculation of the emission of total tons
of Carbon Dioxide equivalent of Greenhouse Gases

To calculate the emission of Greenhouse Gases expressed
in total tons of Carbon Dioxide equivalent, the following equa-
tions are established for the use of coal and firewood. Finally,
the total emission results from the sum of the results of both
equations (Eq. 5, 6, 7).

C0O,eq as Coal = E;j + CH, emin COyeq +

N,0 emin CO,eq 5)
CO,eq as Firewood = E;; + CH, em in COyeq +

N,0 em in CO,eq (6)
Total CO,eq = CO,eq as Coal + CO,eq as Firewood (7

III. RESULTS AND DISCUSSION

To determine the number of commercial grills in the me-
tropolitan area of Veracruz, the commerce directors of the
municipalities of Veracruz, Boca del Rio and Medellin were
interviewed, who provided the number of commercial grills re-
gistered in their respective municipalities, giving a total of 430
establishments of this type, (Table 2).

TABLE 2
TOTAL OF COMMERCIAL GRILLS
IN THE METROPOLITAN AREA OF HE CITY OF VERACRUZ

Municipality Use of Firewood Use of Coal
Veracruz 60 201
Boca del Rio 15 90
Medellin 36 28
Total 111 319

As can be seen in table 2, commercial grills predominantly
use coal, since it is used mainly in cooking chicken and meat,



ENFOQUE UTE, VOL. 16, NO. 1, JANUARY 2025, pp. 38-44, E-ISSN: 1390-6542

which is more common in the municipalities of Veracruz and
Boca del Rio. However, the number of commercial grills that
use firewood increases considerably in the Municipality of Me-
dellin de Bravo, this is because in this area there is a gastro-
nomic culture that influences the use of this fuel, especially in
the communities of El Tejar and Rancho del Padre, since, as
in South American countries, firewood is considered a fuel for
cooking [20]. Although the municipalities of Jamapa and Man-
lio Fabio Altamirano are considered part of the metropolitan
area of the city of Veracruz, both municipalities are completely
rural and are not part of the urban conglomerate, so the deci-
sion was made not to include them in this study.

To determine the number of surveys and interviews neces-
sary for the sample to be representative, equation No. 1 was
used for a total population of 430 commercial grills with a con-
fidence level of 95 %, a population variance in study of 0.5 and
an absolute precision level of 9 %, resulting in the need to carry
out a total of 144 surveys or interviews, 57.58 for commercial
grills with the use of firewood and 86.63 for the use of charcoal,
these values were adjusted given the complexity of the metro-
politan area, for which it was determined that 131 surveys or
interviews would be representative of the total number of com-
mercial grills, and that 48 were carried out for those commercial
grills that use firewood and 83 for those that use charcoal.

In this study, the consumption of charcoal was separated from
that of firewood, since commercial grills do not use both fuels,
this is due to the type of food preparation denominated in Spa-
nish A LA LENA or LENERO y AL CARBON. An important
point why the number of commercial grills has increased is the
change in the stereotypes of traditional Mexican food that consi-
ders A LAS BRASAS and AL HUMO as a more gourmet style,
where commercial grills offer different gastronomic experiences
than the traditional roast chicken, meat, ribs, pizzas and burgers.

The interviews and surveys were carried out through tours
of the metropolitan area of the city of Veracruz, from north to
south, starting in the municipality of Veracruz from 10:00 a.m.
to 2:00 p.m. in the period from Tuesday, 04 June to Sunday,
June 9, 2024. It was found that there are commercial grills with
restaurant service, in pizzerias, hamburger restaurants and self-
service stores, in some of these places they did not have service
in the same place, but it was exclusively to go.

For a better understanding of the product of commercial
grills and the type of fuel they require, they were divided into
Chicken, Beef, Meat, Pizzas and Hamburgers and the use of
firewood or charcoal Table 3.

TABLE 3
TOTAL NUMBER OF COMMERCIAL GRILLERS,
SURVEYED OR INTERVIEWED BY FOOD CATEGORY

Food Category Use of Firewood Use of Coal
Chicken 34 60
Meat 3 6
Ribs 6 9
Hamburgers 2 8
Pizza 3
Total 48 83
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With the information in Table 3, it was possible to identify
that the majority of commercial grills in the municipalities of
Veracruz, Boca del Rio and Medellin de Bravo are roast chic-
ken grills; and that these consume 70 % of the firewood and 72
% of the charcoal used as fuel, since the state of Veracruz, Ve-
racruz is the main producer of chicken nationwide, and is also
the largest consumer of this product. [21]. Meat grills, ribs and
hamburgers represent 6.87 %, 11.45 % and 7.63 % respectively,
in both cases the use of firewood and charcoal is very similar
and there is no considerable difference between them, however
in pizzas the use of charcoal is not used. charcoal, because only
firewood is used for this food, when we refer to meat, we are
considering cuts such as sirloin, bisteck, flank steak, t-bone,
longaniza, chistorra, suckling pig

As a result of the surveys and field interviews, it was found
that on average commercial chicken grills consume 45 kilo-
grams of firewood per day, this is due to the fact that they are
large local chains with restaurants, since this type of prepa-
ration is known as firewood chicken. In the case of meat and
ribs grills, these are restaurants, they are also wood-fired pre-
parations with less firewood consumption, which on average is
30 kilograms per day. Finally, there are commercial grills that
have wood-burning ovens where they prepare pizza and consu-
me on average 20 kilograms of firewood per day and for wood-
fired hamburgers on average 15 kilograms of firewood per day
are consumed in each commercial grill (Table 4).

TABLE 4
FIREWOOD CONSUMPTION BY COMMERCIAL GRILLS

Average daily firewood
consumption (kg/day)

Total daily firewood

Food category consumption (tons/day)

Chicken 45 3.500
Meat 30 0.208
Ribs 30 0.416

Hamburgers 20 0.092
Pizza 15 0.104
Total 4.320

The total consumption of firewood per food category was
obtained by multiplying the average daily consumption by the
number of commercial units.

As can be seen in table 4, chicken roasters represent the hig-
hest consumption of firewood with an average of 1.5 kilograms
per chicken, a value that is much less than the 1.85 kilograms
of firewood per chicken reported in 2022 for the city of Tuxtla.
Gutierrez Chiapas [16], this variation can also be determined
given the sensory effects of roasting chickens over wood due
to the wood used for cooking and its cost or availability [22].

In the case of commercial grills that use charcoal, the re-
sult of field surveys and interviews found that the average con-
sumption in the case of chicken is 30 kilograms of charcoal
per day; In this case, we must consider that charcoal grilling
occurs both in commercial chains and in small mobile grills
in family businesses. An important aspect is that no grill was
found that used charcoal to prepare pizzas and the values for
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consumption in the case of meat, ribs and hamburgers are
presented in Table 5.

TABLE 5
COAL CONSUMPTION BY COMMERCIAL GRILLS
AT METROPOLITAN AREA OF VERACRUZ CITY

Average daily coal
consumption (kg/day)

Total daily coal

Food cat
ood category consumption (tons/day)

Chicken 30 6.89
Meat 25 0.570
Ribs 35 1.215

Hamburgers 18 0.552
Pizza 0 0
Total: 9.227

According to table 5, commercial chicken roasters represent
the highest consumption of charcoal with an average of 1 kilo-
gram per chicken. It was not possible to determine the amount
of charcoal used for meat, ribs and hamburgers, since this de-
pends on the type of commercial grill, however, it can be seen
that for meat and ribs the amount of charcoal increases compa-
red to firewood, if compared in tables 6 and 7, However, studies
presented by Melo in 2022 show that beef steak is the meat that
emits the most greenhouse gases in its production, with almost
130 kilograms of CO, equivalent per kilogram [23], there is
a difference in the consumption of firewood and charcoal in
commercial grills, this is fundamentally due to the fact that the
amount of heat they produce is substantially lower in the case
of firewood and greater in the case of firewood. case of char-
coal, which allows the cooking time to be shorter and therefore
its consumption to be lower.

To determine the annual emission for each of the pollutants
(carbon dioxide, methane and nitrogen oxide), equation number 2
was used, for the two categories of firewood and coal, conside-
ring the annual consumption per category (which results from
the multiplication of the daily emission for 365 days/year)
and the emission factors for firewood and coal from table 1,
obtaining the values shown in table 6.

TABLE 6
TOTAL GREENHOUSE GAS EMISSIONS
FROM COMMERCIAL GRILLS IN THE METROPOLITAN
AREA OF THE CITY OF VERACRUZ

CA Annual Emission E|J (tons/year)
Category consump‘tion (kg/year)
Co, CH, N,0O
Firewood 1,576,800 2,474.78 8.62 0.09
Coal 3,367,855 8,164.55 18.92 0.67
Total 10,639.33 27.54 0.76

From the data in table 8 we can see that the emission of
Carbon Dioxide by commercial grills that use charcoal is 337%
greater than what is emitted in grills that use firewood, this is
because. The value of the carbon dioxide emission factor of
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coal is 54 % higher than that of firewood, in the case of Metha-
ne the emission values are similar because their emission factor
is similar.

Finally using equations 5 and 6 and the values of the glo-
bal warming potential of methane established by the Institute
of Ecology and Climate Change of the Secretariat of Environ-
ment and Natural Resources of Mexico [18] and reported by
Susunaga-Miranda et al., in 2023 [19] it is obtained that the
total equivalent carbon dioxide emitted by the consumption of
firewood by commercial grills in the metropolitan area of the
city of Veracruz is 2,739.99 tons/year and in the case of the
equivalent carbon dioxide by consumption of coal is 8,872.66
tons/year, and with the help of equation number 7, we have that
the total amount of equivalent Carbon Dioxide emitted by com-
mercial grills, both firewood and charcoal, for the year 2024 is
11,612.65 tons/year.

Commercial grills facilities contribute substantially to cli-
mate change due to the generation of greenhouse gases, since it
is known that due to the increase in the amount of Greenhouse
Gases in the local atmosphere and given the proximity to the
reef zone on the coast of the Gulf of Mexico, contributes to the
increase in sea temperature and thus to the bleaching of corals
in the Veracruz Reef System National Park due to global war-
ming [19], [24]. In addition, the estimates that have been made
by various investigations consider a rise in sea level of between
from 19 to 58 cm by the year 2100; Other calculations predict
arise of 0.9 to 1.3 meters for the same period, it should not be
ruled out that these variations are not the same in all regions,
since some coastal scenarios will present flooding up to the
current levels of 10 and 5 meters above sea level, and 5 meters
on the coasts. of the municipalities of Veracruz, Boca del Rio,
in the low areas of the municipality of Medellin, affecting the
habitability conditions of the metropolitan area of the city of
Veracruz [25].

V. CONCLUSION

After having carried out the field work, visits, surveys and
interviews, it is concluded that in the metropolitan area of the
city of Veracruz there are a significant number of commercial
grills. The above is due to the ease of acquiring firewood and
charcoal as fuel and the little environmental regulation and/
or little commercial regulation, which is why the majority of
commercial grills use the take-out service, they do not have the
infrastructure to provide the service. of restaurants.

Although commercial grills that use firewood or charcoal
specialize in chicken, meat, ribs, hamburgers and pizzas, there
are other types of restaurants that use these fuels in various pre-
parations of Mexican or international gastronomy and cannot
be considered commercial grills, in addition that some super-
markets offer the roasting service with the purchase of products
such as meats and vegetables.

Due to the geographical characteristics of the metropoli-
tan area of Veracruz, it is evident that the use of charcoal in
commercial grills exceeds those that use firewood, due to the
conditions of the territory, firewood is scarce and its cost is
much higher than that of charcoal. and due to its dimensions,
transporting it presents exponential risk and handling difficul-
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ties. For this reason, the consumers of this raw material as fuel
for commercial grills predominate those who use charcoal. It is
important that city councils do not make isolated efforts to con-
trol Greenhouse Gases, since in their respective regulations the
subject of regulation is very varied and does not contribute to
the metropolitan decrease in the emission of these pollutants.

Although the caloric index of methane and nitrous oxide are
very high due to the small proportion present in these fuels,
these pollutants do not represent a substantial variation in the
tons of carbon equivalent, for which the largest proportion is
represented by carbon dioxide.

It can be determined that by making some changes in the
cooking of different types of food in commercial grills with the
help of renewable energy, implementing solar ovens in these
establishments. Through this change, the use of firewood and
coal could be reduced, which would therefore result in a de-
crease in the generation of greenhouse gases, which would be a
considerable amount per year, not leaving aside efficiency and
heating power. This for the benefit of our environment, thanks
to alternatives that can already be implemented.

As final results, there are fundamental characteristics of the-
se fuels (firewood and coal) that determine their performance.
On the one hand, charcoal heats up faster, providing higher and
more uniform temperatures compared to firewood, which takes
longer to reach high temperatures, being more difficult to con-
trol, producing more smoke.

The results of this research must be included in the Mu-
nicipal Climate Change Agendas for the municipalities of
Veracruz, Boca del Rio and Medellin de Bravo so that legal
provisions are generated to carry out actions that help combat
Climate Change, and thus regulate commercial barbecue acti-
vities so that they contribute to the reduction of Greenhouse
Gases (GHG) and allow adaptation and reduction of the vulne-
rability of the area to the effects of climate change to its popu-
lation and territory and thus comply with the provisions of the
General Law on Climate Change in the scope of jurisdiction of
the municipalities
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Analysis of Artificial Intelligence Methods
for Automatic Bandwidth Adjustment
for Wireless Networks

Carrillo Marlon', Torres Rommel?, Barba Luis?

Abstract — The exponential increase in Internet traffic is
mainly due to the proliferation of services such as audio and vi-
deo streaming, the emergence of applications that require a lot
of bandwidth to work optimally and generally the process of di-
gitalization of services. In this context, bandwidth management
plays a fundamental role, which translates into a better experien-
ce for users. Traffic congestion causes the exchange of informa-
tion to become deficient, that is why techniques such as automatic
bandwidth adjustment have been investigated, which manages the
bandwidth according to the traffic demand, therefore in this docu-
ment a study is made about the automatic bandwidth adjustment,
the way in which Artificial Intelligence is integrated with compu-
ter networks, finally a comparison will be made of several ma-
chine learning methods, cataloged within supervised learning, ca-
rrying out several experiments determining that Random Forest
is the most effective method to predict the automatic bandwidth
adjustment, followed by Naive Bayes, Logistic Regression, and
Support Vectorial Machine (SMV), on the other hand K -nearest
neighbor (KNN) and neural network do not demonstrate conside-
rable effectiveness, each experiment was carried out taking into

account the Quality of Service (QoS).
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Resumen — El aumento exponencial del trafico en In-
ternet se debe principalmente a la proliferacion de servicios como
el streaming de audio y video, a la aparicion de aplicaciones que
requieren un alto ancho de banda para funcionar de manera 6p-
tima, y, en general, al proceso de digitalizacion de servicios. En
este contexto, la gestion del ancho de banda desempeiia un papel
fundamental, ya que contribuye a una mejor experiencia para los
usuarios. La congestion de trafico genera que el intercambio de
informacion sea ineficiente. Por ello, se han investigado técnicas
como el ajuste automatico de ancho de banda, que permite gestio-
nar el ancho de banda segiin la demanda de trafico. En este docu-
mento se realiza un estudio sobre el ajuste automatico de ancho
de banda, abordando cémo la Inteligencia Artificial se integra con
las redes de computadoras. Ademas, se presenta una compara-
cion de varios métodos de aprendizaje supervisado en machine
learning. A través de diversos experimentos, se determiné que
Random Forest es el método mas efectivo para predecir el ajuste
automatico de ancho de banda, seguido por Naive Bayes, Regre-
sién Logistica y Support Vector Machine (SVM). En contraste, los
métodos K-Vecinos Mas Cercanos (KNN) y redes neuronales no
demostraron una efectividad significativa. Cada experimento se
realiz6 considerando la Calidad de Servicio (QoS).

Palabras Clave: trafico, Internet, Machine Learning, Aprendi-
zaje Supervisado, Calidad de Servicio.

I. INTRODUCTION

ECHNOLOGY has advanced significantly in recent years,
today we depend on the Internet for everyday actions such
as communication, entertainment, information search, digital
services and others. Bandwidth can be defined as: the amount
of information that is transmitted through a network connec-
tion in each period. It is crucial for proper Internet browsing,
because the greater the amount of information transmitted in
less time, the better the user experience, for the proper functio-
ning of the services, the availability of bandwidth is crucial [1].
The exponential growth of services such as audio and video
streaming, the proliferation of applications that consume a lot
of bandwidth, the significant growth of online services and the
increase of smart devices that integrate the Internet of Things
(IoT), has caused the constant updating of control measures
to ensure an adequate quality of service (QoS) to users. The
amount of information transmitted on the Internet has gone
from bps to Gbps, due to this it is necessary to make changes
and implement measures to offer a better service to users [2].
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In this research, the integration of Artificial Intelligence
methods and algorithms for efficient distribution for bandwidth
management is proposed. The objectives of our approach are:

Obtain a set of metrics for bandwidth requirements related
to quality of service.

Define scenarios for the generation of dataset information or
collect datasets for the use of artificial intelligence tools.

Analysis of artificial intelligence (Al) techniques related to
automatic bandwidth adjustment.

Compare Al techniques using QoS requirements for dyna-
mic bandwidth adjustment.

This research is an initial work, its findings will be used for
the creation of a wireless network automatic bandwidth ad-
justment model based on Artificial Intelligence methods with
the capacity to predict the required bandwidth.

This paper is organized as follows: State of the art is a re-
view of the most important works on the subject of automatic
bandwidth adjustment and Artificial Intelligence, Materials and
Methods discusses the tools used to develop this work, Results
and Discussion presents the results of the general and specific
experiments that were conducted to determine the feasibility of
the Artificial Intelligence methods chosen, finally the Conclu-
sions of this work are exposed.

II. STATE OF THE ART

There are some authors who study the automatic bandwidth
adjustment and integration with artificial intelligence tools,
for example, the impact on ISPs is analyzed in [3], where it is
identified that the automatic bandwidth adjustment is a techni-
que that emerged due to the significant increase in the amou-
nt of traffic on the network permits adjust the bandwidth of a
network, depending on the existing traffic demand, allowing
access to products and services that with a fixed bandwidth
would not be achieved with the same quality of service such
as: Streaming, IP voice calls, online games, etc. Shows also
that despite the implementation of the automatic adjustment
techniques, ISPs have found it necessary to increase physical
bandwidth to support the amount of network traffic generated
by the applications and services that are booming.

Automatic adjustment ensures that the network will always
have adequate bandwidth to work efficiently when users requi-
re it, working with adequate bandwidth is important to avoid
problems related to network performance such as packet loss
or delays [4].

Working with the appropriate bandwidth to meet the de-
mand of each user, allows the reduction of costs related to
increased bandwidth consumption without compromising the
required quality of service, i.e. it is not necessary to acquire
more bandwidth than is truly required by users [5].

The field of Artificial Intelligence focuses its study to de-
velop theories, techniques and methods to mimic and improve
human cognitive ability. The rise of Artificial Intelligence tools
and technologies provides a more interesting option in the field
of computer networks, since it is more efficient to allocate re-
sources using Intelligence algorithms [6].

The integration of Artificial Intelligence and networks is
necessary, since the network industry takes giant steps with
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each generation, so the combination of these areas permits
more efficient, faster networks, with the incorporation of new
services and better security. Fields such as wireless networks
are influenced by using Artificial Intelligence techniques,
which make it possible to exploit multiple opportunities [7],
as shown in Fig 1.

Predictive Networks
characteristics

Massive data
availability

Al opportunities for
wireless netwoks

Distributed &
affordable computing
resources

Network
interoperability

Fig. 1. Al Opportunities in Wireless Networks

Multiple scientific articles have been published referring
to the use of Artificial Intelligence methods applied to wire-
less networks, these mainly analyze how to improve and op-
timize the performance of networks, in Table 1, shows some
methods of Artificial Intelligence, used in the context of wire-
less networks, for the prediction of various data, ranging from
intrusions in the network, resource allocation and network

efficiency [8].

TABLE 1

AI METHODS USED IN WIRELESS NETWORKS

Method Characteristics

Result

Construct a high-dimensional
feature space from the input
vectors in terms of the hyperpla-
ne and segregate them into two
classes, i.e. Positive and negative

Vector Machines
Support (SVM)

Increased accuracy in
the classification of
abnormal events in the
context of networks

Predicting the occurrence of an
event based on the concept of
probability.

Logistic regression

Minimize the number
of specific features,
thus improving logistic
regression performance.

Sorts new data according to
similarity and votes on data

It shows a higher
accuracy of 15% in clas-

KNN algorithm . . . oo . .
& points according to euclidean sifying data with varied
distance measurement characteristics.
. It showed good
To classify, calculate the proba- aceuracy in thf data set
Nayve Bayes bility to determine the likelihood Y )

using bayes’ theorem.

with highly variable
characteristics.

It is mainly based on multiple
decision trees, which is one
of the key models in the ml

architecture.

Random Forest

It shows a fairly good
performance, although
the time required is
longer than that of
other sorters.

It is based on the implementation
of multiple nodes, connected to
each other, to transmit signals,
each piece of information goes
through these nodes, where it is

subjected to different analyses in

order to make a decision.

Neural Network

Achieved an overall read
bandwidth improvement
of 65.7%.
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The implementation of Artificial Intelligence algorithms
such as Random Forest and Neural Network in short-range
100/400 Gbit/s data transmission networks has allowed cons-
tant and effective monitoring of signal quality, especially in he-
terogeneous optical networks, effectively identifying the modu-
lation format, achieving an astonishing 100% effectiveness [9].

An algorithm based on Naive Bayes has been successfully
implemented in 5G wireless networks. This algorithm divides
the network into smaller and more efficient network portions,
guaranteeing the adequate optimization of resources, being
able to predict the best portion of the network even when there
are network interruptions [10].

All the Artificial Intelligence methods analyzed in this work
demonstrate a considerable degree of efficiency when working
with bandwidth data in scenarios such as resource allocation,
network security and resource optimization, taking into consi-
deration the appropriate QoS.

QoS focuses on efficiently allocating resources to ensure op-
timal performance in a network, since not all Internet traffic is
equal, QoS prioritizes different types of traffic depending on
their importance when browsing. Failure to apply the appro-
priate quality of service would result in bad user experience,
since there would not be adequate concurrence between the di-
fferent types of traffic present, so it is important to establish the
required QoS parameters [8].

The QoS parameters required for multimedia traffic in a
network may vary depending on the context in which they are
applied [9], but are generally the following:

Packet loss: packets may be dropped when a packet queue over-
flows, meaning that there are too many packets waiting to be sent,
and some must be dropped to avoid further delay in transmission.

Jitter: Jitter occurs because of network congestion, varia-
tions in transmission times and changes in data paths.

Latency: The time it takes for a data packet to travel from its
point of origin to its destination in a network.

Bandwidth: The capacity of a network communications link
to transfer the maximum amount of data from one point to
another in a specific time interval.

The present research makes a study of the Al tools to deter-
mine which are the most suitable parameters according to the
controlled scenario of a 5G wireless network, which has been
compiled and is presented in the Dataset.

III. MATERIALS AND METHODS

The use of the right Dataset is of utmost importance when
working on an Artificial Intelligence project, because it influen-
ces the training capacity of a model, generalization and perfor-
mance evaluation.

On the Internet there are millions of Datasets available on
various topics, it is practically impossible to search every page
where Datasets are available, so the use of a good tool that
allows the search of Datasets is important, in this research
GoogleDataset and Kaggle are used. Tools that allow searching
Datasets, the following key phrases were used: “Bandwidth
Dataset for used Artificial Intelligence methods” and “Network
computers Dataset for used Artificial Intelligence methods”,
resulting in a preliminary result of about 100 Datasets founded.
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For the selection of the appropriate Dataset, the parameters
were established and the variables identified as shown in Table 2.

The analyzed datasets are the following: “Conference Call
Bandwidth Consumption” [10] , “International Internet band-
width per Internet user, kb/s” [11], Dataset 5g Network Metrics
High Traffic Event [12]. Of all the Datasets examined, only 1
Dataset met the parameters set out above, this Dataset is called
“Sg network metrics high traffic event”.

The Dataset has 26 variables where each variable holds 1000
data, giving a total of 26000 data, Table 2 shows the function of
each variable selected from the Dataset.

TABLE II
FUNCTION OF DATASET VARIABLES

FUNCTION VARIABLES

Signal and Quality Indicators RSRP, RSRQ, CQI

Resource Utilization BW_Utilization(%), RB_Allocation

Status and User Demand UE_Demand (kbps)

Traffic and Latency Traffic_Load (kbps), Latency (ms)

Schemes and Classes MCS, QoS_Class

Additional Context Channel_Conditions

Knowing each of the Dataset variables, it is necessary to
select the best variables that will be used in the application of
experiments to determine the prediction of automatic band-
width adjustment by means of Artificial Intelligence methods,
therefore, using criteria such as: logical discard, knowledge of
the subject and correlation analysis, the following variables
were chosen:

e Traffic_Load (kbps): Network traffic load.

e Latency (ms): Network latency, measured in millise-

conds (ms).

e BW_Utilization (%): Percentage of bandwidth utilization.

e CQI (Channel Quality Indicator): Communication chan-

nel quality.

* MCS (Modulation and Coding Scheme): Data rate and

signal robustness.

* RSRP (Reference Signal Received Power): Signal quality.

* RSRQ (Reference Signal Received Quality): Signal qua-

lity with noise and interference.

e RB_Allocation (Resource Block Allocation): Allocation

of resource blocks in the network.

* QoS_Class (Quality of Service Class): Quality of Servi-

ce Class assigned to the traffic.

e UE_Demand (kbps): Bandwidth demand by users.

¢ Channel_Conditions: Communication channel conditions.

The analysis of the selected variables shows that there is no
variable referring to bandwidth adjustment, which means that
the Dataset lacks an objective variable on which, in theory, the
necessary predictions should be made to support the research,
which is why the decision was made to create such a variable,
However, before creating such variable, it should be taken into
account that a formula required to calculate the proactive band-
width adjustment is not a standard formula, since it depends
largely on the specific context of the network and the objectives
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to be achieved; however, in a 5G network, a weighted combina-
tion of different network performance variables can be used to
determine the need for a proactive adjustment [13], to calculate
the proactive adjustment in this specific network the following
variables were taken: Traffic_Load, Latency and BW_Ultiliza-
tion, which through a normalization process and their combina-
tion by means of the following Python code shown in Figure 2,
allowed calculating the proactive adjustment for each case

from Orange.data import Table, Domain, ContinuousVariable, DiscreteVariable

df = pd.DataFrame(in_data.X, columns=[var.name for var in
in_data.domain.attributes])

if in_data.domain.class_vars:
target_columns = [var.name for var in in_data.domain.class_vars]
df_target = pd.DataFrame(in_data.Y, columns=target_columns)
df = pd.concat([df, df_target], axis=1)

df['Traffic_Load (kbps)'] = (df['Traffic_Lo
(kbps)'].mean()) / df['Traffic_Load (k
df['Late '] = (df['Latency (ms)'] - df['Latency (ms)'].mean()) /
df[

df[" Utilizatio

- df['Traffic_Load

'] = (df['BW_Utilization (%)'] - df['BW_Utilization
ean()) / df['BW_Utilization (%)'].std()

Fig. 2. Python code, to calculate the proactive adjustment

In the code the variable “Proactive_Adjusment” stores the
amount of bandwidth required at each instant, it is calculated
based on latency, traffic load and bandwidth utilization percen-
tage. The variable “Adjusment_Class” stores the categories as-
signed to each adjustment range, the adjustment ranges and the
categories assigned to each range can be seen in Table 3.

TABLE III
CATEGORIES ASSIGNED TO EACH ADJUSTMENT RANGE
ADJUSTMENT RANGE CATEGORY
Less than -0.5 Low
Enter -0.5 and 0 Moderate
Enter 0 and 0.5 High
Greater than 0.5 Critical
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experiments were performed using random data samples, in
experiment 5 a sample of 60% was used and in experiment
6 a sample of 70% was used. Table 4 shows the main results of
the training experiments.

TABLE IV
RESULTS OF TRAINING EXPERIMENTS IN ACCURACY

ACCURACY
Forest s Regrwion VM KN xl
2 folds 95.8%  95.0% 90.7% 84.5% 22.5%  28.0%
2 5 folds 99.1%  95.0% 93.2% 88.8% 22.9%  28.0%
é 10 folds 99.2%  95.1% 92.5% 88.3% 22.4%  28.0%
E 20 folds 99.0%  94.8% 92.8% 89.4% 222%  28.0%

60 % datarandom  99.2%  95.7% 91.3% 88.9% 24.4%  28.0%

70 % datarandom  98.8%  94.7% 92.0% 84.9% 24.1%  28.0%

In the 6 validation experiments that serve to validate the re-
sults of the general experiments, by applying each Al method
separately to the dataset, then in the specific experiment 1 the
Random Forest method was used, in the specific experiment
2 the Nayve Bayes method was used, in the specific experiment
3 the Logistic Regression method was used, in the specific ex-
periment 4 the SVM method was used, in the specific experi-
ment 5 the KNN method was used and in the specific experi-
ment 6 the Neural Network method was used, in the Table 5
shows the main results of the validation experiments.

TABLE V
RESULTS OF VALIDATION EXPERIMENTS

TRAINING: 600 DATES VALIDATION: 400 DATES

MODEL

Successes Mistakes Successes Mistakes

Random Forest 600 (100%) 0 (0%) 391 (97.8%) 9 (2.2%)

Nayve Bayes 560 (93.3%) 40 (6.7%) 379 (94.8%) 21 (5.2%)

Rt;’fei::izn 567 (94.5%) 33 (5.5%) 368 (92%) 32 (8%)
SVM 587 (97.8%) 13 (2.2%) 349 (87.3%) 51(12.7%)
KNN 288 (48%) 312 (52%) 89 (22.3%) 311(77.7%)
Red Neuronal 169 (28.1%) 431(71.9%) 111 (27.8%) 289 (72.2%)

IV. RESULTS AND DISCUSSION

For the present work two sets of experiments were made
with 6 training experiments, to determine which is the best Al
method to work with the selected dataset based on a list of 6
previously defined methods: Random Forest, Nayve Bayes,
Logistic Regression, SVM, KNN and neural network, where
cross validation was used to determine the effectiveness of each
method. Experiment 1 was validated by 2 folds, experiment
2 was validated by 5 folds, experiment 3 by 10 folds, expe-
riment 4 by 20 folds. From this point onwards the following

A. Training Experiments

The Orange Data Mining environment [14] was used to per-
form the experiments, firstly, the Testing option is used to test
the effectiveness of various prediction models when working
with the data stored in the Dataset, then several Artificial In-
telligence techniques must be chosen to perform the respecti-
ve testing, the techniques chosen are: neural network, logistic
regression, Random Forest, Support Vector Machines (SVM),
Nayve Bayes and k-nearest neighbor (KNN) as shown in Fig. 3.
To determine the effectiveness of each model, several evalua-
tion metrics proposed by [15] are used.
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Precision (Prec): This metric focuses on the positive and
false positive values; it is obtained from the total true positives
divided by the sum of true positives and false positives (Eq. 1).

.. True positives
Precision =

True positives +False Positives @)

Recall: With the same principle as precision, but with the di-
fference that it focuses on false negatives. It is calculated from
the total of true positives divided by the sum of true positives
and false negatives (Eq. 2).

True positives
Recall = L

True positives+False Negatives (2)

F1 Score (F1): This metric takes into consideration preci-
sion and recall. It is obtained from the double product of the
multiplication of precision and recall divided by the sum of
precision and recall (Eq. 3).

2+Precision*Recall
F1 = Zecsoriec, 3
Precision+Recall ( )
Accuracy (CA): Refers to the number of correct predictions

divided by the number of total predictions (Eq. 4).

Correct predictions

Accuracy =
Y Total Predictions (4)

Area under the ROC curve (AUC): This metric represents the
probability that a randomly chosen positive-valued sample has
a higher rating by the model than a randomly chosen negative-
valued sample. A perfect model would have an AUC =1 [16].

Matthews Correlation Coefficient (MCC): It is a statistical
metric, widely used in binary classifications, its value ranges
from -1 to +1, it returns good results only if the 4 values of the
confusion matrix are also good [17].
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Fig. 3. Testing of Various Al Methods

1. Experiment 1
For the present experiment the cross validation was used,
with a number of folds of 2, giving as a result what is
shown in Table 6, where the models are placed according
to the accuracy they showed in the testing, where it can
be clearly observed the superiority of the Random Fo-
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rest model, over the other models, giving a much better
performance than the others, while models such as Na-
yve Bayer, Logistic Regression and SVM show a fairly
good reliability, on the contrary, the KNN and Neural
Network models show very poor results with respect to
the other models.

TABLE VI
RESULTS OF EXPERIMENT 1

MODEL AUC CA F1 PREC RECALL MCC

Random Forest 0.999 0985 0985 0.985 0.985 0.980

Nayve Bayes 0.988 0.950 0.950 0.952 0950  0.934

Logistic Regression ~ 0.991 0.907 0.907 0.907 0.907  0.876

SVM 0979 0.854 0.855 0.856 0.854  0.805

KNN 0.477 0.225 0220 0.227 0.225  -0.037

Neural Network 0.514 0.280 0.123 0.078 0.280 0.000

2. Experiment 2

For the second experiment, cross-validation was used,
but this time the number of folds was increased to 5,
resulting in the results shown in Table 7, where a clear
increase in accuracy can be observed with respect to the
previous experiment, leading again the Random Forest
model, which remains as the model with the highest ac-
curacy in all aspects, followed by the Nayve Bayes and
Logistic Regression models, which remain with a good
reliability, the SVM model has significantly increased its
reliability, while the KNN and neural network models
remain as the model with the lowest accuracy.

TABLE VII
RESULTS OF EXPERIMENT 2
MODEL AUC CA F1 PREC RECALL MCC

Random Forest 1.000 0.991 0.991 0.991 0.991 0.988

Nayve Bayes 0.989 0.950 0.950 0.953 0950  0.934

Logistic Regression  0.994 0.932 0.932 0.932 0.932 0.909

SVM 0.986 0.888 0.888 0..889  0.888 0.850

KNN 0.489 0.229 0.227 0.233 0.229  -0.030

Neural Network 0.518 0.280 0.123 0.078 0.280  0.000

3. Experiment 3

For the third experiment the cross validation was used, but
this time the number of folds was increased to 10, again
there is an increase in the accuracy of the Random Forest
model remaining as the model with the highest reliabili-
ty, followed by the Nayve Bayes, Logistic Regression and
SVM models with a very good reliability, while the KNN
model and the neural network remain as the models with
the lowest reliability, this can be seen in Table 8.
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TABLE VIII TABLE X
RESULTS OF EXPERIMENT 3 RESULTS OF EXPERIMENT 5

MODEL AUC CA Fl1 PREC RECALL MCC MODEL AUC CA Fl PREC RECALL MCC
Random Forest ~ 1.000 0.992 0.992 0992 0992  0.989 Random Forest 1.000 0992 0992 0992 0992  0.989
Nayve Bayes 0989 0951 0951 0954 0951 0936 Nayve Bayes 0.990 0.957 0.956 0959 0957 0943
Logistic Regression  0.994 0.925 0.925 0925 0925  0.900 Logistic Regression  0.991 0913 0.913 0913 0913~ 0.884
SVM 0.985 0.889 0.889 0.891  0.889  0.852

SVM 0986 0.883 0.883 0.884  0.883  0.844
KNN 0490 0244 0242 0250 0244  -0.009

KNN 0493 0224 0221 0227 0224  -0.037
Neural Network ~ 0.517 0280 0.123 0078 0280  0.000

Neural Network 0.506 0.280 0.123 0.078 0.280 0.000

6. Experiment 6

By using a random data sample of 70% of the Dataset,
with 10 test repetitions, we obtained the results shown
in Table 11, where we can notice a small decrease in
the reliability of most prediction models, except for the
Logistic Regression model and SVM, which have ex-
perienced a small increase in their reliability, while the
neural network remains the same. Data charts which are
typically black and white but sometimes include color.

4. Experiment 4
For the fourth experiment we used the cross validation
which is automatically executed by the Orange Data
Minning environment, this time we increased the num-
ber of folds to 20, the trend of the previous experiments
remains almost the same, but unlike the previous expe-
riments, we noticed a slight decrease in the reliability of
the Random Forest, Nayve Bayes and KNN models, a
slight decrease in the reliability of the Random Forest,
Nayve Bayes and KNN models is noticed, on the other
hand the reliability of the Logistic Regression and SVM
models has slightly increased, while the neural network

TABLE XI
RESULTS OF EXPERIMENT 6

models such as Nayve Bayes, Logistic Regression and
SVM maintain a very similar level to those shown in the
experiments and the KNN and neural network models
remain as the models with the lowest reliability.

. . . . MODEL AUC CA F1 PREC RECALL MCC
remains the same being the model with the lowest relia-
bility, this can be observed in Table 9. Random Forest 1.000 0.988 0.988 0.988  0.988  0.984
Nayve Bayes 0.987 0.947 0947 0.951 0.947 0.931
TABLE IX
RESULTS OF EXPERIMENT 4 Logistic Regression  0.993  0.920 0.920 0.920 0.920 0.893
MODEL AUC CA Fl PREC RECALL MCC SVM 0986 0.894 0.894 0.895  0.894  0.858
Random Forest ~ 1.000 0.990 0990 0990 0990  0.987 KNN 0495 0241 0239 0248 0241  -0.014
Neural Network 0.509 0.280 0.123 0.078 0.280 0.000
Nayve Bayes 0989 0948 0948 0951 0948  0.932 e e
Logistic Regression  0.994 0.928 0.928 0.928 0.928 0.904
B. Validation Experiments
SVM 0.985 0.894 0.894 0.895 0.894 0.858 . . X
Having known the effectiveness of various models through
KNN 0488 0222 0220 0226 0222 -0.039 initial testing to see the behavior of the data against each mo-
Newral Network 0,503 0280 0123 0.078 0280  0.000 del, .1t'1.s necessary to Val.ldate these results, m.order to give
credibility to the results given by the general testing.
. An abbreviation will be assigned to each word in the tables
5. Experiment 5 , for better presentation.
By using a randoln.l data sample' of 60% of the Datasef, « Cat (Category)
with 10 test repetitions, we obtained the result§ shown in « Suma (Summation)
Table 10, where maintaining the trend marked in the pre- . Hi (High)
vious experiments, we note the clear superiority in relia- « Lo (Low)
b%hty of the' Random Forest model, which shows much e Cri (Critical)
higher metrics than the other models, on the other hand « Mo (Moderate)

. Random Forest

It is a technique that consists of the creation of multiple
decision trees to be trained on a different set of data, and
then all the results are integrated to give a final answer.
For the present evaluation, the Random Forest model
was used on a sample of 60% of the data for training,
giving the results shown in Table 12.



ENFOQUE UTE, VOL. 16, NO. 1, JANUARY 2025, pp. 45-54, E-ISSN: 1390-6542

51

TABLE XII TABLE XV
TRAINING RESULTS BY RANDOM FOREST METHOD EVALUATION RESULTS USING THE NAYVE BAYES METHOD
PREDICTION PREDICTION
CAT SUMA CAT SUMA
HI LO CRI MO HI LO CRI MO
HI 164 0 0 0 164 HI 87 0 1 8 96
CURRENT LO 0 121 0 0 121 CURRENT LO 0 106 0 0 106
STATUS CRI 0 0 146 0 146 STATUS CRI 0 0 87 0 87
MO 0 0 0 169 169 MO 0 12 0 99 111

SUMA 164 121 146 169 600

SUMA 87 118 88 107 400

Now that the respective model training has been perfor-
med, it is necessary to validate the results by evaluating
the model by applying 40% of the remaining data, in or-
der to check its efficiency, these new results can be seen
in Table 13.

TABLE XIII
EVALUATION RESULTS USING RANDOM FOREST METHOD
PREDICTION
CAT SUMA
HI LO CRI MO
HI 94 0 0 2 9
CURRENT LO 0 102 0 4 106
STATUS CRI 2 0 85 0 87
MO 1 0 0 110 111

SUMA 97 102 85 116 400

The results of the application of the Random Forest tech-
nique for the automatic bandwidth adjustment prediction
model show that, although in the initial training it was
able to get 100% of the predictions right, at the time of
validation it made few errors in the predictions.

2. Nayve Bayes
It is a technique that uses Bayes’ theorem to determine
the most probable membership of a class. For the present
training, the Nayve Bayes technique was used, together
with a sample of 60% of the data, achieving the results
shown in Table 14.

TABLE XIV
TRAINING RESULTS USING THE NAYVE BAYES METHOD
PREDICTION
CAT SUMA
HI LO CRI MO
HI 150 0 4 10 164
CURRENT LO 0 121 0 0 121
STATUS CRI 0 0 146 0 146
MO 0 26 0 143 169

SUMA 150 147 150 153 600

Now the respective validation must be performed, by
means of a model evaluation, applying 40% of the remai-
ning data to check the efficiency of the model, when trai-
ned, the results of the validation can be seen in Table 15.

The results of the Nayve Bayes technique, after the res-
pective validation, show that, both in the training and in
the evaluation, the model made several prediction errors,
and it can be deduced that the reliability is quite high
because it made few errors.

g

Logistic Regression

It is a technique that, through the use of mathematics,
can find relationships between data factors, and then
predict one value based on the other value. To train the
model based on this technique, a sample of 60% of the
data was used, obtaining the results shown in Table 16.

TABLE XVI
TRAINING RESULTS USING LOGISTIC REGRESSION METHOD
PREDICTION
CAT SUMA
HI LO CRI MO
HI 149 0 10 5 164
CURRENT LO 0 117 0 4 121
STATUS CRI 5 0 141 0 146
MO 5 4 0 160 169
SUMA 159 121 151 169 600

As can be seen in Table 16, the prediction model based
on the Logistic Regression technique, has made many
more errors in the predictions, now it is necessary to
make the testing process by using the remaining 40% of
data, in Table 17 you can see the results of the test but
sometimes include color.

TABLE XVII
EVALUATION RESULTS USING LOGISTIC REGRESSION METHOD
PREDICTION
CAT SUMA
HI LO CRI MO
HI 89 0 4 3 9
CURRENT LO 0 92 0 14 106
STATUS CRI 5 0 82 0 87
MO 4 2 0 105 111

SUMA 98 94 86 122 400

Through the testing process, it has been proven that the
model has made several errors in the predictions. It is
noteworthy that the model has made more errors in the
moderate classification, since it places 17 data wrongly,
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which belong to other categories, but the number of co- TABLE XX
rrect predictions is much higher than the errors, therefo- RESULTS OF TRAINING USING KNN METHOD
re, the reliability of the model is high. PREDICTION
CAT SUMA
4. Support Vectorial Machine SVM HI LO CRI MO
It is a technique that helps to predict outliers in different HI 106 12 29 17 164

groups, always looking for the best plane to separate the-
se groups in a space of many qualities. For the training
of the model based on the SVM technique, a sample of STATUS CRI 43 24 64 15 146
60% of the available data was used, obtaining the results
presented in Table 18.

CURRENT LO 39 50 14 18 121

MO 48 17 36 68 169

SUMA 236 103 143 118 600

TABLE XVIII
TRAINING RESULTS USING THE SVM METHOD In the present model, it is observed that the training re-
PREDICTION sults are not as expected, since there are many prediction
CAT SUMA errors, but the corresponding validation should be done
HI LO CRI MO . . .. .
by applying a test with 40% of the remaining data, obtai-
HI 160 0 1 3 164 ning the results shown in Table 21.
CURRENT LO 0 119 0 2 121 TABLE XXI
STATUS CRI = 4 0 14 0 146 EVALUATION RESULTS USING THE KNN METHOD
MO 3 0 0 166 169 PREDICTION
CAT SUMA
SUMA 167 119 143 171 600 HI LO CRI MO
_ o HI 28 18 24 26 9
Having performed the training process of the SVM-
based model for the prediction of the automatic band- CURRENT Lo i - = Y 106
width adjustment, it is necessary to perform the valida- STATUS CRI | 41 15 17 14 87

tion process by applying the respective test using 40%

. .. M 2 2 24 111
of the remaining data, obtaining the results presented ° 3 > !

in Table 19. SUMA 148 78 93 81 400
TABLE XIX The results are quite clear, the reliability of this model is
EVALUATION RESULTS USING SVM METHOD very low, since the errors made in each prediction exceed
PREDICTION the hits, so it can be deduced that the KNN algorithm is
CAT SUMA very ineffective for working with this type of data.
HI LO CRI MO
HI 36 0 6 4 9 6. Neural Network
This technique consists of a set of nodes connected to each
CURRENT Lo ! - 0 14 106 other to transmit signals; each piece of information passes

STATUS CRI 8 0 79 0 87 through these nodes, where it is subjected to different analy-
ses in order to make a decision. For the training of an au-
tomatic bandwidth adjustment prediction model based on a
SUMA 109 95 85 111 400 neural network, a sample equivalent to 60% of the available
data was used, obtaining the results shown in Table 22.

MO 14 4 0 93 111

The results of the evaluation indicate that most of the

model’s errors are concentrated in the assignment of TABLE XXII
data to the “High” category, while 23 of these data be- TRAINING RESULTS USING NEURAL NETWORK METHOD
long to other categories; therefore, it can be said that the PREDICTION
reliability of this model is medium-high. CAT SUMA
HI LO CRI MO

5. K- Nearest Neighbor (KNN) HI 0 0 0 164 164
IF is a technique bass:d on the 1mplem§ntat10n .of an algo- CURRENT LO 0 0 0 121 121
rithm to make predictions by searching for similar data STATUS
learned in the training stage. To train a model based on CRI 0 0 0 L& 146
this technique, a sample of 60% of the available data was MO 0 0 0 169 169
used, obtaining the results presented in Table 20. e B 0 €00 600
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The training results are very unsatisfactory, since the
neural network achieved very few predictions correctly,
since all the predictions were assigned in the “moderate”
category, but only 169 out of 600 are assigned correctly,
in this sense, the corresponding validation must be per-
formed by using 40% of the remaining data, Table 23
shows the results of the validation process.

TABLE XXIII
EVALUATION RESULTS USING NEURAL NETWORK METHOD
PREDICTION
CAT HI LO CRI MO SUMA
HI 0 0 0 96 96
CURRENT LO 0 0 0 106 106
STATUS CRI 0 0 0 87 87
MO 0 0 0 111 111
SUMA 0 0 0 400 400

The validation results confirm the training results, in the
new validation predictions the model commits the same
errors of the training phase, classifying all the data in the
“Moderate” category, of which 111 are correctly assig-
ned out of a total of 400, therefore the reliability of the
model is low.

C. Discussion

Once all the general and specific experiments are comple-
ted, the results of the experiments are analyzed in each of the
tables presented above. It can be observed that the result of the
experiments varies very little in each of the Al models used,
with the Random Forest, Naive Bayes and Logistic Regression
models standing out after having achieved predictions greater
than 92% effectiveness in the general and specific experiments,
while the SVM model demonstrated good effectiveness rea-
ching 88.8% of correct predictions in the general experiments,
varying greatly at the time of performing the specific experi-
ment, rising to 97.8% at the time of training and then having a
reduction to 87.3% when completely new data was presented.
On the other hand, the KNN and neural network models show
an effectiveness of less than 50% of correct predictions in all
experiments, all the above can be seen in Table 24.

TABLE XXIV
COMPARISON OF TRAINING AND VALIDATION RESULTS
ACCURACY
o g
Random Forest 99.1% 100% 97.8%
MODELS Nayve Bayes 95.0% 93.3% 94.8%
Logistic Regression 93.2% 94.5% 92%

SVM 88.8% 97.8% 87.3%

KNN 22.9% 48% 22.3%

Neural Network 28.0% 28.1% 27.8%
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Based on the results Random Forest, Naive Bayes, Logistic
Regression and SVM models tend to be more efficient in pre-
dicting the automatic bandwidth adjustment since they balance
well the complexity of the model with the ability to generalize
and handle noisy data, on the other hand, KNN and neural net-
work can become inefficient due to the high complexity and
computational overhead that is not always necessary for this
type of problem.

V. CONCLUSION

Upon careful analysis of the Dataset used for the experi-
ments, it was determined that it partially complies with the
required metrics, since it lacks the variable required for auto-
matic adjustment, being necessary to create such variable and
assign the adjustment categories to be used as a target variable.

Through the application of the general experiments, it was
observed that: Random Forest, Nayve Bayes, Logistic Regres-
sion and SVM, demonstrated an effectiveness above 90% mea-
sured through the parameters: precision (PREC), classification
accuracy (CA), area under the ROC curve (AUC), RECALL
and Mathematical Correlation Coefficient (MCC), being that
Random Forest demonstrated an effectiveness of 99% in all pa-
rameters, being the highest with respect to the other methods,
while KNN and Neural Network demonstrated effectiveness
below 50%.

The specific experiments showed that the most effective
method for the prediction of automatic bandwidth adjustment
is Random Forest, since in the training it approached 100% of
the predictions, while in the evaluation it got 97.8% of the pre-
dictions right, with higher percentages of correct predictions in
training and evaluation compared to the other methods,

Comparing the different Artificial Intelligence techniques,
taking into consideration the quality of service for the automa-
tic or dynamic bandwidth adjustment, exposes the limitations
and strengths that each of the evaluated techniques have when
working with certain types of data, although some techniques
show a very high prediction effectiveness regardless of the
training and validation data, on the contrary, other techniques
show that there are variations when exposing the model to trai-
ning and validation data, being that there is a notable difference
between the results of training and validation.

VI. FUTURE WORKS

Future work includes developing an automatic bandwidth
adjustment model based on Artificial Intelligence methods,
focusing in Analysis of relationship the Random Forest and
Neural Network models and the multimedia traffic specially
for wireless networks.
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