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REVISTA CIENTÍFICA CUATRIMESTRAL
Carrera 7 No. 40-53

Edificio Administrativo
Piso 7 - Facultad de Ingenierı́a
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José Daniel Gutierrez Garcı́a.
Corrección de Estilo

Julian Arcila-Forero, MSc.
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GENIERÍA. Los juicios y opiniones expresadas por los autores en este medio son de
su responsabilidad y no establecen, reflejan o comprometen los de la Revista INGE-
NIERÍA.
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Universidad Técnica del Norte Universidad Técnica del Norte
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Editorial

Applied Engineering in Times of Crisis: Building a
Better World

Humanity has faced several global shocking events from time to time:
Roman empire’s expansion, Genghis Khan empire, Ancient Greek empire,
the French revolution, the black plague, America’s invasion, WWI/WWII,
the Spanish flu etc., and now the COVID-19 pandemic. Every event has come
with their own characteristics and significantly changed the world where
some positive/negative effects forced humanity to learn or create knowledge
to modify the way we do things. As always, normal people do not believe
they should face one of those events in their lives due to different reasons: it
looks much more a historical book’s stuff, they think modern world is ready
to handle those events, or they simply rely too much on their governments to
solve/handle big issues.

COVID-19 pandemic taught us that even the smallest virus can push hu-
manity to a breakdown, it also remembers us that nature is smarter than
all scientists and human resources together and there’s no strong enough
government able to guarantee population’s safety not only in health terms but
food, energy, economic stability and social order. This way, there’s no other
way than be flexible and work altogether as human race to face those events
using multidisciplinary knowledge and sharing resources where engineering
as a discipline is a key tool to advance as a society.

Engineering as a whole is defined as the point where pure and social sciences
converge to the development of society in different ways, to build a better
world and to plan a brighter future. Engineering needs pure math, physics,
chemistry as a base to build everything over steel, but it also needs to be
based on arts and social concepts to be valuable for a society. COVID-19 has
dramatically impacted global economy and operations at a high cost and it’s
time to re define our economic agenda and priorities, so engineering is a key
discipline that will create the path to a new world, a better one we hope.

This issue includes important contributions in several engineering fields inclu-
ding environmental engineering, mechanical engineering, and electrical and
electronics engineering. Also, the readers can find a selection of papers pre-
sented at the Workshop of Engineering Applications co- sponsored by the
Facultad de Ingenierı́a of Universidad Distrital in order to promote spaces for
the dissemination of works at different fields of engineering.�

�
�
�

Citación: N. Diaz, “Applied Engineering in Times of Crisis: Building a Better World.”, Ingenierı́a, vol. 25, no. 3,
pp. 221-222, (2020).
© The authors; reproduction right holder Universidad Distrital Francisco José de Caldas.
DOI: https://doi.org/10.14483/23448393.17025
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Influence of Soils on Nutrient Transfer Dynamics
at the Soil-Water Interface of a Tropical Reservoir
Influencia de los suelos en la dinámica de transferencia de
nutrientes en la interfase suelo-agua en un embalse tropical
Tatiana Arias1, Diana C. Rodrı́guez 2, Gustavo A. Peñuela 3
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Abstract
Context: The construction of a reservoir implies flooding different types of soil, which generates a
concentration gradient that favors nutrient transfer from the soil to the water column. Soils provide the
reservoir with an important nutrient input, which, along with other sources, contributes to the eutrophi-
cation process.
Method: This study evaluated, under anoxic conditions, the dynamics of nitrogen and phosphorus trans-
fer at a soil-water interface using three types of soil, which was prior to the flooding process of a tropical
reservoir. Batch tests were carried out and monitored for periods of 30 days.
Results: The results indicated that the maximum phosphorus concentration in the water-soil interface
was reached on day 24, on day 15 for ammoniacal nitrogen, and on day 30 for nitrate, where the soil
associated with the high plant cover Rastrojo (Ra) had the highest nutrient intake in all trials.
Conclusions: It was found that the transfer of nutrients is associated with the degradation of organic
matter present in soils, as well as with the reduction of dissolved oxygen, which favors a greater release of
ammonia from the soil to the water. Furthermore, it was found that the transfer gradient was proportional
to the type of soil texture.
Keywords: Eutrophication, flood, nutrients, reservoir, water quality.
Acknowledgments: The authors gratefully acknowledge the financial support provided by the Colom-
bian Scientific Program, within the framework of the Ecosistema Cientı́fico call for proposals (Contract
Nr. FP44842-218- 2018). In addition, they thank the company ISAGEN and GDCON group at the Uni-
versity of Antioquia for their funding through agreement 47/26: “Quantifying GHG Emissions for the
Sogamoso Hydroelectric Project”.
Language: Spanish
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Influencia de los suelos en la dinámica de transferencia de nutrientes en la interfase suelo-agua en un embalse tropical
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Resumen
Contexto: La construcción de un embalse implica inundar diferentes tipos de suelo, lo cual genera un
gradiente de concentración que favorece la transferencia de nutrientes desde el suelo hacia la columna
de agua. Los suelos proveen al embalse una entrada importante de nutrientes, lo cual, junto con otras
fuentes, contribuye a futuro al proceso de eutrofización.
Método: Este estudio evaluó, bajo condiciones anóxicas, la dinámica de transferencia del nitrógeno y
el fósforo en la interfase suelo-agua, empleando tres tipos de suelos, caracterizados previo al proceso de
inundación de un embalse tropical. Los ensayos se realizaron por medio de ensayos batch, los cuales se
monitorearon por periodos de 30 dı́as.
Resultados: Los resultados indicaron que la máxima concentración de fósforo en la interfase agua-suelo
se alcanzó en el dı́a 24, la de nitrógeno amoniacal en el dı́a 15 y la de nitrato en el dı́a 30, donde el suelo
asociado a la cobertura vegetal rastrojo alto tuvo el mayor aporte de nutrientes en todos los ensayos.
Conclusiones: Se comprobó que la transferencia de nutrientes está asociada con la degradación de
la materia orgánica presente en los suelos y a la reducción del oxı́geno disuelto, lo que favorece una
mayor liberación de amonio del suelo al agua. Además, se encontró que el gradiente de transferencia fue
proporcional al tipo de textura del suelo.
Palabras clave: Calidad del agua, embalse, eutrofización, inundación, nutrientes.
Agradecimientos: Los autores agradecen el apoyo financiero brindado por el Programa Cientı́fico Co-
lombiano, en el marco de la convocatoria de propuestas Ecosistema Cientı́fico (Contrato No. FP44842-
218-2018). Además, agradecen a la empresa ISAGEN y al grupo GDCON de la Universidad de Antio-
quia por el financiamiento a través del acuerdo 47/26: “Cuantificación de las emisiones de GEI para el
Proyecto Hidroeléctrico Sogamoso”.
Idioma: Español

1. Introducción

Los embalses son cuerpos de agua artificiales que presentan caracterı́sticas similares a los la-
gos naturales [1]–[3]. Generalmente son construidos para el abastecimiento de agua, el control de
inundaciones y la generación de energı́a eléctrica; sin embargo, su proceso de construcción implica
inundar una amplia extensión de suelo e introducir importantes modificaciones en el ambiente, ya
que se transforma un ecosistema terrestre en uno acuático [4], [5].

Los diferentes tipos de suelos que son inundados se convierten en una fuente importante de nu-
trientes para los embalses, puesto que gran parte de la materia orgánica y los nutrientes que contie-
nen estos, son transferidos a la columna de agua del embalse [6]. Como consecuencia de la oxida-
ción de la materia orgánica contenida en el suelo, en los embalses nuevos se generan condiciones
anóxicas que favorecen la liberación de nutrientes [7]–[9]. De esta manera, los suelos contribuyen
a la contaminación del agua y, en conjunto con otras fuentes, a la eutrofización de los embalses [10].

Durante el proceso de transferencia, los nutrientes contenidos en el suelo fluyen hacia la co-
lumna de agua del embalse como respuesta al gradiente de concentración que se presenta entre
ambas fases, siendo la difusión el principal mecanismo de transporte [11], [12]. Este es un proceso
altamente complejo que depende no solo de los factores ambientales del agua como son el pH,
potencial redox, oxı́geno disuelto y temperatura, sino también de la actividad microbiana y de las
caracterı́sticas del suelo [13]–[15].

224 INGENIERÍA • VOL. 25 • NO. 3 • ISSN 0121-750X • E-ISSN 2344-8393 • UNIVERSIDAD DISTRITAL FRANCISCO JOSÉ DE CALDAS
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Dado que el ingreso de nutrientes a los embalses no solo se da a través del suelo, sino también
por medio de sus afluentes, las dos vı́as en conjunto pueden conducir los embalses a un estado
de eutrofización, es decir, a un enriquecimiento de nutrientes que estimula el crecimiento excesivo
de plantas y algas acuáticas [16], situación que es particularmente grave en el trópico por la alta
disponibilidad de luz y las cálidas temperaturas durante todo el año [8]. Lo anterior da lugar a que
la transferencia de nutrientes sea un proceso que afecta la calidad del agua de los embalses, mo-
tivo por el cual es fundamental caracterizar los aportes de nutrientes que se dan desde el suelo, al
ser una vı́a para la movilización de estos [14], [17]. Este es un aspecto indeseado, puesto que in-
fluye sobre la operación de los embalses y tiene un impacto negativo en los ambientes circundantes.

La mayorı́a de los estudios evalúan la transferencia de nutrientes a partir de los sedimentos de
los cuerpos de agua continentales [3], [8], [11], [15]; no obstante, son muy pocos los estudios que
evalúan la transferencia de nutrientes que tienen los suelos en los embalses previo al proceso de
inundación o en embalses jóvenes, siendo un ejemplo el estudio realizado por Zhu et al. [10], en
el cual se encontró que los embalses jóvenes son más frágiles al deterioro y que altas cargas de
nutrientes son una condición necesaria la eutrofización. Una de las razones por la que existen po-
cos estudios sobre el tema es la falta de seguimientos y estudios de lı́nea base que se realizan a los
embalses antes de su llenado.

Este es un estudio pionero en Colombia, el cual tuvo como finalidad evaluar bajo condiciones
anóxicas, la transferencia de nutrientes desde el suelo hacia la columna de agua, previo al proceso
de llenado de un embalse tropical, a partir de tres tipos de suelo y mediante la aplicación de ensayos
batch. Este artı́culo contribuye a mejorar el entendimiento de la influencia de los suelos en el
ingreso de nutrientes y el proceso de eutrofización de los embalses nuevos, siendo importante para
la toma de decisiones y para la gestión del recurso hı́drico.

2. Materiales y métodos

2.1. Área de estudio
El embalse tropical está localizado en el departamento de Santander, Colombia, en el cañón donde

el rı́o Sogamoso cruza la Serranı́a de La Paz, a 75 km aguas arriba de su desembocadura en el rı́o
Magdalena y 62 km aguas abajo de la confluencia de los rı́os Suárez y Chicamocha. La presa
y el embalse se localizan en la jurisdicción de los municipios de Girón, Betulia, Zapatoca, Los
Santos, Lebrija y San Vicente de Chucurı́. El clima de la zona es tropical, caracterizado por tener
una temperatura que oscila entre 24,6 y 30,0 °C, velocidad promedio de los vientos de 0,2 m/s,
porcentaje de humedad de 51 % y precipitación media de 3000 mm/año [18].

2.2. Definición del muestreo
Se definió un muestreo aleatorio estratificado teniendo en cuenta los lineamientos establecidos por

[19]–[22]. De esta manera, a partir de imágenes aéreas y del estudio de impacto ambiental realizado
en la zona, se delimitaron los tres estratos a muestrear correspondientes a las coberturas: rastrojo

INGENIERÍA • VOL. 25 • NO. 3 • ISSN 0121-750X • E-ISSN 2344-8393 • UNIVERSIDAD DISTRITAL FRANCISCO JOSÉ DE CALDAS 225
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bajo (RB), rastrojo alto (RA) y pastizales arbolados (PA). A cada una de las coberturas se le calculó
el área para conocer la proporción del estrato con respecto al área total del embalse y determinar
el número de muestras requeridas dentro de cada uno de estos para muestreos estratificados. La
asignación del tamaño de la muestra se realizó teniendo en cuenta factores como el número de
árboles por hectárea, la importancia que tiene la estimación del carbono para cada estrato y la
disponibilidad de información sobre el área.

2.3. Tipo y tamaño de las parcelas
La cuantificación de las coberturas ubicadas en el área del vaso del embalse tropical se llevó a

cabo en parcelas cuadradas de 25 × 25 m. El tamaño de las parcelas se seleccionó teniendo en
cuenta la densidad arbórea (menor a 1111 árboles/ha), el área basal (árboles con DAP > 10 cm) y
la cantidad de carbono almacenado (por tipo de cobertura). El número de parcelas se calculó usan-
do tres criterios: el de matrices de decisión para la selección del número de parcelas de acuerdo con
el tamaño y error requerido usando las tablas para bosque húmedo tropical no estacional definidas
por el IDEAM [21], la mı́nima unidad estadı́stica con cobertura de área para muestreos de bosques
naturales [20] y las ecuaciones establecidas por Orrego et al. [22] para muestreos estratificados.
Con el primer criterio se estableció que el número de parcelas n que debı́an muestrearse con el ta-
maño de la parcela seleccionada (25 × 25 m) era de doce, con un porcentaje de error del muestreo
definido por el lı́mite superior del error promedio calculado para la estimación de la biomasa igual
a 14,5 % con el fin de obtener un nivel de esfuerzo en el monitoreo de carbono según la relación
B-C (biomasa-carbono). Usando el criterio de la unidad mı́nima estadı́stica, tres por estrato y te-
niendo en cuenta que el área a muestrear fuera igual a 0,05 ha y no inferior (área de muestreo para
inventarios forestales de carbono), se obtuvieron las doce parcelas.

En la selección del sitio se utilizaron los siguientes criterios: condiciones locales de sitio que
incluye el clima y la edafologı́a, factores de disturbio, viabilidad y la logı́stica (acceso, cercanı́a a
sitio de residencia, seguridad de la zona). Con la finalidad de disminuir los factores disturbios de
las parcelas permanentes establecidas y tratar en lo posible que el efecto de borde sea el mı́nimo,
se dejó una franja amortiguadora de 100 m, tal como lo sugiere IDEAM [21]. Se tuvo en cuenta
que no se hubiesen realizado procesos de tala de árboles con diámetro mayor a 10 cm (D > 10 cm)
y que todas las parcelas estuvieran ubicadas por debajo de la cota 300 que corresponde a la cota de
inundación del embalse. La ubicación del primer punto de la parcela se determinó al azar, usando
un muestreo sistemático con el fin de evitar la selección subjetiva de las áreas para la ubicación de
las parcelas que eventualmente podrı́an generar sesgos en las estimaciones.

2.4. Análisis de suelo
Las muestras objeto de estudio fueron obtenidas de las diferentes coberturas vegetales presentes

en el embalse tropical previo al proceso de llenado. Se emplearon muestras de suelos denomina-
das S1RB, S2RA y S3PA provenientes de las coberturas vegetales RB, RA y PA, respectivamente,
dado que estas presentaron un mayor contenido de materia orgánica y una mayor concentración
de nutrientes en relación con el resto de los suelos evaluados en estudios previos como parte del
establecimiento de la lı́nea base de la investigación. Siguiendo las recomendaciones establecidas en
la Norma Oficial Mexicana NOM-021-SE- MARNAT-2000 [23], por cada tipo de suelo se tomaron
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en campo muestras compuestas de 1 kg a una profundidad de 0-5 cm, las cuales se almacenaron en
bolsas plásticas Ziploc y se refrigeraron a 4 °C para conservar sus caracterı́sticas fisicoquı́micas y
evitar la pérdida o el ingreso de nutrientes.

Con la finalidad de determinar las condiciones iniciales de los suelos antes de empezar los expe-
rimentos, fue necesario realizar el análisis de sus propiedades fisicoquı́micas. Para esto se tomaron
submuestras de los tres tipos de suelo y se analizó el porcentaje de humedad, pH, capacidad de
intercambio catiónico (CIC), textura, densidad aparente, contenido de materia orgánica, nitratos,
nitrógeno amoniacal, nitrógeno total Kjeldahl (NTK) y fósforo disponible según las metodologı́as
analı́ticas del Instituto Geográfico Agustı́n Codazzi [24], [25]. Los análisis se realizaron en el la-
boratorio del Grupo Diagnóstico y Control de la Contaminación (GDCON) de la Universidad de
Antioquia, laboratorio acreditado por el Instituto de Hidrologı́a, Meteorologı́a y Estudios Ambien-
tales (IDEAM) en la norma 17025:2005 bajo la resolución 3564/2014.

2.5. Sistema experimental en batch

Los ensayos en batch se realizaron utilizando botellas ámbar de vidrio de un litro de capacidad
para evitar la interferencia de la luz y simular las condiciones del fondo del embalse. Las botellas
fueron mufladas previamente a una temperatura de 550 °C durante cuatro horas para eliminar cual-
quier traza de material orgánico que pudiera interferir en los experimentos. Para cada ensayo se
usaron 50 g de suelo y una altura de columna de agua 0,15 m, empleando 650 ml de agua desioni-
zada. Las botellas fueron cerradas herméticamente y se ubicaron en el laboratorio durante todo el
experimento a temperatura ambiente (25 °C). Para inducir las condiciones anóxicas que se presen-
tan un embalse, se burbujeo nitrógeno gaseoso durante un minuto. La duración del experimento se
definió de 30 dı́as siguiendo los estudios realizados por Gin y Gopalakrishnan [8] y Zhu et al. [10].
El diseño experimental utilizado fue análisis estadı́stico de tres factores (tipo de suelo), diez niveles
(número de lecturas realizadas) y una réplica, la cual se realizó por duplicado.

2.6. Análisis de laboratorio

La transferencia de nutrientes se determinó a partir de las concentraciones de nitrógeno y fósforo
medidas en el agua de cada botella. La lectura de los parámetros fisicoquı́micos en las muestras,
tales como nitratos, nitrógeno amoniacal, fosfatos y DQO, se realizaron siguiendo las metodologı́as
establecidas en el Standard Methods [26]. Los parámetros directos (pH, potencial redox, oxı́geno
disuelto y temperatura) se realizaron empleando una sonda multiparamétrica (Quanta-hidrolab).

2.7. Estimación de flujo de nutrientes

La expresión propuesta por Zago et al. [27] permite estimar los flujos de nutrientes a partir de los
gradientes de concentración obtenidos en las muestras de agua en intervalos de tiempo determina-
dos. Valores positivos del flujo indican que la especie quı́mica de interés es liberada desde el suelo
hacia la columna de agua, mientras que valores negativos del flujo indican que el suelo actúa como
un sumidero, es decir, que la transferencia ocurre del agua hacia el suelo.
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Fi =
∆CiH

∆ti
(1)

Donde Fi es el flujo en el intervalo de tiempo considerado (g/m2/d), Ci es la diferencia de con-
centración en el intervalo de tiempo considerado (g/m3), H altura de la columna de agua (m) y ti
es el intervalo de tiempo entre las mediciones i yi + 1(d).

2.8. Análisis estadı́stico
Por medio del programa R, versión 3.2.4, se realizaron los estadı́sticos básicos: máximo, mı́nimo,

promedio y desviación estándar.

3. Resultados y discusión

3.1. Caracterización de los suelos
En la Tabla I se presentan las caracterı́sticas fisicoquı́micas de los tres tipos de suelo utilizados

en los ensayos. De acuerdo con los resultados obtenidos, los suelos S1RB y S2RA se clasificaron
como moderadamente ácidos, ya que presentaron valores de pH en el rango de 5,5-6,4 [23], [28],
lo cual, según Campillo [29], está asociado con una deficiencia en las concentraciones de nitrógeno
y fósforo. Por su parte, el suelo S3PA se clasificó como ácido por tener un valor contenido en
el rango de 4,6–5,4 [23], [28] y de forma opuesta se puede asociar con un leve incremento en la
concentración de estos nutrientes. La medida del pH es fundamental en la caracterización de los
suelos debido a que este parámetro afecta la disponibilidad de nutrientes, la actividad microbiana y
la toxicidad asociada a ciertos metales en forma disuelta.

Tabla I. Caracterı́sticas fı́sicas y quı́micas de los suelos usados en el experimento.
Parámetro Unidad S1Rb S2Ra S3Pa
pH 6,00 5,50 5,31
Textura Franco-arenoso Franco-arcillosa Arcilla
Humedad % 8,736 5,419 22,701
Densidad aparente g/ml 1,287 1,114 1,179
CIC meq/100g 30,57 27,5 38,97
Materia orgánica % 5,6 9,58 7,75
Nitrato mg NO−

3 /kg 189,168 361,774 137,435
NTK % 0,297 0,467 0,549
Fosfato mg PO3−

4 /kg 6,00 10,016 38,972 24,127

Tomando como referencia el triángulo textural propuesto por la USDA [30] y los criterios esta-
blecidos por Casanova [31], el suelo S1RB fue clasificado como franco-arenoso; por lo tanto, en
este suelo las posibilidades de infiltración del agua y procesos de lavado serán mucho mayores,
disminuyendo la capacidad para retener agua y liberar nutrientes. El suelo S2RA clasificó como
franco-arcillosa, en este tipo de suelo se ve favorecida la porosidad y, por tanto, la capacidad de
infiltración del agua, la actividad microbiana, el proceso de descomposición de la materia orgánica
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y la movilización de los nutrientes. Finalmente, dado que el suelo S3PA presentó una textura arci-
llosa, su capacidad de retener agua y nutrientes es alta y la de movilización de nutrientes tiende a
ser baja en comparación con los otros tipos de suelo.

Al comparar los valores del contenido de materia orgánica cuantificados en los tres tipos de suelos
con la clasificación establecida por [23], [28], se encuentra que los tres suelos presentaron un alto
contenido (> 4,01 %), siendo mayor el porcentaje de materia orgánica en S2RA (9,58 %), seguido
de S1RB (5,60 %) y finalmente, S3PA (7,55 %). Teniendo en cuenta esta misma clasificación, el
contenido de fósforo fue clasificado como moderadamente bajo (10-15 mg/kg) para S1RB, mode-
radamente alto (21-25 mg/kg) para S3PA y muy alto (> 36 mg/kg) para S2RA. En general, los
tres tipos suelos mostraron un alto contenido de NTK (> 0,221 %) y bajo contenido de amonio,
pero para los nitratos los suelos S1RB y S2RA presentaron un contenido medio y el suelo S3PA un
contenido bajo. Al relacionar los resultados de las caracterı́sticas fisicoquı́micas iniciales encontra-
das para los tres tipos de suelo, se esperarı́a que la transferencia de nutrientes desde el suelo hacia
la columna de agua sea mayor para el suelo S2RA, puesto que se verá favorecida por el mayor
contenido de materia orgánica y el tipo de textura que presenta.

3.2. Variables fisicoquı́micas en el agua

En la Tabla II se encuentran los valores máximos, mı́nimos y promedios para las variables de pH,
oxı́geno disuelto y potencial redox, los cuales se obtuvieron a partir de las mediciones realizadas
en la columna de agua en los ensayos en batch. En general, para los tres tipos de suelo no se
presentaron grandes fluctuaciones en el valor del pH, teniendo un valor promedio de 6,61 ± 0,05
para todos los experimentos. Por otra parte, las concentraciones de oxı́geno disuelto (OD) variaron
durante el experimento, pero de acuerdo con los valores promedios obtenidos para los tres tipos de
suelo, lo hicieron alrededor de las condiciones anóxicas (1,78 mg/L - 2,97 mg/L). En forma general,
el OD fue disminuyendo a lo largo del periodo de análisis, situación debida a la demanda de oxı́geno
ejercida por la degradación de la materia orgánica presente en los tres tipos de suelo. Sin embargo,
como el suelo S2RA registró un mayor contenido de esta, sus valores de OD medidos fueron más
bajos respecto a los otros suelos. En cuanto al potencial redox, los valores fueron positivos al inicio
de los experimentos y luego negativos durante el transcurso del periodo de estudio, alcanzando
valores mı́nimos de -274,00 mV para S1RB, -252,80 mV para S2RA y -282.00 mV para S3PA.
Este comportamiento se relacionó directamente con la disminución que presentó el oxı́geno. De
acuerdo con lo encontrado por Zhang y Wang [15], la variabilidad en los valores del pH y OD en la
columna de agua de los ensayos desempeña un papel importante en la liberación de nutrientes del
suelo al cuerpo de agua, ya que condiciona la solubilidad y, por lo tanto, la disponibilidad de estos.

Tabla II. Valores de las variables fisicoquı́micas pH, oxı́geno disuelto (OD) y potencial redox.

Suelo pH OD (mg/L) Redox (mV)

Máx. Mı́n. Promedio Máx. Mı́n. Promedio Máx. Mı́n. Promedio

S1RB 7,22 ± 0,22 6,37 ± 0,01 6,62 ± 0,14 4,62 ± 0,21 0,72 ± 0,40 2,87 ± 0,12 268,75 ± 34,01 -276,00 ± 23,48 109,52 ± 29,21

S2RA 7,40 ± 0,02 6,39 ± 0,11 6,57 ± 0,04 3,26 ± 0,80 0,57 ± 0,10 1,78 ± 0,19 188,65 ± 18,60 -252,80 ± 22,43 67,43 ± 12,22

S3PA 6,90 ± 0,16 6,48 ± 0,05 6,64 ± 0,00 4,56 ± 0,08 1,18 ± 0,56 2,58 ± 0,36 235,30 ± 12,45 -282,00 ± 12,48 86,67 ± 18,54
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3.3. Dinámica de la transferencia de nutrientes

En la Figura 1 se muestra el comportamiento del fosfato en el agua para los tres tipos de suelos.
Los resultados muestran un incremento en la concentración de PO3−

4 en el agua contenida en el
suelo S2RA que corresponde, a su vez, al suelo con mayor contenido de materia orgánica y fósforo
disponible en su composición inicial y que, además, se caracterizó por una textura franco-arcillosa,
situación que favorece los procesos de transferencia de nutrientes desde y hacia el medio. La menor
concentración de fosfatos en el agua se dio para el suelo S3PA, lo que está relacionado con su tex-
tura arcillosa, la cual suele retener los nutrientes y no permite un adecuado proceso de intercambio
suelo-agua.

Tanto para los ensayos con S1RB como S2RA se evidenció un incremento en la concentración de
fosfato hasta el dı́a 24 y, posteriormente, se dio lugar a una disminución. Este fenómeno se corre-
lacionó con el pH, donde valores de pH por encima de 7 fueron determinados en los dı́as 27 y 30,
con valores de 7,17 y 7,40 para S1RB y 7,24 y 7,05 para S2RA respectivamente, para los demás
dı́as los valores de pH oscilaron entre 6,37 a 6,82. En el caso de los suelos, valores de pH por en-
cima de 7 afectaron la disponibilidad del fosforo, ya que este se acompleja con el calcio presente,
formando precipitados. Para los ensayos con el suelo S3PA, esta tendencia no estuvo tan marcada y
las concentraciones de fosforo fueron muy constantes a lo largo de todos los ensayos, al igual que
el pH, con valores que oscilaron entre 6,48 y 6,90.

Adicionalmente, se encuentra que existe una relación directa entre el comportamiento del oxı́geno
disuelto y la transferencia de fosfato desde el suelo hacia la columna de agua. A medida que se re-
ducen las concentraciones de oxı́geno disuelto en el agua como consecuencia de la mineralización
de la materia orgánica y se logran condiciones anóxicas, la concentración de fosfato se incrementa,
lo cual puede evidenciarse en la Figura 1, donde para los tres tipos de suelo la máxima concen-
tración de PO3−

4 se alcanza entre los dı́as 21 y 24 con concentraciones de oxı́geno entre 1,45 y
1,71 mg/L, comportamiento similar al encontrado por Zhu et al. [10], en cuyo estudio el fósforo
influenció el cuerpo de agua durante los primeros 20 dı́as. De acuerdo con Wetzel [1], las condi-
ciones anóxicas asociadas a la reducción del oxı́geno disuelto y de los valores del potencial redox
favorecen la liberación de PO3−

4 desde el suelo.

Figura 1. Concentración de fosfato (PO3−
4 ) en la columna de agua de los ensayos batch para los tres tipos de suelo.
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Figura 2. Concentración de nitrógeno amoniacal (NH+
4 ) en la columna de agua de los ensayos batch para los tres tipos

de suelos.

En cuanto al nitrógeno amoniacal (NH+
4 ), se observó un comportamiento similar al descrito para

el fosfato, es decir, se da en el transcurso del experimento un incremento progresivo de las con-
centraciones (Figura 2). Sin embargo, a diferencia de este, la máxima concentración de NH+

4 se
presentó el dı́a 15, mucho más rápido en comparación con el fosfato, y a partir de este empieza un
decaimiento en la concentración de amonio en el agua para los tres tipos de suelos. La liberación
de NH+

4 desde el suelo es el resultado de las bajas tasas de nitrificación biológica y asimilación de
NH+

4 , lo cual se debe a la reducción en las concentraciones de oxı́geno disuelto, de modo que al no
favorecerse la oxidación del NH+

4 a nitritos y nitratos se da su liberación al medio acuoso [1], [15].
Esta situación se ve reflejada hasta el dı́a quince, donde se alcanza el máximo de transferencia y
predominio de las condiciones necesarias para llevar a cabo esta y, posteriormente, se da un decai-
miento, indicando un cambio en la cinética de transferencia de la interfase suelo-agua.

Un pH entre 7 y 8 es requerido para un óptimo crecimiento de las bacterias nitrificantes [8], rango
del cual se alejan un poco los valores promedio de pH obtenidos en los experimentos, lo que resulta
en una baja tasa de conversión de NH+

4 a nitrato (NO−
3 ). En estas condiciones anóxicas la tasa de

mineralización del amonio excede a la de nitrificación [32].

Lo descrito previamente se ve reflejado claramente en la Figura 3, donde la transferencia del
nitrato es mucho más lenta que la de nitrógeno amoniacal y tiende a ser más estable hasta aproxi-
madamente el dı́a quince. A partir de esta fecha, se incrementa el proceso de transferencia por la
disminución del oxigeno disuelto, lo que favorece las condiciones anóxicas, alcanzándose la máxi-
ma concentración de NO−

3 al dı́a 30 que fue la máxima experimentación.

Finalmente, de acuerdo con el comportamiento de la DQO en el agua (Figura 4), se observa que
esta disminuye su concentración durante toda la experimentación, indicando procesos de degrada-
ción anóxicos y anaerobios de la materia orgánica presente. Comparando los tres tipos de suelo se
encuentra que la mayor degradación de materia orgánica se dio en el suelo S3PA, suelo de carac-
terı́sticas arcillosas.
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Figura 3. Concentración de nitrato (NO−
3 ) en la columna de agua de los ensayos batch en los tres tipos de suelo.

Figura 4. Concentración de la DQO en la columna de agua de los ensayos batch en los tres tipos de suelo.

3.4. Análisis de flujos

Se encontró que los tres tipos de suelo liberaron nitrógeno y fósforo (Figura 5), en función del
gradiente de concentración que presentaron entre la columna de agua y el agua contenida en los po-
ros del suelo. Este resultado está asociado con la mineralización de la materia orgánica y es similar
a lo observado por [10]. Para el caso del amonio (Figura 5a), resultados de flujos fueron positivos
hasta el dı́a quince, con valores promedio de 0,0397 g/m2.d, 0,0450 g/m2.d y 0,0206 g/m2.d pa-
ra los suelos S1RB, S2RA y S3PA, respectivamente. Posteriormente, los flujos fueron negativos,
indicando flujos de amonio desde la columna de agua hacia los suelos, es decir, una retención de
estos y en mayor proporción para el suelo S3PA, dadas sus caracterı́sticas arcillosas. Este fenómeno
corrobora lo encontrado en las concentraciones de amonio en la columna de agua, donde la cinética
de transferencia disminuyó a partir del dı́a quince. En el caso de los flujos de nitrato (Figura 5b),
todos los flujos fueron positivos durante toda la experimentación, es decir, fueron desde el suelo
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Figura 5. Flujos de nutrientes y materia orgánica en los ensayos en bacth.

hacia la columna de agua; sin embargo, en el dı́a quince se evidencia una disminución de los flujos
en los tres tipos de suelos, lo que coincide con los resultados de amonio y se asocia con procesos de
desnitrificación posterior a los quince dı́as por el agotamiento del oxı́geno disuelto, lo cual favorece
este proceso.

La Figura 5c muestra los flujos para el fosfato, en este caso se da una liberación hacia la columna
de agua hasta el dı́a 24 para los suelos S1RB y S2RA y, posteriormente, un cambio de flujo de la
columna al suelo, lo que fue asociado con el aumento de pH. Esto favorece la formación de espe-
cies insolubles por el acomplejamiento del calcio presente en los suelos con los fosfatos. En este
sentido, los suelos analizados se caracterizan por acumular sales solubles, principalmente calcio y
magnesio, donde el contenido de calcio depende principalmente del contenido de arcilla, de la ma-
teria orgánica presente y de los procesos de meteorización y lixiviación. De este modo, la presencia
de calcio permite dominar el complejo de intercambio a pH cerca de la neutralidad o ligeramente
alcalino.

Finalmente, para la DQO (Figura 5d) se dio un fenómeno de transferencia desde la columna de
agua al suelo durante todo el tiempo, ya que los resultados de flujo fueron negativos para los tres
tipos de suelos estudiados. Este fenómeno da lugar a la formación de sumideros de carbono en los
embalses, lo que contribuye a reducir las emisiones de gases de efecto invernadero en los embalses.
Los resultados de flujo permiten inferir que, en el caso del embalse influenciado por estas coberturas
de suelo, el amonio podrı́a tener la tendencia a liberarse en la columna de agua en los primeros
dı́as de inundación y, posteriormente, podrı́a ocurrir un agotamiento. En el caso de los nitratos,
el proceso puede ser a largo plazo por el proceso de desnitrificación. Para el caso del fosfato, la
liberación a la columna de agua podrı́a ser más extensa que el amonio, lo que contribuirı́a en mayor

INGENIERÍA • VOL. 25 • NO. 3 • ISSN 0121-750X • E-ISSN 2344-8393 • UNIVERSIDAD DISTRITAL FRANCISCO JOSÉ DE CALDAS 233
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grado con el aumento en la eutrofización. De igual forma, se concluye que los suelos analizados son
una fuente de nutrientes y que pueden contribuir con los procesos de eutrofización en el embalse,
estos mismos resultados fueron obtenidos por [33].

4. Conclusiones
Los ensayos batch bajo condiciones anóxicas mostraron que los tres tipos de suelo evaluados per-

tenecientes al vaso del embalse, previo al llenado de este, transfieren tanto nitrógeno como fósforo
del suelo a la columna de agua, incrementando las concentraciones de estos nutrientes en el tiempo
y asociado a fenómenos de degradación de la materia orgánica y a los cambios en el gradiente de
concentración en la interfase suelo-agua. A su vez, se evidenció que la liberación tanto de fosfato
como amonio estuvo asociada a la reducción en la concentración de oxı́geno disuelto, por lo tan-
to, el flujo de nitrógeno amoniacal fue más alto en comparación con el flujo de nitrato, situación
presentada por la inhibición en los procesos de nitrificación. Adicionalmente, la transferencia de
nutrientes fue proporcional tanto a la concentración de materia orgánica como al tipo de textura del
suelo, puesto que la transferencia fue mayor desde el suelo asociado a la cobertura vegetal rastrojo
alto (S2RA), el cual presentó el mayor contenido de materia orgánica y una textura franco-arcillosa
que favorece los procesos de intercambio suelo-agua. Con este estudio se concluye que los suelos
evaluados son una fuente importante de nutrientes que pude afectar la calidad del agua del embalse
en el tiempo posterior a su llenado y que junto con otras fuentes antropogénicas puede conducir a
la eutrofización.
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[4] M. Lopera, L. Oviedo, D. C. Rodrı́guez y G. Peñuela, “Aplicación de ensayos en discontinuo para la determina-
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i
i

i
i

i
i

i
i

T. Arias • D. Rodrı́guez • G. Peñuela
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1Universidad de Boyacá, Tunja-Boyacá, Colombia, 2Universidad Pedagógica y Tecnológica de Colombia,
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Abstract

Context: The high consumption of parts made from expanded polystyrene (EPS) generates environ-
mental problems when disposed. Due to its low density and the low possibility of being utilized in other
applications after its disposal, it is necessary to generate an alternative for the recovery and application of
this type of waste. This work aims to generate an alternative in the application of EPS waste, particularly
as a coarse aggregate in the manufacturing of lightweight concrete.

Method: This study used discarded EPS containers as raw material. The material was cleaned, crushed
and subsequently reduced in volume by applying acetone, generating pieces of polystyrene (R-PS) to be
applied as a coarse aggregate for the manufacturing of lightweight concrete in different proportions. In
addition, the pieces were subjected to a chemical attack process in order to observe their behavior.

Results: The results show the degree of volume reduction of the EPS pieces by using different acetone
ratios, establishing the best degree of reduction (in volume) of this material. Likewise, chemical attack
tests show the behavior of R-PS against different agents in R-PS samples. Meanwhile, the failure tests
on different concrete samples determine the best R-PS ratio as coarse aggregate for the manufacturing
of lightweight concrete.

Conclusions: The data obtained in this study show that the application of acetone on EPSW samples
reduces its volume by up to 55 %. Concrete failure tests show that an optimum P-RS addition value, to be
used as an aggregate in the manufacturing of lightweight concrete, is 7 %. This improves its resistance
to chemical agents and weight reduction without significantly reducing the mechanical properties of
concrete.

Keywords: Environmental pollution, lightweight concrete, polystyrene (R-PS), waste expanded
polystyrene.
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Resumen
Contexto: El alto consumo de piezas fabricadas con poliestireno expandido (EPS, por sus siglas en
inglés) genera problemas ambientales al desecharse debido a su baja densidad y la baja posibilidad de ser
utilizado en otras aplicaciones posteriores a su desecho, lo cual hace necesario generar una alternativa
de recuperación y aplicación de este tipo de residuos. Este trabajo tiene como objetivo generar una
alternativa en la aplicación de residuos de EPS, en este caso, como agregado grueso en la fabricación de
concreto liviano.
Método: Este estudio utilizó recipientes de EPS desechados como materia prima. El material fue lim-
piado, triturado y posteriormente reducido su volumen mediante la aplicación de acetona, generando
piezas de poliestireno (R-PS) para ser aplicado como agregado grueso para la fabricación de concreto
liviano en diferentes proporciones. Además, las piezas fueron sometidas a un proceso de ataque quı́mico
para ver su comportamiento.
Resultados: Los resultados muestran el grado de reducción de volumen las piezas de EPS mediante
el uso de diferentes relaciones de acetona, estableciendo el mejor grado de reducción (en volumen)
de este material. Asimismo, las pruebas de ataque quı́mico muestran el comportamiento del R-PS ante
diferentes agentes en las muestras de R-PS y las pruebas de falla sobre las diferentes muestras de concreto
determinan la mejor relación R-PS como agregado grueso para la fabricación de concreto liviano.
Conclusiones: Los datos obtenidos en este estudio muestran que la aplicación de acetona sobre las
muestras de EPSW logra reducir su volumen hasta en un 55 %. Las pruebas de falla en concretos mues-
tran que un valor de adición de P-RS óptimo a utilizar como agregado en la fabricación de concreto
liviano es del 7 %, mejorando su resistencia ante agentes quı́micos y reducción de peso, sin reducir las
propiedades mecánicas del concreto de forma significativa.
Palabras clave: Concreto liviano, contaminación ambiental, poliestireno (R-PS), residuos de poliesti-
reno expandido.
Idioma: Inglés

1. Introduction
One of the most consumed materials in the world is expanded polyethylene (EPS), used in various

commercial and domestic applications. Due to its high chemical stability preventing the generation
of odours or flavours, this material is widely used in food [1]. The chemical stability of the material
prevents its degradation [2]. However, this material has a low percentage of recovery and is not recy-
clable. in addition, it presents a very low density, generating large volumes of non-biodegradable
waste, which increases the cost of transport and storage, reduces the useful life of landfills and also
generates environmental and health problems [3]–[5]. Colombia has generated various strategies
for mitigation and prohibition in the use of EPS [6]–[9]. However, these strategies have had little
acceptance by society, specifically the proposal of laws and regulations to prohibit the use of pro-
ducts made with this material and the non-use of reusable or biodegradable food containers [10].
This problem generates the need to establish an alternative use of EPS waste (EPSW).

There are several methods for recycling EPS for construction [11]–[13]. These methods are ex-
pensive, however and generate environmental effects. Some friendly methods which have been de-
veloped focus on the production of oils from EPSW. These processes, however, generate secondary
hazardous waste that may have a greater impact than unchanged EPSW [14]. These solid wastes
(with a higher density due to their compaction by the addition of methanol) please the reduction vo-
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lumes conventionally occupied by this type of materials. Unfortunately, the final products continue
to have a very low density, so their application is better served as an aggregate in the manufacturing
of lightweight concrete, which generates up to 10 % weight reduction.

In the manufacturing of lightweight concrete, the use of artificial light aggregates from solid was-
te favours the possibility of high-rise building construction and prefabricated structures [15]–[17]
without significantly altering the properties of the material, while also maintaining the concrete
elastic modulus withing specifications [16], [18] and a reasonable resistance level [17], [19]. Mo-
reover, the application of solid waste and garbage in the manufacturing of concrete also provides a
favourable solution for environmental protection [20], [21].

This work reports a simple and low-cost method for the recycling of EPSW and its implemen-
tation in the manufacturing of lightweight concrete. This develops a solid alternative for the recy-
cling of these solid wastes. The tests in this study were carried out by dissolving EPSW in different
weight ratios of acetone for the manufacturing of recovered polystyrene particles (R-PS). Recy-
cled EPSW and R-PS were applied in different proportions as aggregate for the manufacturing of
lightweight concrete and for conventional concrete samples.

2. Materials and experimental details

The raw material used in this study were EPS cups that were formerly used for hot drinks on a
college campus. They were recovered from ecological points arranged in coffee stations at of the
University of Boyacá, Colombia with coordinates 5°34’03, 86” N and 73°20’17, 23” W, located
at 2775 m.a.s.l. The EPS cups were first cleaned to remove solid and liquid waste from food and
beverages and then subsequently dried at 115°C until a constant material weight was obtained.

The collected EPS cups were taken through a manual size reduction process to obtain of 1-5 cm
x 1-5 cm average size. The obtained EPSW pieces were dissolved in acetone at ratios of 0:.25,
0:.50, 0:.75, 1 and 1:5 g of EPSW per mL of acetone in order to obtain the R-PS. The behaviour of
the samples was observed for one month in order to track changes in the volume of the material.
The data obtained during the process were used to determine the best relationship which produces
sand aggregates that will be added to the lightweight concrete samples. Subsequently, the samples
of crushed EPSW and R-PS were exposed to solutions of 1M HCl, 1M HNO3, 1M Na (OH) and
CH3COOH for a period of one week to determine their stability against chemical agents.

The crushed EPSW and R-PS samples were added in concrete mortars (10 cm in diameter and
20 cm high) with a 7, 14 and 28 percent volume of concrete, subject to undergo impact tests until
a fracture of the pieces was initiated to recover all of the R-PS pieces, which were added to the
concrete for visual inspection. Compression tests were performed using CONTROLS CUPTECH
equipment, specified for compression rupture tests, maintaining a load capacity of 100 kN with data
collection at intervals of 1 kN and at a speed of 0,2 to 0,3 s. Tests were performed for conventional
concrete samples and concrete samples with the addition of both crushed EPSW and R-PS [22].
Additionally, the mechanical resistance of the dissolved EPSW and the conventional aggregate
used in concrete was carried out by means of the Micro-Deval test on Dirimpex S.A.A. equipment,
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model H38721N. This was accomplished by applying 2 L of water and an abrasive load of 5 kg of
steel-balls with a diameter of 9,5 cm [23], [24]. The tests were conducted over a period of 2 h at 100
rpm. Four replicates were performed for each trial in this study. The data obtained were averaged.

3. Results

3.1. Raw material
Figure 1 shows the amount of material collected in a period of six months within a university

plant. Due to holiday periods within the academic period, there are weeks where a solid waste
collection of EPS was not obtained. Similarly, the management of solid waste from the EPS is
associated with secondary materials that must be removed prior to the proposed treatment of the
EPSW. Figure 2 shows the percentage of materials associated with the EPSW during its disposal in
this study.

Figura 1. EPSW collected during an academic semester within the University of Boyacá, Colombia..

Table I shows the specific weight of the EPSW waste collected during one academic semester.
The specific weight was obtained using a 2 L Beaker, adding the 1-5 cm x 1-5 cm EPSW samples,
first without generating any compaction effort followed by manual compaction to two different
loads, which generated a densification process [25].

Table I. Apparent density of EPSW collected during a semester without and with compaction process.
Month
[a.u.]

Weight
[kg]

Apparent density [kg· m−3 ]
Without compaction compaction 1 compaction 2

1 0,28 ± 0,04 11,64 ± 3,4 24,61 ± 4,7 30,84 ± 5,6
2 0,28 ± 0,04 11,65 ± 3,4 24,65 ± 4,8 30,68 ± 5,5
3 0,22 ± 0,04 11,67 ± 3,4 24,82 ± 5,0 30,84 ± 5,6
4 0,52 ± 0,07 11,66 ± 3,4 24,68 ± 4,8 30,79 ± 5,5
5 0,54 ± 0,07 11,64 ± 3,4 24,72 ± 4,9 30,90 ± 5,6
6 0,28 ± 0,04 11,65 ± 3,4 24,72 ± 4,9 30,90 ± 5,6
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Figura 2. Weight percentage of solid waste generated within the University of Boyacá, Colombia, during an academic
semester.

Next, the EPSW samples were subjected to a drying process in an electric oven at 1150°C until
a constant weight of EPSW was obtained. The data obtained show a moisture percentage of 6.6 %
by weight. This percentage is mainly due to the remaining liquid deposited in the vessels after
being cleaned. The data favours the formation and proliferation of microorganisms that can cause
environmental and health problems [4].

3.2. EPS dissolution
Figure 3 shows the behaviour of the EPSW samples when dissolved with different acetone ratios.

The images allow for observation of the physical behaviour obtained in the material (when subjec-
ted to acetone in different percentages). The acetone was observed at room temperature during a
period of 30 days, where it naturally dispersed and disappeared over time. The best characteristics
are observed on sample 4 (Figure 3-e) with a ratio of 1g of EPSW per mL of acetone. For the
other ratios, the presence of porosities and irregularities (which could affect the performance of the
material in concrete formulations) were observed.

3.3. R-PS characterisation
Table II shows the density variation of the EPSW before and after it was subjected to dissolution

in acetone, as well as its behaviour when exposed to chemical agents.

3.4. Application of EPS and R-PS in concrete
Tables III and IV show the relationships used for the manufacturing of conventional concrete and

lightweight concrete with the addition of crushed EPSW and R-PS and the densities obtained for
each of the manufactured samples. Figure 4 presents the data obtained in the compression test (on
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Figura 3. Samples of EPSW dissolved in acetone with different weight ratios of EPSW/Acetone. In a) undissolved
EPSW, b) 0,25:1 ratio, c) 0,5:1 ratio, d) 0,75:1 ratio, e) 1:1 and f) 1.5:1 ratio.

Table II. Behaviour of the EPS and EP before exposure to chemical agents.
Feature EPSW R-PS

R
ea

ge
nt

Density 0,06 0,72
Weight difference [ %]
HCL 2,82 0

HNO3 4,41 10,22
Na(OH) 3,5 1,42

CH3COOH 1,43 2,88
ACPM
(Diesel) 16,03 1,15

standard and concrete failed samples) with a 7, 14 and 28 percent volume addition of crushed EPS
and R-PS for 7, 14 and 28 days of sample curing.

Table III. Material ratios for the concrete samples.
Raw mate-

rial
Conventional

concrete
Lightweight concrete with EPS Lightweight concrete with R-PS

7 % 14 % 28 % 7 % 14 % 28 %
Cement [g] 2448,69 2448,69 2448,69 2448,69 2448,69 2448,69 2448,69

Sand [g] 2630,39 2630,39 2630,39 2630,39 2630,39 2630,39 2630,39
Coarse

Aggregate[g] 7111,45 7095,37 7079,30 7047,14 6918,52 6725,59 6332,70

Water [ml] 1408,00 1408,00 1408,00 1408,00 1408,00 1408,00 1408,00
Accelerating

[ml] 8,60 8,60 8,60 8,60 8,60 8,60 8,60

EPS [g] 0,00 16,08 32,16 64,31 0,00 0,00 0,00
R-PS [g] 0,00 0,00 0,00 0,00 192,93 385,86 771,79
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Table IV. Densities obtained for the concrete samples.
Sample Dosage Weight [kg] ρ [kg·m−3]

Standard concrete
3,9 2413,94

7 % 3,73 2306,4

Concrete with EPS
14 % 3,63 2244,59
28 % 3,48 2153,12
7 % 3,84 2377,06

Concrete with R-PS
14 % 3,66 2262,31
28 % 3,53 2187,32

Figura 4. Compressive strength for the concrete samples.

4. Analysis
The results show that about a quarter of the weight of solid waste (collected in cafeterias of the

university in a conventional academic period) corresponds to EPS cups used for hot drinks at the
university. This represents 50 % of the occupied volume of these materials in containers designa-
ted for the storage of solid waste within the university. This also demonstrates that the material is
associated with other foreign materials, which hinders the recovery process of EPSW. However,
as it can be seen in Table V, the compaction of the material inside the intended containers allows
for the reduction of up to 28 % of the volume occupied by discarded EPS cups (without any prior
compaction process).

The dissolution of the EPS cups, with the addition of acetone, favours the compaction of these re-
sidues by means of a physicochemical process. This allows for the generation of a compact material
without any need to apply forces in the process. However, the physical data obtained in the study

INGENIERÍA • VOL. 25 • NO. 3 • ISSN 0121-750X • E-ISSN 2344-8393 • UNIVERSIDAD DISTRITAL FRANCISCO JOSÉ DE CALDAS 243
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Table V. Volume occupied by solid wastes recovered from EPS before and after a process of compacting EPSW.
Busy volume [ %]

Component Weight Uncompacted Compacted 1 Compacted 2
EPSW 24,40 50,27 32,31 27,64
Other plastics 9,94 0,26 0,36 0,38
Sheets 2,16 0,58 0,78 0,84
Paperboard 0,17 0,08 0,11 0,12
Aluminum 1,85 0,02 0,02 0,02
Glass 41,32 0,40 0,54 0,58
Organic waste 9,07 21,77 29,64 31,68
Others 11,09 26,62 36,24 38,74

show that the variation in the addition of acetone (for the material compaction process) physically
affects the final product in its density and bubbles formation. Therefore, it can be observed that the
best behaviour obtained is generated by a 1:1 ratio of EPSW pieces and acetone, obtaining a more
homogeneous material without the presence of air cavities that can negatively affect the mechanical
behaviour of the R-PS. Ultimately, this allows for greater use of EPSW during the previously stated
process.

In addition, the data obtained show a variation in the specific weight samples of R-PS in relation
to time, decreasing by 25,8 ± 5 % for a period of 30 days. Figure 5 shows the change in the mass
of a sample of R-PS with a 1:1 ratio over a period of 30 days, as the acetone naturally evaporates at
room temperature. A significant decrease in weight can be observed in the first 5 days, with a loss
of 15± 3 % of its initial mass. This data corresponds to the presence of acetone as a remnant within
the sample, deposited within the pores of the R-PS and delaying the process of the evaporation of
acetone within the R-PS samples. This weight reduction can be taken into account for the process of
utilising R-PS as coarse aggregate in the manufacturing of concrete. Specific consideration happens
during the preparation of the raw material and applying drying times of the samples prior to their
application.

Figura 5. Variation in time of the specific weight of EPSW dissolved in acetone.
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Table II shows the variation in density and the fire behaviour for samples of crushed EPS and
R-PS. A slight increase in the density of the material is observed when exposed in acetone, in addi-
tion to presenting a slow burning process in relation to the crushed EPS. Combustion tests showed
that samples of crushed EPSW tend to disintegrate rapidly, generating a greater amount of airborne
particles (or ashes), which can be considered pollutants due to incomplete combustion. This can
be evidenced visually with the detachment of soot particles in the process, involving a risk for the
environment [4]. Furthermore, it can also affect some structures that are made from it, which may
come into contact with fire, resulting in a physical and mechanical change in the initial properties
of this material [26].

Samples subjected to combustion processes have a combustion rate similar to that of crushed
samples. However, R-PS samples have a longer burning time, a longer generation of solid waste
after the process and more suspended particles. This allows the R-PS to have a greater applicability
in its addition as a coarse aggregate in concrete, in relation to the EPSW, having a better behaviour
in the event of a fire. The addition of R-PS, combined with the addition of other solid plastic waste
such as cable residues and ethylene vinyl acetate, favours an increase in the thermal conductivity
and mechanical properties of the concrete. Therefore, the addition of other types of waste solids
within the manufacturing of concrete would favour these properties [21].

The temperature stability data obtained at 180°C for a period of 5 min, show that the material
presents a change in its physical appearance, forming a weak and fractured paste, in addition to a
decrease in volume, which assumes an advantage for storage processes. The RPS samples submitted
to this process show an expansion of their dimensions, increasing the volume without losing much
of its properties. However, this characteristic can have negative consequences, due to the possibi-
lity of cracking in materials and structures where it is applied because of extreme thermal changes.
These are unlikely to be obtained in a conventional event such as a fire, because the material will not
present a direct contact to the fire, which allows a greater resistance towards this type of conditions.

The data obtained from the impact resistance in concrete specimens, with the addition of crushed
EPSW and R- PS, reflect that the application of crushed EPSW or R-PS in concrete does not show
cracking (by absorbing much of the energy supplied within the sample) [27]. The thick aggregate,
conventionally used for the manufacture of structural concrete, shows significant fractures due to
impact resistance tests (Fig. 6). This characteristic, due to the lack of adhesion between the R-PS
and the cement, allows the achievement of a better behaviour of the concrete before impact efforts.
This favours the manufacturing of a lighter concrete as a result to the addition of EPSW as a light-
weight aggregate [28], [29].

The data obtained during the behaviour test of crushed EPSW and R-PS (before the exposure of
chemical agents) demonstrates that the material exposed to solutions of acids and bases did not
show significant physical changes or traces of disintegration by the material. This is because the
material needs polar solvents such as acetone to generate a physical change or dissolution of the
material. Therefore, this material has a good utility in the presence of highly corrosive chemical
agents, with an optimal performance in the applications commonly used for concrete [30], [31].
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Figura 6. Concrete cracking after impact tests. Breakdown of conventional coarse aggregate grains is observed while
the light R-PS aggregates do not show cracking.

The resistance tests of the aggregate show that 78,01 ± 3,5 % of the aggregate of R-PS has a
significant percentage of fractured faces, while coarse aggregate samples (conventionally used in
the manufactureing of concrete) have a high degree of cracked material with a value close to 94
± 4,2 %. This shows that the R-PS aggregate has a greater resistance to cracking and wear of the
material compared to the thick aggregate conventionally used in the manufacturing of concrete,
with an overall improvement of 21,09 ± 5,3 %. Similarly, the abrasion test shows a loss of 3,43
± 1,4 % by weight in the R-PS sample, while the conventional aggregate sample reflects a loss of
25,87 ± 4,86 % of the initial weight, indicating that the aggregate of R-PS has greater durability,
allowing less wear in abrasive conditions. This allows for the presence of greater stability in the
material within its application for the manufacturing of concrete and its application in extreme en-
vironments, with the presence of highly toxic or abrasive environments.

Compression tests were preformed on conventional concrete and dosed concrete specimens with
7, 14 and 28 percent crushed EPSW and R-PS, respectively, in periods of 7, 14 and 28 days of
curing. The data obtained show that the samples of concrete dosed with 7 % by volume of crushed
EPSW and R-PS have a compressive strength similar to the conventionally used concrete samples,
reaching a resistance close to 27 MPa, 21 % ± 4 % less than the data obtained for conventional
concrete [18], [29], [32]. The addition of 14 and 28 % by volume of EPSW, however, decreases
the mechanical properties of the concrete by 72,5 ± 8,5 and 82,6 ± 9 % respectively and 35,6 ±
6 and 55,9 ± 7 % for concrete samples dosed with R-PS. This allows a premise to be established
that an excessive addition in the volume of EPSW or R-PS within concrete drastically reduces the
mechanical resistance of the material. It also means that, with low material dosages, there is a better
behaviour of the concrete with the application of R-PS [33], [34]. The R-PS samples, used as coarse
aggregate in the manufacturing of concrete, show poor adhesion with the cement. This is due to the
physical characteristics of the material and this factor must be improved in order to obtain better
mechanical strength. The application of 7 % of R-PS in a cubic metre of concrete will use 27,3 kg
of EPSW. This is equivalent to 455 m3 of this waste that would not go into a landfill.

5. Conclusions
As a general analysis of the results obtained from this study, the implementation of R-PS not only

simulates the mechanical properties of concrete, but it also improves other properties such as re-
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sistance and corrosion by exposure to chemical and corrosive agents. The implementation of R-PS
also enhances weight reduction during the manufacturing of the concrete, favouring the possibility
that the application of R-PS as a coarse aggregate for the manufacturing of lightweight concrete is
valid. However, an excessive application of R-PS as a dispenser in concrete affects the mechanical
properties of the material, which is why a low percentage of R-PS application is recommended as
a coarse aggregate for the manufacturing of lightweight concrete.

Furthermore, the addition of acetone in EPSW as a dissolving agent allows a volume reduction of
the material by 55 %, which reduces the space conventionally required for storage inside sanitary
landfills, thus increasing its useful life. In addition, the treatment of EPSW to obtain R-PS allows
an application of this material to be generated. This favours the processes of the storage and dispo-
sal of solid EPSW, favouring the recovery and recirculation of these materials as an environmental
remediation mechanism. A 7 % application of R-PS, in particular, could reduce up to 455 m 3 occu-
pied by this type of waste in landfills, taking into account calculations obtained from the occupied
volume of EPSW without the application of acetone.
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Environmental Engineer from the University of Boyacá. Centralised in the area of treatment and disposal of solid
waste, focused on the area of Materials Engineering.
e-mail: mpespinosa@uniboyaca.edu.co

Laura Juliana Torres-Parra
Environmental and sanitary Engineer from the University of Boyacá in Tunja- Boyacá, Colombia, maintaining a focus
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Abstract
Context: There is a trend in modern society that is based especially on the development of new bio-
fuels, specifically oriented towards the field of internal combustion engines, establishing the loss of their
thermal performance as a central point. This is one of the main challenges, where research is dynamized
in a complex and important way. In this context, this research strengthens this area of knowledge and
determines the performance behavior of a single-cylinder engine ignited by compression with mixtures
between conventional diesel and biodiesel produced with innovative techniques.
Method: In this work, an analysis was made in a test bench for Diesel internal combustion engines,
where the efficiency of the engine was characterized and determined, using Diesel and different mix-
tures such as B2, B5, B10, B20, B50 and B100, whose number determines the percentage of biodiesel
in the mixture. The employed biodiesel was based on African palm oil and was obtained by means of
microwave radiation technology. These tests were performed using the SAE J1349 standard. Data collec-
tion of factors such as power, torque, fuel consumption, and temperature, indicated engine performance,
which in turn determined the effects of the different fuels under study.
Results: During the development of the tests and their analysis, it was evidenced that, for all the analyzed
mixtures, combustion took place without complications. Additionally, when the percentage of biofuel in
the mixture, fuel consumption reported increases greater or equal to 20 %, as well as power losses in
the range of 40 %. Therefore, the use of microwave technology was shown to be more efficient for
production.
Conclusions: With the applied methodology, it was determined that, for the B20 mixture, power values
were the most stable in terms of thermal efficiency. In the context of the comparison of standard fuels,
Colombian and Venezuelan diesel, under the same operating conditions, it was seen that the Venezuelan
diesel-type fuel has better performance characteristics in terms of power, torque, and thermal stability.
With respect to the specific consumption of the obtained fuel, the increase is observed with a higher
percentage of biodiesel mixture, this being directly proportional to power loss.
Keywords: Biofuel, blends, engine CI, performance, power, torque.
Language: Spanish
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Resumen

Contexto: Hay una tendencia en la sociedad moderna que se basa especialmente en el desarrollo de
nuevos biocombustibles, direccionada especı́ficamente hacia el campo de los motores de combustión
interna, estableciéndose como punto central la pérdida de su rendimiento térmico. Este es uno de los
principales retos, donde la investigación se dinamiza en forma compleja e importante. En este contexto,
esta investigación fortalece este área del conocimiento y determina el comportamiento del desempeño
de un motor monocilı́ndrico encendido por compresión con mezclas entre el diésel convencional y un
biodiesel producido con técnicas innovadoras.
Método: En este trabajo se realizó un análisis en un banco de pruebas para motores de combustión
interna tipo Diésel, donde se caracterizó y se determinó la eficiencia del motor utilizando diésel y dife-
rentes mezclas como la B2, B5, B10, B20, B50 y B100, el número determina el porcentaje de biodiésel
en la mezcla. El biodiésel utilizado contó como base el aceite de palma africana y se obtuvo por medio
de la tecnologı́a de radiación por microondas. Estas pruebas fueron realizadas utilizando la norma SAE
J1349. La toma de datos como potencia, torque, consumo de combustibles y temperatura indicaron el
desempeño del motor, lo que a su vez determinó los efectos de los diferentes combustibles en estudio.
Resultados: Al desarrollar las pruebas y realizar su análisis se evidenció que para todas las mezclas
analizadas, la combustión ocurrió sin complicaciones; además de esto, al incrementar el porcentaje de
biocombustible en la mezcla, el consumo de combustible reportó aumentos mayores o iguales al 20 %
del consumo de combustible, ası́ como pérdidas de potencia en el rango del 40 %. Por lo tanto, el uso
tecnologı́a con microondas se mostró más eficiente para su producción.
Conclusiones: Con la metodologı́a aplicada, se determinó que, para la mezcla B20, los valores de la
potencia fueron los más estables en términos de rendimiento térmico. En el contexto del comparativo
de los combustibles patrón, diésel colombiano y venezolano, sometidos bajos las mismas condiciones
de operación, se obtuvo que el combustible tipo diésel venezolano presenta mejores caracterı́sticas de
rendimiento en cuanto a su potencia, torque y estabilidad térmica. Con respecto al consumo especı́fico
del combustible obtenido, se observa el aumento con mayor porcentaje de mezcla de biodiésel, esto
directamente proporcional a la pérdida de potencia.
Palabras clave: Biocombustible, desempeño, mezclas, motor CI, potencia, torque.
Idioma: Español

1. Introducción

Hoy en dı́a, la cultura hacia el desarrollo sustentable se basa en cómo reducir los niveles de
emisiones en los subproductos de los combustibles de origen fósil. La principal opción es utilizar
fuentes de energı́a renovables. En este contexto, el biodiésel se muestra como una de las opciones
menos dañinas para el medio ambiente de los motores diésel, abriendo el camino a nivel mun-
dial para la construcción de vehı́culos más ecológicos. Entre las ventajas del biodiésel predominan
origen renovable, biodegradabilidad, reducción de emisiones. Además, mejora las caracterı́sticas
lubricantes y tiene un punto de inflamación por encima al del diésel [1]. Para este combustible más
verde, se ha exigido su uso en muchos paı́ses en un rango de mezcla de hasta el 20 % con diésel,
ello con el fin de contrarrestar la contaminación [2].

El biodiésel es un combustible lı́quido, no contaminante ni tóxico y biodegradable, este se pro-
duce principalmente a partir de diferentes tipos de aceites vegetales y de grasa animales [3]. Es
necesario contar con catalizadores para que ocurra la reacción que produce el biodiésel. Estos ca-
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talizadores pueden ser ácidos, básicos o enzimáticos, siendo los catalizadores básicos los que se
utilizan a nivel industrial en la transesterificación. El NaOH y KOH son los más usados [4].

El biodiésel es considerado como un combustible renovable, trae beneficios para el medio am-
biente y puede ser usado en los motores convencionales. Otra de las ventajas del biodiésel es que
es biodegradable y emite menos gases de invernadero a la atmósfera, lo cual reducirá la producción
de tanto CO2 y disminuye su impacto en la capa de ozono; sin embargo, existe una degradación de
la tierra donde son cultivadas las plantas destinadas al biocombustible [5]. El biodiésel no posee
azufre y aromáticos. Tiene un alto número de cetano, contenido medio de oxı́geno y mayor punto
de ignición; reduce las emisiones de material particulado, no es tóxico, aunque puede causar altas
emisiones de óxido de nitrógeno [6], [7]. Es obtenido a partir de fuentes renovables [8].

Los motores diésel, al trabajar con biodiésel, experimentan una pérdida de potencia debido, prin-
cipalmente, al menor poder calorı́fico, aunque esto se ve compensado con el hecho de ser un recurso
renovable y amigo del medio ambiente. Las principales variaciones que ocurren son en los paráme-
tros técnicos y medio ambientales del motor de combustión interna [9], [10].

En este trabajo se muestra el comportamiento de un biocombustible fabricado con materias pri-
mas de la región del Catatumbo, Norte de Santander, Colombia, mezclado con diésel comercial
y probado en un banco de pruebas de motores de combustión interna, monitoreando las variables
caracterı́sticas como torque, potencia y consumo especı́fico de combustible. Con lo anterior, se
determinó el desempeño del motor. Este tipo de investigación aporta más información para diver-
sificar más la malla energética de la región y el paı́s, incentivando a futuras investigaciones en el
campo de estos dispositivos cuando funcionan con biocombustibles, los cuales, a futuro, son la
principal fuente de cambio para aportar a contrarrestar el calentamiento global.

2. Materiales y métodos
Este trabajo se realizó en dos fases, la primera fase se enfoca en la estandarización del proce-

so de producción del biodiésel a base de aceite de palma africana por medio de la radiación por
microondas; además de esto, se realizaron las respectivas caracterizaciones antes y después de la
reacción de transesterificación para verificar que se cumplan las respectivas normas del estándar
del biodiésel.

La segunda fase es el estudio del desempeño mecánico del motor de encendido por compresión,
instalado en el banco de pruebas, dentro de los laboratorios del grupo de investigación GIDPI.
En este se analizaron las respectivas mezclas del diésel comercial con el biodiésel de palma. Las
mezclas a estudiar fueron las referenciadas a continuación: B2, B5, B10, B20, B50 y B100.

2.1. Fabricación de biodiésel
La radiación con microondas se ha utilizado para una variedad de aplicaciones, incluyendo la

reacción de sı́ntesis orgánicas. Las reacciones quı́micas se aceleran debido a la absorción selectiva
de energı́a de microondas por moléculas polares. Debido a que la mezcla de aceite vegetal, metanol
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i
i

i
i

i
i

i
i

D. Herrera • J. Bermúdez • C. Castilla

Figura 1. Prototipo de hidrodestilación de biodiésel por radiación desarrollado.

e hidróxido de potasio contiene ambos componentes polares e iónicos, el calentamiento es rápi-
do [11].

Gracias a los conocimientos en el campo de la hidrodestilación asistida por hornos microondas
por parte de los investigadores de los grupos de investigación vinculados, se diseñó y fabricó el pro-
totipo para la producción de biodiésel. Las caracterı́sticas de este prototipo constan de un control
de potencia de un horno microondas convencional, un reactor para las reacciones de transesterifi-
cación, el sistema de agitación y un sistema de refrigeración, el cual es de vital importancia para la
obtención de un máximo rendimiento. Uno de los principales retos fue el control de las variables
dentro del proceso, como la temperatura, presión, velocidad de agitación y suministro de potencia
eléctrica al horno; para ello fue necesario realizar sus respectivos diseños y simulaciones estructu-
rales, térmicas y de vibraciones, con el propósito de obtener un correcto balanceo del sistema en
general. En la Figura 1 se aprecia el prototipo de hidrodestilación asistida por radiación.

La descripción de todo el proceso y los resultados de esta metodologı́a de producción de bio-
diésel se presenta- rán en un trabajo que está en desarrollo denominado “Análisis de los parámetros
fı́sico-quı́micos de Biodiesel de Palma (Elaeis guineensis) obtenido de la hidrodestilación asistida
por microondas”. Es importante resaltar que el biocombustible se caracterizó bajo las normas na-
cionales (ICONTEC) e internacionales (ASTM 6751, EN 14214, DIN). Los principales resultados
de la caracterización están presentes en la sección de resultados.

2.2. Banco de pruebas
El desarrollo del banco de prueba de diagnóstico para motores de combustión interna ha sido

fundamental en la investigación en esta área, ello debido a que los motores son sometidos a medi-
ciones de pruebas de durabilidad y carga que se repiten hasta alcanzar su óptimo desempeño y los
resultados previstos por el fabricante [12]. Las caracterizaciones se realizaron en un banco de prue-
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bas de motores de combustión interna tipo monocilı́ndrico diésel, que cuenta con un dinamómetro
electrónico en el cual se realizaron los respectivos análisis de eficiencia energética.

A continuación, se presentan las caracterı́sticas del motor que se utilizó para realizar las respecti-
vas evaluaciones y análisis en pruebas estandarizadas, cumpliendo con las normas estipuladas para
ensayos de combustión interna, ello se ve en la Tabla I.

Tabla I. Especificaciones técnicas del motor.

Especificación Magnitud
Referencia HAZT 1B30-2
Número de Cilindros 1
Ciclo Cuatro tiempos diésel
Refrigeración Por aire
Suministro Combustible Inyección directa
Rpm máx. 3600
Carrera 80X69mm
Cilindrada 347 cm3

Peso 35 Kg
Potencia 5,4 kW/ 7,3 Hp
Relación de compresión 22:1

En la tabla II se muestran las caracterı́sticas de la instrumentación utilizada. Este equipo fue me-
ticulosamente calibrado bajo las normas establecidas para dichas pruebas. También, en la Figura
2, se aprecia el conjunto del banco utilizado en este trabajo, resaltando que es un banco con los
estándares exigidos por la norma SAE-J1349.

Tabla II. Instrumentación del banco de pruebas.

Variable a Medir Sensor Marca Rango Precisión
Caudal de combustible Bureta graduada PYREX 0-150 mL 5 mL

Caudal de aire
Manómetro de
presión diferencial

GUNT 0–569 L/min 0,01 L/min

Fuerza
Célula de carga
planas ZLB

FLINET 20-200 kg —

Temperatura Termocuplas tipo K GUNT 0- 1000 °C 1 °C

Revoluciones
Sensor de proximidad
P1C2S0802NOPA3

Wachendorff 0-9999 min -1 150 rpm
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Figura 2. Banco de pruebas usado para el análisis de este trabajo.

2.3. Metodologı́a de las pruebas
2.3.1. Motor a ciclo diésel

Las investigaciones en el campo de este tipo de motores aportan al desarrollo de la malla vehi-
cular a nivel mundial, debido a que son los más usados en la industria de carga y su respectivo
análisis complementan el desarrollo de estos dispositivos. Para el análisis del desempeño del motor
con diferentes combustibles se contó con un motor monocilı́ndrico a ciclo diésel de 5,4 kW, de
encendido manual, de refrigeración por aire y aspiración natural, tal como se observa en la Tabla I.
Este motor, cuenta con un sistema de control de las condiciones ambientales del lugar de trabajo,
evitando errores de las medidas de la instrumentación y pérdidas de la eficiencia del motor.

2.3.2. Software y adquisición de datos

El software de adquisición de datos utilizado en esta investigación presenta, en tiempo real, todas
las magnitudes medidas de los principales parámetros de operación del motor, entre ellos: consumo
especı́fico de combustible, caudal de aire de entrada, rendimiento mecánico, rendimiento energéti-
co, rendimiento volumétrico, rango del valor de lambda, potencia térmica y mecánica, revoluciones,
presión del ambiente. Este software se diseñó para obtener hasta cuatro curvas caracterı́sticas si-
multáneamente, con el objetivo de hacer el monitoreo al comportamiento del motor. El ambiente
de su programación se desarrolló a través de la herramienta computacional LabView®.

2.3.3. Selección de la prueba, a carga constante y carga variable

Para esta fase se hizo necesario elegir qué tipo de prueba es la más recomendada, debido a que
para el análisis de los motores encendido por chispa o por compresión, la norma SAE J1349 esti-
pula el código de pruebas de potencia de motores. Por lo anterior, se determinó usar la metodologı́a
de pruebas a carga variable y aceleración constante. En esta metodologı́a se utilizó como punto
de referencia el motor a máxima aceleración, a una velocidad de rotación de 3500 rpm, abrien-
do la válvula de combustible al 100 % para, posteriormente, aplicar gradualmente la carga con el
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dinamómetro, que disminuye en porcentaje del 25 %. En este recorrido se tomó, a través de la ad-
quisición de datos, el cúmulo de información necesaria para el respectivo análisis. Cabe señalar
que se debe obtener el punto de equilibrio y, ası́, obtener las condiciones en régimen estable del
sistema, encontrando la reducción del error de sus medidas en referencia. Para disminuir el error
en las diferentes pruebas se tomó como estándar lo determinado en los autores [6], [7], donde se
establece que en un régimen apropiado se deben hacer de cinco a diez repeticiones. Otro elemento
para tomar este intervalo es lo recomendado en normas como la SAE J1349. En esta investigación
se aplicaron ocho repeticiones por muestra.

Estas pruebas experimentales se realizaron en primer lugar con el diésel comercial en Colombia,
después se mezcló con el biodiésel producido. Las proporciones de mezcla usadas fueron: B2, B5,
B10, B20, B50 y B100. Cabe mencionar que el número presentado determina el porcentaje de
biodiésel. Además, en segundo lugar, se tuvo como patrón el diésel suministrado en la República
Bolivariana de Venezuela.

3. Resultados
En la Tabla III se presentan los resultados de la caracterización del biodiesel, donde se obtienen

los rangos y los valores calculados de los diversos parámetros comprometidos en este estudio a
través de las respectivas normas que lo soportan. Ası́, como se indicó en la sección 2.1., para este
trabajo de investigación se desarrolló un biocombustible que cumplió con los estándares presentes
en las normas nacionales e internacionales en cuanto a fabricación y uso.

Tabla III. Caracterización fisicoquı́mica del biodiesel de palma fabricado para esta investigación.
Parámetro Unidades Norma Rango Valor Calculado
Densidad g/ml NTC 336 0,86 – 0,90 0,85
Peso especifico g/cm3 0,75

Viscosidad mm 2 /s a 40 °C

ASTM D445 (metodologı́a
de prueba estándar para la
viscosidad cinemática de
lı́quidos transparentes y
opacos)

1,9 - 6 5,11

Poder calorı́fico Kcal/kg —– 41085.29
Número de cetano cetanos D 613 47 mı́nimo 58
Índice de saponificación —– ASTMD 94 195-205 193,75

Índice de acidez
Acidez: % en masa
de acuerdo con el
tipo de muestra

NTC 218 —— 74,95

Índice de Yodo
Acidez: % en masa
de acuerdo con el
tipo de muestra

NTC 238 120 máximo 50,02

Índice de refracción —– NTC 289, ASTMD 1218 —— 1,4405
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i
i

i
i

i
i

i
i

D. Herrera • J. Bermúdez • C. Castilla

Continuando, se presentan los resultados obtenidos en la Tablas IV-Tabla XI, donde se represen-
tan los comportamientos de los combustibles patrones y de las respetivas mezclas estipuladas con
biodiésel. La información adquirida fue seleccionada bajo los criterios más relevantes para este
estudio con respecto al freno, porcentaje de carga y velocidad de giro, torque, temperatura de los
gases de salida del motor T1, la temperatura del combustible a la entrada del motor T2, la tempera-
tura del medio donde se realizan las pruebas T3, el consumo de combustible y la potencia generada.
Estos resultados fueron a condiciones de aceleración constante y aplicando carga en intervalos de
25 % hasta un valor de 100 %.

Tabla IV. Resultados del comportamiento del motor con el diésel colombiano.
N° Freno Torque Temperatura Gasto Potencia Eficiencia

% carga Rpm T(Nm) T1 T2 T3
Consumo

(kg/h)

Consumo
especı́fico
(g/kwh)

(kw) %

1 0 3000 13,35 471,15 25 31 1,137 295,03 4,22 28,377
2 25 % 2700 14,4 488,61 25 31 0,765 179,53 4,06 46,634
3 50 % 2300 14,2 481,20 25 31 0,760 187,22 3,56 44,719
4 75 % 1900 14,83 455,27 25 31 0,553 160,08 3,01 52,298
5 100 % 1500 12,89 402,41 25 31 0,646 260,83 2,01 32,097

Tabla V. Resultados del comportamiento del motor con el diésel venezolano.
N° Freno Torque Temperatura Gasto Potencia Eficiencia

% carga Rpm T(Nm) T1 T2 T3
Consumo

(kg/h)

Consumo
especı́fico
(g/kwh)

(kw) %

1 0 3000 13,52 439,26 25 31 1,008 356,77 4,21 30,486
2 25 % 2700 14,68 469,71 25 31 1,142 274,62 4,27 32,357
3 50 % 2300 15,13 464,37 25 31 0,676 174,25 3,61 48,045
4 75 % 1900 15,55 441,96 25 31 0,636 186,71 3,13 44,840
5 100 % 1500 13,53 396,26 25 31 0,537 195,92 2,18 43,849

Tabla VI. Resultados del comportamiento del motor con la mezcla B2.
N° Freno Torque Temperatura Gasto Potencia Eficiencia

% carga Rpm T(Nm) T1 T2 T3
Consumo

(kg/h)

Consumo
especı́fico
(g/kwh)

(kw) %

1 0 3000 14,84 484,65 25 31 1,235 279,30 4,72 29,975
2 25 % 2700 15,56 501,30 25 31 0,982 215,01 4,42 38,938
3 50 % 2300 15,82 488,79 25 31 0,760 184,89 3,80 45,280
4 75 % 1900 15,95 467,76 25 31 0,713 193,94 3,23 43,169
5 100 % 1500 13,65 388,16 25 31 0,629 268,40 2,22 31,192
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Tabla VII. Resultados del comportamiento del motor con la mezcla B5.
N° Freno Torque Temperatura Gasto Potencia Eficiencia

% carga Rpm T(Nm) T1 T2 T3
Consumo

(kg/h)

Consumo
especı́fico
(g/kwh)

(kw) %

1 0 3000 15,45 493,06 25 31 1,297 293,78 4,86 28,498
2 25 % 2700 15,35 507,94 25 31 1,049 223,56 4,44 37,450
3 50 % 2300 15,85 501,29 25 31 0,739 161,77 3,89 51,751
4 75 % 1900 14,92 431,23 25 31 0,625 180,68 2,75 46,335
5 100 % 1500 12,07 370,52 25 31 0,599 261,94 1,99 31,962

Tabla VIII. Resultados del comportamiento del motor con la mezcla B10.
N° Freno Torque Temperatura Gasto Potencia Eficiencia

% carga Rpm T(Nm) T1 T2 T3
Consumo

(kg/h)

Consumo
especı́fico
(g/kwh)

(kw) %

1 0 3000 14,77 511,15 25 31 0,873 191,53 4,62 43,210
2 25 % 2700 14,81 503,61 25 31 0,734 169,59 4,19 48,799
3 50 % 2300 14,39 476,61 25 31 0,858 225,45 3,50 36,708
4 75 % 1900 13,36 426,45 25 31 0,744 237,25 2,53 34,882
5 100 % 1500 11,56 362,23 25 31 0,584 238,84 1,89 29,865

Tabla IX. Resultados del comportamiento del motor con la mezcla B20.
N° Freno Torque Temperatura Gasto Potencia Eficiencia

% carga Rpm T(Nm) T1 T2 T3
Consumo

(kg/h)

Consumo
especı́fico
(g/kwh)

(kw) %

1 0 3000 14,21 497,65 25 31 1,406 304,34 4,44 27,509
2 25 % 2700 14,61 497,46 25 31 1,173 272,41 4,21 30,733
3 50 % 2300 14,38 475,61 25 31 0,568 148,17 3,43 56,502
4 75 % 1900 13,53 432,73 25 31 0,506 187,86 2,68 30,191
5 100 % 1500 11,06 365,37 25 31 0,362 163,15 1,80 51,314

4. Análisis de resultados

En la Tabla XII se presenta un análisis estadı́stico de comparación de media, donde se observan las
diferencias significativas entre los resultados calculados de las diferentes repeticiones. Para la va-
riable de potencia, tiende a ser mayor cuando el porcentaje de mezcla de biodiesel es más pequeño,
tal como lo indica [14], esto debido al bajo poder calorı́fico del biocombustible en comparación
con el de origen fósil. Con el torque, los resultados son similares a los de la potencia, a mayor
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Tabla X. Resultados del comportamiento del motor con la mezcla B50.
N° Freno Torque Temperatura Gasto Potencia Eficiencia

% carga Rpm T(Nm) T1 T2 T3
Consumo

(kg/h)

Consumo
especı́fico
(g/kwh)

(kw) %

1 0 3000 12,64 437,07 25 31 1,339 375,57 3,88 22,292
2 25 % 2700 13,46 429,85 25 31 1,240 322,92 3,83 25,926
3 50 % 2300 13,33 407,56 25 31 0,663 184,27 3,23 45,433
4 75 % 1900 12,95 382,85 25 31 0,816 266,59 2,61 31,403
5 100 % 1500 11,23 344,72 25 31 0,444 200,09 1,80 41,842

Tabla XI. Resultados del comportamiento del motor con la mezcla B100.
N° Freno Torque Temperatura Gasto Potencia Eficiencia

% carga Rpm T(Nm) T1 T2 T3
Consumo

(kg/h)

Consumo
especı́fico
(g/kwh)

(kw) %

1 0 3000 6,01 268,63 25 31 1,075 265,86 1,60 5,933
2 25 % 2700 6,10 274,63 25 31 1,075 516,09 1,59 5,933
3 50 % 2300 8,09 284,82 25 31 0,842 516,09 1,98 16,22
4 75 % 1900 8,70 274,03 25 31 0,842 1411,19 1,90 16,22
5 100 % 1500 7,26 268,63 25 31 0,367 1411,19 1,15 31,49

mezcla de biodiesel, mayor será la pérdida del mismo. La mejor relación de mezcla que indicó esta
comparativa fue la B20, debido a que se busca un punto donde el porcentaje de biocombustible sea
mayor, pero sin ver afectadas las variables que abarcan la tendencia del rendimiento en el motor de
combustión interna, con las variables de consumo y consumo especı́fico, donde existe un cambio
significativo después de la mezcla B20, en este punto el aumento del gasto es mayor. Esto se debe a
las propiedades del mismo biocombustible, tal como lo indica [14] y, en términos energéticos, deja
de ser viable un combustible con un consumo alto. Por lo anterior, es de gran interés e importancia
este tipo de investigaciones, las cuales se enfocan en encontrar puntos medios entre las mezclas de
biocombustible y los orı́genes fósiles. A continuación, la Tabla XII presenta el análisis estadı́stico
de comparación media en referencia a sus respectivas muestras, dando como variables representa-
tivas la potencia, el torque y su análisis de gasto descrito en su consumo y consumo especı́fico.

El comportamiento de la potencia en función de la rotación puede ser apreciado en la Figura 3,
para los combustibles patrón, diésel colombiano, diésel venezolano y mezclas con biodiésel.

Al hacer un análisis comparativo de las diferentes curvas presentes en la Figura 3, en la que se
relaciona la potencia en función de la rotación del motor para las diferentes mezclas, se observa
que las mezclas que obtuvieron el mejor comportamiento en lo equivalente al mayor aporte de la
potencia son la B2 y B5. Estos valores son corroborados según la investigación [13]; en este estudio
referenciado, se presenta una metodologı́a que se basa en encontrar la mejor proporción biodiésel-
diésel y, de ahı́, se selecciona como mezcla la B20 por ser la mezcla que menos pérdida de potencia
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Tabla XII. Análisis estadı́stico de comparación de Media.

Muestra
Potencia

(kw)
Torque
(Nm)

Gasto
Consumo

(kg/h)
Consumo especı́fico

(g/kwh)
B2 3,804 15,816 0,756 185,05
B5 3,852 15,722 0,729 162,12

B10 3,504 14,252 0,857 225,51
B20 3,442 14,382 0,574 248,51
B50 3,150 13,194 0,645 284,31

B100 1,892 7,954 0,853 517,92
Diésel CO 3,544 14,266 0,755 187,02
Diésel VE 3,692 15,190 0,675 175,11

presentó con respecto a su proporción en comparación con las mezclas B50 y B100, que a diferen-
tes velocidades y porcentajes de carga se presentan mayores pérdidas. Esto es un indicador muy
importante para el estudio de las proporciones ideales y de la búsqueda del punto medio de mezcla,
para un máximo aprovechamiento del combustible y mejores prestaciones en su eficiencia.

En la Figura 4, se presenta la tendencia de la potencia respecto a las revoluciones del motor a
prueba, operando con las diferentes mezclas en estudio.

En el análisis comparativo de la Figura 4, para las curvas del torque se mantiene la tendencia
que se observó en la potencia de las mezclas B2 y B5 que tienen mayor alcance. Se determina que
a mayor mezcla de biodiésel, mayor será la pérdida de torque, tal como lo indica [14], con este
resultado la curva de mayor estabilidad con respecto a la relación diésel-biodiésel fue la mezcla
B20. Las mezclas con el torque más bajo fueron las B50 y B100. En el análisis comparativo de

Figura 3. Curvas de potencia con respecto a la velocidad de mezclas con biodiésel, combustibles patrón diésel colom-
biano y venezolano.
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Figura 4. Curvas de torque con respecto a la velocidad de mezclas con biodiesel, combustibles patrón diésel colom-
biano y venezolano.

los combustibles patrón se observa un ligero aumento del diésel venezolano con respecto al colom-
biano. Siempre es mejor para la reducción de las emisiones un porcentaje alto de biodiésel en la
mezcla [10], pero en términos de rendimiento se verán afectadas las variables del motor, como tor-
que y potencia, causando un aumento de consumo especı́fico de combustible [9], [13], [14]. De ahı́,
nace la importancia de realizar este tipo de investigaciones que presenten resultados óptimos con
la utilización de una mayor mezcla de biodiesel en los combustibles distribuidos por el territorio
nacional en los motores de combustión interna.

5. Conclusiones

Con la metodologı́a aplicada para las pruebas, se determinó que para la mezcla B20 los valores
de la potencia fueron los más estables en términos de rendimiento térmico, ello en razón de que a
menor porcentaje de mezclas se obtuvo mayor potencia, pero entre más grande sea el porcentaje de
mezcla con biodiésel, más aportará a la reducción de la contaminación.

En el contexto del comparativo de los combustibles patrones, el diésel colombiano y el diésel
venezolano sometidos bajo las mismas condiciones de operación, se encontró que el combustible
tipo diésel venezolano presenta mejores caracterı́sticas de rendimiento en cuanto a su potencia, tor-
que y estabilidad térmica. Siendo validado por el número de repeticiones y condiciones de pruebas
estipulado dentro de la norma SAE J1349.

Con respecto al consumo especı́fico del combustible obtenido, se observa el aumento con mayor
porcentaje de mezcla de biodiésel, esto directamente proporcional a la pérdida de potencia. Para el
uso prolongado del biocombustible se recomienda un porcentaje intermedio que aporte al medio
ambiente, pero sin disminuir el rendimiento, esto se presenta debido a las caracterı́sticas de bajo
poder calorı́fico que posee el biodiésel en comparación con el combustible de origen mineral.
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262 INGENIERÍA • VOL. 25 • NO. 3 • ISSN 0121-750X • E-ISSN 2344-8393 • UNIVERSIDAD DISTRITAL FRANCISCO JOSÉ DE CALDAS
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Recibió el tı́tulo de ingeniero Electricista en 1991 de la Universidad Industrial de Santander, Bucaramanga, Colombia.
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Abstract

Context: Due to the large number of cyber-attacks at international and national levels (Colombia),
preventive mechanisms and procedures have been triggered by organizations in order to counteract vul-
nerabilities in information security. The issue studied by this project arises from the need to make a
proposal to the DIAN information security office to implement and follow up on the MinTIC Online
Government Strategy in the Information Security and Privacy component, through the institutional in-
formation security policy and through this knowledge base model for audits in web services, applied to
a particular prototype.
Method: The general methodology for the knowledge base model the first corresponds to the collection,
processing, and purification of the base, and the second corresponds to the systematization process of the
proposed model. OpenKM (an open software) was implemented to support the knowledge base. For the
development of the audit, it is important to keep in mind that, within the general methodology, a series
of guides were included in each of the phases of the model. The project uses standards, good practices,
tools, and professional advice such as ISO27000, OSSTMM, OWASP, JUnit, and the Risk Management
and Audit guides issued by MinTIC. For the development of the prototype with the presented WS, the
OPENUP method was used. The implementation was limited to the construction of two HTTP methods:
GET and POST for consultation and information entry actions.
Results: With this project, it was possible to create a knowledge base model implemented on OpenKM,
executing a web services security audit with SQL Injection on an organizational prototype.
Conclusions: It must be taken into account that there will never be a 100 % secure infrastructure, since
there will always be risks on the platforms due to the changing nature of the attacks. However, there will
always be alternatives such as this base model of information security auditing to avoid or mitigate such
risks or attacks.
Keywords: Information model, information security, computer security, web services, web application
auditing, SQL Injection, knowledge base, ontologies, taxonomies.
Language: Spanish
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Resumen

Contexto: Debido a la gran cantidad de ciberataques a nivel internacional y nacional (Colombia), se
han activado mecanismos y procedimientos preventivos en las organizaciones para contrarrestar estas
vulnerabilidades en la seguridad de la información. El tema de este proyecto surge de la necesidad
de hacer una propuesta a la oficina de seguridad de la información de la DIAN para implementar y
dar seguimiento a la estrategia de Gobierno en lı́nea de MinTIC en el componente de seguridad de la
información y privacidad, ello a través de la polı́tica de seguridad de la información institucional y de
este conocimiento aplicado al modelo base para auditorı́as en servicios web, aplicado a un prototipo
particular.
Método: La metodologı́a general para el modelo base de conocimiento incluye dos partes del trabajo.
La primera corresponde a la recolección, procesamiento y purificación de la base. La segunda corres-
ponde al proceso de tematización del sistema del modelo propuesto. OpenKM (un software abierto) se
implementó para sustentar la base de conocimiento. Para el desarrollo de la auditorı́a es importante tener
en cuenta que dentro de la metodologı́a general se incluyeron una serie de guı́as en cada una de las fases
del modelo. El proyecto utiliza estándares, buenas prácticas, herramientas y asesoramiento profesional
como ISO27000, OSSTMM, OWASP, JUnit y las guı́as de gestión de riesgos y auditorı́a emitidas por el
MinTIC. Para el desarrollo del prototipo con el WS a exponer, se utilizó el método OPENUP. La imple-
mentación se limitó a la construcción de dos métodos HTTP, GET y POST para consultas y acciones de
entrada de información.
Resultados: Con este proyecto fue posible crear un modelo de base de conocimiento implementado en
OpenKM, ejecutando una auditorı́a de seguridad de servicios web con inyección de SQL en un prototipo
organizacional.
Conclusiones: Se debe tener en cuenta que nunca habrá una infraestructura 100 % segura, ya que siem-
pre habrá riesgos en las plataformas debido a la naturaleza cambiante de los ataques. Sin embargo,
siempre habrá alternativas como esta, un modelo base de auditorı́a de seguridad de la información para
evitar o mitigar tales riesgos o ataques.
Palabras clave: Auditorı́a de aplicaciones web, base de conocimiento, inyección SQL, modelo de in-
formación, ontologı́as, seguridad de la información, seguridad informática, servicios web, taxonomı́as.
Idioma: Español

1. Introducción
Desde el momento en que una aplicación web de tipo organizacional es desplegada en un am-

biente de producción bajo una determinada infraestructura es susceptible de recibir ataques malin-
tencionados. Prevenir que esos ataques resulten exitosos es uno de los principales intereses del área
de seguridad de cualquier entidad gubernamental o privada.

El proyecto se enfoca en dos áreas complementarias: (a) modelos de base de conocimiento del
dominio de seguridad de aplicaciones web [1] y (b) auditorı́as de vulnerabilidad a vectores de ata-
que SQL Injection en servicios web [2]. Lo anterior abordado desde los fundamentos, estándares,
métodos y conceptos técnicos [3].

Este proyecto en modalidad de profundización busca crear un modelo base de conocimiento para
guiar procesos de auditorı́a de seguridad web en un prototipo organizacional, frente a los riesgos
informáticos a los que esté expuesto. En concordancia con los recientes ataques cibernéticos a las

INGENIERÍA • VOL. 25 • NO. 3 • ISSN 0121-750X • E-ISSN 2344-8393 • UNIVERSIDAD DISTRITAL FRANCISCO JOSÉ DE CALDAS 265
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Figura 1. Ejemplificación de metodologı́as utilizadas en el proyecto.

plataformas de las grandes multinacionales, se ofrecen alternativas de solución con el fin de contri-
buir en el campo de investigación de la seguridad de la información [4].

A su vez, se busca a futuro evaluar el estado de seguridad en los servicios web expuestos en los
aplicativos en producción de una entidad. Enmarcado en un modelo de información especı́fico, y
mediante herramientas y técnicas del modelo, se permitirá la visualización y definición de un esta-
do de seguridad de su información digital y de los datos expuestos de dicha organización [5].

Este proyecto bajo la modalidad de profundización ejecuta una prueba del modelo en el marco del
área de seguridad de la información, especı́ficamente la seguridad informática, para mitigar ataques
de tipo SQL Injection (SQLi) como vector de ataque de este proyecto [5]. La taxonomı́a del modelo
se desarrolló con ideas propias y extrayendo ideas de varias investigaciones previas, las cuales se
irán referenciando a medida que se adelanta el documento [6].

2. Metodologı́a
Para la elaboración de este modelo, se utilizaron varias metodologı́as integradas una dentro de

otra, las cuales se ejemplifican en un diagrama (Figura 1).

2.1. Metodologı́a general del modelo base de conocimiento
Esta sección constituye la definición metodológica general para el desarrollo del modelo en sus

diferentes elementos; por lo tanto, se contextualizan varias investigaciones, artı́culos, trabajos y
definiciones de los componentes esenciales al momento de realizar un análisis a los modelos de
base de conocimiento. Este proyecto incluye dos tipos de metodologı́as de trabajo. La primera co-
rresponde al diseño del prototipo del sistema recolección, procesamiento y depuración de la base
de conocimiento para preparar el modelo prototipo. La segunda corresponde al proceso de sistema-
tización del modelo de diagnóstico. Ambas metodologı́as tienen como soporte la investigación y,
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Figura 2. Metodologı́a de desarrollo para la Base de Conocimiento Fuente: [7].

aunque se dan de manera simultánea, para efectos de presentación se analizan por separado (Figura
2).

Una base de conocimiento tiene como objetivo principal modelar y almacenar bajo forma digital
un conjunto de conocimiento, ideas, conceptos o datos que permitan ser consultados o utilizados en
la base de conocimientos. Existen varios métodos y programas para crear bases de conocimientos
[8].

2.2. Metodologı́a para ejecutar la auditorı́a en seguridad web

Para la preparación de la auditorı́a se presentará la metodologı́a, los tiempos y recursos que se
utilizarán. Se recolecta y analiza la información evidenciando los hallazgos, las oportunidades de
mejora y las fortalezas encontradas durante la auditorı́a. Una vez se culmine, se presentarán las
conclusiones. Con base en el informe de la auditorı́a, se establecerán las acciones de mejora perti-
nentes [9].

La metodologı́a inicia con un proceso de planeación. En esta se fijan los objetivos y las herra-
mientas a usar, esto implica qué hacer, cómo hacerlo y cuándo hacerlo. Esta etapa incluye una
investigación previa con el fin de conocer la operación de lo que se va a evaluar [9].

Para el desarrollo de la auditorı́a es importante tener presente que dentro de la metodologı́a ge-
neral se incluyeron una serie de guı́as en cada una de las fases del modelo. El proyecto hará uso
de estándares, buenas prácticas, herramientas y consejos profesionales tales como: NTC-ISO-IEC
27000, 27001, 27002, 27005, 31000, OSSTMM, OWASP, JUnit y las guı́as de gestión de riesgos
y auditorı́a emitidas por el MinTIC. Todo esto aplicado al vector de ataque SQL Injection [10], [11].

En la Figura 3, extraı́da del reporte de seguridad de IBM con la herramienta X-Force IRIS (por sus
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siglas en inglés de Incident Response and Intelligence Services), entre 2011 y 2019 se muestra cómo
los ataques de inyección de SQL han afectado diferentes tipos de organizaciones o industrias de
diferentes paı́ses en 2011. También se determina que en el 2012 hubo la mayor cantidad de ataques
de este tipo, 79 en total. A partir de ahı́ fue disminuyendo; sin embargo, no han desaparecido
totalmente, incluso en enero de este año ocurrió un ataque en Dinamarca [12].

Figura 3. Evolución de ataques de inyección SQL durante 2019 Fuente: [13].

2.3. Metodologı́a de desarrollo de software

Para crear la metodologı́a de desarrollo de este proyecto se usó el método OpenUP. Este se define
como un proceso unificado ligero que aplica enfoques iterativos e incrementales dentro de un ciclo
de vida estructurado. OpenUP adopta una filosofı́a pragmática y ágil que se centra en la naturaleza
colaborativa del desarrollo de software. Es un proceso agnóstico de herramientas y de baja ceremo-
nia que se puede extender para abordar una amplia variedad de tipos de proyectos.

Para las pruebas a la aplicación desarrollada se utilizó JUnit, un marco de código abierto diseñado
con el propósito de escribir y ejecutar pruebas en el lenguaje de programación Java. JUnit, origi-
nalmente escrito por Erich Gamma y Kent Beck, ha sido importante en la evolución del desarrollo
basado en pruebas, lo cual forma parte de un paradigma de diseño de software más amplio conocido
como extreme programming (XP).

2.4. Modelo de arquitectura del modelo base de conocimiento
La arquitectura de la solución se desarrollará bajo la arquitectura cliente-servidor del lado de la

base de conocimiento y de componentes independientes del lado de la auditorı́a del web service.

Arquitectura base de conocimiento en OpenKM (cliente-servidor):
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Servidor Apache Tomcat: https://ritaportal.udistrital.edu.co:10229
Cliente Cualquier cliente web.
Cliente Glassfish: https://ipservidor.:8080/FacturaElectronica/test-resbeans.html
Servidor Cualquier cliente dentro del segmento de red privado.

Arquitectura del modelo base de conocimiento para auditorı́a de web service (Figura 4).

Figura 4. Arquitectura del modelo general Fuente: [14].

El objetivo consiste en aplicar la revisión de SQL Injection a un dominio de información (Factura
Electrónica Web) para evitar ataques en servicios web mediante una auditorı́a de seguridad (Figuras
5, Figura 6 y Figura 7).

Figura 5. Inicio de sesión general en el prototipo.

Considerando los requisitos funcionales, se establecen los comportamientos deseados del aplica-
tivo Factura Electrónica Web, los cuales fueron traducidos en especificaciones técnicas utilizando el
lenguaje de descripción de aplicaciones web (WADL) utilizado por la herramienta Netbeans, que
permitió desarrollar la construcción del servicio web RESTFul. Este permite escoger el método
(GET, utilizado únicamente para consultar información al servidor, o POST, utilizado para solicitar
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la creación de un nuevo registro) y el formato (XML, un lenguaje de marcado extensible, o JSON,
un formato ligero de intercambio de datos) para la consulta o ingreso de datos de la aplicación
(Figura 8).

Figura 6. Menú general con los módulos de gestión del prototipo.

Figura 7. Ingreso a módulo de gestión de facturas electrónicas vı́a web.

Figura 8. Interfaz gráfica del web service RESTFul.
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i
i

i
i

i
i

i
i

J. Moreno • P. Coronado

Se virtualizó Kali Linux para ejecutar la propuesta de auditorı́a sobre el Web Service de la apli-
cación Factura Electrónica Web (Figura 9).

Figura 9. Acceso desde Kali al servicio web registrado para pruebas de auditorı́a con SQLi.

Se realizaron pruebas unitarias con la herramienta JUnit a la clase encargada de gestionar la
seguridad para el aplicativo y el web service (Figura 10).

3. Resultados
• Implementación del estilo arquitectónico en el prototipo.

Para implementar el prototipo se utilizó el estilo arquitectónico por capas ejemplificado en un
modelo vista-controlador (MVC). Estos sistemas constituyen uno de los estilos que aparecen con
mayor frecuencia mencionados como categorı́as mayores del catálogo, o, por el contrario, como
una de las posibles encarnaciones de algún estilo más envolvente. En [15] definen el estilo en capas
como una organización jerárquica, tal que cada capa proporciona servicios a la capa inmediatamen-
te superior y se sirve de las prestaciones que le brinda la inmediatamente inferior. Instrumentan ası́
una vieja idea de organización estratigráfica que se remonta a las concepciones formuladas por el
patriarca Edsger Dijkstra en la década de 1960, largamente explotada en los años subsiguientes.
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Figura 10. Pruebas con JUnit para Clase AuthorizationFilter.

Se definió el modelo de datos e identificadores que representan los recursos a exponer. La cons-
trucción del WS se limitó a la implementación de la tecnologı́a de servicio web RESTful (Re-
presentational State Transfer, based on Rest architecture), con dos métodos HTTP, GET y POST,
para especificar las acciones de consulta y registro de información respectivamente. Cabe aclarar
que se estableció ası́, de acuerdo con el masivo uso que se tiene en las entidades y organizaciones
del estado colombiano (probablemente por su potencial escalable, ası́ como el acceso con escaso
consumo de recursos). Sin embargo, si se prefiere implementar SOAP por su robustez, la seguri-
dad, el control y la validación que ofrecen los esquemas debido a su alto acoplamiento, se podrı́a
usar en integraciones de cores bancarios o pasarelas de pago. Para las fases de inicio, elaboración,
construcción y transición de la aplicación y del servicio web de la aplicación objeto de auditorı́a se
implementó el método OpenUP en cuatro iteraciones, una por cada fase.

Fase inicial: En primera instancia, se realizaron reuniones de trabajo entre el director del proyecto
y el estudiante, en las que se explicó la visión de la aplicación, la metodologı́a y el entorno en que se
desenvolverá el proyecto. Finalmente se seleccionó la tecnologı́a y técnica a utilizar en el desarrollo
del prototipo de aplicativo del proyecto.

• Caracterización previa de la aplicación objeto de auditorı́a.
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Fase elaboración: Tomando en cuenta los requisitos funcionales y no funcionales se implementó
la aplicación, la cual soporta la solución de Factura Electrónica Web y se crea el inicio de sesión
general de dicho aplicativo con un tipo de usuario.

• Iteración 2. Implementación del aplicativo Factura Electrónica Web como prototipo.

Fase implementación:Considerando los requisitos funcionales, se establecen los comportamien-
tos deseados del aplicativo Factura Electrónica Web, los cuales fueron traducidos en especifica-
ciones técnicas a través del lenguaje de descripción de aplicaciones web (WADL) utilizado por la
herramienta Netbeans. Este permitió desarrollar la construcción del servicio web RESTFul, el cual
posibilitó escoger el método (GET o POST) y el formato (XML) para la consulta o ingreso de datos
de la aplicación.

• Iteración 3. Implementación del web service a través del IDE Netbeans.

Fase transición:Finalmente, para realizar el despliegue en el ambiente de desarrollo y la inte-
gración a del aplicativo con el web service, se usó un módulo de seguridad de la solución, el cual
consiste en la implementación de una librerı́a llamada AuthorizationFilter, debido al impacto que
tiene en el modelo de negocio del proyecto.

• Iteración 4. Integración del aplicativo y el WS a través del módulo de seguridad.

• Se definió el modelo y se implementó en el portal de RITA UD (Red de Investigaciones de
Tecnologı́a Avanzada de la Universidad Distrital) la herramienta en la cual se soporta la base de
conocimiento, ello de acuerdo con las investigaciones descritas anteriormente y seleccionando la
más idónea para el proyecto. Esta solución es OpenKM en su versión libre (Figura 11).

Figura 11. Ventana de inicio de sesión de la herramienta OpenKM que soporta el modelo.

• Se realizó una auditorı́a de seguridad en servicios web de una entidad o un prototipo organiza-
cional enfatizando en el tema de SQL Injection.
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Como resultado final, se ejemplifica el modelo con cada uno de los segmentos de la jerarquı́a
de base de conocimiento (la cual se expondrá a continuación para futuras confrontaciones) para la
auditorı́a en servicios web con el fin evitar los ataques de tipo SQL Injection como vector de ataque
del proyecto. Esta servirá para que el usuario tenga una orientación de la taxonomı́a manejada en
este modelo. La taxonomı́a del modelo se desarrolló extrayendo ideas propias y de varias inves-
tigaciones previas, las cuales se irán referenciando a medida que va avanzando el documento. A
continuación, se presenta cada uno de los segmentos [6] y [2].

• Con el documento maestro resultado del punto anterior, se alimentó la base de conocimiento
orientado a la seguridad informática.

En cada subsección se mostrará al lado un ı́tem de obligatoriedad u opcionalidad de acuerdo con
el modelo que se está proponiendo, por ejemplo: Escaneo de puertos y versiones (obligatorio),
análisis SSL (opcional). En caso tal de que el usuario no desee desarrollar los ı́tems propuestos en
el modelo, este modelo no se hará responsable de los resultados finales en cuestión de la base de
conocimiento y de la auditorı́a de los servicios web. Las secciones principales son obligatorias en
este modelo, ya que se manejan en las auditorı́as de servicios de aplicaciones web [16] (Figura 12).

Figura 12. Pantalla inicial de la herramienta OpenKM del modelo propuesto.

La herramienta permite visualizar los archivos en .pdf almacenados en la base, con formato .doc
para documentos, .xls para hojas de cálculo y .ppt para presentaciones (Figura 13).

3.1. Jerarquı́a del modelo base de conocimiento para auditorı́as de servicios
web

Acerca de la auditorı́a
En esta sección introductoria de vital importancia se realiza un primer acercamiento al negocio de
la auditorı́a de aplicaciones web, ya que se deben conocer los inicios del proyecto que abordará el
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Figura 13. Visualización de archivos del modelo propuesto en la herramienta OpenKM.

usuario. Esta sección se desarrollará de acuerdo con el modelo del negocio definido por el usuario.
Se hace con el fin de orientar al usuario y ubicarlo en una primera instancia del modelo.

Contexto (obligatorio)
En esta subsección se realiza una descripción y contextualización del negocio al cual el usuario
requiere hacer la auditorı́a. La subsección se desarrollará con los modelos y diagramas que se ob-
tengan del negocio definido por el usuario, tales como el modelo de arquitectura, diagrama de
componentes o diagrama de clases. Esta subsección se hace con el fin de que el usuario halle dispo-
nibles sus modelos y diagramas iniciales del negocio objeto de auditorı́a en la base de conocimiento.

Justificación (obligatorio)
En esta subsección se redactan los motivos de la importancia de realizar la auditorı́a en un modelo
de negocio predefinido por el usuario. Se desarrollará con las necesidades propias del negocio por
el cual se quiere hacer la auditorı́a. Tiene el fin de que el usuario halle siempre disponibles las
necesidades y motivos del negocio objeto de auditorı́a en la base de conocimiento.

Objetivos (obligatorio)
En esta subsección se redactan los objetivos generales y especı́ficos a alcanzar por el usuario en la
auditorı́a. Se desarrollará con los objetivos del usuario en el contexto propio del modelo de nego-
cio. Tiene el fin de que el usuario halle siempre disponible los objetivos generales y especı́ficos del
negocio objeto de auditorı́a en la base de conocimiento.

Productos entregables (obligatorio)
En esta subsección se describen los productos a entregar previstos por el usuario una vez realizada
la auditorı́a. Se desarrollará con los productos previstos propios del modelo de negocio que el usua-
rio tiene que entregar. Tiene el fin de que el usuario halle siempre disponible la lista de productos a
entregar de acuerdo con la auditorı́a realizada.
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Recursos necesarios (obligatorio)
En esta subsección se describen los recursos mı́nimos preliminares y necesarios que debe tener el
proyecto y el modelo de negocio. Se desarrollará con investigaciones previas que se han realizado
a nivel de infraestructura (hardware y software) y de las herramientas necesarias en el proyecto.
Tiene el fin de que el usuario halle siempre disponible el listado de recursos mı́nimos necesarios
para lograr los objetivos del proyecto en cuestión para realizar la auditorı́a

Descripción de metodologı́as (obligatorio)
En esta subsección se describen las metodologı́as y buenas prácticas utilizadas de acuerdo con el
proyecto y al modelo de negocio. Se desarrollará con investigaciones previas que se han realiza-
do sobre las metodologı́as acordes al proyecto y definidas en el anteproyecto, con aplicación en
contexto nacional e internacional. Tiene el fin de que el usuario halle siempre disponible las meto-
dologı́as definidas para la elaboración del proyecto en cuestión y para realizar la auditorı́a.

Planificación (obligatorio)
En esta subsección se propone como opcional debido a que, dependiendo de las metodologı́as im-
plementadas por el proyecto y también la dimensión del modelo de negocio, el concepto de tiempo
en la planificación entrarı́a como temporal. Esta subsección se desarrollará con la herramienta Pro-
ject de Microsoft con el proyecto en cuestión. Tiene el fin de que el usuario halle siempre disponible
un cronograma planificado con las iteraciones, fases, actividades y tiempos del proyecto actual para
realizar la auditorı́a.

Actual situación y metodologı́a
En esta sección de referencia del modelo se realiza un estado del arte de la seguridad de las aplica-
ciones web y de las metodologı́as utilizadas en la misma, ya que es necesario conocer el punto de
partida del proyecto. Se desarrollará de acuerdo con el estado del arte de seguridad de las aplicacio-
nes web, las metodologı́as y las buenas prácticas actuales en este campo. Tiene el fin de hacer que el
usuario esté inmerso en este tema de seguridad de aplicaciones web y para ver cuáles metodologı́as
y buenas prácticas puede aplicar de acuerdo con su modelo de negocio.

Osstmm (obligatorio)
En esta subsección se expone brevemente, el manual de metodologı́as de la OSSTMM y los casos
de pruebas catalogados por el manual en cuestión, ya que es un elemento importante que se requie-
re en la auditorı́a y que ayudará al usuario en la práctica. Se desarrollará con los tipos y casos de
acuerdo con las últimas versiones propuestas por el OSSTMM. Tiene el fin de que el usuario halle
disponibles los conceptos, tipos y casos de prueba de seguridad en el modelo propuesto.

Owasp (opcional)
En esta subsección se exponen los tipos de ataques y las vulnerabilidades más populares actual-
mente, concernientes a la guı́a de seguridad de pruebas de OWASP, ya que es un referente mundial
importante en el tema de la seguridad de aplicaciones y servicios web. Esta subsección se desarro-
llará de acuerdo con el último top diez propuesto por el OWASP. Esta subsección se hace con el fin
de que el usuario halle disponibles los tipos de ataques y vulnerabilidades de seguridad de acuerdo
con el modelo propuesto [16].
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MinTIC (opcional)
En esta subsección se exponen los lineamientos, modelos de seguridad y guı́as metodológicas y
de auditorı́as propuestas actualmente por MinTIC, ya que es el referente nacional en el tema de
la seguridad de aplicaciones y servicios web. Se desarrollará de acuerdo con las últimas versiones
de los documentos mencionados previamente. Tiene el fin de que el usuario halle disponibles los
lineamientos, modelos de seguridad y guı́as metodológicas y de auditorı́as de seguridad de acuerdo
con el modelo propuesto.

Auditorı́a WEB
En esta sección se explican los temas más destacados de auditorı́a web en un ambiente organiza-
cional.

Perfil de auditor (opcional)
Perfil de auditor (opcional) Esta subsección describe el perfil del auditor informático, encargado
de aplicar sus conocimientos para lograr unos resultados de calidad y generar ası́ recomendaciones
de valor para la auditorı́a. Se marca como opcional en tanto no es un ı́tem bloqueante para poder
proceder con la auditorı́a. Esta subsección se desarrollará con la información que se tenga de per-
files de auditores en revisiones en auditorı́as de información. Tiene el fin de que el usuario halle
disponibles las caracterı́sticas del perfil de un auditor de seguridad informático de acuerdo con el
modelo propuesto.

Tipos de test (obligatorio)
En esta subsección se exponen los tipos (interna o externa) y enfoques de la auditorı́a, ya que puede
ser aplicada a diferentes contextos. Se desarrollará con la información de revisiones que se tenga
de los diferentes enfoques. Tiene el fin de que el usuario halle disponibles los enfoques de auditorı́a
de acuerdo con el modelo propuesto.

Aspectos contractuales de auditorı́a (obligatorio)
En esta subsección se exponen los aspectos contractuales de la auditorı́a, ya que son los que el
auditor firma con la organización en caso de ser aplicada. Se desarrollará con la información de
revisiones que se tenga de los tipos de permisos, acuerdos, reglas y del alcance al aplicar una audi-
torı́a. Tiene el fin de que el usuario halle disponibles los aspectos más comunes de una auditorı́a.

Aspectos normativos legales (obligatorio)
En esta subsección se exponen las normas y leyes que apliquen en la auditorı́a, ya que si la or-
ganización encuentra vulnerabilidades que afecten información personal (habeas data), esta debe
blindarse según las leyes expuestas en este apartado. Esta subsección se desarrollará con la infor-
mación de revisiones que se tenga de las leyes y normas que apliquen en la auditorı́a. Tiene el fin de
que el usuario halle disponibles las leyes y normas, ya sean nacionales o internacionales, al realizar
la auditorı́a.

Ética profesional (obligatorio)
En esta subsección se exponen algunos aspectos éticos del auditor de vital importancia, ya que
la reputación y la confianza son temas que se gana el auditor en el desarrollo y resultados de su
trabajo. Esta subsección se desarrollará con la información de revisiones que se tenga de asuntos
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destacables en el tema de la ética profesional en la auditorı́a. Tiene el fin de que el usuario halle
disponibles los acuerdos de confidencialidad y de imparcialidad que se tenga al aplicar la auditorı́a.

Informe de resultados (obligatorio)
En esta subsección se expone la estructura y la forma como se elabora el informe de resultados
final, ya que este documento reúne todo el trabajo realizado en la auditorı́a. La subsección se desa-
rrollará con la información de revisiones que se tenga de estructuras y elaboraciones de informes
que se tenga en auditorı́as. Tiene el fin de que el usuario halle disponible una estructura general del
informe de resultados de la auditorı́a.

Fase de reconocimiento
En esta sección se hace la recolección de toda la información que sea posible acerca del objetivo en
el marco organizacional establecido o modelo de información definido; información como direc-
ciones IP, nombres de máquinas, infraestructura de la red, perfiles y configuración de servidores,
software, entre otros [6].

Definición del alcance (obligatorio)
En esta subsección se define con el cliente el alcance de la auditorı́a, ya que se debe saber con
exactitud lo que se va a hacer, qué tanto se va a hacer y hasta dónde se va a hacer. Esta subsec-
ción se desarrollará con la información de los requerimientos funcionales y no funcionales del
modelo de negocio. Se hace con el fin de que el usuario tenga disponible el alcance de la auditorı́a
y pueda tomar decisiones concernientes al tipo de prueba que se aplicará (caja negra, blanca o gris).

Búsquedas en registros de internet (obligatorio)
En esta subsección se definen y se aplican herramientas para búsqueda especı́fica en la web, ya que
se deben identificar datos particulares de la infraestructura básica del modelo de negocio objetivo
de testeo. La subsección se desarrollará con datos clave como el tipo de servidor de la máquina,
bajo qué sistema operativo funciona, qué servicios tiene, qué puertos están abiertos, cuál es su con-
figuración, con qué otras máquinas se conectan, entre otros. Se tiene el fin de que el usuario tenga
los datos generados con las herramientas disponibles.

Consultas en páginas públicas (opcional)
Esta subsección muestra información asociada a la organización a la cual le se le está realizan-
do la auditorı́a; sin embargo, se marca opcional, ya que si bien pueden ser útiles los datos que se
encuentran en la web pública, no es un ı́tem bloqueante para poder proceder con la auditorı́a. La
subsección se desarrollará con páginas, grupos, listas y motores de búsqueda generales públicos
en la web. Se tiene el fin de que el usuario halle disponibles las fuentes públicas de las cuales se
extrajo información extra.

Búsquedas con motores de búsqueda (opcional)
Esta subsección muestra información relacionada con motores de búsqueda concretos; sin embargo,
se marca opcional, ya que si bien pueden ser útiles los datos que se encuentren con el motor, no
es un ı́tem bloqueante para poder proceder con la auditorı́a. La subsección se desarrollará con
información del fichero “robots.txt” y datos de motores de búsqueda concretos. Se tiene el fin de
que el usuario halle disponibles las fuentes concretas de las cuales se extrajo información extra.

278 INGENIERÍA • VOL. 25 • NO. 3 • ISSN 0121-750X • E-ISSN 2344-8393 • UNIVERSIDAD DISTRITAL FRANCISCO JOSÉ DE CALDAS
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Búsqueda de subdominios (obligatorio)
Esta subsección muestra información relacionada con la forma de encontrar nuevas máquinas ob-
jetivo, ya que se puede comprobar si el dominio que se audita tiene subdominios asociados. La
subsección se desarrollará con información que se extraiga de la herramienta Fierce de Kali Linux.
Se tiene el fin de que el usuario halle disponibles los datos extraı́dos de la herramienta de penetra-
ción Fierce.

Elaboración de diccionarios (obligatorio)
Esta subsección muestra información relacionada con la elaboración de diccionarios, ya que es otra
técnica de hacking que puede servir en la auditorı́a. Esta subsección se desarrollará con informa-
ción que se extraiga de la herramienta CeWL de Kali Linux. Se hace con el fin de que el usuario
tenga disponibles los datos extraı́dos de la herramienta generadora de listas de palabras CeWL.

Fase de mapeado
En esta sección se hace la recolección de toda la información que sea posible acerca aplicación web
objetivo, el servicio web expuesto y el servidor web que los aloja. Para ello, se emplearán distintas
herramientas que generarán datos especı́ficos como puertos, uso de protocolos y seguridad explı́cita
de la aplicación [17].

Escaneo de puertos y versiones (obligatorio)
Esta subsección muestra información relacionada con el escaneado de puertos, ya que en el tema
de mapeado es una tarea inevitable para la auditorı́a. La subsección se desarrollará con información
que se extraiga de la herramienta de escaneado de puertos TCP y UDP Nmap. Se tiene el fin de que
el usuario tenga disponible la información de los puertos extraı́dos con herramienta.

Análisis SSL (obligatorio)
Esta subsección muestra información relacionada con el análisis del protocolo seguro SSL, ya que
este garantiza la confidencialidad de las comunicaciones vı́a web para la aplicación objeto de audi-
torı́a. Esta subsección se desarrollará con información que se extraiga de las herramientas TLSSled
y SSLDigger, las cuales analizan la seguridad de las implementaciones en los protocolos SSL/TLS
de un servidor objetivo. Se tiene el fin de que el usuario tenga disponible la información del análisis
SSL realizado con dichas herramientas.

Balanceadores de carga y WAF (obligatorio)
Esta subsección muestra información relacionada con los balanceadores de carga y con cortafuegos
de aplicaciones web (WAF), ya que con estos datos se sabrá si la aplicación objeto de auditorı́a se
encuentra alojada en varios servidores o solo en uno, también si está protegida detrás de un corta-
fuegos. La subsección se desarrollará con información que se extraiga de las herramientas Wafw00f
y Halberd, las cuales analizan el balanceo de carga y protección de la aplicación web. Se tiene el
fin de que el usuario halle disponible la información sobre balanceadores de carga y firewall de
aplicaciones web.

Análisis de configuración del software (obligatorio)
Esta subsección muestra información relacionada con la configuración de la aplicación objeto de
auditorı́a, ya que con estos datos se entenderá cómo está construido el sistema a nivel de software.
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La subsección se desarrollará con información que se extraiga de la herramienta Nikto, la cual sirve
para buscar estas vulnerabilidades en aplicaciones web. Se hace con el fin de que el usuario tenga
disponible la información sobre dichas vulnerabilidades, si las hay.

Spidering. Navegación manual (obligatorio)
Esta subsección muestra información relacionada con la navegación manual en profundidad de la
aplicación (también llamado rastreo de la aplicación), ya que con estos datos es posible conocer a
fondo el sitio web e identificar todas las funciones que implemente. La subsección se desarrollará
con información que se extraiga de la herramienta ZAP, la cual sirve para identificar objetivos,
recursos y parámetros que luego se escanearon con el fuzzer contenido en la herramienta. Se hace
con el fin de que el usuario tenga disponible la información con base en los datos extraı́dos con ZAP.

Spidering. Análisis de resultados (obligatorio)
Esta subsección muestra información relacionada con el análisis de los resultados una vez realiza-
do el recorrido manual de todas las páginas, ya que el objetivo es encontrar archivos en el servidor
web. La subsección se desarrollará con información que se extraiga con la función “Spider” de la
herramienta ZAP. Se hace con el fin de que el usuario tenga disponible la información con base en
los datos encontrados con la función “Spider” de ZAP.

Fase de explotación
En esta sección se desarrollarán dos tareas principales, las cuales son detección y verificación. Cada
una de estas tareas estará compuesta por hallazgos concretos que se logren encontrar en esta audi-
torı́a. Cada una de las demás auditorı́as será distinta, sobre todo en esta fase, ya que los hallazgos
serán distintos cada vez, ası́ que las pruebas que habrá que realizar cambiarán. También cambiarán
en función de otros factores como la aplicación a auditar, o las tecnologı́as que use el prototipo.
Para este caso especı́ficamente son JSF, JPA, EJB, Primefaces, Glassfish, entre otras [7].

Detección (obligatorio)
Esta subsección muestra información relacionada con la búsqueda y detección de vulnerabilida-
des a partir de los resultados obtenidos durante la fase de mapeado, ya que se debe probar cómo
se comporta la aplicación ante errores introducidos a propósito. La subsección se desarrollará con
información que se arroje del ejercicio del comportamiento de la aplicación ante errores, luego se
escanean los recursos o métodos que envı́an parámetros al servidor objetivo y, por último, se em-
plearán ataques de fuzzing (técnica de pruebas en software) sobre los parámetros encontrados en
los puntos anteriores. Se hace con el fin de que el usuario tenga disponible la información obtenida
de toda la tarea de detección.

Verificación SQL Injection (obligatorio)
Esta subsección muestra información relacionada con la verificación manual de los descubrimien-
tos previos, ya que se debe analizar cada hallazgo sospechoso que aún no haya sido confirmado. La
subsección se desarrollará con información especı́fica del segmento de SQL Injection en el modelo
propuesto con base en la revisión que se hizo en dicho apartado. Se hace con el fin de que el usuario
tenga disponible la información obtenida de todo el ejercicio de verificación de vulnerabilidades
usando el vector de ataque SQL Injection.
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Resultados y conclusiones
En esta sección se muestran los resultados finales de la auditorı́a y unas conclusiones del trabajo
realizado. Además, se compara con los objetivos propuestos al inicio del proceso para comprobar
si efectivamente se cumplieron.

4. Conclusiones
De acuerdo con el objetivo general y los objetivos especı́ficos, se relacionarán a continuación ca-

da uno de estos con la conclusión de cada punto, demostrando si las actividades realizadas cumplen
con el planteamiento inicial de este proyecto.

• “Implementar un modelo base de conocimiento para la auditorı́a de seguridad en servicios
web”. Con este proyecto se logró crear un modelo de base de conocimiento implementado sobre
una herramienta libre, ejecutando una auditorı́a en seguridad de servicios web con SQL Injection
sobre un prototipo organizacional.

• “Implementar metodologı́as y buenas prácticas en el tema de seguridad de la información”. Se
logró establecer una metodologı́a propia para el desarrollo del modelo propuesto, incluyendo meto-
dologı́as ya definidas, métodos, buenas prácticas, técnicas, recomendaciones y tendencias actuales
relacionadas con conceptos de base de conocimiento, auditorı́a de aplicaciones web, seguridad de
la información y desarrollo de software.

• “Establecer una metodologı́a propia para el modelo, con metodologı́as definidas, métodos y
buenas prácticas”. En contexto con el anterior objetivo, se hicieron revisiones literarias sobre inves-
tigaciones en el tema y se estudiaron guı́as, técnicas y herramientas para llevar a cabo la auditorı́a
en servicios web, determinando que para el vector de ataque SQL Injection, en el contexto estable-
cido, la prevención no es responsabilidad del JSF. La forma de evitar el ataque depende del API
de persistencia que se esté utilizando (JPA, para el caso), pero todo se reduce a que nunca se debe
concatenar la entrada controlada por el usuario en cadenas SQL, siempre se debe usar consultas
parametrizadas cuando corresponda.

• “Alimentar un software de base de conocimiento con datos resultantes de pruebas de Inyección
SQL”. Se realizó la instalación, configuración y alimentación del software OpenKM, como herra-
mienta que soporta el modelo propuesto, con los datos y la información resultante del proceso de
auditorı́a de los servicios web en un prototipo definido.

Finalmente, con la socialización de este modelo, se aclara que queda expuesto de manera libre
para que sea usado e implementado por cualquier organización, entidad o personas y se pueda
trabajar en proyectos futuros si ası́ se quiere.
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zaje de Máquina, Ambientes inmersivos, Telesalud, Tecnologı́a educativa, Software Libre y
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Abstract

Context: In the implementation of a microgrid, the most expensive element is the energy storage system,
which consists of batteries in most cases. Different authors, motivated to reduce the implementation
costs that allow the widespread use of microgrids, have dedicated their efforts to develop techniques
and topologies for microgrids, in order to optimize the energy storage system, seeking the compromise
between useful life, maintenance, and initial investment.

Method: The objective of this paper is to present the selection criteria used to select the type of battery
in a microgrid, these being sufficient to ensure economic viability throughout the entire lifecycle of the
system. To achieve this objective, papers indexed in journals of scientific and engineering content were
consulted, classifying the criteria into two groups: technical criteria and technical-economic criteria.

Results: It was established that the criteria ensure compliance with the technical characteristics required
by the end-user of the micro-network, but they do not consider the operation of the storage system
throughout its useful life. In contrast, the technical-economic criteria allow guaranteeing the operation
of the microgrid storage system throughout the entire duration of the project.

Conclusions: The classification of the criteria in this paper is a guide that allows motivating the progress
of research to establish methodologies that guarantee viable implementation costs at the microgrid level,
based on the technical-economic analysis of the storage system.

Keywords: Batteries, microgrids, storage systems.
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Resumen

Contexto: En la implementación de una microrred, la parte más costosa es el sistema de almacena-
miento de energı́a, el cual, en la mayorı́a de casos, está conformado por baterı́as. Diferentes autores,
motivados por reducir los costos de implementación y permitir el uso generalizado de las microrredes,
han dedicado sus esfuerzos a desarrollar técnicas y topologı́as de microrred para optimizar el sistema de
almacenamiento de energı́a, buscando el compromiso entre vida útil, mantenimiento e inversión inicial.
Método: El objetivo del presente artı́culo es presentar los criterios de selección que se utilizan para
escoger el tipo de baterı́a en una microrred, siendo estos suficientes para asegurar la viabilidad económica
a lo largo del ciclo de vida del sistema. Para alcanzar dicho objetivo, se consultaron artı́culos indexados
en revistas de contenido cientı́fico y de ingenierı́a, clasificando los criterios en dos grupos: criterios
técnicos y criterios técnico-económicos.
Resultados: Se pudo establecer que los criterios aseguran el cumplimiento de las caracterı́sticas técnicas
que requiere el usuario final de la microrred, pero no consideran la operación del sistema de almacena-
miento a lo largo de la vida útil. En contraste, los criterios técnico-económicos permiten garantizar el
funcionamiento del sistema de almacenamiento de la microrred a lo largo de toda la duración del pro-
yecto.
Conclusiones: La clasificación de criterios en este artı́culo es una guı́a que permite motivar el avance
de investigaciones para de establecer metodologı́as que garanticen costos de implementación viables a
nivel de microrredes, partiendo del análisis técnico-económico del sistema de almacenamiento.
Palabras clave: Baterı́as, microrredes, sistemas de almacenamiento.
Idioma: Español

1. Introducción
El problema del cambio climático y la naturaleza finita de los combustibles fósiles, los cuales se

utilizan para el suministro de energı́a eléctrica en diferentes escenarios como las poblaciones que
no tienen acceso a la red eléctrica tradicional, ha impulsado el uso de las fuentes no convencio-
nales de energı́a como los sistemas solares fotovoltaicos, sistemas eólicos, entre otros. Uno de los
grandes retos del uso de este tipo de fuentes no convencionales de energı́a es la intermitencia de
generación de energı́a propia de la variabilidad natural de la fuente primaria de energı́a como el
sol y el viento. Los sistemas de almacenamiento de energı́a aparecen como sistemas que permiten
mitigar este problema, asegurando confiabilidad y calidad en el suministro de energı́a [1].

El almacenamiento de energı́a se puede realizar de diferentes maneras utilizando sistemas mecáni-
cos, neumáticos, térmicos y electroquı́micos, entre otros. Los sistemas electroquı́micos, los cuales
pueden considerarse como arreglos de baterı́as, son un tipo de tecnologı́a investigado de forma
constante en los últimos años dadas sus caracterı́sticas de densidad de potencia y energı́a [2].

Una de las formas en las que las fuentes no convencionales de energı́a, los sistemas de alma-
cenamiento con baterı́as y otros sistemas interactúan bajo un esquema controlable y gestionable
se denomina microrred. Las microrredes se pueden clasificar según el tipo de tensión en el pun-
to común, donde convergen los diferentes subsistemas, como microrredes DC, AC o hı́bridas [3].
Según los objetivos de la microrred, el sistema de almacenamiento de energı́a juega un papel fun-
damental tanto técnica como económicamente.
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Este trabajo presenta una revisión de los criterios de selección que se utilizan para determinar
el tipo de baterı́a que se utiliza en microrredes eléctricas. Cabe resaltar que las microrredes tipo
DC e hı́bridas tienen la particularidad, desde el punto de vista técnico, de presentar una interfaz de
tensión DC natural para diferentes subsistemas como generadores solares fotovoltaicos, sistemas
de almacenamiento con baterı́as y cargas como iluminación LED, subsistemas de implementación
viables a nivel residencial, lo que hace fundamental identificar el tipo de sistema de almacenamien-
to de energı́a inmerso en la microrred.

El presente artı́culo se divide en seis secciones, en la segunda sección se hace una descripción y
análisis de las principales tecnologı́as de almacenamiento que eventualmente podrı́an hacer parte
de una microrred, la tercera sección presenta los diferentes tipos de baterı́as existente en el mercado
utilizadas en los sistemas de almacenamiento, la cuarta sección expone los criterios de selección de
tipo de baterı́as, desde un enfoque técnico y técnicoeconómico, para ser utilizadas en el contexto
de las microrredes eléctricas. La quinta sección da un panorama general del manejo de residuos
producto de los sistemas de almacenamiento basados en baterı́as. La última sección presenta la
discusión final y las conclusiones.

2. Descripción y análisis de las principales tecnologı́as de alma-
cenamiento

Las tecnologı́as de almacenamiento de energı́a a menudo son clasificadas en tres categorı́as de
acuerdo con la longitud de la descarga [4]: de calidad de potencia, cuando la longitud de la descar-
ga es corta, de segundos a minutos, por ejemplo en control y regulación de frecuencia; de potencia
puente, cuando la longitud de la descarga es intermedia, entre minutos y una hora, por ejemplo, pa-
ra cubrir el gap entre una contingencia y el encendido de otra fuente; de gestión de energı́a, cuando
la longitud de la descarga es más larga.

En la Figura 1, se muestran los principales sistemas comerciales de almacenamiento de energı́a.

En la Tabla I, se muestra una clasificación de los diferentes sistemas de almacenamiento de
energı́a dependiendo de si este se realiza de forma mecánica, eléctrica o electroquı́mica.

Tabla I. Clasificación de los sistemas de almacenamiento de energı́a

Tipo de almacenamiento Sistema correspondiente Wh/Kg Eficiencia
( %)

Mecánico
Almacenamiento por bombeo de agua (PSH) [5]. 0,5-1,5 70-85

Almacenamiento por aire comprimido (CAES) [6]. 30-60 >60
Almacenamiento en volantes de inercia (FW) [7]. 5-100 90-95

Eléctrico Almacenamiento en ultra capacitores (EDLC) [8]. 5-8 84-97
Electroquı́mico Almacenamiento en baterı́as [9]. 30-265 60-95

Los sistemas de almacenamiento PSH (por sus siglas en inglés de Pumped-Storage Hydroelectri-
city) y CAES (por sus siglas en inglés de Compressed Air Energy Storage) son sistemas que requie-
ren de condiciones geográficas apropiadas y son demasiado grandes y costosos para las potencias
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Figura 1. Aplicaciones y tecnologı́as de almacenamiento de energı́a [4].

que se manejan en las microrredes. Por otra parte, los FW son sistemas que pueden suministrar sufi-
ciente potencia en un periodo de tiempo corto y, por ello, se utilizan en descargas cortas orientadas
a mantener la calidad de la potencia. No suelen ser utilizados como sistemas de respaldo de energı́a
a menos que se usen junto a otros sistemas de almacenamiento. Los EDLC (por sus siglas en inglés
de Electric Double-Layer Capacitor) tienen una alta densidad de potencia y tiempos cortos de car-
ga comparados con las baterı́as; habitualmente operan con otros sistemas de almacenamiento de
energı́a. Las baterı́as, por su parte, tienen unas caracterı́sticas que las hacen propicias para operar
en microrredes eléctricas, las cuales se abordarán en la siguiente sección.

3. Tipos de baterı́as eléctricas

Los sistemas de almacenamiento de energı́a eléctrica en microrredes eléctricas en su mayorı́a
están conformadas por módulos electroquı́micos, es decir, baterı́as. Esto se puede explicar, al me-
nos desde el punto de vista técnico, puesto que las baterı́as han sido una tecnologı́a en constante
desarrollo desde su descubrimiento en el año 1000 a. c., como se puede apreciar en el resumen de
lı́nea de tiempo presentado en [10]. El desarrollo de esta tecnologı́a también se ha visto impulsada
por los subsidios que diferentes paı́ses han implementado para el financiamiento de los sistemas de
almacenamiento de energı́a con baterı́as como se presenta en [11], [12]. Otro incentivo que se tiene
para el desarrollo de sistemas de almacenamiento con baterı́as en este contexto es la mitigación
ciertos fenómenos que afectan a la red tradicional cuando la microrred opera en modo red. Una
revisión de este tipo de fenómenos se presenta en [13].

La baterı́a eléctrica se trata de un dispositivo conformado por una o varias celdas con caracterı́sti-
cas electroquı́micas capaces de convertir la energı́a quı́mica almacenada en energı́a eléctrica. Cada
celda se caracteriza por estar conformada por un cátodo (electrodo positivo), un ánodo (electrodo
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negativo) y un electrolito, el cual permite que los iones se muevan desde un electrodo hasta el otro,
posibilitando el flujo de corriente fuera de la baterı́a [14]. Es posible encontrar un sin número de
baterı́as de distinta fabricación que ofrecen diferentes prestaciones. En seguida se presentan las más
representativas en el mercado y que presentan mejores ventajas para su aplicación en microrredes
eléctricas.

• Baterı́a de plomo ácido (Pb).

Es la baterı́a más común, ampliamente usada en vehı́culos convencionales, utilizadas como ba-
terı́a de arranque. Las tensiones habituales son 6 V, 12 V u otro múltiplo de 2, ya que la tensión
suministrada por cada celda es de 2 V. La densidad de energı́a capaz de aportar es de 30 Wh/kg.
Está compuesta por un par de electrodos de plomo, ası́ que, cuando no se encuentra cargada se
presenta como sulfato de plomo II (PbSO 4) insertado en una matriz de plomo metálico sobre el
elemento metálico (Pb). El electrolito se caracteriza por ser una disolución de ácido sulfúrico [9].

Se destaca por ser una baterı́a de bajo costo y fácil fabricación, siendo muy útil para un uso como
acumuladores en sistemas de microrredes eléctricas. Por el contrario, la no admisión de sobrecargas
ni descargas profundas, como su excesivo peso, la toxicidad del plomo y su lenta recarga, hace que
no sean las más adecuadas para este tipo de aplicaciones.

• Baterı́a nı́quel-hidruro metálico (Ni-MH).

Es un tipo de baterı́a recargable que emplea un ánodo de oxihidróxido de nı́quel (NiOOH) y un
cátodo de una aleación de hidruro metálico. Fue inventada con la idea de sustituir al cadmio en
las baterı́as de Ni-Cd por una aleación que almacena hidrógeno. Una pila de Ni-MH es capaz de
producir una tensión de 1,2 V para una capacidad que oscila entre 0,8 y 2,9 Ah. La densidad de
energı́a aproximada alcanza los 80 Wh/kg, mientras que los ciclos de carga varı́an entre las 500 y
700 cargas, lo que supone un ciclo de vida superior a las baterı́as de plomo ácido.

En términos del efecto memoria, entendido como el fenómeno que restringe el uso de toda la
energı́a por la limitación de la tensión o la capacidad de la recarga, en razón de fenómenos como
tiempos prolongados en los procesos de carga-descarga y corrientes y temperaturas elevadas, la
afectación sobre este tipo de baterı́as es menor. Son usadas en vehı́culos eléctricos hı́bridos como
baterı́as de tracción, ordenadores portátiles, cámaras de video, relojes, radios y algunos teléfonos
móviles. Por otra parte, las baterı́as de Ni-MH presentan una tasa de autodescarga del 30 % men-
sual comparadas con el 20 % que presentan las de NiCd, desplazando estas últimas a usos donde se
presentan prolongados periodos entre consumos, por ejemplo, luces de emergencia, controles re-
motos, etc., dejando a las baterı́as de Ni-MH en aplicaciones donde se tienen consumos continuos
de energı́a [14].

• Baterı́a de sulfuro de sodio.

Este grupo de baterı́as aún se encuentran en su fase experimental por Ford Motor Company.
Están compuestas de tubos electrolı́ticos de óxido de aluminio cerámicos con electrodos negativos
de sodio y electrodos positivos de sodio fundido en medio de un contenedor aislado y sellado. Para
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i
i

i
i

i
i

i
i

R. Peña • A. Santos • C. Trujillo

mantener el sulfuro fundido, la temperatura de la baterı́a debe estar entre unos 300◦ y 350◦. Estas
baterı́as tendrı́an un costo de, aproximadamente, siete veces lo que costarı́a una baterı́a de plomo
ácido [15].

• Baterı́a de litio-hierro.

Desarrollada por Sony Corporation y evaluadas por Nissan. Entre sus más sobresalientes carac-
terı́sticas se encuentran los bajos efectos de memoria, alta energı́a especı́fica de 100 Wh/Kg, alta
potencia especı́fica de 300 W/Kg y una vida útil de aproximadamente unos 1000 ciclos de carga.
Estas baterı́as fabricadas para operar a 28,8 V consisten de ocho celdas cilı́ndricas metálicas cubier-
tas en un módulo de resina, cada baterı́a tiene incorporado un controlador en la celda para verificar
que está operando en un rango de 2,5 V a 4,2 V durante la carga y descarga. Esta baterı́a presenta
las desventajas de tener un alto costo en su construcción debido al uso de un material compuesto
de óxido de cobalto para el ánodo y la alta pureza de un material orgánico usado en el electrolito,
además de la necesidad de un sistema de ventilación para mantener frı́as las baterı́as [16].

• Baterı́as de nı́quel-zinc.

Estas emplean un electrodo positivo igual que el empleado en las baterı́as de NiCd y nı́quel-
hierro junto con un electrodo negativo compuesto de zinc. Adicionalmente, utiliza una solución
de hidróxido de potasio acuosa, como electrolito. Entre las ventajas a destacar de estas baterı́as
se encuentra su relativamente elevada tensión por celda, aproximadamente 1,6 V, manteniendo la
tensión constante durante una buena parte del ciclo de descarga. Adicionalmente, su alta densidad
de energı́a que supera los 100 Wh/l, una energı́a especı́fica aceptable de alrededor de 50 Wh/Kg.
Finalmente, el funcionamiento a bajas temperaturas y su precio resultan ser caracterı́sticas muy
atractivas [17].

• Baterı́as de nı́quel-hierro.

Estas baterı́as usan un electrodo positivo de nı́quel sumergido en un electrolito de hidróxido de
potasio como las baterı́as de nı́quel-cadmio y nı́quel-hidruro metálico. El material activo del elec-
trodo es el hierro, el cual tiene caracterı́sticas atractivas, por ejemplo, su costo y su estabilidad
electroquı́mica. Las desventajas con estas tecnologı́as están relacionadas con el excesivo calenta-
miento de la baterı́a en razón de la producción primigenia de hidrógeno durante los ciclos de carga,
lo cual implica una disminución drástica de la eficiencia energética en el proceso de carga-descarga.
Otras desventajas son su alto costo, razón de autodescarga elevada y un mal funcionamiento a bajas
temperaturas [15].

• Baterı́as de nı́quel-cadmio (NiCd).

Estas baterı́as usan como electrolito una solución acuosa de una base, más exactamente hidróxi-
do de potasio, diferente a las de plomo ácido que usan una solución ácida. Como consecuencia de
dicha elaboración, presenta caracterı́sticas de baja temperatura para su funcionamiento y permite
que sea sellado herméticamente, lo cual resulta conveniente teniendo en cuenta la toxicidad de sus
elementos [18].
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Dentro de las ventajas que se destacan para este grupo de baterı́as se encuentra que, al estar el
electrolito formado por hidróxido de potasio, no forma parte de las reacciones electroquı́micas que
tienen lugar en el proceso, haciendo que su concentración no varı́e durante los procesos de descarga
o recarga, por lo que su tensión varı́a poco en el proceso descarga. De igual manera, presentan alta
densidad de energı́a, de alrededor 90 Wh/l y una alta energı́a especı́fica de aproximadamente 60
Wh/Kg, permitiéndoles ası́ tener un elevado ciclo de vida.

Otro rasgo atractivo de estas baterı́as es que, después de las baterı́as de plomo ácido, las baterı́as
de nı́quel- cadmio son las de mayor posicionamiento en el mercado.

En cuanto a los inconvenientes de adquisición, se encuentra su elevado precio respecto a las de
ácido plomo, pues el nı́quel es un elemento costoso. Asimismo, la tensión máxima lograda por
celda es de alrededor de 1,2 V, lo que resulta inferior respecto a las celdas de otros materiales,
conllevando al uso de un mayor número de las mismas para la construcción de una baterı́a. Tam-
bién tienden a recalentarse durante su funcionamiento, lo que afecta su rendimiento. Finalmente, a
causa del uso de componentes tóxicos en su fabricación, especialmente el cadmio, resulta de difı́cil
reciclaje y, por ende, dañino para el medio ambiente.

• Baterı́as de Li-ion.

Esta tecnologı́a se ha convertido en la más importante en equipos móviles y portátiles. El alto
nivel de tensión de las celdas de hasta 3,7 V facilita arreglos de menos celdas en serie para alcan-
zar las tensiones requeridas en las aplicaciones. En estas baterı́as, el cátodo está hecho de óxido
metálico de litio (LiCoO2 o LiMO2) y el ánodo de carbón grafito. El electrolito son soluciones
carbonatadas no acuosas.

Las principales ventajas son la densidad alta de energı́a (75-200 Wh/kg), elevada eficiencia (90-
97 %), flexibilidad en tiempos de descarga (segundos o semanas), elevado promedio de ciclos com-
pletos de vida útil (1000-10.000), baja autodescarga (8 % al mes) y operación en rangos amplios de
temperatura (-20 a 60 ◦C para la carga y -40 a 60 ◦C para la descarga) [19].

Las mayores desventajas son el alto costo ($ 600/kWh) debido al empaque especial y a los cir-
cuitos internos de protección. La inestabilidad térmica de su electrodo positivo (óxido metálico), el
cual puede descomponerse a elevadas temperaturas, liberando oxı́geno y produciendo ası́ mayores
fugas térmicas. Muchas investigaciones se centran sobre materiales para el cátodo.

Los temas de seguridad exigen especial cuidado y para minimizar el riesgo. Estas baterı́as se
equipan con unidades de monitoreo que evitan sobrecargas y descargas excesivas. Usualmente se
instalan circuitos que monitorean la tensión individual de cada celda y evitan que se presenten des-
viaciones de tensión entre ellas.

Debido al alto costo, compiten con las baterı́as de plomo ácido solo en casos especiales, por
ejemplo, en aplicaciones que requieran descargas fuertes en tiempos cortos [16].
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4. Selección de tecnologı́a de baterı́as para microrredes
De las diferentes tecnologı́as de baterı́as disponibles, las baterı́as de plomo ácido se han utilizado

de forma continua en las microrredes eléctricas, esto se debe al hecho de que es una tecnologı́a
madura, la cual ha alcanzado costos viables para los proyectos. Otros tipos de baterı́as también se
pueden encontrar en microrredes, dentro de estas tecnologı́as cabe resaltar la tecnologı́a de Li-ion
que ofrece caracterı́sticas de densidad de potencia y energı́a, lo cual la hace viable técnicamente
para conformar sistemas de almacenamiento en microrredes. La viabilidad económica de imple-
mentación de sistemas de almacenamiento con baterı́as de Li-ion se ha alcanzado como una con-
secuencia directa del decrecimiento en costos de esta tecnologı́a, este cambio en costos se presenta
en [20].

Tomando como referencia la recopilación de trabajos presentada en [21] se elaboró la Figura 2, la
cual agrupa los trabajos [22]–[39] que se encuentran en la ventana de tiempo 2011-2018 según el
tipo de baterı́a utilizada. Se aprecia claramente en la Figura 2 cómo los sistemas de almacenamiento
basados en baterı́as de plomo ácido son la tendencia dominante; sin embargo, se resalta la fracción
que corresponde a los sistemas de almacenamiento conformados por baterı́as de Li-ion, tecnologı́a
que empieza a alcanzar costos que hacen su implementación viable en microrredes eléctricas.

Existen diferentes criterios para la selección del tipo de baterı́a a utilizar en la microrred eléctrica.
Los criterios se pueden dividir en dos grupos: criterios técnicos y económicos. Los criterios técni-
cos corresponden al análisis de una serie de parámetros técnicos como, por ejemplo, densidad de
potencia, densidad de energı́a, entre otros. Por otro lado, al considerar que el sistema de almacena-
miento de energı́a de la microrred puede llegar a hasta el 50 % del costo total de la microrred, el
análisis que considera parámetros técnicos y económicos de forma simultanea se hace necesario pa-
ra garantizar un punto de equilibrio entre las caracterı́sticas técnicas del sistema de almacenamiento
y su costo a lo largo de toda su vida útil.

4.1. Criterios técnicos
En los trabajos [40] y [41], la tasa de descarga y carga del sistema de baterı́a se analiza como una

función de la potencia entregada por el sistema de generación solar fotovoltaico y por la potencia
demanda por la carga. En [41] se desarrolla una simulación considerando un sistema de almace-
namiento con baterı́as de fosfato de hierro de litio (Li-iron), tecnologı́a en la cual el cátodo de la
baterı́a está formado por un fosfato de hierro de litio. Este tipo de baterı́a es más estable y tiene
mayor vida útil que las baterı́as de litio, pues en estas el cátodo está compuesto por un óxido de
cobalto o por un óxido de manganeso-litio, compuestos tradicionales en las baterı́as de ion de li-
tio. En [42] y [43] se argumentan algunas de las ventajas de las baterı́as de litio con electrodos
compuestos por óxidos y dióxidos metálicos, desde el enfoque de que estos materiales son capaces
de tolerar el estrés de los cambios de volumen que implican los ciclos de carga y descarga de la
baterı́a, de tal forma que se logra una mayor vida útil con mayores capacidades y un aumento en la
tensión por celda. En estos trabajos, es claro que la selección de la baterı́a se realizó en función de
obtener las mejores caracterı́sticas posibles en las baterı́as del sistema de almacenamiento.
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Figura 2. Tipos de baterı́as utilizados en diferentes proyectos de microrredes Fuente: elaboración propia con base
en [22]–[39] .

Por otro lado, en [40] se desarrolla un sistema de gestión inteligente de energı́a en el cual la ba-
terı́a se modela con un esquema cicuital, donde también se considera la dinámica de la baterı́a. Este
sistema de gestión optimiza el uso de los diferentes sistemas de almacenamiento de energı́a con
baterı́as, de tal forma que las pérdidas de energı́a en las lı́neas de transmisión sean mı́nimas. Ası́, la
selección del tipo de baterı́a es una función directa de los objetivos de control programados en el
sistema de gestión.

La topologı́a de la microrred en cuanto a la posición del sistema de almacenamiento también es
un parámetro técnico relevante. En [44], se demuestra, mediante un caso de estudio de una micro-
rred residencial en India, que se requiere un 1,55 % de energı́a menos en el sistema centralizado
de baterı́as en comparación con una microrred con el sistema de almacenamiento distribuido. El
caso de estudio considera cinco perfiles de carga diferentes, uno por cada casa que conforma la
microrred, y un sistema de generación fotovoltaica por casa como única fuente de energı́a no con-
vencional. En este trabajo también se hace referencia a otros parámetros técnicos para la selección
de la baterı́a como la capacidad nominal, el tiempo de carga y el estrés que se genera en la baterı́a
en el intercambio de energı́a con la microrred.

Por otro lado, en el trabajo desarrollado en [45] se presenta una metodologı́a de optimización del
banco de baterı́as de Li-ion para una microrred DC (corriente continua, por sus siglas en inglés) con
conexión a red en función de parámetros como costo diario de la electricidad comprada de la red
y degradación del banco de baterı́as. Si bien el anterior trabajo considera parámetros de naturaleza
técnica y económica, la selección del tamaño del banco de baterı́as depende de la estrategia de con-
trol, descentralizado para la operación estable y autónoma que se propone en el trabajo. Lo anterior
implica directamente que la metodologı́a con la que se escoge el tamaño del banco de baterı́as es de
carácter técnico, dado que no existe un compromiso general desde el diseño entre los parámetros
técnicos y económicos considerados.

Otra alternativa para el diseño del sistema de almacenamiento de energı́a de la microrred, consi-
derando parámetros técnicos, es partir de estrategias de control propuestas que tengan dentro de sus
objetivos la operación adecuada de la baterı́a. Con un conjunto de estrategias de control de este tipo
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es posible determinar el tipo de baterı́a más conveniente en función de los requerimientos técnicos
de la microrred y las capacidades de cada uno de los esquemas de control disponibles. Por ejemplo,
se podrı́a utilizar el esquema de control propuesto en [46] para determinar el tipo de baterı́a más
conviene en función de las caracterı́sticas técnicas que se requieren en la microrred.

Metodologı́as alternas se pueden adaptar de trabajos en los cuales el sistema de almacenamiento
no hace parte de una microrred, pero en la metodologı́a considera parámetros técnicos de interés
como mantenimiento del sistema de almacenamiento y ventilación del mismo. Un ejemplo de un
trabajo de este tipo se puede encontrar en [47]. En este trabajo se desarrolla un modelo para optimi-
zar el tamaño de un sistema de almacenamiento de baterı́as de plomo ácido, utilizado como sistema
de respaldo en una subestación de trasmisión. Si bien este trabajo no se realiza directamente sobre
una microrred, sı́ proporciona herramientas para considerar parámetros técnicos de instalación co-
mo la refrigeración del sistema de almacenamiento.

La selección del sistema de almacenamiento de energı́a de una microrred también puede conside-
rar el uso en particular para el cual se implementa la microrred, por ejemplo, en [48] se considera
una microrred compuesta por un sistema solar fotovoltaico y un sistema de almacenamiento de
energı́a con baterı́as. Esta microrred tiene como propósito especı́fico aumentar la capacidad de
adaptación a desastres naturales que tiene el sistema de distribución al cual se encuentra conectada.
En este escenario en particular, en el cual la microrred tiene un propósito tan especifico, los auto-
res resaltan la importancia de las acciones de gestión sobre el sistema de almacenamiento basado
en baterı́as. Trabajos de este tipo aportan nuevas herramientas para desarrollar o complementar
metodologı́as de selección y dimensionamiento de sistemas de almacenamiento con baterı́as pa-
ra microrredes, con parámetros técnicos que permitan considerar escenarios especiales como los
desastres naturales o condiciones ambientales crı́ticas para los sistemas de distribución.

Un enfoque técnico diferente para la selección del tamaño del banco de baterı́as utilizado en una
microrred se plantea en [49], trabajo en el cual se propone un esquema de control para un sistema
de almacenamiento hı́brido formado por baterı́as y un sistema de almacenamiento magnético con
un superconductor. En este trabajo, el dimensionamiento del banco de baterı́as parte del esquema
de control propuesto, el cual tiene como objetivo responder a los cambios abruptos de potencia que
se generan en la microrred cuando esta se conecta y desconecta de la red.

4.2. Criterios técnico-económicos
Considerando que el sistema de almacenamiento de energı́a con baterı́as puede ser la parte más

costosa de la microrred, una combinación de parámetros técnicos y económicos para la selección
del tipo de baterı́a es una opción conveniente frente al aseguramiento de su viabilidad.

En el trabajo que se presenta en [21] se puede encontrar un análisis técnico-económico del ren-
dimiento de dos tecnologı́as de baterı́as populares hoy en dı́a, las baterı́as de plomo ácido, una
tecnologı́a madura, y las baterı́as de Li-ion, una tecnologı́a joven. En este trabajo se desarrolla
un modelo de optimización para una microrred aislada y conectada a red en escenarios rurales
y urbanos. Con el uso del software HOMER-2018 (13.11.3) se compara el rendimiento técnico-
económico de las baterı́as de plomo ácido y ion de litio bajo perfiles de carga realı́sticos. Dentro de
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Figura 3. Costo de energı́a en función del tipo de baterı́a utilizado y del porcentaje de energı́a renovable en el la
microrred [21]

las conclusiones del estudio se puede encontrar que para ambos tipos de baterı́as la utilización es
más baja con la microrred conectada a red que con la microrred operando en modo isla, además,
las baterı́as de Li-ion tienen un nivel de pérdidas menor que las baterı́as de plomo ácido con un
ciclo de vida más largo en comparación con estas últimas. Considerando lo anterior, los autores
presentan como conclusión final el hecho de haber demostrado que a nivel residencial las baterı́as
de Li-ion son una alternativa viable tanto técnica como económicamente para los sistemas de al-
macenamiento en microrredes residenciales. Técnicamente estas baterı́as presentaron algunas de
las siguientes ventajas sobre la tecnologı́a de plomo ácido: mantenimiento reducido, rápida tasa de
carga, volumen reducido, mayor vida útil y menor costo de energı́a para diferentes porcentajes de
generación con energı́a no convencional. Lo anterior se evidencia en la Figura 3.

En la Figura 3 también es interesante notar cómo la diferencia en el valor de la energı́a entre la
microrred con sistema de almacenamiento a partir de baterı́as de Li-ion y la microrred con sistema
de almacenamiento a partir de baterı́as de plomo ácido aumenta, siendo menor en la microrred con
baterı́as de Li-ion, a medida que el porcentaje de energı́a generada en la microrred es de tipo no
convencional.

El enfoque tecnoeconómico para la selección del tipo de baterı́a para el sistema de almacenamien-
to de la microrred DC domiciliaria ha sido trabajado desde el desarrollo de expresiones matemáticas
que permiten cuantificar el costo de ciclo de vida para cada tipo de baterı́a. El costo de ciclo de vida
modela el costo total que representa el sistema de almacenamiento con baterı́as. En [50]–[54] se
desarrollan expresiones matemáticas que cuantifican este costo de vida en función de diferentes
parámetros técnicos como profundidad de descarga (DOD), ciclos de usos a determinados DOD,
eficiencia del almacenamiento de energı́a, entre otros.

Otros trabajos como el desarrollado en [55] consideran escenarios donde la microrred cuenta con
conexión a red y existe un intercambio de energı́a con esta. En este caso, se plantea un problema de
optimización para maximizar tanto el beneficio del propietario de la microrred como el beneficio
del operador de red. El modelo considera parámetros relacionados con la selección y tamaño del
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sistema de almacenamiento de energı́a utilizado por la microrred como el precio de la degradación,
el número de baterı́as, la potencia de carga y descarga de las baterı́as, y la eficiencia durante carga y
descarga. Cabe resaltar que en este trabajo también se considera la minimización de las emisiones
de gases de efecto invernadero, lo que le proporciona un componente ambiental.

Otras formas de considerar criterios de selección de sistemas de almacenamiento de energı́a
técnico-económicos se encuentran en los trabajos desarrollados con herramientas de análisis co-
mo HOMER (optimización hı́brida de múltiples fuentes de energı́a renovables). Un ejemplo de
este tipo de trabajos es el que se desarrolla en [56]–[60]. En el trabajo presentado en [57] se con-
cluye que, para varios escenarios de microrred en Iran, el uso de baterı́as no es viable, dado que no
existen polı́ticas gubernamentales para tarifas preferenciales de la energı́a vendida a la red desde
sistemas de almacenamiento de energı́a con baterı́as, la vida útil de la baterı́a y los costos de rem-
plazo de las baterı́as.

Por otro lado, en [58] se utiliza HOMER para analizar diferentes parámetros técnicos y económi-
cos de la microrred, incluyendo parámetros relacionados directamente con las baterı́as que for-
man el sistema de almacenamiento cuando se cambia la estrategia de control que se utiliza en
la microrred para un caso de estudio en Iraq. En [59], se diseña una microrred bajo los criterios
técnico-económicos que considera el software para un área residencial en Pakistán. En este trabajo,
se desarrollan nueve casos de estudio basados en diferentes combinaciones de fuentes de energı́a
como: solar fotovoltaica, eólica y diésel, en conjunto con un sistema de almacenamiento de energı́a
con baterı́as. La novedad de este trabajo radica en la utilización en conjunto de los simuladores
HOMER y MATLAB/Simulink, encargándose este último del modelado para el diseño óptimo,
considerando parámetros técnicos como tensiones en los buses, rango de operación seguro del ban-
co de baterı́as y balance de potencia activa.

El uso del software HOMER se presenta una vez más en el trabajo desarrollado en [60]. En
contraste con el trabajo antes presentado, en este caso se tienen tanques de almacenamiento de
hidrógeno como elemento almacenador de energı́a. En este trabajo se consideran tres diferentes
escenarios para un caso de estudio en Australia, donde dos de los tres escenarios considerados
incluyen un banco de baterı́as de Li-ion como sistema de almacenamiento de energı́a. Al final,
los autores concluyen, a través de simulación, que el sistema más óptimo, con las consideraciones
técnicas y económicas del software HOMER implica una microrred con sistema de almacenamien-
to de energı́a hı́brido que incluye baterı́as de Li-ion y celdas de combustible en conjunto con un
sistema de almacenamiento de hidrógeno y un electrolizador.

La selección y dimensionamiento del sistema de almacenamiento de energı́a para una micro-
rred también deberı́a considerar los factores climáticos, en especial cuando se consideran zonas
geográficas con condiciones climáticas adversas como las zonas árticas. Un ejemplo de la selección
y optimización de una microrred con sistema de almacenamiento de energı́a con baterı́as en una
zona ártica se presenta en [61]. En este trabajo, se presenta un algoritmo de optimización genético
que hace frente a las compensaciones necesarias que requiere el diseño del sistema al considerar las
condiciones adversas de la región, ello al tiempo que selecciona la mejor configuración del sistema
bajo parámetros técnicos, como la degradación de las baterı́as, y económicos, como el costo del
combustible utilizado por el generador diésel de la microrred.
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La selección del tamaño del banco de baterı́as para una microrred también puede abordarse desde
un enfoque en el que se considere el despacho de energı́a desde la microrred hacia la red. Un ejem-
plo de este enfoque es el trabajo que se presenta en [62], un despacho inteligente de energı́a que
tiene como objetivo maximizar el beneficio derivado del intercambio de energı́a con la red, al tiem-
po se considera la vida útil de las baterı́as. El trabajo también presenta un algoritmo para optimizar
el tamaño del banco de baterı́as en función de los objetivos antes mencionados. Este tipo de in-
vestigaciones proporcionan una perspectiva diferente para abordar futuros trabajos en los cuales se
considere —en la selección del tipo y cantidad de baterı́as— la operación comercial de la microrred.

La selección del tamaño óptimo del banco de baterı́as también puede abordarse con parámetros
técnico-económicos de una forma probabilı́stica. Ejemplos de este tipo de desarrollos son los traba-
jos presentados en [63]–[66]. En este grupo de trabajos el tamaño del banco de baterı́as considera
parámetros como cambios en la demanda, la incertidumbre en la determinación del SOC, costo de
operación de la microrred, precios de la energı́a, entre otros.

De forma similar, la determinación del tamaño del banco de baterı́as se pude establecer con un
enfoque estocástico, como se aborda en los trabajos [67]–[71]. En este tipo de trabajo se conside-
ran parámetros como la incertidumbre asociada a las fuentes de energı́a renovable, las emisiones de
efecto invernadero, escenarios de conexión y no conexión a la red, y diferentes modos de operación
en la microrred.

Los trabajos con enfoques probabilı́sticos y estocásticos pueden resultar útiles en desarrollos fu-
turos en los que se incluyan en estos enfoques no solo el tamaño del banco de baterı́as, sino que
también se considere el tipo de baterı́a como una de las variables a determinar.

En la Tabla II, se presenta una clasificación técnico-económica de los principales trabajos enfo-
cados a la selección de baterı́as para microrredes eléctricas.

5. Reciclaje de las baterı́as

Si bien la literatura cientı́fica donde se trata en detalle el reciclaje y disposición final de las baterı́as
no es muy abundante, en [72] se presenta un panorama general que toma como referencia estudios
de mercado desarrollados por empresas privadas. En este panorama se establece, como deberı́a ser
responsabilidad de cada fabricante de baterı́as, la correspondiente gestión para el reciclaje o dis-
posición final de las baterı́as. El trabajo deja en claro que los mecanismos de disposición final o
reutilización de las baterı́as depende del tipo de baterı́a. Por ejemplo, en el caso de las baterı́as de
plomo ácido se tienen a disposición todo un conjunto de empresas que se dedican exclusivamente
a separar los materiales que conforman la baterı́a y convertirlos en materias primas útiles.

En el caso de las baterı́as de Li-ion se opta, en primera instancia, por dar una segunda vida a
las baterı́as, este es el caso de las baterı́as de los vehı́culos eléctricos. Cuando esto no es posible,
se cuenta con un mercado más reducido para optar por la separación de los componentes que
conforman la baterı́a, también es importante resaltar que baterı́as como las Na-S y Na-NiCl2 no
cuentan con procesos de reciclaje. Otro aporte interesante de este trabajo es el de establecer la
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Tabla II. Principales trabajos enfocados a la clasificación de sistemas de almacenamiento de energı́a para microrredes
eléctricas.

Clasifi-
cación

¿Se propone
estrategia de

control?

¿Se propone
sistema de ad-
ministración?

¿Se propone
algoritmo de

optimización?
Parámetros considerados Refe-

rencias

Técnica No Sı́ No Tasa de carga y descarga de la baterı́a. [40], [41]
Técnica No No No Vida útil y tensión por celda. [42], [43]
Técnica Sı́ No No Disposición del banco de baterı́as. [44]

Técnica Sı́ No No
Degradación de la baterı́a.
Costo de la energı́a. [45]

Técnica Sı́ No No Tasa de carga y descarga de la baterı́a. [46]

Técnica Sı́ No No
Mantenimiento de las baterı́as.
Ventilación de las baterı́as. [47]

Técnica No No No
Capacidad de adaptación que tiene la
red, a la que se encuentra conectada
la microrred, ante desastres naturales.

[48]

Técnica Sı́ No No

Sistema de almacenamiento hı́brido
de baterı́as y sistema magnético con
superconductor.
Degradación de la baterı́a durante la
conexión y desconexión de la micro-
rred a la red.

[49]

Técnico-
econó-
mica

No No No
Emisiones de CO 2 , diferentes confi-
guraciones de microrred, microrred
en modo isla u conectada a red.

[21]

Técnico-
econó-
mica

No No No Costo del ciclo de vida para la baterı́a. [50]–[54]

Técnico-
econó-
mica

Sı́ No No
Degradación de la baterı́a.
Intercambio de energı́a con la red. [55]

Técnico-
econó-
mica

No No No
Parámetros técnico-económicos
ajustados en HOMER. [56]–[60]

Técnico-
econó-
mica

No No Sı́ Condiciones climáticas adversas. [61]

Técnico-
econó-
mica

No No Sı́
Despacho de energı́a.
Degradación de la baterı́a. [62]

Técnico-
econó-
mica

No No No
Enfoque probabilı́stico en paráme-
tros como la demanda y fuentes de
energı́a.

[63]–[66]

Técnico-
econó-
mica

No No No
Enfoque estocástico en parámetros
como la demanda y fuentes de ener-
gı́a.

[67]–[71]

disposición del mercado actual para el reciclaje de baterı́as. El mercado para el reciclaje de baterı́as
se encuentra liderado por Europa, donde se ha generado toda una cultura de reciclaje. En segundo
puesto se encuentra el mercado de Norte América y, en tercer lugar, se encuentra el mercado de
Asia pacifico.
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i
i

i
i

i
i

i
i

AAnálisis para la selección de sistemas de almacenamiento basados en baterı́as para microrredes eléctricas

6. Discusión
La revisión realizada en este artı́culo indica que los criterios de selección del tipo de baterı́a que

se utiliza en el sistema de almacenamiento de la microrred eléctrica se pueden clasificar en dos
grupos, criterios técnicos y criterios técnico-económicos. Los criterios técnicos solo consideran
los parámetros técnicos que aseguran que el diseño técnicamente los requisitos establecidos en un
contexto en el que la microrred funcione en un escenario domiciliario. El hecho de solo consi-
derar parámetros técnicos para la selección del tipo de baterı́a del sistema de almacenamiento no
resulta suficiente, puesto que esto pude conducir a la selección de una tecnologı́a de baterı́a cuyos
costos hagan que el proyecto completo no sea viable económicamente. Esto resulta más crı́tico en
los casos en los cuales la implementación de la microrred está orientada a poblaciones de escasos
recursos en zonas aisladas, donde el presupuesto inicial debe ser considerado a lo largo de todo el
ciclo de vida del proyecto.

La selección del tipo de baterı́a con criterios del tipo técnico-económico considera un factor que
se relaciona de forma directa con el ciclo de vida del proyecto y la vida útil de la baterı́a. De esta
forma, es posible realizar una selección de la tecnologı́a de baterı́a que asegure, junto a los demás
elementos de la microrred, la viabilidad económica y técnica del proyecto que dé pie a la imple-
mentación a nivel domiciliario de las microrredes.

Es importante resaltar que dentro de las limitaciones del enfoque técnico-económico se encuentra
una complejidad relacionada con el número de variables que considera el análisis y la búsqueda
del modelo. Sobre esta base, la experimentación y prueba de baterı́as de diferente tecnologı́a ha
conducido a resultados y precios que son muy variados. Por ello, los criterios de selección de
baterı́as entre una microrred y otra pueden variar. Ası́, para estos procesos se pueden tener, entre
otras, las siguientes consideraciones:

Tecnologı́a y especificaciones frente al precio.

Costos de operación y de mantenimiento.

Vida útil versus profundidad de descarga.

Si se examina el caso de una microrred domiciliaria orientada a cubrir necesidades de energı́a (≥
1 hora) en vez de alta potencia (≤ 1 hora), y se toma como criterio de selección obtener bajo precio
a mediano y largo plazo del kilovatio-hora de almacenamiento. De acuerdo con lo anterior, se se-
leccionan baterı́as de carga y descarga lenta que son más durables que las fabricadas para descarga
rápida. Además, por seguridad de la vivienda, se seleccionan baterı́as que sean selladas, libres de
mantenimiento y sin costos de operación.

Por otra parte, considerando tecnologı́as y precios, actualmente se destacan las baterı́as de plomo
ácido por menor precio y madurez en la tecnologı́a. También se destacan, por las ventajas tec-
nológicas, las baterı́as de ion-litio que, siendo más costosas, aumentan en mercado y fabricación.
Sin embargo, aún tienen precios que superan a las de plomo ácido.

Otro aspecto importante en la selección y dimensionamiento es la cantidad de energı́a a almace-
nar y la profundidad de descarga. Por ejemplo, se fabrican baterı́as de plomo ácido con vida útil

298 INGENIERÍA • VOL. 25 • NO. 3 • ISSN 0121-750X • E-ISSN 2344-8393 • UNIVERSIDAD DISTRITAL FRANCISCO JOSÉ DE CALDAS
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de 1000 ciclos para profundidad de descarga del 100 %. Las mismas baterı́as alcanzan vida útil de
20.000 ciclos con profundidad de descarga del 50 %, es decir, si se invierte el doble en baterı́as se
alarga la vida útil 20 veces y se logra disminución de 10 veces en el valor del kWh a largo plazo.
Por ejemplo, si se quieren almacenar y utilizar 3 kWh en la microrred, se escogen baterı́as con
capacidad de 6 kWh que facilitan descargas de 1 kW durante tres horas y profundidad de descarga
del 50 %. En este caso, se tiene un resultado adecuado con baterı́as de plomo ácido. Con baterı́as
de 250 Ah, resulta el banco de una capacidad de 24 V/6 kWh.

Un enfoque técnico-económico que, además de las variables que en la literatura se pueden en-
contrar, considere el impacto del BMS (sistema de administración de la baterı́a, por sus siglas en
inglés) y gestión de la demanda pude considerarse como un tema para trabajos futuros.

7. Conclusiones

La selección de la tecnologı́a de baterı́a para el sistema de almacenamiento de una microrred
eléctrica se puede realizar desde un enfoque técnico o técnico-económico. El enfoque técnico ase-
gura el cumplimiento de los parámetros técnicos que requiere el usuario final, la limitación de este
enfoque es la no consideración de la operación de la microrred a lo largo de toda su vida útil. Por
otro lado, la selección de la tecnologı́a de baterı́a bajo un enfoque técnico-económico sı́ considera
la operación de la microrred a lo largo de toda su vida útil, las principales caracterı́sticas de este
enfoque son su complejidad y la consideración del impacto de otros factores como el sistema de
administración de la baterı́a.
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302 INGENIERÍA • VOL. 25 • NO. 3 • ISSN 0121-750X • E-ISSN 2344-8393 • UNIVERSIDAD DISTRITAL FRANCISCO JOSÉ DE CALDAS
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Abstract

Context: The constant increase in the use of electric vehicles worldwide has motivated research to
improve their autonomy compared to traditional combustion vehicles. This article presents the study of
a battery charging system for electric vehicles based on the constant movement of the traction system.

Method: An evaluation is carried out on a constant kinetic energy regeneration system to increase the
autonomy of electric vehicles. This is achieved through the validation of a mathematical energy consum-
ption model of a battery-based electric vehicle with a regenerative brake system, comparing the results
of consumption and load states between the two energy recovery systems by means of simulations.

Results: The vehicle with constant motion regeneration system consumed 42,9 % more power than the
one using a regenerative brake because the new system increased the total mass in the vehicle. This
increase in mass means that more power must be consumed by the traction system to move the vehicle.

Conclusions: The conventional regenerative brake system is more favorable with respect to the propo-
sed regeneration system for kinetic energy, except in constant speed and zero acceleration sections.
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Resumen
Contexto: El incremento constante en el uso de vehı́culos eléctricos a nivel mundial ha motivado
investigaciones para mejorar la autonomı́a de los mismos frente vehı́culos de combustión tradicionales.
Este artı́culo presenta el estudio de un sistema de carga de baterı́a para vehı́culos eléctricos basado en
el movimiento constante del sistema de tracción.
Método: Se realiza una evaluación sobre un sistema de regeneración de energı́a cinética constante pa-
ra aumentar la autonomı́a de vehı́culos eléctricos. Esto se logra mediante la validación de un modelo
matemático de consumo de energı́a de un vehı́culo eléctrico de baterı́a con sistema de freno regene-
rativo, comparando mediante simulaciones los estados de consumo y carga entre los dos sistemas de
recuperación de energı́a.
Resultados: El vehı́culo con un sistema de regeneración por movimiento constante consumió 42,9 %
más de potencia que utilizando freno regenerativo, debido a que el nuevo sistema aumentó la masa
total en el vehı́culo. Dicho aumento de masa, hace que se deba consumir mayor potencia por parte del
sistema de tracción para mover el vehı́culo.
Conclusiones: El sistema convencional de freno regenerativo resulta más favorable respecto al sistema
de regeneración por energı́a cinética propuesto, excepto en tramos de velocidad constante y aceleración
cero.
Palabras clave: Eficiencia, energı́a cinética, estado de carga, frenado regenerativo, vehı́culo eléctrico.
Lenguaje: Español.

1. Introducción
En los últimos años, la movilidad eléctrica se ha convertido en un área de interés tanto para la

industria automotor como para la investigación. La Agencia Internacional de Energı́a (IEA, por sus
siglas en inglés), en su informe Global EV Outlook 2019 [1], señala que durante el año 2018, el
parque de vehı́culos eléctricos (EVs) a nivel mundial, sin considerar transporte público, llegó a 5,1
millones de unidades, un aumento del 63 % respecto al año 2017. Este porcentaje es similar a la
tasa de crecimiento interanual del 57 % obtenido en 2017 y del 60 % en 2016. De acuerdo con la
IEA, los vehı́culos eléctricos puros representan el 64 % de la flota mundial de automóviles eléctri-
cos. Durante el año 2018, el 45 % de la flota mundial de vehı́culos eléctricos se encontraban en
la República Popular de China, el 24 % en Europa, el 22 % en los Estados Unidos. El resto de los
paı́ses representa alrededor del 9 % de los vehı́culos eléctricos.

Estos vehı́culos se clasifican principalmente en cuatro categorı́as [2]. El primero es el vehı́culo
eléctrico de baterı́as (BEV, por sus siglas en inglés), el cual se caracteriza por emplear únicamente
motor eléctrico para tracción mecánica. Está alimentado por un banco de baterı́as recargables, y
su autonomı́a depende de la capacidad de las baterı́as instaladas; pueden dar autonomı́as de 100
km, en modelos económicos, y hasta 600 km en los modelos de alta gama. En segundo lugar, se
tiene al vehı́culo eléctrico hı́brido (HEV, por sus siglas en inglés), el cual mezcla la motorización
con motores de dos tecnologı́as, uno de combustión interna y otro eléctrico. La forma de opera-
ción de ambos motores depende de la configuración del vehı́culo (serie, paralelo y serie-paralelo);
sin embargo, el motor de combustión interna opera principalmente como método de carga de ba-
terı́as [3], [4], mientras que el motor eléctrico se encarga de la tracción mecánica. En tercer lugar,
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se tiene al vehı́culo eléctrico hı́brido enchufable (PHEV, por sus siglas en inglés), el cual es similar
al HEV, con un sistema de baterı́as de mayor capacidad, estas se cargan mediante conexión a la
red y frenado regenerativo. Finalmente, se tiene el vehı́culo eléctrico con celdas de combustible
(FCEV, por sus siglas en inglés), el cual es un vehı́culo eléctrico que tiene como principal fuente
de energı́a, celdas de combustible de hidrógeno a alta presión. La gran diferencia de este último
vehı́culo respecto a los anteriores, es la alta velocidad de recarga de las celdas, las cuales en oca-
siones son comparables con la carga de gasolina en vehı́culos de combustión interna [5]- [8].

Todo este panorama ha motivado diferentes avances tecnológicos en cuanto a los sistemas de pro-
pulsión y sistemas de baterı́as, sus materiales y posibles configuraciones en los equipos para lograr,
desde la perspectiva técnica, una mejora en la entrega de potencia y la autonomı́a del vehı́culo [9].

La autonomı́a es considerada una parte crı́tica en cualquier vehı́culo. Es la distancia máxima que
este puede lograr con una sola recarga, por lo cual es un parámetro de mucha importancia a la hora
de escoger el tipo de vehı́culo a comprar. Ahora, esta autonomı́a normalmente se ve afectada por las
caracterı́sticas del recorrido y especificaciones del EV, lo que ha hecho indispensable el desarrollo
de sistemas que permitan recarga de las baterı́as con el auto en movimiento, sin depender de puntos
de recarga en las vı́as [10].

Los vehı́culos eléctricos actuales emplean el freno regenerativo (FR), el cual es un sistema de re-
cuperación de energı́a cinética que permite a partir de la acción de frenado, transformar parte de su
energı́a cinética en energı́a eléctrica. Dicha energı́a eléctrica es almacenada en bancos de baterı́as o
capacitores para su uso posterior [11]. Sin embargo, además de los sistemas de freno regenerativo,
también ha existido otro sistema para la carga de baterı́as durante el movimiento. Este sistema es
el alternador, el cual es una máquina eléctrica capaz de transformar energı́a mecánica en energı́a
eléctrica, generando una corriente alterna mediante inducción electromagnética, y que es utilizado
en vehı́culos convencionales de combustión interna y los vehı́culos hı́bridos para la carga de ba-
terı́as en momentos de aceleración o desaceleración [11]. Como se explicó previamente, los HEV
emplean este sistema para aumentar la autonomı́a del vehı́culo recargando las baterı́as.

Por otra parte, en la literatura especializada se reportan diferentes investigaciones en el área de
regeneración de energı́a para vehı́culos eléctricos entre las que se encuentran el aprovechamiento de
la energı́a potencial que puede ser recuperada incluyendo sistemas de almacenamiento de energı́a
como baterı́as o supercapacitores [12]- [16]. Sin embargo, no existen referencias donde se reporten
aplicaciones de alternadores en BEVs como sistema de regeneración independiente de la energı́a
potencial que sea posible recuperar. Esto motiva a presentar un nuevo modelo de regeneración de
energı́a cinética, el cual es comparado con el sistema de frenado regenerativo para una posible
implementación en conjunto con este último sistema.

2. Modelos de sistemas de regeneración de energı́a en BEV

Para el planteamiento de un modelo de regeneración de energı́a basado en movimiento constante
se deben tener en cuenta los modos de regeneración existentes y cuáles operan actualmente en los
BEV. Dichos modelos se describen a continuación.
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2.1. Freno regenerativo (FR)
En la actualidad, los modelos de los sistemas de regeneración de energı́a en los vehı́culos eléctri-

cos están enfocados al empleo del FR [11]. Este sistema convierte la energı́a cinética del motor
durante el proceso de frenado en energı́a eléctrica. La energı́a eléctrica convertida por el FR es
normalmente utilizada para cargar una baterı́a, empleando el mismo principio del alternador.

El funcionamiento del FR consiste en la utilización del motor para reducir la velocidad del au-
tomóvil al aplicar fuerza al pedal del freno. En este instante, el motor eléctrico funciona en direc-
ción inversa, lo que reduce la velocidad del automóvil. Cuando el motor cambia de sentido de giro,
empieza a actuar como generador, (Figura 1a) produciendo energı́a que puede emplearse en siste-
mas eléctricos, como la recarga de baterı́a. Por el contrario, cuando el BEV está en condiciones de
aceleración el motor gira en el otro sentido tomando energı́a de la baterı́a, tal como se ilustra en la
(Figura 1b).

MOTOR

Sentido del 
movimiento
del vehículo BATERÍA

Sentido del 
movimiento
del motor

(b)

Sentido entrega
de la energía

MOTOR

Sentido del 
movimiento
del vehículo BATERÍA

Sentido del 
movimiento
del motor

(a)

Sentido entrega
de la energía

Figura 1. Diagrama de flujo de potencia en el BEV

2.2. Modelo de consumo de potencia de BEV con FR
El modelamiento de consumo de energı́a de un BEV consta de una serie de variables como lo

son: potencia en la rueda, peso, aceleración, resistencia aerodinámica, resistencia a la rodadura,
densidad del aire que depende de la humedad y temperatura del ambiente que golpea el frente del
BEV, eficiencia de la transmisión y eficiencia del motor eléctrico. Este modelamiento se lleva a ca-
bo a partir de un análisis de la potencia en la rueda a través de los diferentes elementos del ciclo de
potencia, hasta llegar a la potencia que entrega la baterı́a, la cual es mayor debido a las eficiencias
de los equipos como inversores y cajas de transmisión.

La Figura 2 muestra el sentido de análisis del flujo de potencia, donde la potencia auxiliar co-
rresponde al valor de la energı́a consumida por los diferentes elementos adicionales del vehı́culo
como: aire acondicionado, iluminación exterior e interior, computadora abordo, etc. La potencia en
las llantas [17] hace referencia a la potencia instantánea que requiere el vehı́culo para moverse a
determinada velocidad, esta potencia se rige por la ecuación (1).

308 INGENIERÍA • VOL. 25 • NO. 3 • ISSN 0121-750X • E-ISSN 2344-8393 • UNIVERSIDAD DISTRITAL FRANCISCO JOSÉ DE CALDAS
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Potencia en
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Potencia en

la batería
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regenerada
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auxiliar

Figura 2. Diagrama de flujo de potencia en el BEV

Pwheels = [m× a(t) +m× g × cos θ × Cr

1000
(C1 × v(t) + C2) +

π

2
× ρair × Af × V 2(t)

+m× g × sin θ] × v(t) (1)

Donde m es la masa del vehı́culo, a(t) es la aceleración del vehı́culo, g es la aceleración de la
gravedad, θ es la inclinación de la vı́a, c1 es un parámetro adimensional que depende de las condi-
ciones o estado de la vı́a, c2 es un parámetro adimensional que depende del tipo de neumático del
vehı́culo, Cr es un parámetro adimensional que depende del tipo de superficie de la vı́a, v(t) es la
velocidad del vehı́culo, ρair es la densidad del aire, Af es el área frontal de contacto con el aire del
vehı́culo y CD es el coeficiente aerodinámico del vehı́culo.

A partir de la potencia que necesitan las llantas para iniciar el movimiento, se determina la poten-
cia eléctrica suministrada por la baterı́a (ecuación 2), la cual contempla variables como eficiencia
de transmisión ηtrans, la eficiencia de la baterı́a ηba y la eficiencia de motor ηmotor. Cuando la ace-
leración es positiva, el suministro de potencia va desde la baterı́a hacia las ruedas, y cuando la
aceleración es negativa el flujo de potencia es desde las ruedas hacia la baterı́a ello debido al FR.

Pelect =

∫ t

0

Pwheels(t)dt

ηtrans × ηba × ηmotor

(2)

En [10], se plantea la ecuación (3) de eficiencia del freno regenerativo ηrb, la cual se aplica para
todo valor de aceleración a(t) negativa o frenado en el vehı́culo. Esta ecuación ha sido validada
con datos suministrados para el Chevy Volt, donde se emplea el procedimiento federal de prueba
(FTP, por sus siglas en inglés) del ciclo de conducción de la ciudad de la Agencia de Protección
Ambiental para calificar el rango eléctrico total (AER, por sus siglas en inglés) del Volt con una
desaceleración regenerativa máxima de 0,315 g y una eficiencia del sistema de frenado regenerativo
de menos del 75 %.

ηrb(t) =
[
e(

0,0411
a(t) )

]−1

(3)
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La potencia del freno regenerativo (ecuación 4), es producto de la potencia de las llantas, la
eficiencia del freno regenerativo y las eficiencias del sistema de transmisión y las baterı́as.

Pregen(t) = Pwheels(t) × ηrb(t) × ηtrans × ηba (4)

Con las ecuaciones anteriores, se construye el ciclo de potencia representado en la Figura 2,
obteniendo ası́ la potencia en la baterı́a del BEV con la ecuación (5).

Pbat(t) = Pelect + Pregen + Pwheels(t) (5)

2.3. Modelo de SoC de BEV con freno regenerativo
El estado de carga (SoC, por sus siglas en inglés), corresponde al porcentaje de la capacidad de

almacenamiento nominal de la baterı́a, indicador principal para calcular la autonomı́a restante en
los BEVs. Este indicador depende directamente de la potencia entregada al motor eléctrico y los
sistemas auxiliares. Dicha potencia, que se toma como un valor positivo, hace que disminuya el
valor de potencia en la baterı́a durante la regeneración de energı́a del BEV, dado a que la potencia
regenerada por los diferentes sistemas se toma como potencia negativa. El estado de carga final,
(ecuación (6)) se obtiene como la diferencia entre el estado de carga inicial SoC0, tomado como
el 95 %, y la sumatoria de todos los ∆SoCi(t) que se obtienen en cada instante de tiempo. Este
cambio es la diferencia en el SoC anterior y el consumo de potencia eléctrica Pelec(i)(t) inmediato
respecto a la capacidad de la baterı́a, (ecuación (7)).

SoCfinal = SoC0 −
N∑

t=0

∆SoCi(t) (6)

∆SoCi(t) = ∆SoCi−1(t) −
Pelect(i)(t)

3600 × capbateria
(7)

La ecuación de consumo de energı́a (ecuación (8)), dado en kWh/km, es el indicador más rele-
vante para la comparación de sistemas de regeneración de energı́a, se obtiene al integrar la potencia
que suministró la baterı́a durante un recorrido respecto al tiempo y, dividido en los kilómetros del
recorrido.

EC =
1

3600 × d

∫ t

0

Pbat(dt) (8)

Con la ecuación (8), se realizará la comparación entre el FR y el sistema de recuperación de
energı́a por energı́a cinética, para determinar cuál sistema de regeneración de energı́a logra tener el
consumo más bajo.

3. Metodologı́a de recuperación de energı́a en BEVs con energı́a
cinética

La metodologı́a propone el reemplazo del freno regenerativo en los modelos presentados en la
sección anterior, por un sistema de alternador que aproveche la energı́a mecánica del vehı́culo en
velocidad constante para la carga de una baterı́a secundaria para ser utilizada como alimentación
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Vehículo eléctrico

de baterías (BEV)

Recarga por frenado

regenerativo (FR)

Recarga por energía

cinética (RECC)

Estado de carga de la batería (SoC)

Figura 3. Metodologı́a de comparación de sistemas de regeneración en BEV

del sistema de tracción o motorización principal. La carga de la baterı́a será monitoreada por medio
del SoC en cada sistema, como se observa en la Figura 3.

Esta metodologı́a busca comparar un BEV con FR con uno acondicionado a un sistema de regene-
ración de energı́a cinética constante (RECC), para ası́ poder encontrar las condiciones que puedan
ser favorables para el sistema RECC.

3.1. Modelo de recuperación de energı́a cinética constante
El sentido de flujo de potencia de la baterı́a es único dependiendo de si se está entregando po-

tencia al sistema motriz del BEV (potencia positiva), o recibiendo por un sistema de recarga o
regeneración (potencia negativa). Por esta razón, no es posible que la baterı́a entregue energı́a al
sistema motriz al tiempo que se esté recargando por el sistema RECC. Debido a esto, se opta por
la ubicación de una baterı́a secundaria (BS), la cual será la encargada de almacenar toda la energı́a
recuperada por el movimiento del BEV. Por tal razón, se toman a consideración tres casos dife-
rentes donde el sistema aprovecha la regeneración de energı́a, es decir, tres casos diferentes donde
la baterı́a principal (BP) del sistema común de tracción del vehı́culo podrá aprovechar la energı́a
almacenada de la BS o trabajar en conjunto.

3.1.1. Primer caso, paralelo a la entrega de potencia del sistema de FR

Debe darse una aceleración negativa (freno) suficiente para que haya un flujo de potencia negativo
hacia la BP debido a la energı́a adquirida por los frenos regenerativos y, paralelo a ese flujo de
potencia, adicionar la energı́a almacenada por la BS. Este caso puede ser considerado no eficiente
para el sistema RECC debido a que él puede regenerar energı́a, aun cuando el vehı́culo está en
desaceleración y ocasionarı́a un desaprovechamiento del movimiento que lleva.

3.1.2. Segundo caso, Energı́a cinética igual a cero (Ek = 0)

Corresponde a los momentos en los que el vehı́culo tiene una velocidad igual a cero (v(t) = 0),
es decir, no existe un flujo de potencia de la BP hacia el motor y la BS tampoco tiene un flujo de
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potencia desde los generadores, momento preciso para una transferencia de energı́a eléctrica de la
BS a la BP, aumentando la autonomı́a del vehı́culo sin estar conectado a un punto de carga o some-
tido a una regeneración de los frenos. Caso práctico en la espera de un semáforo o estacionamiento
sin punto de carga de EV, pero con desventaja de una situación de un recorrido donde no incluye
paradas momentáneas, desaprovechando la energı́a almacenada de la BS y más si se encuentra en
su SoC del 100 %.

3.1.3. Tercer caso, Intercambio de banco de baterı́as

El sistema RECC es aprovechado en todo momento cuando el vehı́culo tiene movimiento debi-
do a que almacena energı́a en la BS. Este es un caso de intercambio de baterı́a de motorización
dependiendo del SoC, como se observa en la Figura 4.

SoCp - Estado

de carga batería

primaria

SoCs - Estado

de carga batería

secundaria

Figura 4. Ciclo de entrega de potencia según condiciones del SoCp y SoCs

El cambio entre baterı́as se da de la siguiente manera:

SoC 100 % de la BS: Si el banco de baterı́as secundario se encuentra en su totalidad cargado,
serı́a eficiente para el uso de la energı́a almacenada, hacer un cambio de posición entre la BP
y la BS, dejando a la baterı́a principal encargada de almacenar la energı́a del sistema RECC
hasta que la baterı́a secundaria llegue al 10 % del SoC durante su uso.

SoC 10 % de la BP: Presentada la situación de que la baterı́a principal del BEV llegue a un
nivel muy bajo, se hace el intercambio con la baterı́a secundaria, al igual que en la situación
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anterior precisamente la BS se encargarı́a de aumentar la autonomı́a del vehı́culo gracias a la
energı́a almacenada con anterioridad.

Para este trabajo se opta por el tercer caso para el modelamiento del sistema de regeneración de
energı́a cinética constante en el BEV, ya que corresponde al aprovechamiento y uso más eficiente
de la recarga de energı́a para aumentar la autonomı́a del BEV en un recorrido.

3.2. Energı́a cinética constante recuperada
La energı́a que alimenta al sistema RECC proviene del movimiento constante del eje del motor,

el cual está alimentado por la baterı́a, como se observa en la Figura 4. Se puede inferir que en los
momentos donde se deja de acelerar, es decir, en los que el BEV va a una velocidad constante, la
energı́a se puede expresar como la inercia del BEV donde se mantiene la cantidad de momento que
lleva, pero que se va reduciendo por la interacción del vehı́culo con el ambiente (fricción del aire,
suelo, etc.).

Para conocer cuánta energı́a en forma de inercia se puede aprovechar en el sistema RECC, se
requiere saber la potencia en las llantas para mover el vehı́culo y la potencia que consume el BEV.
Para esto se plantea la la ecuación (9).

wEV = Peje × t+ Pwheels × t (9)

Donde wEV es la energı́a del BEV y Peje es la energı́a instantánea del eje del sistema motriz del
BEV aprovechable para el sistema RECC. Ahora, se calcula la potencia del eje (Peje) que puede
ser aprovechada para el sistema RECC con la ecuación (10).

Peje =
wEV

t
− Pwheels (10)

Por ecuaciones de energı́a cinética, la energı́a wBEV puede expresarse de la siguiente manera
(ecuación 11):

wEV =
1

2
m(v(t))2 =

1

2
I(ω)2 (11)

I =
∑

mjr
2
j (12)

La sumatoria de (12) corresponde a I = mr2, siendo m la masa del BEV y r el radio de la llanta
y la velocidad angular ω es igual a v(t)/r. Por lo tanto, la energı́a aprovechable para el sistema
RECC en forma de inercia se puede expresar de manera simple con la ecuación de energı́a cinética
de velocidad lineal v(t). Finalmente, se tiene que:

Peje =
1

2
m(v(t))2 − Pwheels (13)

La ecuación (13) describe cuál es la energı́a que sı́ es aprovechable cumpliendo con el balance
energético, en los instantes de Pelect = 0 y que será la potencia a la entrada del generador.
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4. Caso de estudio

El caso de estudio aplicado para la comparación de los modelos del BEV con FR y con RECC,
será un perfil de velocidad conocido como el World Motorcycle Test Cycle (WMTC) [18], [19]. Este
perfil está referenciado en varios artı́culos como prueba de modelos [20] debido a que representa
un recorrido tanto urbano como de carretera, es decir, tiene aceleraciones y desaceleraciones. Los
parámetros básicos de dicho perfil se muestran en la Tabla I. El perfil de velocidad completo se
muestra en la Figura 5, mientras que la Figura 6 presenta la sección de menor velocidad del perfil
completo, la cual también será simulada.

Tabla I. Parámetros del perfil de velocidad WMTC

Nombre del
perfil

Tiempo
[seg]

Velocidad
promedio
[km/h]

Distancia
recorrida
[km]

Consumo
de
energı́a
[Wh/km]

WMTC total 1978 57,88 28,91 226,59

WMTC bajo 600 24,42 4,07 234,59
Fuente: [21]
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Figura 5. Perfil completo de velocidad WMTC [21]

Con los perfiles descritos anteriormente, consta de dos simulaciones, las cuales se realizan en un
algoritmo implementado en el paquete matemático MATLAB para el modelo del vehı́culo eléctrico
con FR y RECC. El diagrama de flujo del algoritmo se observa en la Figura 7.

El algoritmo toma los parámetros del vehı́culo y el perfil de velocidad para calcular la potencia en
llantas. Se calcula la aceleración y potencia en el eje dependiendo de la velocidad. La potencia del
eje define si el vehı́culo se encuentra realmente en movimiento. Cuando se tiene aceleración mayor
o igual a cero, el algoritmo calcula la potencia entregada por la baterı́a. Cuando presenta desace-
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Figura 6. Perfil de velocidad WMTC de baja velocidad [21]

leración baja, el algoritmo calcula la energı́a regenerada y el SoC para el sistema RECC. Cuando
el vehı́culo frena, es decir una desaceleración alta, el algoritmo calcula la energı́a regenerada y el
SoC para sistema de FR. Una vez calculadas las potencias en cada sistema, se procede a obtener
los resultados comparativos de energı́a de ambos sistemas.

Los párametros aplicados en el modelo son de un BEV Nissan LEAF modelo 2015, alimentado
por una baterı́a de Ion-Litio, los cuales se presentan en la Tabla II [22].

Tabla II. Parámetros del perfil de velocidad WMTC

Parámetro Valor
Masa del vehı́culo [kg] 1521

Aceleración de la gravedad [m/s2] 9,8066

Inclinación de la vı́a [rad] 0

Tipo de compuesto de la rueda 4,575

Condición de la vı́a 0,0328

Densidad del aire [kg/m3] 1,2256

Área frontal de contacto con el aire [m2] 2,3316

Coeficiente aerodinámico del vehı́culo 0,28

Eficiencia de la transmisión 0,92

Eficiencia de la baterı́a 0,90

Eficiencia del motor 0,91

Potencia auxiliar [W] 700

Radio de la llanta [m] 0,2578
Fuente: Characteristics Nissan leaf the car connection 2015 [22]
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Figura 7. Diagrama de Flujo del algoritmo de cálculo del consumo de energı́a para el sistema RECC

Para la simulación comparativa se tienen en cuenta las siguientes consideraciones:

Se toma una velocidad nominal del generador estandarizada de 3600 rpm, dado que no se
cuentan con datos experimentales de un generador apropiado para el sistema RECC.

Se asume una eficiencia común de un generador. El valor asumido es de 85 % y será la
eficiencia máxima de un generador, la cual depende de la velocidad mecánica aplicada en su
eje.

La ecuación (14) es la eficiencia η del generador será de comportamiento de curva inversa
exponencial con argumento fraccionado en términos de la velocidad n, como se observa en
la Figura 8.

η(t) =

(
exp

[
585

n(t)

])−1

(14)

Con una velocidad del generador de 3600 rpm y una máxima velocidad permitida en carretera
en Colombia de 120 km/h, el valor de la relación de transformación de velocidad lineal es de
r1/r2 = 2, 78.

El BEV debe aumentar su consumo de energı́a por unidad de distancia, debido a un peso
agregado de varios elementos necesarios para un sistema de regeneración de energı́a, lo que
implica un aumento de 1521 kg a
2000 kg para el Nissan Leaf 2015.

316 INGENIERÍA • VOL. 25 • NO. 3 • ISSN 0121-750X • E-ISSN 2344-8393 • UNIVERSIDAD DISTRITAL FRANCISCO JOSÉ DE CALDAS
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Figura 8. Curva teórica de la eficiencia del generador en función de la velocidad angular

Con el perfil WMTC se podrá visualizar el comportamiento del sistema de regeneración en reco-
rridos de aceleración-desaceleración constante (urbano) y recorridos con altas velocidades (auto-
pistas y similares).

5. Resultados

El perfil de caso de estudio (WMTC) es simulado con el sistema de regeneración constante con
los siguientes resultados. La Tabla III muestra los resultados comparativos entre los dos sistemas
de regeneración en las simulaciones. Se puede observar que la energı́a consumida por el sistema
RECC aumenta en 42,9 % respecto al sistema FR, debido a la masa adicional que ahora aparece en
el vehı́culo eléctrico.

Tabla III. Resultados comparación entre FR y RECC

Sistema
FR

Sistema
RECC

Diferencia
porcentual
de consumo

Tiempo
[seg]

Distancia
[km]

Promedio
velocidad
[km/h][Wh/km]

158,62 226,59 42,9 % 1798 28,91 57,88

En la Figura 9, se puede apreciar la existencia de poca generación en la primera parte de la si-
mulación, es decir, en la parte urbana del perfil WMTC. Sin embargo, la BS está incrementando
su nivel de SoC, tal como se muestra en la Figura 10. Aproximadamente en 900 segundos, hay
un incremento de la velocidad, por lo cual se evidencia aumento en la potencia generada. En este
instante, el SoC de la BS llega a su valor máximo (100 %), realizando el respectivo intercambio
para empezar a cargar la BP (Figura 10). En este instante, se aprecia un aumento progresivo en
la generación. Con el aumento de la potencia regenerada desde el segundo 900 hasta el final del
recorrido, también se observa aumento en la descarga de la BS. Hay que tener en cuenta que en
estos resultados, las pérdidas eléctricas y mecánicas a la salida del generador están incluidas en la
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Figura 9. Consumo de potencia con regeneración por energı́a cinética para el perfil WMTC completo
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Figura 10. SoC del sistema de regeneración por energı́a cinética para el perfil WMTC completo

eficiencia máxima asumida para el mismo en el caso de estudio.

Debido a la necesidad de intercambio de baterı́as, se encuentra un aumento del consumo de
energı́a del BEV con el sistema RECC, al igual que con un sistema de FR. Esto representa una
poca viabilidad al sistema de generación propuesto en virtud de que el sistema de recuperación de
energı́a busca, para un mismo perfil de velocidad, menores consumos de Wh/km, obligando a un
dimensionamiento de baterı́as de menor capacidad para no sacrificar la autonomı́a del vehı́culo.

Los resultados de los valores máximos de la potencia entregada por la baterı́a primaria son ma-
yores a los encontrados en las simulaciones con el sistema FR. Esto se debe a que, cuando el BEV
se encuentra acelerando, la energı́a entregada por la BP se debe suplir con la carga solicitada por el
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BEV para su movimiento y también para hacer un intercambio de energı́a a la baterı́a secundaria.
Es decir, no es aprovechable la energı́a del BEV cuando el conductor está presionando el acelerador
por que su ciclo va desde la baterı́a de suministro de potencia al motor, pasando por los diferentes
elementos de los sistemas con sus correspondientes eficiencias, hasta la baterı́a de almacenamiento
de potencia convertida del generador.

El análisis del balance energético observado en la Figura 11 muestra que solo es aprovechable
la inercia del BEV debida al impulso del motor eléctrico, justo en momento que deja de acele-
rar, por conservación del momentum, donde trasforma una velocidad angular al eje del generador
como energı́a útil para ser almacenada en la baterı́a primaria o secundaria (según sea el caso del
intercambio de las mismas).
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Figura 11. Gráfica de potencia en baterı́a primaria/secundaria con perfil de velocidad traslapado

6. Conclusiones
En este trabajo se presenta una comparación entre un sistema de regeneración por energı́a cinética

constante con respecto a un sistema de freno regenerativo, donde los resultados obtenidos muestran
poca viabilidad en la implementación del sistema de regeneración por energı́a cinética constante si
el recorrido empleado no tiene momentos de aprovechamiento de la inercia en el vehı́culo.

Cuando el recorrido presenta largos tramos, es decir, distancias con pocos cambios de velocidad
como se observa en el perfil WMTC total después de los 900 segundos, donde el vehı́culo se mueve
por inercia adquirida por el impulso del motor eléctrico, el sistema RECC puede lograr la viabili-
dad en la implementación. En este punto, la Figura 9 mostró una potencia regenerada mayor a la
potencia consumida.

Se encontró que el sistema de regeneración de energı́a cinética constante aumenta en 42,9 % en
el consumo promedio de la energı́a en las baterı́as, debido a que el BEV tiene que recurrir a más
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potencia de entrega de la baterı́a debido al aumento de peso del vehı́culo por la baterı́a secundaria
y el propio sistema RECC.

Los análisis realizados en este trabajo se pueden extender a otros tipos de baterı́a utilizados en
vehı́culos eléctricos e incluir la electrónica de potencia para tomar en cuenta la eficiencia del siste-
ma, además de incluir información más detallada sobre las especificaciones del sistema de regene-
ración propuesto.
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cristian.monroy@mail.escuelaing.edu.co

Cristian Alejandro Siachoque Ardila
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Abstract

Context: Cooperation in supply chain management is an important issue considering the global per-
formance of the different echelons of a specific supply chain. In this sense, applying logistic strategies
such as VMI (Vendor Managed Inventory) allows a system to manage distribution processes from a cen-
tral point or depot. Additionally, the components of the chain work more closely with it, which allows
increasing global performance, instead of individually developing each sector.

Method: A stochastic mathematical model is proposed which considers a network of customers, where
products are delivered from a central depot. These customers can share part of their product with the
central depot for redistribution, aiming to minimize shortage for other customers. A mathematical model
is proposed which includes the elements involved in distribution processes. It is then reformulated to
consider shortage and the linearization of some of its elements.

Results: Results show that implementing or adapting logistic strategies, such as managing from a central
point and sharing resources along the supply chain, allows companies to reduce the complexity of some
decisions and improve performance.

Conclusions: Implementing logistic strategies such as centralized management and sharing resources
along a supply network allows companies to reduce the complexity of some decisions and, in turn,
improve their performance.

Keywords: Centralized supply chains, optimization under uncertainty, sharing resources.
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Resumen
Contexto: La cooperación en la administración de las cadenas de suministro es un factor importante
si se tiene en cuenta el desempeño global de los diferentes sectores de una cadena especı́fica. En este
sentido, aplicar estrategias logı́sticas como el VMI (Vendor Managed Inventory) permite a un sistema
administrar los procesos de distribución desde un punto o depósito central. Asimismo, los componentes
de la cadena trabajan más de cerca con la misma, lo cual permite incrementar el desempeño global, en
vez de desarrollar cada sector individualmente.
Método: Se propone un modelo estocástico que considera una red de clientes, donde el envı́o de produc-
tos se realiza desde un depósito central. Los clientes de esta red pueden compartir parte de su producto
con el depósito central para redistribución, en aras de minimizar los faltantes de otros clientes. Se propo-
ne un modelo matemático que incluye los elementos involucrados en los procesos de distribución, que
después se reformula para considerar el faltante y la linearización del algunos de sus elementos.
Resultados: Los resultados muestran que implementar o adaptar estrategias logı́sticas, tales como la
administración desde un punto central y compartir los recursos a través de la cadena de suministro,
permite a las compañı́as reducir la complejidad de algunas decisiones y mejorar su desempeño.
Conclusiones: La implementación de estrategias logı́sticas tales como la administración centralizada
y el uso de recursos compartidos a través de una red de suministro permite a las compañı́as reducir la
complejidad de algunas decisiones y, a su vez, mejorar el desempeño global.
Palabras clave: Cadenas de suministro centralizadas, optimización bajo incertidumbre, recursos com-
partidos.
Idioma: Inglés

1. Introduction
Information systems have had a fast development in last decades, so their integration into supply

systems became a key task to implement different strategies, with the purpose of obtaining better
overall results. For companies that mainly use roads to distribute products, appropriate manage-
ment of goods and availability have become an important factor to satisfy customer requirements
or demands.

Thus, companies should perfom two tasks factors within the distribution process: (i) satisfying
customer requirements and (ii) managing inventory levels. It is desirable to have a balance among
inventory levels, costs, service levels, and speed of response, since lower inventory levels could
mean lower inventory costs, but also shortages and/or lower service levels.

Correct coordination between different echelons of a supply chain can ensure an improvement
in its global performance, and there is evidence of how linking internal processes or decisions to
suppliers and customers lead to improvements due to integration and cooperation [1]. Thus, that
which leads to distribute goods through a central depot or agency also leads to the implementa-
tion of vendor-managed inventory strategies [2]. This kind of logistic systems also shares resources
with different echelons of the supply chain, which allows improving its overall performance. These
resources can be used by a central depot to be delivered to other echelons with higher shortage risk
or to reduce service levels.
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This paper is then focused in a supply chain model with a central depot that shares resources
with different echelons through coordinated decisions. The paper is organized as follows: section 2
consists of a literature review; in section 3, the proposed mathematical model is presented; section
4 comprises the analysis and results; and finally, conclusions are explained in detail.

2. Literature review

Several approaches have addressed the problem of distributing goods to a set of customers. For
instance, Attiaa, Ghaithanb, and Duffuaa [3] develop a model for an oil and gas supply chain. They
proposed a mathematical model that considers different echelons of the oil and gas supply chain
from the production fields to final demand terminals using two objective functions: i) minimiza-
tion of total costs and ii) maximization of revenue. It also solved a three-period example with a
sensitivity analysis to finally determine the final price of the oil distributed through the network.
A similar study was done by Huanga et al. [4], where jet fuel distribution in accordance with pro-
duction decisions was modeled using a multi-objective four-stage supply chain optimization model
which considers total production costs and green emissions (a gas supply chain problem was also
solved by Zarei and Amin-Naseri [5]).

Other studies aim to optimize distribution processes without considering special conditions such
as the specific type of goods/products (those general problems can be solved using classic inven-
tory routing problem models and their extensions). The problem addressed here consists to make
distribution decisions over a planning horizon, a set of customers, vehicle capacity constraints, and
customer inventory capacities. Furthermore, customers have their own demand that changes over
time, as well as varying inventory capabilities. This problem has been previously studied in the lite-
rature with different extensions and variations. Some authors have developed some exact methods
for analyzing different sizes of network instances in a deterministic environment [6]–[9]. Other
authors consider uncertainty mostly over the demand and travel times [10]–[12] and other exten-
sions [7], [13]–[15]. Fuzzy uncertainty was considered by López, Méndez, and Franco [16] for a
design/distribution problem over supply chain networks with fuzzy demands (represented as fuzzy
numbers) as an uncertainty source whose solution was provided as a three-stage linear optimization
model.

Reverse logistic supply chain problems involving recycling products under uncertainty were sol-
ved by Kim, Chung, Kang, and Jeong, who proposed [17] the use of robust representation of un-
certainty in two stages: i) a deterministic model and ii) adaptation of robust constraints. Some
simulation-aided experiments were performed to emulate uncertain conditions and determine how
robust variables work.

Nowadays, the global economy and highly competitive markets force companies to develop inno-
vative strategies to achieve a high level of services to customers, so cooperation and collaboration
between different echelons becomes an important strategy to improve performance at different
levels of the supply chain. For example, the work by Quintero-Araujo, Gruler, Ángel, and Fau-
lin [18] is based on the concept of vertical/horizontal cooperation, where metaheuristics were used
for analyzing collaboration strategies in a distribution network with shared resources for three dif-
ferent scenarios: i) non-cooperative, ii) semi-cooperative, and iii) fully cooperative. In their study,
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iii) showed lower costs as a result of less depots being opened and reduced routing costs.

A backhaul-based horizontal cooperation analyzing the effects of the cooperation and the en-
vironmental impact of road transportation was developed by Ángel, Faulin, Perez-Bernabeu, and
Josewoiez [19]. Additionally, Caballini, Sacone, and Saeednia [20] used cooperation for drayage
operations, where time windows, trip deadliness, and fleet size were considered over several expe-
riments focused to analyze the number of trips, carrier profit, and others over an Italian real dataset.

This paper proposes a cooperation-inclusion model, where goods are delivered from a depot to
a set of customers who can share them with the depot in order to satisfy requirements coming
from customers in the network. Some healthcare, food, and humanitarian operations problems use
a similar approach [21]–[25].

3. Proposed mathematical model

Demands are one of the main uncertainty sources in time horizon planning-based supply chains,
so, in this paper, we considered them as stochastic variables. In this model, central depot determi-
nes replenishment/sharing decisions (similar to those strategies considered in VMI models [26]).
In this sense, the main idea of the model is to determine when the product on inventory of a cus-
tomer can be shared with the central depot for redistribution, aiming to minimize the stock outs of
the network. The proposed mathematical model works with a planning horizon T , where a set of
customers N or distribution points that belong to the network and the node n = 0 correspond to
the central depot. All customers have their own initial inventory levels IIn, and the central depot
has its own, represented by II0. For each time period, there is an amount of product Qt available
at the central depot that can be distributed along the network. Also, each node of the network must
guarantee a minimum percentage of safety stock Rsn given stochastic demands dnt. Key notations,
set definitions, parameters and decision variables are defined as follows:
Sets:
T
N

Set of planning horizon
Set of customers

Parameters:
IIn
II0
Qt

Rsn
dnt
rn

Initial inventory levels at customer n ∈ N
Initial inventory levels at customer at central depot
Amount of product available that can be used by the central depot at period t ∈ T
Risk index of safety stock of customer n ∈ N
Stochastic demand at customer n ∈ N at time period t ∈ T
Risk aversion of customer n ∈ N of delivering product to the central depot

Decision variables:
xnt

ynt
znt

Int
SSn

Amount of product delivered by the central depot to customer n ∈ N at period t ∈ T
Amount of product shared by customer to the central depot n ∈ N at period t ∈ T
Amount of product available that can be used to satisfy the demand by customer n ∈ N
at period t ∈ T
Final inventory levels of customer n ∈ N at period t ∈ T
Safety stock of customer n ∈ N
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i
i

i
i

i
i

i
i

C. Franco • D. Guzmán-Cortés • J. Figueroa-Garcı́a

The mathematical model proposed is as follows:

Min E

[∑

n∈N

∑

t∈T
(dnt − znt)

+

]
(1)

Subject to:

Int = Int−1 + xnt − ynt − znt ∀n ∈ N/{0}, t (2)

I0t = I0t−1 +Qt +
∑

n∈N
ynt −

∑

n∈N
xnt ∀t (3)

ynt ≤ rn(Int − SSn)
+ ∀ n ∈ N/{0}, t (4)

In ≥ SSn ∀ n ∈ N/{0} (5)

SSnt ≥ Rsn ∗ dnt ∀ n ∈ N/{0}, t (6)

∑

n∈N
xnt ≥ I0t−1 +Qt +

∑

n∈N
ynt ∀ t (7)

znt ≤ dnt ∀ n ∈ N/{0}, t (8)

xnt, ynt, znt, Int, SSnt ≥ 0 (9)

The objective function (1) aims to minimize expected shortages over the network for all periods
of time. Constraint (2) represents customer inventory levels represented by the amount of product
that comes from the central depot and the amount of product shared with the central depot in order
to support other distribution points. The same idea goes to (3), where inventory levels are modeled
for the central depot considering the amount of available product, the distributed product, and re-
turns coming from other nodes of the network. Constraint (4) ensures the central depot to receive
the amount of delivered product only if safety stocks are greater than inventory levels.

Constraint (5) sets the minimum inventory levels for each customer, given predefined safety stock
levels. Those safety stocks are determined by Eq. (6) as the amount of product that customers are
unable to share with the central depot due to uncertain demands. Constraint (7) ensures that the
amount of product delivered from the central depot cannot exceed its availability. Eq. (8) gua-
rantees that the amount of product sent to satisfy demands cannot exceed the customer demands.
Finally, Eq. (9) defines the codomain of all decision variables.

Note that both the objective function (1) and constraint (4) are nonlinear. To linearize the objective
function, we have added the new variable wnt and the following constraint:

wnt ≥ dnt − znt ∀ n ∈ N/{0}, t (10)
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Eq. (4) is also modified by adding a new binary variable gnt as follows:

rn(Int − SSn) ≥M(gnt − 1) ∀ n ∈ N/{0}, t (11)

ynt ≤ rn(Int − SSn) +M(1− gnt) ∀n ∈ N/{0}, t (12)

ynt ≤Mgnt (13)

As the demand is assumed to be stochastic, uncertain demands are modeled by using possible
scenarios. Therefore, we added a set of S scenarios indexed by the superscript ω . Finally, the
complete mathematical model is as follows:

Min
∑

ω∈S
pω

[∑

n∈N

∑

t∈T
wnt

ω

]
(14)

Int
ω = Int−1

ω + xnt
ω − ynt

ω − znt
ω ∀ n ∈ N/{0}, t, ω (15)

I0t
ω = I0t−1

ω +Qt +
∑

n∈N
ynt

ω −
∑

n∈N
xnt

ω ∀t, ω (16)

In
ω ≥ SSn

ω ∀ n ∈ N/{0}, ω (17)

SSnt
ω ≥ Rsn ∗ dnt ω ∀ n ∈ N/{0}, t, ω (18)

∑

n∈N
xnt

ω ≥ I0t−1
ω +Qt +

∑

n∈N
ynt

ω ∀ t, ω¸ (19)

znt
ω ≥ dnt

ω ∀ n ∈ N/{0}, t, ω (20)

wnt
ω ≥ dnt

ω − znt
ω ∀ n ∈ N/{0}, t, ω (21)

rn(Int
ω − SSn

ω) ≥M(gnt
ω − 1) ∀ n ∈ N/{0}, t, ω (22)

ynt
ω ≤ rn(Int

ω − SSn
ω) +M(1− gnt

ω) ∀ n ∈ N/{0}, t, ω (23)

ynt
ω ≤Mgnt

ω ∀ n ∈ N/{0}, t, ω (24)

xnt
ω, ynt

ω, znt
ω, Int

ω, SSnt
ω ≥ 0, gnt

ω ∈ {0, 1} (25)
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4. Experimentation
To test the proposed model, we used the instances presented by Coelho, Cordeau, and G. Laporte

[9]. Three sets of probabilities were used to define and analyze scenarios:

1. Average: scenarios with the same probability of occurrence

2. Extreme values with lower probability: scenarios with probabilities higher than 0,25

3. Extreme values with higher probability: scenarios with probabilities higher than 0,75

Then, for each customer, different demand values were generated using different scenarios over
different periods of time. In this sense, we generated the random variable dnt

ω using the instances
proposed by Coelho, Cordeau, and G. Laporte [9] and the demand values to generate the different
scenarios as previously shown with the aforementioned probabilities. Three performance measures
were implemented to analyze the obtained results:

• Shortage: it is the shortage amount per customer, measured as the maximum and expected
values of shortage.

• Product share: it is the amount of product shared to the central depot. Maximum values for
the planning horizon and expected values are presented.

• Product delivered to the customers: it is defined as the expected value delivered to each
customer per period.

An instance composed by 5 customers, 3 time periods, and a safety stock risk index and risk
aversion of 0,2 per customer was implemented. Results are shown in Table I. To solve the proposed
model, we used the Xpress-MP optimization software.

Table I. Results of the first configuration.
Shortage Product share Average product delivered

Max. Average Max. Average 1 2 3
1 656 271,23 0 0,00 67,8 12,1 0
2 121 70,63 0 0,00 6,6 17 0,6
3 108 47,50 4 0,01 9 5,1 0
4 96 48,43 0 0,00 8 33,2 40
5 294 55,43 40 0,39 0,8 15,9 0

Table I shows that, given the risk aversion and safety stock levels, the amount of shared product
to the central depot is low with higher shortage levels. Fig. 1 shows the average amount of shortage
inventory and demands of all customers.

It is clear that customers do not share product to the central depot when they have short demands,
which implies higher shortage levels. Only customer 5 reports inventory levels greater than shorta-
ge/demand levels.
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Figure 1. Comparison of behavior among customers.

The second probability scenario is presented in Table II. When comparing this scenario to Table
I, lower demand levels are more probable, as well as, consequently, higher shortage average evels,
whose maximum values remain the same regardless of average levels, so the amount of delivered
product to customers from the central depot increases.

Table II. Results of the second configuration.
Shortage Product share Average product delivered

Max. Average Max. Average 1 2 3
1 656 787,38 0 0,00 71,375 11,9375 0
2 121 203,5 0 0,00 8,25 15,5 0,75
3 108 132,88 4 0,50 11,25 6,375 0
4 96 141,88 0 0,00 9,375 31,625 37,75
5 294 176,56 40 14,31 0,5 14,125 0

Finally, Table III shows the probability scenario. Again, both shortage levels for most customers
and the amount of product delivered from the central depot increase.

Table III. Results of the third configuration.
Shortage Product share Average product delivered

Max. Average Max. Average 1 2 3
1 656 877,32 0 0,00 59,31 14,61 0,17
2 121 229,50 0 0,00 2,75 20,75 0,25
3 108 167,28 4 0,17 1,88 0,00 0,00
4 96 153,32 0 0,00 3,92 36,46 47,01
5 294 139,68 40 4,482 1,71 19,88 0,00

One of the main goals of this model is to evaluate the impact of sharing risks (or the desire
of sharing products coming from custromers’ own depots) with the central depot. To analyze the
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i
i

i
i

i
i

i
i

C. Franco • D. Guzmán-Cortés • J. Figueroa-Garcı́a

Figure 2. Variation of shortage versus the desire of sharing products to the central depot.

impact of this risk, an additional experiment was performed, whose results show that, given some
demand levels, sharing risks decrease total system shortage (see Fig. 2). This leads us to think that
integration is key in improving system performance.

5. Conclusions
In this paper, we presented a mathematical model for a supply network composed of a central de-

pot and a set of customers with stochastic demands. The idea of collaboration among supply chain
echelons consists of sharing resources to a central depot, which are then redistributed to other cus-
tomers with stockout or demand peaks. This sharing strategy was implemented as a parameter of
the model.

Experiments showed that, if the customers’ resource sharing willingness desire increased (un-
derstood as customer risk), the total system shortage could be reduced, which implies collaboration
among all supply chain echelons. The proposed model can be used as a tool for planning resources
in a distribution network with high demand variability so their resources can be managed by a cen-
tral depot.

Future work could include multi-product management problems and larger supply chain net-
works. This model does not require the implementation of different algorithms to solve large scale
instances.
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sidad Distrital Francisco José de Caldas. Principal Professor at Universidad del Rosario. He works on the management
group of Universidad del Rosario under the Supply Chain Management research area. His main research interests are
related with mathematical modeling for logistic and healthcare systems.
E-mail: carlosa.franco@urosario.edu.co

Diana Carolina Guzmán-Cortés
Ph.D candidate in Logistics and Supply Chain Management at Universidad de la Sabana; M.Sc. in Design and Process
Management with major in Logistics Systems from Universidad de La Sabana and Bachelor’s degree in Industrial
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Abstract
Context: With the advent of the smart grid paradigm, electrical distribution network (EDN) operators
are making efforts to modernize their power grids through the optimal implementation of distributed
generators (DGs) and other devices such as capacitors (CAs) and voltage regulators (VRs). The optimal
allocation of such devices is a challenging task involving discrete and integer decision variables.
Method: This paper presents an approach for the optimal placement of CAs, VRs and DGs in EDNs.
The distinctive feature of the proposed model is the fact that it can be used to optimize the allocation of
all of these elements together, in pairs, or separately. The optimal implementation of these elements is
formulated as a mixed integer nonlinear programming (MINLP) problem, and it is solved by means of a
specialized genetic algorithm (SGA).
Results: The proposed methodology was tested on the IEEE 69-bus test system. The results were
compared with previous works from the specialized literature, showing the effectiveness and robustness
of the model.
Conclusions: It was found that the appropriate allocation of CAs, VRs, and DGs results in a significant
power loss reduction. It was also found that the proposed model is faster than other techniques proposed
in the specialized literature.
Keywords: capacitor banks, distributed generation, distribution networks, voltage regulators.
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Resumen

Contexto: Con la llegada del paradigma de las redes inteligentes, los operadores de redes de dis-
tribución eléctrica (RDE) están haciendo esfuerzos para modernizar sus redes a través de la imple-
mentación óptima de generadores distribuidos (GDs) y otros dispositivos como condensadores (CAs)
y reguladores de tensión (VRs). La ubicación óptima de estos dispositivos es una tarea desafiante que
involucra variables de decisión discretas y enteras.
Método: Este artı́culo presenta una metodologı́a para la colocación óptima de CAs, VRs y GDs en
RDEs. La caracterı́stica distintiva del modelo propuesto es el hecho de que se puede utilizar para opti-
mizar la ubicación de todos estos elementos a la vez, en pares o por separado. La implementación óptima
de estos elementos se formula como un problema de programación no lineal de enteros mixta (PNLEM),
y se resuelve mediante un algoritmo genético especializado (AGE).
Resultados: La metodologı́a propuesta se probó en el sistema de prueba IEEE de 69 barras. Los
resultados se compararon con trabajos previos de la literatura especializada, mostrando la efectividad y
robustez del modelo.
Conclusiones: Se encontró que la ubicación adecuada de CAs, VRs y GDs resulta en una reducción
importante de pérdidas de energı́a. También se encontró que el modelo propuesto es más rápido que
otras técnicas propuestas en la literatura especializada.
Palabras clave: bancos de capacitores, generación distribuida, redes de distribución, regularores de
tensión.
Agradecimientos: Los autores agradecen el financiamento del programa Colombia Cientı́fica, en
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también agradecen el apoyo de la Universidade Estadual de Londrina y la Universidad Tecnológica de
Pereira (UTP).
Idioma: Inglés

1. Introduction

The expansion planning of capacitors (CAs), voltage regulators (VRs), and distributed generators
(DGs) in electrical distribution networks is carried out to achieve one or more of the following
objectives: 1) power loss reduction 2) voltage profile improvement, 3) power factor correction,
and 4) increasing circuit capacity [1]. The optimal allocation of these components can be formu-
lated as a mixed integer nonlinear programming (MINLP) problem. This problem exhibits high
mathematical complexity and involves the phenomenon of combinatorial explosion, which means
that the number of possible solutions grows exponentially with the size of the electrical network [2].

The challenge of optimally placing CAs, VRs, and DGs consists of determining their type, quan-
tity, locations, active and reactive power injections, and position of taps (for VRs) that must be
set up in a distribution network with minimum investment cost to address a forecasted demand.
Several mathematical optimization techniques have been reported to solve the optimal placement
of CAs, VRs, and DGs either separately or together. [3]

Given specific conditions such as differentiability and convexity, exact algorithms have the ability
to find the global optimal solution of the problem under study. These algorithms include Branch
and Bound, decomposition, and cutting methods [4], [5]. In most power system applications, the
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implementation of such algorithms requires a process with high mathematical complexity [1].

Metaheuristic algorithms, on the other hand, are designed to deal with non-linear, non-convex,
and multi-modal optimization problems such as the optimal allocation of elements in distribution
networks. These techniques have been used to solve the optimal placement of CAs, VRs, or DGs,
and they are able to find high-quality solutions and even, in some cases, global optimal solutions
with low computational effort. Traditionally, the allocation of DGs has been treated independently
from the allocation of CAs and VRs. There are many studies regarding the proper allocation of both
CAs and VRs. These methods include Tabu Search (TS) [2], genetic algorithms (GAs) [6], particle
swarm optimization (PSO) [7], [8], harmony search (HS) [9], ant colony optimization (ACO) [10],
[11] the combination of genetic algorithms and fuzzy logic [12], cuckoo search (CS) [13], immune-
based optimization algorithms [14], and clustering-based optimization (CBO) [15], among others.

The expansion planning of CAs and VRs in electrical distribution networks is important for con-
trolling the voltage profile, mainly in heavily loaded feeders, where there might be voltage drop
issues. The optimal sizing, location, and control of VRs and CAs in distribution networks have
been addressed by some studies [16]–[18], where each problem is solved separately. Moreover,
these problems can also be considered jointly as in [1], where the optimal placement of CAs and
VRs was modeled as a “Mixed Integer Linear Programming (MILP)” problem for radial networks.
Sugimoto, Yokoyama, and Fukuyama [19], proposed the allocation and control of VRs through
TS, and GAs were applied in [20]–[23] to solve the optimal placement of both CAs and VRs. In
most of these references, the model is formulated as a MILP problem, and different load levels are
considered.

Regarding distributed generation, several studies have been conducted for its proper integration
in distribution systems. For instace, methods based on classical mathematical programming are
explored in [24]–[26]. Usually, these methods resort to a linearized model of the network, ignoring
the reactive component. Metaheuristic methods have proven to be effective in finding high-quality
solutions to the problem of optimal allocation and sizing of DGs. These methods include PSO [27],
GAs [28], artificial bee colony algorithms [29], immune algorithms [30], TS [31], scatter search
algorithms [32], and chaotic algorithms [33], among others. Reviews regarding the optimal alloca-
tion of DGs can be consulted in [34] and [35].

Table I presents a brief summary of the main studies reported in the specialized literature regard-
ing the expansion planning of CAs, VRs, and DGs in electrical distribution networks (EDNs). A
distinctive feature of this work is the fact that it considers the allocation of all these elements to-
gether in a single optimization approach.

This paper proposes a specialized genetic algorithm (SGA) to solve the optimal implementation
of CAs, VRs, and DGs. The main characteristics of an SGA are summarized as follows: 1) the
objective function is divided into a Fitness and Penalty functions, where the former represents in-
vestment and operational cost, while the later penalizes violations of network constraints; 2) only
one individual or candidate solution is created in each iteration, which must be different from all
individuals of the current population; 3) throughout an iterative process, the best individuals are
preserved; and 4) a local intensive search is performed in each iteration to check for better indi-
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Table I. Optimal allocation of VRs, CAs and DGs in EDNs

Reference Approach Allocation of Elements
Exact Metaheuristic Fixed CAs Switched CAs VRs DGs

[19] × ×
[8], [9], [11], [36] × ×
[7], [10], [13], [15] × × ×
[21], [23] × × ×
[1], [16]–[18] × × × ×
[20], [22] × × × ×
[24]–[26], [37], [38] × ×
[27], [29]–[31], [39], [40] × ×
This work × × × × ×

viduals. The main contribution of this paper consists on a novel modeling and solution approach
for the optimal implementation of CAs, VRs, and DGs as fundamental elements of the expansion
planing of EDNs. In contrast with traditional approaches that consider the allocation of one or two
types of these devices, this paper deals with the joint optimal allocation of CAs, VRs, and DGs.
Moreover, both fixed and switchable capacitors are considered, and the optimal allocation of CAs,
VRs, and DGs can be performed considering all types of elements together: by pairs or separately.
Regarding distributed generation, the codification of the SGA provides both the optimal sizing and
dispatch of DGs for every load level under consideration. Finally, the proposed approach is easy
to implement, and due to its robustness and effectiveness, it can be applied in real-size distribution
systems.

This paper is organized as follows: in Section 2, the proposed mathematical modeling is pre-
sented; then, the SGA used to solve the optimal placement of CAs, VRs, and DGs is described
in Section 3; Section 4 presents the tests and results, as well as a comparative analysis with other
works reported in the specialized literature; and, finally, conclusions are presented in Section 5.

2. Mathematical modeling
This section presents the proposed mathematical modeling for the optimal allocation of CAs, VRs,
and DGs in EDNs. For the sake of simplicity, the representation of the steady-state operation of the
EDNs under study is performed under the following hypotheses: 1) loads are modeled as constant
power injections; 2) EDNs are represented by their single-phase equivalent; 3) real and reactive
power losses on branch ij are concentrated in node i; 4) only one type of capacitor (either fixed or
switched) is permitted to be installed at a given bus.

The optimal placement of CAs, VRs, and DGs in EDNs can be formulated as an MINLP problem
as follows:

minimize f = f1 + f2 + f3 + f4 + f5 (1)

where:

f1 = ke
∑

ij∈Ωl

∑

d∈Ωd

cdTdRij |Iij,d|2 (2)
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f2 = kcp
∑

i∈Ωb

∑

f∈Ωf

(
cfxi,fq

fx
i,f + cfxun,fn

fx
i,f

)
(3)

f3 = kcp
∑

i∈Ωb

∑

s∈Ωs

(
cswi,sq

sw
i,s + cswun,sn

sw
i,s

)
(4)

f4 = kvr
∑

ij∈Ωl

∑

r∈Ωr

cvrij,r r
vr
ij,r (5)

f5 = kdg
∑

i∈Ωb

∑

d∈Ωd

∑

g∈Ωg

cdgi,d,g ggdi,g P dg
i,d,g (6)

s.t:

PS
i,d −

∑

ij∈Ωl

(
Pij,d +Rij |Iij,d|2

)
+ ggdi,g P dg

i,d,g = PD
i,d ∀i ∈ Ωb; ∀d ∈ Ωd (7)

QS
i,d −

∑

ij∈Ωl

(
Qij,d +Xij |Iij,d|2

)
+ ggdi,g Qdg

i,d,g +Qfx
i,d n

fx
i +Qsw

i,d n
sw
i = QD

i,d; ∀i ∈ Ωb; ∀d ∈ Ωd (8)

V 2
i − 2(RijPij +XjQij) + Z2

ij · I2
ij − V 2

j = 0; ∀ij ∈ Ωl; ∀d ∈ Ωd (9)

I2
ijV

2
j = P 2

ij +Q2
ij ; ∀ij ∈ Ωl,∀d ∈ Ωd (10)

PS
i ≤ PS

i,d ≤ PS
i ; ∀i ∈ Ωb,∀d ∈ Ωd (11)

QS
i ≤ QS

i,d ≤ QS
i ; ∀i ∈ Ωb,∀d ∈ Ωd (12)

Vi ≤ Vi,d ≤ Vi; ∀i ∈ Ωb, ∀d ∈ Ωd (13)

|Iij,d| ≤ Iij ; ∀ij ∈ Ωl, ∀d ∈ Ωd (14)

Pi,dg ≤ P dg
i,d ≤ Pi,dg; ∀i ∈ Ωb, ∀d ∈ Ωd (15)

Qi,dg ≤ Qdg
i,d ≤ Qi,dg; ∀i ∈ Ωb, ∀d ∈ Ωd (16)

tapij,d =

(
V reg
j,d − Vj,d
0.00625

)
;∈ Z+ ∀ij ∈ Ωl, ∀d ∈ Ωd (17)

Vj,d = aRij,d
× Ṽj,d ∀ij ∈ Ωl; ∀d ∈ Ωd (18)

aRij,d
= 1 + 0.00625× tapij,d; ∀(i, j) ∈ Ωl, ∀d ∈ Ωd (19)

tap ≤ tapij,d ≤ tap ∀(i, j) ∈ Ωl; ∀d ∈ Ωd (20)

tapij,d ∈ Z+ ∀ij ∈ Ωr; ∀d ∈ Ωd (21)
∑

i∈Ωb

qfxi ≤ nfx (22)

0 ≤ nfxi ≤ n
fx
i (23)

∑

i∈Ωb

qswi ≤ nsw (24)

0 ≤ nswi ≤ nswi (25)
∑

ij∈Ωl

∑

r∈Ωr

rvrij,r ≤ nvr (26)

∑

i∈Ωb

∑

g∈Ωg

ggdi,g ≤ ndg (27)
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0 ≤ ndgi,g ≤ n
dg
i,g (28)

qfxi ∈ {0, 1}; ∀i ∈ Ωb (29)

qswi ∈ {0, 1}; ∀i ∈ Ωb (30)

rvrij,r ∈ {0, 1}; ∀ij ∈ Ωl, ∀r ∈ Ωr (31)

ggdi,g ∈ {0, 1}; ∀i ∈ Ωb, ∀g ∈ Ωg (32)

Equation (1) represents the objective function that consists of minimizing the investment cost of new ele-
ments (CAs, VRs, and GDs), and the operation cost of the network (power loss cost). This function consists
of five terms. The first term, given by Equation (2) and lableled as f1, represents the cost of power losses.
The second and third terms, given by Equations (3) and (4), labeled as f2 and f3, respectively, are the invest-
ment cost of installing fixed and switched capacitors. The fourth term, given by Equation (5) and labeled as
f4, is the investment cost of installing VRs. Finally, the fifth term, given by Equation (6) and labeled as f5,
represents the investment cost of installing DGs. Parameters kcp, kvr, and kdg convert the present investment
value into equal annual payments over a specified time, at a specified discount rate or interest. Parameter ke
is the interest rate of the total cost of power losses.

Equations (7) and (8) represent the active and reactive power balance constraints. Equation (9) is the volt-
age drop at branch ij for the load level d. Equation (10) represents the apparent power flow at branch ij
for the load level d. Equations (11) and (12) represent the limits on active and reactive power injection of a
substation located at node i. Equations (13) and (14) represent the voltage and current limits in every load
level d, respectively. Equations (15) and (16) represent active and reactive power injection limits of a DG
located at node i, for the load level d. Equations (17)-(21) describe the VR modeling. Equations (22)-(28)
correspond to the maximum number of elements that can be added to the network (fixed and switched CA,
VRs, and DGs, respectively). Equations (29)-(32) are constraints of binary nature for allocation of fixed or
switched capacitors, voltage regulators, and distributed generators, respectively. An element is placed if the
corresponding value is equal to one and is not placed if it is equal to zero.

The model described above represents a nonlinear multimodal problem which can be better handled by
metaheuristic techniques. In this case, an SGA was developed to find high quality solutions to the problem.
Such SGA is described below.

3. Specialized Genetic Algorithm (SGA)
Genetic algorithms are methodologies that can solve combinatorial optimization problems of high mathe-
matical complexity with low computational effort. In this paper, a specialized genetic algorithm (SGA) is
used to solve the optimal placement of CAs, VRs, and DGs. Fig. 1 presents the flowchart of the proposed
SGA. The flowchart shows several control parameters, such as: kps, ksr, kmr, kmax, and kof , which are pop-
ulation size, selection rate, mutation rate, maximum number of iterations, and maximum number of iterations
without improvement of the objective function (incumbent), respectively.

3.1. Codification
The codification of the SGA is illustrated in Fig. 2. An individual of the population (also known as solution
candidate or configuration) is represented by a matrix of size nd × nt, where nd represents the load levels,
and nt is equal to: the number of candidate buses (nb) where fixed CAs can be allocated, plus the number
of candidate buses (nb) where switched CAs can be allocated, plus the number of candidate lines (nl) where
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i
i

i
i

i
i

i
i

Optimal Placement of Capacitors, Voltage Regulators, and Distributed Generators in Electric Power Distribution Systems

VRs can be allocated, plus the number of candidate buses (nb) where DGs can be allocated.

Specify SGA control 

parameters: 
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Figure 1. Flowchart of the proposed SGA.
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Voltage regulators

1-2 2-3 4-5 133-134... 71-72 ...

0 0 1 ... 0 ... 0

0 0 1 ... 0 ... 0

0 0 1 ... 0 ... 00 ... 0 3 0 0

Distributed generators
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1 ... 50 80 100 135

0 0 0 642 0 0

0 0 0 355 0 0

nb

Figure 2. Proposed codification of candidate solutions.

In the case of fixed CAs (see first section of Fig. 2), a value other than zero indicates the number of standard
capacitor units installed at bus i. This number is the same for all load levels under consideration. The first
section of Figure 2 shows the representation of one fixed CA installed at bus 50, and two fixed CAs installed
at bus 100. If the reactive power of each fixed CA unit is 300 kVAr, the codification represents injections
of 300 kVAr and 600 kVAr (Qfx

50 = 300 kVAr, Qfx
80 = 600 kVAr), at buses 50 and 100, respectively. In the

case of switched CAs (see second section of Fig. 2) a value other than 0 states that the number of standard
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capacitor units of switched capacitors can be different in each load level. According to Fig. 2 one switched
capacitor is installed at bus 80. In this case, three load levels are considered (heavy, average, and light). If
the reactive power of each switched CA unit is 300 kVAr, the proposed codification represents an injection
of 900 kVAr for the heavy load level, 600 kVAr for the average load level, and 300 kVAr for the light load
level.

The third section of Fig. 2 shows the codification of VRs. A value other than zero indicates the presence
of a VR in branch ij. The value within the cell indicates the type of VR. This number is equal for all load
levels. The Tap positions of the VRs are calculated according to Equation 17.

The fourth section of Fig. 2 shows the codification for DGs allocation. A value other than 0 in the vector
indicates the presence of a DG unit installed at bus i. The value within the cell indicates the active power
dispatch of such unit. For example, if the maximum active power of a DG is 1000 kW, and it is modeled
with steps of 1 kW, the value in the cell, according to the proposed codification, can vary from 0 to 1000
steps. In the fourth section of Fig. 2 the value within the cell for heavy load level is 897, which indicates an
active power injection of 897 kW. For the average and light load levels, the dispatch of such unit is 642kW
and 355kW, respectively. A default power factor is used to calculate the reactive power injection of the
DGs. The power supplied by them is a continuous variable. However, in the proposed codification, it is
considered as discrete. This is not a drawback, since the proposed codification allows considering a fine-
grain discretization of this variable. For example, if the maximum active power of a given DG unit is 1000
kW with steps of 0,01 kW, the value in the corresponding cell varies from 0 to 100,000. If the value of the
cell is 99,445 the active power dispatch is 994,45 kW.

3.2. Initial population
The GA requires an initial population that will be modified and improved over the next iterations. In the
proposed methodology, the initial population is generated in a randomly controlled way. The number of
individuals of the population is given by kps. Since every individual of the population is represented by a
matrix of four components (fixed and switched CAs, VRs, and DGs), each component is treated differently
(see Fig. 2).

For fixed capacitors, a random number between 0 and nfx,max
i is selected; for example, if this number is

3, then 3 buses are randomly selected to allocate fixed CAs. Then, a new random number between 0 and
nfx,max
i is selected for every bus in which the fixed capacitors are allocated in order to assign their respective

sizes. The same procedure is executed for the case of switched capacitors. For voltage regulators, a random
number between 0 and nvr,max is selected; for example, if this number is 2, then 2 branches are randomly
selected to allocate VRs. After that, a new random number is selected for each voltage regulator to account
for its type. Finally, regarding distributed generation, a random number between 0 and ndg,max is selected,
and these DG units are randomly allocated in the network. After that, for each bus with DGs, a new number
between 0 and ndg,max

i is also selected to account for their respective capacity.

3.3. Objective function
In the proposed SGA, the objective function fo consists of a fitness (f ) and a penalty (P) function, as in-
dicated by Equation (33). The fitness function f corresponds to the annualized investment cost of the new
elements installed in the network (CAs, VRs, and DGs) plus the cost of power losses (operational cost), and
it is given by Equation (1). The second component of the objective function is a penalization applied to
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non-feasible solution candidates.

minimize fo = f + P (33)

In this case, P is a penalty used for those individuals or solution candidates that violate constraints (11)-(16)
and (20)-(28). If a given solution candidate does not violate these constraints, then the penalty is 0. P is given
by Equation (34), where µ is the penalization factor, xi is the decision variable, and xi and xi represent its
minimum and maximum limits.

P = µ
∑

i∈Ωp

(
max

(
xi − xi, 0

)
+max (xi − xi, 0)

)
(34)

Once the SGA generates a candidate solution (see Fig. 2) for the allocation of CAs, VRs, and/or DGs,
the MINLP problem given by Equations (1)-(32) is turned into a nonlinear programming (NLP) problem.
That is because the integer variables of the model are coded within the candidate solution of the SGA. The
equivalent NLP problem is solved by means of a power flow. In this work, the backward/forward sweep
power flow algorithm presented by Cheng and Shirmohammadi [41] was implemented. The power flow is
computed to determine the stationary state of the network and determine voltages, currents, and power losses.
Once the power flow has been calculated, constraints (11)-(16) and (20)-(28) are checked for feasibility. If
any of these constraints are not held, the proposed candidate solution is considered unfeasible, and it is thus
penalized as indicated by Equation (34).

3.4. Selection
In this step, a reduced number (ksr) of candidate solutions (or configurations) of the current population, are
randomly chosen to compete with each other and choose one configuration known as parent. The config-
uration with the best objective function of the reduced list of configurations is chosen. This procedure is
executed twice to select two parents to be used in the recombination mechanism.

3.5. Recombination
In this step, the two parents chosen in the selection process are considered. Recombination consists of
exchanging information between two arrays (parents) to create two new arrays named offspring. In this case,
the recombination is performed by type of element, since fixed or switched CAs cannot combine with VRs or
DGs and vice-versa. Once the recombination process is complete, two new individuals are created. The next
step consists on evaluating the objective function of each individual and selecting the best one to continue
with the next steps of the SGA (mutation, local search, quality improvement, and acceptation criteria).

3.6. Mutation
The mutation process is the main mechanism that introduces diversity in the algorithm. In this paper, the
mutation mechanism is used to add or remove a single unit of CAs, VRs, or DGs. This procedure considers
account a mutation rate kmr corresponding to a pre-specified percentage of the total number of buses (in the
case of allocating CAs or DGs) or branches (in the case of VRs) of the network.

3.7. Local search
In order to improve the quality of the current solution, a local search is performed to verify whether placing
CAs or DGs at neighboring buses, or VRs in neighboring branches, improves the Fitness Function without
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introducing penalties. If this happens, the CA, VR, or DG is located at the new bus or branch; otherwise, it
remains in its original location.

3.8. Quality improvement phase
Some elements (CAs, VRs, and/or DGs) of the proposed offspring may increase the total investment cost.
Therefore, such elements must be removed from the solution. The unnecessary elements are those that can
be discarded without modifying the penalty function (that is, without violating constraints) and represent a
cost reduction. To eliminate such elements, they are sorted in descending order of their investment cost, and
they are removed one by one. Every time an element is removed, a power flow is calculated to verify the
fitness and penalty functions. At the end of this process, only the elements that do not modify the penalty
function and worsen the fitness function are part of the solution proposal.

3.9. Acceptation criteria
In the proposed SGA, a new offspring is created in each iteration, so it is incorporated into the current
population if its objective function z is better than the individual with the worst objective function in the
current population. Furthermore, the new offspring must be different from all individuals of the current
population; otherwise, the individual is discarded.

3.10. Stopping criteria
There are two stopping criteria for the SGA: the algorithm stops either when a maximum of iteration is
reached, or when there has been a predetermined number of iterations (kof ) without improvement of the
objective function.

4. Tests and sesults

The IEEE 69-bus system was used to demonstrate the performance and robustness of the proposed approach.
The system under study has a voltage level of 12,66 kV, and it must supply a total load of (3.802, 19 +
j2.694, 59) kVA. The distribution system data are available in [42]. The proposed methodology was imple-
mented in the C++ programming language. All simulations were carried out on a personal computer with an
Intel CoreTM i-7 3632MQ CPU @ 2.20 Ghz and 8GB of RAM memory.

The following values were considered in the model: kcp, kvr, kdg, and ke are equal to 1,0; cifwf and cisws

are equal to US$ 1.000, cufxf and cusws are equal to US$ 900; Qfx
i,d and Qsw

i,t are equal to 300 kVAr, nfx, max;

nsw, max are equal to 3; and nfx, max
i , nsw, max

i are equal to 4. Two types of VRs were considered with
annualized costs of US$ 10.000 and US$20.000 and maximum current magnitudes of 200 A and 400 A,
respectively. The values of nvr,max and ndg,max are equal to 2. The value of µ for the penalty function is
equal to 106 for all tests. For comparative purposes, costs for fixed and switched CAs were considered to be
the same. However, considering different costs for these elements is straightforward. It is worth noting that,
100 runs were initially performed for the tuning of the SGA parameters (selection and mutation rates as well
as initial population size).
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4.1. Description of tests
Thirteen tests were performed on this system. The first twelve tests were performed considering three load
levels that were obtained with load factors of S0 = 1,0 (heavy), S1 = 0,8 (average), and S2 = 0,5 (light),
with a duration of T0 = 1.000 h, T1 = 6.760 h and T2 =1.000 h. The energy cost for all load levels was:
c0,1,2 = 0,06 US$/kWh. The minimum voltage magnitude was considered to be 0,95 p.u. The last test was
performed considering three load levels that were obtained by using load factors S0 = 1,25, S1 = 1,00, and
S2 = 0,625, with a duration of T0 = 1.000 h, T1 = 6.760 h, and T2 = 1.000 h. The energy cost was c0 =
2,95 US$/kWh, c1 = 1,78 US$/kWh, and c2 = 0,7 US$/kWh; and the value of V min = 0,9 p.u and V max =
1,05 p.u. These values are the same as those considered in [36]. The control parameters of the SGA were
as follows: the initial population size (kps) was 50, the rate by tournament (ksr) was 3, the mutation rate
(kmr) is 3%, the maximum number of iterations (kMax) was 10.000, and the maximum number of iterations
without improvement of the objective function (incumbent) (kof ) was 1.000.

The thirteen tests performed in this system were labeled according to the elements to be optimally allocated
(see first column of Table II). Test 1 corresponds to the initial state (IS) of the distribution network. Tests 2
and 3 (labeled as CA and VRA) correspond to the optimal allocation of capacitors and voltage regulators,
respectively. Test 4 corresponds to the optimal allocation of capacitors and voltage regulators (CA-VRA).
Test 5 was designed to compare the data with [1]. To this effect, a DG unit of 1.000 kW and a power factor of
0,95 was introduced in the initial system. Tests 6 to 8 were designed for the optimal allocation of capacitors
(CA), voltage regulators (VRA), and both (CA-VRA), considering the previous DG unit introduced in test 5.
In test 9, the optimal allocation of capacitors, voltage regulators and distributed generators (CA-VRA-DGA)
was performed jointly. In Test 10, the optimal allocation of a single DG unit was performed (ndg, max = 1),
with a maximum active power of 1.000 kW and a power factor of 0,95 lagging. The total installation cost
(cdgi,g) was US$ 50.000. The active power was discretized in steps of 0,01 kW, each with an operation cost

(cdgi,g,d) of 0,5 US$ for all load levels. The solution of Test 10 was used as the initial state (IS-DGA) for Tests
11 to 13, which consider the optimal allocation of CA, VRA and CA-VRA, respectively.

4.2. Result analysis
Table II shows a summary of the results. For comparative purposes, the initial state (IS) of the network is

indicated in the first row of the table. In all tests, the minimum voltage magnitude of the network for all load
levels was greater than the permitted minimum value of 0,95 p.u, and power losses were lower than those in
the IS. In Test 2 (CA), three switched capacitors were allocated, with a total investment cost of US$ 65.294
(loss cost plus investment cost). In Test 3 (VRA), one voltage regulator of 200 A was allocated in branch
45-46, with a total investment cost of US$ 76.646. In Test 4 (CA-VRA), one fixed capacitor, one switched
capacitor, and one voltage regulator of 200 A were allocated, with a total investment cost of US$ 60.627.
In this case, the VR was allocated in branch 46-47. These first three tests showed better results than those
reported in [1].

In Test 6 (CA), one fixed capacitor and two switched capacitors were allocated with a total investment
cost of US$ 52.773. In this case, power losses dropped sharply when compared to the initial case (Test 5
IS-DG1). In Test 7 (VRA), one voltage regulator of 200 A was allocated in branch 45-46, with a total invest-
ment cost of US$ 71.452. In Test 8 (CA-VRA), the SGA did not allocate any VRs, and the algorithm found
the same solution of Test 6. In Test 9 (CA-VRA-DGA), the solution did not include any DGs; the algorithm
found the same solution of Test 4 due to the high investment cost of DGs. In Test 10 (IS-DGA), a single
DG was allocated to bus 50. The active power injected for each load level is 1.000 kW for level 1 (heavy),
1.000 kW for level 2 (average), and 656,23 kW for level 3 (light). Note that the active power losses of this
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system drastically decrease due to the presence of the DG unit. In Test 11 (CA), one switched capacitor was
allocated with a total investment cost of US$ 21.255. In Test 12 (VRA), one voltage regulator of 200 A was
allocated in the branch 49-50, with a total investment cost of US$ 55.838. In Test 13 (CA-VRA), the SGA
did not allocate VRs, and the algorithm found the same results of Test 11.

Fig. 3 depicts the voltage profile of the IEEE 69-bus EDN for the tests performed. Only 10 out of the 13
tests are illustrated since results of Tests 8, 9, and 13 are the same as those in Tests 6, 4, and 11, respectively
(see Table II). It can be observed in Fig. 3 that differences in voltages are relatively small in nodes near
the substation for all tests. However, for nodes further away from the substation, voltages are much more
different for each test. It can be noted that, for the initial state (IS) and Test 5 (which is shown here for
comparative purposes with [1]), the voltages in nodes 62 to 66 are below 0,92 p.u. Nonetheless, the sole
inclusion of DG (Test 10) raised the voltage in these nodes over 0,94. As expected, the best voltage profile
in these nodes was obtained when VRs were allocated in the network (Test 12).
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Figure 3. Voltage profile of the IEEE 69-bus EDN for maximum load level.

Figure 4 depicts power losses in different branches for Tests 1 to 4. For the sake of simplicity, only branches
with power losses higher than 2 kW are illustrated. Also, only 4 tests are shown since power losses for other
tests are similar to the ones already illustrated (see Table II). It can be seen that the optimal allocation of CAs
and VRs reduces power losses, even though these elements do not provide active power to the EDN.

4.3. Result comparison
The results obtained with the SGA were compared with a hybrid method proposed in [2], a particle swarm

optimization (PSO) method proposed in [36], and a Tabu Search metaheuristic proposed in [43]. This com-
parative study is shown in Table III. The bases of comparison are: 1) total investment cost, 2) loss cost, 3)
investment cost of CAs, 4) optimal allocation of elements, 5) reactive power, 6) minimum voltage for each
load level, and 7) capacitor type (fixed and/or switched). The results are sorted in descending order of their
total investment cost. Note that the total investment cost found by the proposed SGA is lower than those
reported in [43] and [36], and equal to the solution found in [2]. No further comparison is presented, since
the aforementioned studies do not consider the joint allocation of CAs, VRs, and DGs, as proposed in this
paper.
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Table II. Results summary of the IEEE 69-bus EDN,

Test Losses Inves, Installed power VR Taps Power losses Min, Voltage Mag, Time
cost cost (kW or kVAr) (kW) (p,u)

(US$) (US$) Bus Load level Branch Load Load level Load level (sec)
1 2 3 1 2 3 1 2 3 1 2 3

1 IS 72.924 - - - - - - - - - 225,02 138,91 51,61 0,9092 0,9288 0,9567 -
2 CA 52.394 12,900 11 600 600 300 - - - - 204,76 93,79 34,41 0,9503 0,9503 0,9666 2,17

50 1.200 900 600
53 1.200 300 0

3 VRA 66.646 10.000 - - - - 45-46 6 5 4 201,55 127,31 48,25 0,9573 0,9661 0,9791 0,11
4 CA-VRA 44.727 15.900 16 300 300 300 46-47 8 6 4 137,34 85,02 33,32 0,9538 0,9649 0,9789 2,47

50 900 900 600
5 IS-DG1 67.307 - 41 - - - - - - - 207,25 128,21 47,77 0,9142 0,9327 0,9590 -
6 CA 42.573 10.200 16 300 300 300 - - - - 150,20 78,35 29,68 0,9502 0,9532 0,9690 2,55

50 1.200 900 600
53 900 300 0

7 VRA 61.452 10.000 - - - - 45-46 6 5 3 185,38 117,37 45,38 0,9620 0,9698 0,9813 0,04
8 CA-VRA 42.573 10.200 16 300 300 300 - - - - 150,20 78,35 29,68 0,9502 0,9532 0,9690 14,69

50 1.200 900 600
53 900 300 0

9 CA-VRA 44.727 15.900 16 300 300 300 46-47 8 6 4 137,34 85,02 33,32 0,9538 0,9649 0,9789 2,47
DGA 50 900 900 600

10 IS-DGA 48.208 100.000 50 - - - - - - - 149,14 90,83 34,48 0,9422 0,9606 0,9768 2,84
11 CA 16.355 4.900 50 1.200 1.200 900 - - - - 54,40 30,54 11,84 0,9616 0,9730 0,9842 0,41
12 VRA 45.838 10.000 - - - - 49-50 8 6 4 137,09 87,71 33,93 0,9520 0,9617 0,9763 0,02
13 CA-VRA 16.355 4.900 50 1.200 1.200 900 - - - - 54,40 30,54 11,84 0,9616 0,9730 0,9842 0,96

Table III. Result summary of the IEEE 69-bus EDN (comparative study)

Method
Total invest. cost Loss cost invest. cost

(US$) (US$) (US$)

This work 2.475.401 2.466.515 14.100

Hybrid method [2] 2.475.401 2.466.515 14.100

Tabu Search [43] 2.582.876 2.571.876 11.000

PSO [36] 2.491.577 2.479.677 11.900
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Figure 4. Power losses of the IEEE 69-bus EDN for maximum load level.
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Table IV shows a comparative analysis of the investment proposals (cost and time) obtained in [1], and the
ones found by the proposed SGA. In most of the tests, the proposed SGA was able to find better solutions
than those reported in [1], and the computation time decreased drastically. For the test labeled as CA-VRA-
DG1, the total investment cost of the SGA was slightly higher due to an increment in power losses resulting
from the power flow. However, the solution found in these cases is the same as the one reported in [1] (the
type of elements and location).

Table IV. Results and comparisons of investment proposals.
Proposal 69-bus

made in CA VRA CA-VRA CA-VRA-DG1

Cost (US$) This work 65.294 70.646 60.627 52.773

MIPLM [1] 66.995 80.974 63.344 52.674

Improvement (%) -2,54 -12,75 -4,29 +0,18

Time This work 2,27 0,15 4,55 14,69

MIPLM [1] 6847 20 3570 11.174

Improvement (%) -99,97 -99,25 -99,87 -99,86

Fig. 5 illustrates the convergence of the SGA for different runs performed in Test 2. Note that the re-
producibility of results is evident since the algorithm reached the same final value for all runs. Due to the
diversity of solutions in the initial population, some runs took more iterations to converge. However, all of
them reached the total cost (investment plus losses) reported by Test 2 in Table II.
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Figure 5. Convergence of the SGA for different runs in Test 2 in the IEEE-69-bus EDN.

Fig. 6 depicts the allocation of DGs, VRs, and CAs resulting from Tests 2, 4, 6, and 11 for illustrative
purposes. Note that not all of the devices are considered to be simultaneously allocated. Further details
regarding the results of these tests can be consulted in Table II.
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Figure 6. Optimal allocation of elements for different tests

5. Conclusions
This paper presented a mathematical model and a solution approach for the optimal allocation of capac-

itors, voltage regulators, and distributed generators in electric power distribution systems. The model can
be used to optimize the allocation of all types of elements simultaneously, in pairs, or separately. The opti-
mal placement of these elements was formulated as a MINLP problem and solved through a highly efficient
metaheuristic. Furthermore, a full AC modeling to the network is considered, which provides more accurate
solutions than linearization-based models.

Two stages were proposed to increase the efficiency of the proposed algorithm: local intensive search and
quality improvement. Along with the fact that it was able to optimally allocate any of the devices previously
mentioned, the main advantage of the proposed algorithm lies in its reduced computing time. This permits
the use of the algorithm in real-size distribution systems. Also, the codification of DGs allows finding both
the optimal sizing and the dispatch of DG units.

Several tests were designed for comparative purposes, considering different combination of elements to be
allocated. Results on the IEEE 69-bus show the applicability and effectiveness of the proposed approach. The
algorithm was able to find better solutions when compared with results previously reported in the specialized
literature.
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Nomenclature

Sets

Ωb Set of buses

Ωl Set of branches

Ωd Set of load levels

Ωr Set of voltage regulators

Ωp Set of constrains outside permitted limits

Ωg Set of distributed generators

Ωs Set of switched capacitors

Ωf Set of fixed capacitors

Indices

i, j Index of nodes

l Index of branches

d Index of load levels

r Index of voltage regulators

g Index of distributed generators

Parameters:

kcp Capital recovery rate of capacitor constructions

cfxi Annualized installation cost of fixed capacitors (US$)

cfxun Annualized unit cost of each standard fixed capacitor unit (US$)

cswi Annualized installation cost of switched capacitors (US$)

cswun Annualized unit cost of each standard switched capacitor unit (US$)

kvr Capital recovery rate of voltage regulators constructions

cvrij,r Annualized installation cost of voltage regulator type r (US$)

kdg Capital recovery rate of generation constructions

cdgi,g Annualized installation cost of distributed generation unit g (US$)

cdgi,g,d Annualized operation cost of each discretization of distributed generation unit g (US$) in load level d

kcp Capital recovery rate of capacitor constructions

cfxi Annualized installation cost of fixed capacitors (US$)

cfxun Annualized unit cost of each standard fixed capacitor unit (US$)

cswi Annualized installation cost of switched capacitors (US$)

cswun Annualized unit cost of each standard switched capacitor unit (US$)
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kvr Capital recovery rate of voltage regulators constructions

cvrij,r Annualized installation cost of voltage regulator type r (US$)

kdg Capital recovery rate of generation constructions

cdgi,g Annualized installation cost of distributed generation unit g (US$)

cdgi,g,d Annualized operation cost of each discretization of distributed generation unit g (US$) in load level d

ke Interest rate of the total cost of power losses

cd Energy cost in load level d (US$/kWh)

Td Number of hours of load level d in one year (h)

Sd Number of load level d in one year

Rij Resistance of branch ij (Ω)

Xij Reactance of branch ij (Ω)

Zij Impedance of branch ij (Ω)

Gij Conductance of branch ij (Ω)

Bij Susceptance of branch ij (Ω)

Bsh
ij Shunt susceptance of branch ij (Ω)

PD
i,d Real power demand at node i in load level d (kW)

QD
i,d Reactive power demand at node i in load level d (kVAr)

PS
i Maximum limit of active power provided by substation S in node i (kW)

PS
i Minimum limit of active power provided by substation S in node i (kW)

QS
i Maximum limit of reactive power provided by substation S in node i (kVar)

QS
i Minimum limit of reactive power provided by substation S in node i (kVar)

P dg
i Maximum limit of active power generated by distributed generator at bus i (kW)

P dg
i Minimum limit of active power generated by distributed generator at bus i (kW)

Qdg
i Maximum limit of reactive power generated by distributed generator at bus i (kVar)

Qdg
i Minimum limit of reactive power generated by distributed generator at bus i (kVar)

Vj Maximum voltage magnitude at bus j (kV)

V reg
j Voltage magnitude to be controlled at bus j (kV)

Iij Maximum current in branch ij (A)

nfx Maximum number of buses on which fixed capacitor units can be installed

nfxi Maximum number of fixed capacitor units that can be installed at bus i

nsw Maximum number of buses on which switched capacitor units can be installed

nswi Maximum number of switched capacitor units that can be installed at bus i

nvr Maximum number of voltage regulators that can be installed in the network

ndg Maximum number of distributed generators units that can be installed in the network

ndgi Maximum number of distributed generator units that can be installed at bus i

k Counter of iterations

m Counter of iterations without improvement in the objective function
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nb Number of buses in the network

nd Number of load levels

nl Number of branches in the network

nt Total number of elements (CAs, VRs and DGs)

kps Population size

ksr Selection rate

kmr Mutation rate (%)

kmax Maximum number of iterations

kof Maximum number of iterations without improvement of the objective function

µ Penalization factor

Variables:

z Objective function (US$)

qfxi Binary variable that indicates the allocation of a fixed capacitor unit at node i

nfxi Number of fixed capacitor units operating at node i

qswi Binary variable that indicates the allocation of a switched capacitor unit at node i

nswi Number of switched capacitor units operating at node i

rvrij,r Binary variable that indicates the allocation of a type r voltage regulator in branch ij

gdgi,g Binary variable that indicates the allocation of a type g distributed generator unit at bus i

ndgi,d Integer discretization of the power supplied by a DG unit at node i in load level d

Iij,d Current flow magnitude of branch ij in load level d (A)

Vi,d Voltage magnitude at node i in load level d (kV)

PS
i,d Real power provided by substation i in load level d (kW)

Pij,d Real power flow at branch ij in load level d (kW)

P dg
i,d Real power generated by distributed generator at bus i for load level d (kW)

QS
i,d Reactive power provided by substation i in load level d (kW)

Qij,d Reactive power flow at branch ij in load level d (kW)

Qfx
i,d Reactive power injected by fixed capacitor at bus i for load level d (kVAr)

Qsw
i,d Reactive power injected by switched capacitor at bus i for load level d (kVAr)

Qdg
i,d Reactive power generated by distributed generator at bus i for load level d (kVAr)

θi,d Phase angle of bus i for load level d

θij,d Difference of the phase angles of buses i and j for load level d

Vj,d Regulated voltage magnitude at bus i in load level d (kV)

Ṽj,d Non-regulated voltage magnitude at bus i in load level d (kV)

tapij,d Integer step number of the voltage regulator tap on branch ij in load level d

aRij,d
Transformation ratio of voltage regulator
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Abstract

Context: The environmental and social dimensions of performance are of great importance, given that
they must be incorporated into strategic, tactical, and operational objectives in companies and supply
chains to minimize negative impacts on the environment and society.

Method: After reviewing the Scopus, Web of Science, and ScienceDirect databases for the topics of
sustainability and supply chain management, a state of the art of green and sustainable supply chain
management is presented, aiming to guide readers towards a synthesis of related concepts and future
lines of research.

Results: The reader is introduced to concepts and trends around the field of green and sustainable
supply chain management to raise interest in new research and practices to guide the implementation
of sustainability in organizations and their supply chains.

Conclusions: Sustainable supply chain management still faces several academic and practical
challenges in terms of implementation, performance measurement, and how models can capture a
dynamic and uncertain social and environmental context. There are latent research issues such as
management of the circular supply chain, applications in emerging economies, or the application of 4.0
technologies.

Keywords: Green supply chain management, modeling, sustainable performance, sustainable supply
chain management, triple bottom line.
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Resumen

Contexto: Las dimensiones ambiental y social del desempeño son de gran importancia, puesto que
deben ser incorporadas a los objetivos estratégicos, tácticos y operativos de las empresas y cadenas de
suministro para minimizar los impactos negativos sobre el medio ambiente y la sociedad.

Método: Tras haber consultado los temas de sostenibilidad y gestión de la cadena de suministro en las
bases de datos Scopus, Web of Science y ScienceDirect, se presenta el estado del arte en gestión de la
cadena de suministro verde y sostenible, esperando guiar a los lectores hacia una sı́ntesis de conceptos
relacionados y futuras lı́neas de investigación.

Resultados: Se introduce al lector a conceptos y tendencias en el campo de gestión de la cadena de
suministro verde y sostenible para despertar el interés en nuevas investigaciones y prácticas para guiar
la implementación de la sostenibilidad en organizaciones y sus cadenas de suministro.

Conclusiones: La gestión sostenible de la cadena de suministro aún enfrenta varios retos académicos
y prácticos, desafı́os en términos de implementación, medición del desempeño y la manera en que
los modelos pueden capturar un contexto social y ambiental dinámico e incierto. Hay cuestiones
de investigación latentes como la gestión de la cadena de suministro circular, las aplicaciones en
economı́as emergentes o la aplicación de tecnologı́as 4.0.

Palabras clave: Desempeño sostenible, gestión de la cadena de suministro sostenible, gestión de la
cadena de suministro verde, modelamiento, sostenibilidad triple.

Idioma: Español

1. Introduction

Supply chain management (SCM) has acquired relevance in a global corporate and competitive
environment [1]. Academia, industry, and government have looked for ways of jointly improving
economic performance and systems sustainability [2]. One way of seeing this is that environmental
and social issues are linked to industrial processes carried out in supply chains (SC). The challenge
is to implement alternatives to the activities in SC, fostering significant changes in the economic,
environmental, and social dimensions, thus allowing success in long-term development of SCs [3].
Hence, SCs are perceived as elements of economic systems embedded in social systems, which in
turn, depend on ecological systems [4]. Consequently, it is necessary to make decisions considering
sustainability as an important factor.

This article aims to guide readers through topics and current perspectives on Green Supply Chain
Management (GSCM) and Sustainable Supply Chain Management (SSCM), given the emerging
importance of these fields, with the purpose of motivating future research and applications on SC.
We intend to achieve these objectives by addressing the following research questions: How is
sustainability understood in supply chains? What concepts are related to it? What factors or mo-
tivations lead to opting for a sustainable supply chain (SSC)? Which optimization and simulation
models have been used to model SSCs? What are the current trends that guide research in SSCM?
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We expect to contribute to the SSCM field by bringing a conceptual basis for researchers who wish
to embrace sustainability in SCs.

This article is supported by previous reviews and arguments in the literature. [5] was one of the
first to tackle SCM from an ecological perspective, based on customer-supplier relationships and
links to the internal dimensions of the organization. Later, [6] presented a conceptual SSCM frame-
work focused on supplier management and SCM for sustainable products, highlighting the ecolog-
ical and environmental issues as dominant within literature. As for the GSC, [7] made a review
on the state of art, providing an integrative view on GSCM as a field of research. [8] reviewed the
literature under several organizational theories with emphasis on GSCM practices. Similarly, [9]
addressed more than 300 articles from 15 previous years about GSC and SSC, finding that 36 of
them applied quantitative models, thus presenting research opportunities in 2013. In the same way,
a year later, [10] presented a research on the application of formal models with social or envi-
ronmental factors in SCs, including analytic models and lifecycle assessment. In the same field,
circular economy started to gain relevance; [11] emphasized that not only should there be viable
relationships between ecological systems and economic growth, but self-sustaining systems should
also be created, comparing traditional systems with circular systems. In parallel, [4] presented, at
the beginning of 2019, a review on modeling systems dynamics, where the quantitative model in
the SSCM was highlighted and proposed a systemic approach to analyze complex and dynamic
SCs.

To achieve the objective of the research, this article is organized as follows: the concepts found
in the literature on supply chains and sustainability, GSCM, and SSCM are presented first; the
article continues with the results found from applications via optimization modeling and simulation,
followed by trends for future research; and it ends with a synthesis of the results and the conclusions
of this review.

2. Materials and methods

To guide the literature review, this article is based on the methodology proposed by [12]. Such
methodology consists of the following phases:

Fig 1. Methodology for literature reviews by Rincón-Ballesteros [12]

In the data sources and search strategy stage, two search formulas were used. Firstly, using
“green”, “social”, “sustainability” AND “supply chain” on Scopus and ScienceDirect, 731 articles
were found. This search was filtered according to the title, abstract, and keywords of papers within
a timeframe from 2000 to 2020. It is worth noting that 22% of the articles were published in 2019.
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The research journals with highest frequency of publication were: Journal of Cleaner Production,
International Journal of Production Economics, Resources, Conservation and Recycling, and Com-
puters & Industrial Engineering. The authors with more publications were Joseph Sarkis, Kannan
Govindan, Behnam Fahimnia, K.W. Green, and Sachin K. Mangla.

Secondly, a search was queried on the Web of Science database with the equation “sustainable
supply chain” AND “model” OR “simulation” for the title, abstract, and keywords, where 443
documents were found within a timeframe from 1997 to 2020. The research journals with more
publication frequency were: Environmental Sciences, Green Sustainable Science Technology, Op-
erations Research Management Science, Environmental Engineering, and Industrial Engineering.

During the review and criteria selection, the articles with the highest number of citations and
relevance from each database were picked and analyzed first, so duplicates could be discarded. Fi-
nally, a review was made in terms of keywords, and the articles were classified into four categories:
conceptual, review, mathematical model, or simulation. Around 120 articles were reviewed, and
89 were chosen for this article.

For the data extraction stage, the conceptual articles were analyzed considering their contribu-
tions, keywords, definitions, and conclusions. On the other hand, those articles related to modeling
approaches were classified according to the information they presented: model type, objective,
solution method, simulation paradigm, variables, parameters, links in the chain considered, and
approach based on the pillars of sustainability. The tables containing these taxonomies can be re-
viewed in the appendixes.

The section pertaining to the last stage of this research, data synthesis and report, presents a
synthesis of the results and an analysis of the SSC and GSC modeling articles. It also shows a
synthesis graph that presents concepts and trends related to SCCM.

3. Results
From the literature review, a conceptualization was then derived to understand and encompass
sustainability and supply chain issues.

3.1. Towards a conceptual construction
J. A. Orjuela stated in his PhD thesis [13, p. 28] that a SC:

is composed by a series of suppliers, producers, manufacturers, traders and consumers,
as well as by the integration of its provisioning, manufacturing, storing and distribu-
tion processes, and it involves abilities management for the on-time delivery of the
products to the customers and consumers and also the usage of the technology needed
to accomplish a continuous information exchange. The SC challenge is to deliver the
right product to the right customer at the right time. Competitive pressure and global
markets forced the companies to develop SC and thus, to give an answer to the client
needs quickly, which creates more complexity.
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The most widely used definition of ‘sustainability’ is the one given in 1987 by the World Commis-
sion on Environment and Development [14] as meeting the needs of the present generation without
compromising the ability of future generations to meet theirs. In 1994, Elkington proposed the
Triple Bottom Line (TBL), where he refers to organizational performance as the management of
not only the economic capital, but also of the environmental and social capitals [1], [15]–[17].

[18] describe the three dimensions:

Environmental dimension: it has evolved from concerns about emissions from the source, dump-
ing, and environmental waste, to later focus on the local environment considering the entire life
cycle of the product. It currently focuses on the capacity of ecosystems to continue providing
goods and services [19].

Social dimension: it includes corporate social responsibility, which involves ethical decision mak-
ing in fields such as relationships with employees, community participation, and business manage-
ment practices through education and talent development [20]. Other authors include practices
such as health and security management systems, as well as the design of products and processes
which positively impact the consumers and workers’ well-being. This also includes actions that
contribute to the welfare of the community in which the SC operates [21].

Economic dimension: it consists of the total value improvement and cost reduction of the SC from
a business management perspective, as well as of strategic and sustainable initiatives that push the
company’s finances and marketing forward.

[1] states that SCs must adopt and prioritize sustainability while describing how sustainable
supply chains can be implemented and managed. Furthermore, [17] argue that organizational sus-
tainability initiatives are related to the evolution of business strategies in order to address social
impacts.

The most cited definition for GSCM is given by [7, p. 54], who denotes it as “integrating environ-
mental thinking into supply-chain management (SCM),including product design, material sourcing
and selection, manufacturing processes, delivery of the final product to the consumers as well as
end-of-life management of the product after its useful life”. This definition was mentioned in [22]–
[24].

For [6, p. 1700], SSCM is defined it as “the management of material, information and capital
flows as well as cooperation among companies along the SC while taking goals from all three di-
mensions of sustainable development, i.e., economic, environmental and social, into account which
are derived from customer and stakeholder requirements”. This definition was retrieved from [23],
[25]–[27].

For [28, p. 368], SSCM is “the strategic, transparent integration and achievement of an organi-
zation’s social, environmental, and economic goals in the systemic coordination of key interorga-
nizational business processes for improving the long-term economic performance of the individual
company and its SCs”. This definition was mentioned in [17], [29], [30].
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[31, p. 339] used a total of 22 definitions for GSCM and 12 definitions for SSCM. It was defined
as follows:

“The creation of coordinated supply chains through the voluntary integration of eco-
nomic, environmental, and social considerations with key inter-organizational business
systems designed to efficiently and effectively manage the material, information, and
capital flows associated with the procurement, production, and distribution of products
or services in order to meet stakeholder requirements and improve the profitability,
competitiveness, and resilience of the organization over the short and long-term.”

Circular economy has become of great importance and has incorporated the concept of circular
supply chain (CSC). [32, p. 884] defines CSCM as:

“the integration of circular thinking into the management of the supply chain and its
surrounding industrial and natural ecosystems. It systematically restores technical ma-
terials and regenerates biological materials toward a zero-waste vision through system-
wide innovation in business models and supply chain functions from product/service
design to end-of-life and waste management, involving all stakeholders in a prod-
uct/service.”

3.2. Management practices related to GSCM and SSCM
There are social and environmental practices of GSCM and SSCM. The former can be divided into
two organizational categories: intra-organizational, which includes green manufacturing, green de-
sign, and internal environmental management; and inter-organizational, which includes green pur-
chasing, collaboration with customers, inverse logistics, and investment recovery [33]–[36]. Each
of these practices is described below:

• Green design/ eco-design: it is the implementation of prevention strategies and source-oriented
approaches on the product. It includes a reduction in the use of materials, more durability, combi-
nations between production services, software updates, and manufacturing abilities [37], as well as
minimizing the environmental footprint of several products in their lifecycle [38].

• Green purchasing: it is the conscious purchasing activity of materials and supplies that ensure
the achievement of any established environmental goals [18].

• Reverse logistics: they are the process of planification, implementation, efficient flow control,
use of affordable raw materials, in-process inventory, finished products, and information from the
consumption point down to the origin point, aiming to regain the product’s value at the end of its
lifecycle for [39] its proper disposal or reuse, recycling, and remanufacturing [18], [40]. A topic
related with the concept of reverse logistics is Investment Recovery. It implies to recover, display,
and resell of surplus products, different materials (including scrap), and capital equipment when
they are inactive and redundant [41].

• ISO 14000/environmental management: this label indicates that the company has implemented
a management system that documents the aspects and effects of contamination resulting from the
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i
i

i
i

i
i

i
i

J.P. Gamboa • C. E. Moreno-Mantilla • and J. A. Orjuela-Castro

company’s activities, as well as identifying a process to prevent contamination and continuously
improving with time [42].

• Collaboration with customers and suppliers: [41] stated that having a proximity with part-
ners from the upstream and downstream SC, such as suppliers or customers, will facilitate an im-
provement in environmental performance. Several authors have researched the selection of ‘green’
suppliers. Their integration with the main suppliers and customers has been positively related to
environmental collaboration [43].

• Green manufacturing: it can be defined as manufacturing practices which do not damage the
environment during any of their stages [7]. It implies applying ‘green’ or ecological product de-
sign, the use of raw materials and their containers, and the distribution and reuse of the product at
the end of its lifecycle. It diminishes the depletion of natural resources and reduces waste [44], [45].

When it comes to the social dimension, the difficulties in evaluating and defining it are recognized
in literature [9], since it depends on the context and tends to change, in addition to the complexity
of its measurement and quantification. [21] suggest the following concepts to cover this dimension
of SCs:

• Labour practices: it includes equity, philanthropy, security, health and well-being, ethics, and
human rights [46].

• Product responsibility: in 2000, the Global Reporting Initiative (GRI) defined practices such
as health and security of customers, labeling of products and services, marketing communications,
customer privacy, and regulatory compliance [21].

• Community relationships: it includes local actions such as purchasing from and developing lo-
cal suppliers; helping with the construction of schools, educative centers for young people in order
to generate employment, community centers, and drinking water facilities for the communities [47].

• Socially responsible purchasing: it is considering the positive consequences of organizational
purchases or generating a positive social change through purchasing behavior [48].

3.3. SC performance measures
The metric and environmental indicators for sustainable development in SCs are focused on the

measurement of recycled materials, product waste, water contamination, CO2 emissions, chem-
ical substances, water and energy consumption, renewable energy, and environmental certifica-
tions [24]. [23] identified the most frequent indicators for GSCM and SSCM present in the liter-
ature: product characteristics, quality, recycling, solid waste, flexibility, environmental manage-
ment systems, customers satisfaction, carbon footprint, lifecycle assessment, profitability, cost,
consumption and use of energy, energetic efficiency, environmental costs, share of the market, re-
duction of air emissions, and greenhouse gas [18], [49].
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The following indicators related to the economic and environmental dimensions have been de-
fined: 1) atmospheric emissions; 2) solid waste; 3) consumption of dangerous and toxic materi-
als; 4) inventory levels; 5) product quality; 6) capacity use; 7) operational costs; and 8) training
costs [40]. From the social perspective: employee motivation, level of effort to raise the consumer’s
awareness about sustainability, customer and employee satisfaction, and number of conferences or
exhibitions about sustainable development [18].

3.4. SC collaboration
[50, p. 4673] define collaboration as “a relational system in which two or more interested parties
group the resources to accomplish objectives that none of them could accomplish individually”.
The Handbook on the Sustainable Supply Chain (2019), chapter 6 presents the importance of col-
laboration and coordination between SC stakeholders, in order to achieve the objectives in terms of
sustainability and accomplish effective product recycling policies.

[51] states that the most frequently used forms of collaboration contracts, information exchange,
information technologies, and simultaneous decision-making. [52] evaluate logistic performance
with the dynamic approach of systems when analyzing external integration mechanisms: contracts,
vendor manage inventory (VMI), collaborative planning, collaborative planning forecasting and re-
plenishment (CPFR), and information exchange.

Collaboration involves a joint and interactive process that results in activities and decisions em-
phasized the formalization of relationships [53]. In this way, companies aim to a competitive ad-
vantage through SC collaboration, and make the best from of the suppliers and customers resources
and knowledge. This coordinates and integrates SC products and information flow [54]. [55] con-
clude that there is a growing group of researchers that is investigating the relationships between
collaboration and sustainability, as well as the performance of the company in terms of economic,
environmental, and social indicators.

3.5. GSCM and SSCM drivers
Due to the strategic pressures and motivations from various interested parties, companies are

adopting GSCM in order to extend the environmental sustainability objectives to their suppli-
ers [56], as well as to every person involved in the SC. The proper functioning of an SSC requires
collaboration between its members [16], [26]. Applying sustainable business strategies worldwide
can increase benefits through important gains in operational efficiency by reducing waste and global
costs. This improves communities through an agreement on acceptable work conditions and com-
pliance with regulations. It minimizes dependence on scarce environmental resources (water and
raw materials) by guaranteeing long-term viability [20]. [56] claim that environmental sustainabil-
ity can be used to differentiate the product and thus increase the value of the product.

[15] define exogenous and endogenous motivators for the SSCs. Among the former, we find
environmental regulation, values and social norms, and market drivers. Strategy, culture, and re-
source base are, in turn, defined as endogenous motivators. Three topics were identified within the
manufacturing firms which sum up the sustainability efforts: new manufacturing technology and
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more sustainable processes; the development of ecological products; and the integration of best
green practices. For their part, [30] mention the following as internal motivators: improving the
capacities of the company’s SSC to match with green clients; managing expectations and demand
to achieve best business performance; and engaging green customers over competitors. As external
motivators, government regulations, green clients demand, and community expectations are de-
fined.

[22] identified the three main critical factors in the analysis for the implementation of GSCM:
improved brand image, competitiveness of the company and economic benefits.

3.6. GSC and SSC modeling
[10] carry out a review on the GSSC quantitative model and classify them into 5 types: mathemat-
ical programming methods, simulation methods, heuristic methods, hybrid methods, and analytic
models. In this article, an analysis is carried out on mathematical programming models and simu-
lations.

[57] found that the main areas of publication are manufacturing, food, and electronics indus-
try. Similarly, [58] reviewed the literature related to modeling and found that energy, electronics,
and agriculture are the most referenced fields. Applications are found in different sectors: food
SC [59]–[66] biofuel SC [67]–[71], fashion SC [24], [72], waste electrical and electronic equip-
ment CS [73], [74].

In the field of mathematical programming, mathematical multi-objective programming mod-
els stand out by aiming to minimize the total costs and carbon emission [75]–[77], linear mod-
els [69], [78], non-linear [79], fractional [80], routing [81].To have a better approach to reality,
modeling a series of fuzzy [82], [83], and stochastic variables have been included [84]. Related to
their functions and objectives with social factors, we found models that maximize the number of
employees [78], evaluate suppliers [85], reduce workdays lost due to work accidents [83], and max-
imize food safety [86]. Similarly, [87] proposed multicriteria decision methods and structural equa-
tions modeling (SEM), aiming to maximize the total value of sustainable purchase performance and
partial least squares SEM (PLS-SEM), which facilitate the development of sustainable SC prac-
tices and have an effect in competitive advantage [21]. Some solution methods used ε constraints
to solve multi-objective models [78], [80] , as well as using Pareto optimality [79], [86], GAMS
software [85], [84], hybrid multi-objective approaches [81], and genetic algorithms [83], [77].

Regarding simulation models, [66] evaluate two scenarios where logistic costs, product quality,
energy use, and CO2 emissions are compared. [88] also used simulation based on agents, seeking
to minimize logistic costs along with the minimization of total costs and total carbon emissions.
In system dynamics, [89] simulates Hubbert’s peak, which considers the lifespan of coal deposits
and evaluates their long-term sustainability. [90] analyze the robust closed loop SC operations and
present relative strategies with robust H∞ controlling methods. Through system dynamics, [91]
evaluates the selection of sustainable suppliers and aims to ensure that suppliers maintain their sta-
tus for a long period of time.
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[52] simulate and study the use of multimodal transportation on the performance of the food sup-
ply logistics of uchuva SCs through the system dynamics approach. They consider transportation
costs, total transportation time, food loss due to transportation and inventory, and CO2 emissions
caused by mode of transportation. [92] simulate and evaluate sustainability in a closed supply
chain, considering customer satisfaction and impact and the green image factor as an environmen-
tal factor. [93] use simulation based on GIS (Geographic Information Systems) to evaluate electric
demand and supply at the neighborhood level through discrete simulation, seeking to reduce the
negative impact on customers satisfaction levels, as well as the way to optimize routes and compare
sevarl solutions in terms of truck fleets to reduce CO2 emissions. [94] explore the possibilities of
applying the reengineering process available with RFID in closed cycle SCs, and [95], also using
discrete simulation, analyze the consequences of risk in terms delay/disturbance using the Monte
Carlo Simulation.

Among the environments, we can highlight well-known software such as STELLA [89], VEN-
SIM [92], [91], iThink [52], and ARENA [94]. There are also specialized environments like AL-
ADIN [66] y PROSIM [96].

We found 19 articles about modeling with environmental and economic actors, 9 of which include
the three pillars: social, environmental and, economic. However, none of them had a solely socio-
economic or social-environmental focus. [97] did not find either any model that considered only the
social environmental aspect; but they found 3 articles that considered the socio-economic aspect.
Similarly, [10] found 28 articles with the three pillars, 61 with environmental-economic, 2 with
social-economic, and 1 with social-environmental approaches.

Fig 2. Sustainability approaches in modeling according to the reviewed articles

4. Trends and future investigations
There is a bias in terms of the number of articles dealing exclusively with research on the en-

vironmental impact of SCs. Thus, there is a need to evaluate the three sustainability pillars to
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Fig 3. Synthesis of results
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understand the interrelationship between the social, economic, and environmental dimensions [9].
Moreover, the analysis should be expanded beyond greenhouse gas emissions to encompass lifecy-
cle approaches that include new social measures [81], [86].

A series of important contributions to the analysis of SC performance in terms of sustainability
and the importance of its three pillars in decision-making strategies using quantitative models have
been observed [87]. In the same way, the need to carry out theoretical and empirical research about
the way forward to fulfill the SCS has been stated [97].

Furthermore, it is important to develop models that consider uncertainty and risk [81], since most
models are deterministic, and complexity has not yet been modeled by including environmental
and social factors [86]. Also, it is recommended to integrate tactical and strategic decisions into the
models [97]. Moreover, it is required to analyze SC design with different structures and configura-
tions to evaluate the pillars of sustainability [75], [97].

Additionally, the potential for collaboration is seen as a competitive advantage [55]. In this sense,
there is growing number of research groups investigating the relationships between collaboration
in terms of sustainability and company performance based on economic, environmental, and social
indicators [55], with quantitative methods being an opportunity for research on the relationship
between sustainability and collaboration.

There is increasing interest in emerging economies [1], [98], [47], circular economy [99], [100],
along with circular supply chains [32], [11], [101] and the use of 4.0 technologies in this con-
text [102]. Therefore, future research should be oriented towards topics such as designing for
circularity, collaboration, and coordination into CSCM (Circular Supply Chain Management), pur-
chasing and CSC, biodegradable containers for CSCM, and circular consumption.

In Fig. 3, there is a synthesis of the findings of the literature review. Firstly, we found, from the
sustainability perspective, how the TBL offers an approach from the 3 dimensions or pillars which
has been covered in by literature in traditional SCM, GSCM, and SSCM, with external and internal
motivators that drive the manufacturing structure and include sustainable objectives. In the same
way, these motivators drive the deployment of social and green SC practices, where it is impor-
tant to highlight collaboration to involve the parties and to have an impact in SC development. In
addition, trade-off are found in the decision-making process within the context of SCs and sustain-
ability, an approach that has raised interest among researchers.

5. Conclusions
From the literature review, we can highlight the fact that the concept of sustainability has gained
great relevance in all directions, incorporating itself into the supply chain with its three dimensions,
which, beyond economic benefits, are oriented toward the importance of SC actors to contribute
positively to the environment and society.
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There has been a growing interest in SC research during the last 19 years, particularly in 2019,
which witnessed a great interest from scholars in Green and Sustainable Supply Chain Manage-
ment. It should be noted that SSCM is an extension of GSCM [31], and it includes the 3 dimensions
of sustainability, which comes from a bigger understanding of social and environmental aspects.

The relevance of GSCM and SSCM is based upon both internal and external supply chain drivers,
which are generated due to pressure from stakeholders and motivated from the benefits that could
be gained when sustainable requirements are accomplished. Likewise, these motivators drive the
deployment of operational practices containing a series of social and environmental factors that in-
fluence the performance of SCs. Therefore, it is possible to find different indicators in the literature
to measure environmental impact. However, several authors mention the need for improving the
quantifying of social impacts.

Additionally, the literature review shows that collaboration within the SC is a primary factor, as
it has positive impacts in sustainable objectives, thus contributing to achieve the aforementioned
practices mentioned and improving performance. It is worth delving into the current characteristics
required by SC actors, defining indicators to monitor compliance with the principles of sustainabil-
ity, as well as achieving economic, environmental and social development, the latter being the least
referenced in SCM.

When it comes to the modeling and simulation of GSC and SSC, we observed that, in the last
decade, scholars have increasingly participated in the modeling of environmental and social fac-
tors, which are still a challenge in terms of definition and measurement. In the same way, some
authors conclude that there is a need to incorporate risk management and uncertainty into the for-
mal modeling of strategic and tactical decisions, as well as implementing mixed models that allow
approaching to the current SC issues.

Thereupon, we can observe that quantitative methods and their distinct applications in different
industrial areas are a current research topic. Additionally, circular economy recently merged with
this field, given its perceived importance as an alternative to transform productive systems with
defined principles and strategies with the objective of being environmentally viable, valuing waste,
and optimizing the use of raw materials. Moreover, its implementation requires the participation
of all the actors in supply chain and beyond, which is something that we have previously learned
about the operation of green and sustainable supply chains. Finally, the incorporation of technology
and Industry 4.0 into the fields of sustainable supply chains and circular economy brings research
opportunities that open up one of the most promising lines of development for the literature and
applied work in the coming years.
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6. First appendix

A review of SSCM optimization models in the literature
Table I. A review of SSCM optimization models in the extant literature Multi Objective Particle Swarm Optimization
(MOPSO), Multi-objective Hybrid Approach, Multiple Criteria Decision Making (MCDM), Adapted multi-objective

variable neighborhood search (AMOVNS), Structural equation modeling (SEM)

Authors Model
type/technique

Solution
Method

Model
Objective Approach

[79] MINLP Pareto
Optimal

Maximization of the net
present value (NPV) and the

minimization of the
environmental impact.

Economic
Environmental

[67]
RM /

RNA /
DS

Approximation
to zero

Mean Square
Error

Predicting future behavior
within Panela cane

production, taking into
account use of the land,

contamination, food security,
price of bioethanol.

Social
Economic

Environmental

[87] ANP MCDM

Determining design
requirements effective

in achieving
sustainable CS.

Social
Economic

Environmental

[84] MO- MINLP stochastic GAMS

Maximize total benefits
provided by product

sales minus installation,
investment, logistics,
and disposal costs.

Economic
Environmental

[78] MO- MILP ε− constraint

Minimizing total costs;
measuring the life cycle

greenhouse gas emissions
and the number of
accrued local jobs.

Social
Economic

Environmental

[103] MO-MIP

Accelerated
Benders

decomposition
algorithm (BDA)

Minimizing total cost,
minimizing environmental
impact, and maximizing

social responsibility.

Social
Economic

Environmental

[80] MILFP ε− constraint
Minimizing cost

and
environmental impact

Economic
Environmental

[77] MO
GA (NSGA-II,

MOGA-II,
HYBRID)

Minimizing CO2 emissions
from transportation and

total costs in the
distribution chain.

Economic
Environmental

[69] MILP GAMS

Minimizing total cost of
the chain throughout a
planning horizon of the

supply network of
biodiesel production.

Economic
Environmental

[81] 2E-LRPTW
MHPV

(MOPSO-
AMOVNS)

Supply Chain Network
design and optimizing

economic and environmental
objectives in a

perishable food SC.

Economic
Environmental
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Authors Model
type/technique

Solution
Method

Model
Objective Approach

[82]
SEM, Fuzzy

AHP (FAHP),
Fuzzy MOLP

SEM

Minimizing purchasing,
production and delivery

cost; and improving perform
logistics activities
across economic,

environmental, and
social dimensions.

Economic
Environmental

[85] DEA
GAMS

Technique
alpha

Sustainable supplier
performance evaluation

and selection.

Social
Economic

Environmental

[76] MO GA (MOGA-II)

Minimization of the sum
of carbon emission,

maximizing the ‘greening’
effect, and minimization

of the sum of costs
associated with

product distribution.

Economic
Environmental

[39] MO
MHPV

(MOPSO
AMOVNS)

Minimizing total
costs and

environmental effect.

Economic
Environmental

[104] MIC
MAC -

Analysis to test a
framework SCCM drivers

and their relationships.

Social
Economic

Environmental

[83] Fuzzy MO GA

Total profit optimization,
reduction of lost working
days due to occupational
accidents, maximizing

responsiveness to
customer demand.

Social
Economic

Environmental

[86] MO Pareto
Optimal

Minimizing total cost,
impact on food

security, and emissions
of greenhouse gases.

Social
Economic

Environmental

7. Second appendix

Selected articles dealing with simulation in GSCM and SSCM studies
Table II. Selected articles dealing with simulation in GSCM and SSCM studies

Authors Simulation
paradigm

Simulation
environment Model Objective Approach

[89]
System

dynamics
simulation

STELLA

Simulating Hubbert’s Peak,
particularly for the
Chinese raw coal

production.

Economic
Environmental

[66] Agent-based
simulation

ALADIN
(Agro-Logistic
Analysis and

Design
INstrument)

Two scenarios are evaluated.
Logistics costs, deterioration

of product quality, energy use,
and CO2 emissions are

compared.

Economic
Environmental
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Authors Simulation
paradigm

Simulation
environment Model Objective Approach

[90]
System

dynamics
simulation

LMI Toolbox
of MATLAB

Analyzing robust
operations in

closed-loop supply
chains and bring forward

relative strategies with
robust H∞ control methods.

Economic
Environmental

[96]
Discrete

event
simulation

PROSIM,
Pharmaceutical

Retail
Organization

using
SIMulation

Reducing the negative impact
on the customers’ satisfaction
level (technical sustainability),
optimizing the routes followed
by each transportation vector

(technical, economic, and
environmental sustainability),

as well as comparing
in terms of truck fleets in order

to reduce CO2 emissions
(environmental and economic

sustainability).

Social
Economic

Environmental

[88]

Optimization
and

Agent-based
simulation

Solving the supply chain
management problem

(logistic costs), minimization
of total cost and environmental

impact.

Economic
Environmental

[93] GIS-based
simulation

Assessing electricity
demand and supply at

the neighborhood level.

Economic
Environmental

[94]
Discrete

event
simulation

ARENA

Exploring the possibilities
to apply RFID-enabled
reengineering in closed

loop supply chain design.

Economic
Environmental

[95]
Discrete

event
simulation

Monte Carlo

Operational GSC risk evaluation
and management by capturing
of uncertainty and evaluating
risks by means of simulation

to demonstrate the
delay/disturbance consequences

of the risk. Case example of
an Indian poly plastic

manufacturing company.

Economic
Environmental

[91]
System

dynamics
simulation

VENSIM

Selecting sustainable suppliers
and ensuring that suppliers
maintain their performance
for a long period of time.

Economic
Environmental

[92]
System

dynamics
simulation

VENSIM PLE

Evaluating the system behavior
of an electrical manufacturing
company as a case of study;

simulating a closed-loop supply
chain, in consideration of
customer satisfaction and

Green Image Factor.

Economic
Environmental
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Authors Simulation
paradigm

Simulation
environment Model Objective Approach

[52]
System

dynamics
simulation

ITHINK

Studying the impact of using
multimodal transport over
the logistics performance
of an uchuva food supply,

using indicators like
transportation costs, total

time of transport, food
loss due transport

and inventory,
CO2 emissions.

Economic
Environmental

References
[1] B. S. Silvestre, “Sustainable supply chain management in emerging economies: Environmental turbulence, in-

stitutional voids and sustainability trajectories”, International Journal of Production Economics, vol. 167, pp.
156–169, 2015. http://dx.doi.org/10.1016/j.ijpe.2015.05.025 356, 359, 366

[2] A. Diabat, T. Abdallah, A. Al-Refaie, D. Svetinovic, and K. Govindan, “Strategic closed-loop facility location
problem with carbon market trading”, IEEE Transactions on Engineering Management, vol. 60, no. 2, pp. 398–
408, 2013. https://doi.org/10.1109/TEM.2012.2211105 356

[3] S. Luthra, K. Govindan, D. Kannan, S. K. Mangla, and C. P. Garg, “An integrated framework for sustainable
supplier selection and evaluation in supply chains”, Journal of Cleaner Production, vol. 140, pp. 1686–1698,
2017. http://dx.doi.org/10.1016/j.jclepro.2016.09.078 356

[4] T. Rebs, M. Brandenburg, and S. Seuring, “System dynamics modeling for sustainable supply chain manage-
ment: A literature review and systems thinking approach”, Journal of Cleaner Production, vol. 208, pp. 1265–
1280, 2019. https://doi.org/10.1016/j.jclepro.2018.10.100 356, 357

[5] J. Sarkis, “Supply Chain Management and Environmentally Conscious Design and Manufacturing”, Interna-
tional Journal of Environmentally Conscious Design and Manufacturing, vol. 4, pp. 43–52, 1995. [Online]
Available;https://www.researchgate.net/publication/259261058_Supply_Chain_
Management_and_Environmentally_Conscious_Design_and_Manufacturing] 357

[6] S. Seuring, and M. Müller, “From a literature review to a conceptual framework for sustainable supply chain
management”, Journal of Cleaner Production, vol. 16, no. 15, pp. 1699–1710, 2008. https://doi.org/
10.1016/j.jclepro.2008.04.020 357, 359

[7] S. K. Srivastava, “Green supply-chain management: A state-of-the-art literature review”, International Journal
of Management Reviews, vol. 9, no. 1, pp. 53–80, 2007. https://doi.org/10.1111/j.1468-2370.
2007.00202.x 357, 359, 361

[8] J. Sarkis, Q. Zhu, and K. H. Lai, “An organizational theoretic review of green supply chain management liter-
ature”, International Journal of Production Economics, vol. 130, no. 1, pp. 1–15, 2011. http://dx.doi.
org/10.1016/j.ijpe.2010.11.010 357

[9] S. Seuring, “A review of modeling approaches for sustainable supply chain management”, Computers and
Industrial Engineering, vol. 66, no. 3, pp. 533–540, 2013. https://doi.org/10.1016/j.dss.2012.
05.053 357, 361, 366

[10] M. Brandenburg, K. Govindan, J. Sarkis, and S. Seuring, “Quantitative models for sustainable supply chain
management: Developments and directions”, European Journal of Operational Research, vol. 233, no. 2, pp.
299–312, 2014. http://dx.doi.org/10.1016/j.ejor.2013.09.032 357, 363, 364

[11] A. Genovese, A. A. Acquaye, A. Figueroa, and S. C. Koh, “Sustainable supply chain management and the
transition towards a circular economy: Evidence and some applications”, Omega, vol. 66, pp. 344–357, 2017.
http://dx.doi.org/10.1016/j.omega.2015.05.015 357, 366

[12] D. L. Rincón Ballesteros, J. E. Fonseca Ramı́rez, and J. A. Orjuela-Castro, “Hacia un Marco Conceptual Común
sobre Trazabilidad en la Cadena de Suministro de Alimentos”, Ingenierı́a, vol. 22, no. 2, pp. 161, 2017. https:
//doi.org/10.14483/udistrital.jour.reving.2017.2.a01 357
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Abstract

Context: The study of nanotechnology has shown great advances, which include research and explora-
tion of the TeraHertz (THz) region, where one of the most common approaches is the use of photocon-
ductive antennas (PCA) due to the intrinsic properties of their emission the non-destructive nature of this
type of radiation.

Method: This paper describes the concept of antenna its radiation principles, the mathematical founda-
tions, the material used for radiation, and the adjustment of the parameters to find a result of the pulse in
THz by using the finite element method, accessible in the COMSOL Multiphysics software.

Results: The result of a computational modeling is presented, which studies the behavior of a PCA,
where the input of the chosen model corresponds to the geometry and material of the antenna, thus
showing the concentration of the electric field in the GAP zone of the dipole and the substrate of the
semiconductor.

Conclusions: Given the theoretical foundations that describe the behavior of PCAs in THz, it was
possible to configure parameters such as the geometry of the antenna, the laser to be used, and the
construction materials to achieve the generation of a photocurrent peak in the order of 0,1-1,2 THz.

Keywords: COMSOL Multiphysics, different geometry, high-frequency structure, terahertz antenna.
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i
i

i
i

i
i

i
i

D. González • C. Torres • O. Corredor • D. Suárez • C. Criollo'
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Resumen
Contexto: El estudio de la nanotecnologı́a ha mostrado grandes avances que incluyen la investigación y
exploración de la región Terahertz (THz), donde uno de los enfoques más comunes es el uso de antenas
fotoconductoras (PCA) debido a las propiedades intrı́nsecas de su emisión y a la naturaleza no destructiva
de este tipo de radiación.
Método: Este artı́culo describe el concepto de antena, sus principios de radiación, los fundamentos
matemáticos, el material utilizado para la radiación y el ajuste de los parámetros para encontrar un
resultado del pulso en THz mediante el uso del método de elementos finitos, accesible en el software
COMSOL Multiphysics.
Resultados: Se presenta el resultado de un modelado computacional que estudia el comportamiento de
una PCA, donde la entrada del modelo escogido corresponde a la geometrı́a y al material de la ante-
na, mostrando ası́ la concentración del campo eléctrico en la zona GAP del dipolo y del substrato del
semiconductor.
Conclusiones: Dados los fundamentos teóricos que describen el comportamiento de las PCA en THz,
fue posible configurar parámetros como la geometrı́a de la antena, el láser a usar y los materiales de
construcción para lograr la generación de un pico de fotocorriente en el orden de 0,1-1,2 THz.
Palabras clave: COMSOL Multiphysics, geometrı́as diferentes, estructura de alta frecuencia, antena de
terahercios.
Idioma: Inglés

1. Introduction
Terahertz photoconductive antennas (PCA) have been rapidly growing as a research field during

the last year, due to the vast spectrum of configurations for each of their building parameters. The
main research trend has been to optimize their configuration. In this field, each parameter has been
investigated independently, so the real challenge appears when all parameters are interacting simul-
taneously. In this study, we modeled all parameters at the same time to know which configuration
yields the best results according the pulse and power of the signal.

A PCA antenna was simulated to improve its power efficiency. To achieve this goal, the COM-
SOL Multiphysics software was used, in which the Maxwell wave equation for optical interaction,
the Poisson equations, and the derivative derivative diffusion of the electrical response were com-
bined to determine a numerical solution.

The paper is organized as follows: section 2 introduces the theory and concept behind the pro-
posed THz-PCA design, as well as defining the computational domain and methodology; section 3
contains a brief state of art; section 4 presents the validation of the model with both computational
and experimental work from the literature, and it shows the results of the proposed THz-PCA design
with other designs from previous studies; and section 5 summarizes and concludes and presents the
conclusions of this research.

2. Background
In recent years, it has been determined that the interaction between the different properties of

matter produces Terahertz radiation. These signals are significantly useful due to the size of the
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i
i

i
i

i
i

i
i

Analysis, Design, and Multi-physics Simulation of a Terahertz Photoconductive Antenna Using Finite Element Method

devices that produce them, as well as their frequency and power. The field of telecommunications
has shown that the need to generate high-frequency signals involves the challenge of building larger
active equipment, which is why most of the infrastructure occupies large spaces, which limits the
spectrum of applications. Therefore, the generation of Terahertz radiation from small devices of-
fers a wide variety of potential applications in the fields of health, safety, and images, among others.

Now, the interaction between different materials and techniques in this context has been a matter
of research. There are two ways to generate THz radiation: by means of solid and optical state
methods, the latter of which was used in this article.

An advantage of the use of the optical state technique is that it can be implemented at room tem-
perature. Optical state techniques can be classified into optical rectification and generation with
photoconductive materials, the latter being more efficient when using laser oscillators [1].

Thus, PCAs have emerged as conventional devices to emit THz radiation from the excitation of
an oscillator laser, which has evolved over the years into powerful laser systems generally based on
titanium-sapphire alloys [2].

2.1. Antenna
A PCA consists of an excitation laser that impinges on a surface in time lapses of the order of

femtoseconds (fs). The surface, manufactured with photoconductive material, receives a constant
electric potential to polarize the flow of electrons. Two metallic planar electrodes are on the photo-
conductive material, which can be a semiconductor substrate such as semi-isolated gallium arsenide
(SI-GaAs). It is separated by an area with a defined shape, which is the geometry of the antenna,
one of the parameters that were modified through modeling in this article.

The substance with which the antenna is manufactured, also called substrate, must comply with
picosecond life times for the carriers, which means high mobility and high inverse breaking voltage
for the flow of electrons generated in the voltage source connected to the antenna [3].

The attenuation in this type of radiation is very high, which is why it is necessary to use high-
power sources to propagate the pulse in the air. The use of this type of sources has increased the
price of this technology, thus hindering its implementation in small laboratories. Some studies have
reported radiation levels of up to 60 THz [4]. However, the efficiency of these antennas is 0,1 % by
default, with an excitation of the lasers of 1-8 mW.

On the other hand, the signal-to-noise ratio and the dynamic range based on photoconductive
antennas at the THz frequency is based on the quality and performance of the emitter, specifically
on the amount of output power. As mentioned above, the power of the antenna depends on the
source of voltage supplied to the system, which implies a high power consumption and a difficulty
dissipating the heat produced during this process.
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This scenario reveals the need to investigate the requirements for efficiency, as well as to identify
topologies and optimal excitation parameters.

The potential applications of these devices have also required the use of different types of subs-
trate, electrode geometry, polarization voltages, and different optical powers, reporting different
efficiencies for each case.

Following this line of research, this article seeks to determine the parameters of photoconductive
antennas through simulation techniques in order to improve their efficiency. The typical configura-
tion of this concept can be seen in Fig. 1.

(a) Typical Antenna configuration (b) Representation of optical and THz Pulse
Figure 1. THz radiation generation diagram [5]

2.2. Principles of radiation

Electromagnetic radiation is in the frequency range of approximately 0,1-10 THz. This is between
the frequencies of radio waves and those of infrared light. As the wavelengths are in the range of
0,03-1 mm and often below 1 mm, THz radiation is also sometimes called sub-millimeter radiation.

PCAs take advantage of the increase in conductivity when exposed to light, but their behavior
is the opposite in the absence of light. Photoconductivity is produced due to the increasing num-
bers of electron carriers and gaps generated by photons. This happens during the picoseconds of
needed to generate a pulse in the terahertz frequency [6]. Normally, this kind of pulses are called
ultra-short pulses, which can be generated by an extremely short laser. The maximum duration of
the pulse is dozens of peak-seconds, and the frequency is in the range of femtoseconds. This range
can be extended using non-linear frequency conversion techniques [1]. The mobility of the carriers
increases the efficiency of the emission of the signal in the THz frequency because the carriers can
accelerate more quickly.

An important characteristic of semiconductors that should be considered in this type of appli-
cations is that the carriers must have a short life time; given the fact that being faster, they will
generate shorter THz pulses and, therefor, a greater bandwith in spectral terms [7].
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2.3. Math
Each of the construction parameters of the antenna has a physical behavior, which is a mathe-

matical expression that allows obtaining the simulation results. In this section, the equations that
describe the meters of the antenna will be explained.

The Poisson equation allows describing the steady state in any part of the semiconductor in the
electrostatic field.

∇ · (∇∅(~r)) = q

ε
(n0(~r)− p0(~r)− C(~r)) (1)

The Poisson equation in the time domain is as follows:

ε0∇ · (εT∇V ) = q(n− p−ND +NA) (2)

The steady-state solution provides the initial distribution of carriers and currents into the elec-
trodes. The heterogeneous carrier mobilities in the semiconductor can also be found using this
equation.

Electromagnetic waves are modeled in the frequency domain, when the effective wavelength is
comparable with the sizes of the resonant and radiating structures, in this case, the antenna. The
following expression raises the equation of the electromagnetic wave in terms of frequency.

∇ · µ−1
r (∇ · ~E)− k20

(
εr −

jλσ

2πcε0

)
~E = 0 (3)

The optical excitation process leads the atoms of the active medium to their excited state, thus
causing a population inversion. The mathematical modeling of this effect can be evaluated by means
of the following expression:

~Einc = ~a E0 exp

(
2 ln(0,5)

(x− x0)2
D2

x

)
(4)

The field produced by the flow of electrons through the electrodes is modeled mathematically as
follows:

E0 =

√
Pave 8 η0
fpDxDyDt

(− ln(0,5)

π

) 3
4

(5)

Furthermore, the following expressions describe power flow in the different axes:

P0x(x, y, z, ) =
1

2η̂
Re(|Ey|2 − |Ez|2) (6)

P0y(x, y, z, ) =
1

2η̂
Re(|Ex|2 − |Ez|2) (7)

P0z(x, y, z, ) =
1

2η̂
Re(|Ex|2 − |Ey|2) (8)
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This expression describes the power flux density in unit units of W
m2 :

Ps(x, y, z, ) = (|P0x(x, y, z, )|2 + |P0y(x, y, z, )|2 + |P0z(x, y, z, )|2) (9)

The generation of the carrier is described below:

g(x, y, z, t) =

(
4πkpc
hc

)
Ps(x, y, z, ) exp

(
4 ln(0,5)

(t− t0)2
D2

t

)
(10)

This is the diffusion model drift for electron concentrations:

∂n

∂t
= −1

q
∇
{
− µnq∇(V +N)n+ µnkBTG

(
n

Nc

)
∇n

}
− r(x, y, z, ) + g(x, y, z, t) (11)

As well as the diffusion model drift for the concentrations of the holes:

∂p

∂t
= −1

q
∇
{
− µpq∇(V +N + Eg)p+ µnkBTG

(
p

Np

)
∇p

}
− r(x, y, z, ) + g(x, y, z, t) (12)

Finally, from the proposed system of equations, the recombination response is obtained. The
electrical response is only considered for the Si-GaAs layer:

r(x, y, z) =
np− γnγpn2

i,eff

τp(n+ γnni,eff ) + τn(p+ γpni,eff )
+ (cnn+ Cpp)(np− γnγpn2

i,eff ) (13)

2.4. Plasmonic Light Concentrators
The combination of metal and a dielectric forms a material called plasmons. This material creates

electromagnetic waves under the influence of light. The light that hits the metamaterial turns into
shallow plasmonic polaritons, which are shorter in wavelength than the incident light. Plasmons
are confined waves composed of electrons and plasma that are at the interface between a metal and
a dielectric.

The direction of the initiating electromagnetic signal must match the direction of the surface plas-
mon wave, which can be determined from the metal and dielectric permittivity values. Therefore,
modifying the shape of the metal could adjust the direction of both the electromagnetic and the
plasmon waves [8]. In other words, the process of changing the shape of the metal allows a greater
concentration of light near the space where the plasmon waves are located. Thus, the shape para-
meter, also called the geometry of the antenna, determines its efficiency, thus making the THz pulse
power better in comparison to other possible approaches.

Starting from the operational basis of a typical antenna, different approaches are defined for the
construction of a nanoantenna. These typical forms can be initially classified in two categories as
shown in Fig. 2.
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(a) Face-to-face dipoles (b) Strip line dipoles
Figure 2. Typical antenna

From this first approach, antennas were built modifying the electrode shapes and their position.
These were PCAs based on plasmonic light concentrators, as shown Figure 3a, in this case, the
surfaces where the light beam strikes are con-fined in a small space between the two electrodes. The
surface surrounding the electrodes is the metal semi conductor [4]. Another approach for building
photoconductive antennas is based on plasmonic contact electrodes, as shown in Figures 3b, 3c,
and 3d. The main goal of this approach consists of increasing optical absorption near the contact
electrodes.

Figure 3. Design PCA based on plasmonic

3. State of the art
Terahertz radiation has been widely studied in recent years, given its wide field of applications.

There are important advances in the construction of photoconductive antennas according to their
application. However, building an antenna is a difficult process mainly due to its size, components,
and technology barrier. Therefore, computational modeling offers a good alternative to accomplish
this process without an increase in costs. The mathematical principles of the steady model with a
nonlinear function (Bernoulli) provide great tools to model the physical phenomena [9], and this
equation was formulated by using COMSOL®.
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The generation of frequencies in the THz band through optical processes can be classified into
two techniques. The first one is called optical rectification and the second technique is based on
photoconductor materials. The latter one is more efficient when using laser oscillators. The geo-
metry of this photoconductor material could affect the THz pulse, which is why some researchers
focus on the shape of the antenna.

Plasmonic contact electrodes are a novel design with a more effective separation and acceleration
of photocarriers forming grating, with SI-GaAs and LT-GaAs substrates in each gap. This kind of
geometry features efficient time-varying dipoles as a response to the laser incident [10].

Significant advances have been made in increasing the power efficiency of the THz pulse due to
geometries that imply the three dimensions in the contact between electrodes. One of these cases
shows that the efficiency of the antenna improved by 7,5 % using a geometry with a jagged shape
integrated with a logarithmic spiral on a LT–GaAs substrate [11].

There is also a different kinds of shape, which is composed of a photoconductor with a gap among
both contacts, positive and negative, connected to a bowtie antenna. GaAs (LT-GaAs) is used for
the substrate [12].

According to the modeling of photoconductive antennas, a great variety of numerical and analyti-
cal models have been reported [7], [13], [14], in which it has been possible to distinguish, from the
electromagnetic theory or from the transport phenomenon in semiconductors, the parameters invol-
ved in improving the efficiency of photoconductive antennas as THz emitters. Analytical models
use transport model, to explain the generation of photocurrent in the photoconductive substrate of
the antenna, which is responsible for the THz emission [15]. The electromagnetic phenomena, mo-
dels with approximations to Hertzian dipoles have been reported using Maxwell’s equations [16],
[17], and HFSS simulations that are widely used to measure the main parameters of the antennas,
such as radiation patterns, input impedances, and efficiencies [6].

It is also important to consider that, given the growing interest in this field, the number of research
groups has increased worldwide. This includes the THz spectroscopy division of the Helmholtz-
Zentrum Dresden- Rossendorf research center in Dresden, Germany and the University of Cam-
bridge’s group of applications in THz. This has led to a better positioning and higher impact of
indexed journals on THz technology, such as the “IEEE Transactions on Terahertz Science and
Technology” with 4,342 impact factors, ranked in the first quartile according to SCOPUS.

4. Analysis and design of a PCA

Exploration in the THz band has grown rapidly in recent decades [18]–[20]. There are ultrafast
photoconductive antenna systems excited by laser pulses in times less than picoseconds to achieve
the emission of THz waves [21]. As mentioned above, some of the advantages of using this tech-
nology are: operation at ambient temperature, high signal-to-noise ratio, and precise measurement
of the magnitude and phase of the signal, as well as various applications such as pharmaceutical
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screening of polymorphous and hydrated forms [22], [23], detection of materials for surveillance
and security schemes [22], [24], monitoring of metal processing and construction [2], [22], detec-
tion of cancerous tissues [25], absolute thickness measurements [26], and the characterization of
materials [21], among others.

For the design process, the materials must be correctly selected and prepared depending on their
properties. Here, it must be taken into account that they must not be ionizing and have a high water
absorption to facilitate high reflectivity and complete opacity. To achieve operation in THz, lasers
with pulses in femtoseconds must be used, which are sent to the polarized antenna to generate an
excitation that activates the recombination and generation process of the carrier [5], [21].

Now, by using the equation of the electromagnetic wave in terms of frequency (3) and the inci-
dent field (4), the resulting field is obtained by means of (5), thus simulating the optical excitation
of the femtosecond pulse and showing the component peaks of the electric field in both spatial and
temporal terms. Once this is done, the vector components of the power density and its total flux
can be calculated (9), arriving at the generation of the carrier with equation (10) and obtaining the
recombination response through (13).

The objective of Table I is to present a compilation of various authors regarding the optical con-
version to THz, the geometry of the antenna construction, the type of plasmonic structure, the gap
space, the characteristics of the laser, the semiconductor substrate, the polarization voltage, and the
dimensions and type of lens, in order to understand what is the response produced by each of the
parameters of a PCA and their influence on improving the design and output power.

Figure 4. PCA parameters in the COMSOL software
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Table I. Table of construction parameters and design of PCAs

Article name
Computational modeling of plas-
monic thin - film terahertz photo-
conductive antennas [13]

High-Power terahertz generation using
large-area plasmonic photoconductive emit-
ters [10]

Significant performance enhancement
in photoconductive terahertz optoe-
lectronics by incorporating plasmonic
contact electrodes [12].

Authors Burford and El-Shenawee
Yardimci, Yang, Berry, and Jar-
rahi

Berry, Wang, Hashemi,
Unlu, and Jarrahi

Purpose of the article

To present a computational study that
preserves the PCA performance via
a thin-film plasmonic electrode confi-
guration to solve the the issue with
low output power in THz PCAs.

To present a novel desing of large-area photo-
conductive emitters which incorporates
plasmonic contact electrodes to offer signifi-
cantly higher optical-to-THz conversion effi-
ciencies compared with conventional de-
signs.

To demonstrate the use of plasmonic
contact electrodes in reducing the low
quantum efficiency of photoconduc-
tive THz optoelectronics, thus enhan-
cing the optical-to-THz conversion
and the reception of THz.

Geometry Dipole antenna
Large-area plasmonic photoconductive emit-
ters Bowtie antenna

Plasmonic structure Fine meshing nanodisks Set of plasmonic gratings Plasmonic gratings
Plasmonic structure
dimensions 200 nm — 520 nm — 75 nm

axis z (50 nm) — axis x (5 and 10 µm) — axis y
(100 nm) Axis z (100 nm) — Axis y (50 nm)

Plasmonic structure
material Ti (Titanium), Au (Gold). Au (Gold) Au (Gold)

Bias electric voltage 40 V 18 V 30 V
Electrodes material Au (Gold) Au (Gold) Au (Gold)
Electrodes dimen-
sions Don’t Specified axis z (50 nm) — axis x (2 µ m) — axis y (1mm)

Axis x (60 mm) —
Axis y (100 and 30 mm)

Gap 5 µm 3 µm 20 µm
Semiconductor
substrate

Low-temperature-grown GaAs (LT-
GaAs) LT-GaAs — SI-GaAs

Low-temperature-grown GaAs (LT-
GaAs)

Semiconductor
substrate dimen-
sions

axis z (120 nm) LT-GaAs layer axis y and x (1 x 1 mmˆ2) Not specified

Antireflection
method N/A Silicon nitride (Si3N4) SiO2 (Silicon Oxide)

Antireflection
method dimensions N/A axis z (350 nm) — axis y and x (1x1 mmˆ2) Axis z (150-nm-thick)

Laser Ti:sapphire mode-locked laser Ti:sapphire mode-locked laser Ti:sapphire mode-locked laser
Pulse width 100 fs 200 fs 200 fs
Optical pump
powers 10 mW 240 mW 5–25 mW

Lens material Silicon lenses Silicon lenses Silicon lens
Lens type Not specified Hyper-hemispherical lenses Polyethylene spherical lenses
Output power level 30-300 µW 3,8 mW 250 µW
Radiation THz
range 0,1-1,1 THz 0,1-5 THz 0,35-0,55 THz

Figure 5. Geometry dimensions of the PCA

4.1. Conventional PCA simulation
Thanks to the development of specialized software to simulate physical phenomena, COMSOL is

used in its finite element method (FEM) mode to facilitate troubleshooting and obtain more accurate
currents in order to have numerical stability and values closer to reality. With this method, it is easy
to couple different physics. Next, Fig. 4 shows each of the parameters included in the COMSOL
tool.
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Figure 6. Domains and material properties of PCA

As well as the construction of the geometry dimensions, which can be seen in Fig. 5 and the
definition of domains and material properties in Fig. 6.

Once this has been defined, the work domains, the conditions of impedance and periodicity are
assigned, as shown in Figure 7.

Then, the design of the PCA is simulated, observing the concentration of the electric field in the
gap zone of the dipole (Fig. 8a), the concentration of electrons in the gap zone on the semiconductor
substrate closest to the dipole anode (Fig. 8b), the concentration of holes with higher gap intensity
of the distributed dipole in most of the semiconductor substrate (Fig. 8c), and the concentration
of electric potential in the antenna’s anode and the semiconductor substrate given by the incident
beam (Fig. 8d).

Figure 7. Domains and material properties of the PCA

Similarly, the resulting amplitude of the electric field (THz radiation vs. time) can also be obser-
ved in Figure 9.
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D. González • C. Torres • O. Corredor • D. Suárez • C. Criollo

Figure 8. Conditions of impedance and periodicity of the PCA

Figure 9. Complete view of the photoconductive antenna

Figure 10. Electric field (THz radiation vs. time) of the PCA
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5. Conclusions
In accordance with the proposed objective, it is possible to identify the excitation parameters that

allow the generation of THz radiation using PCAs. These parameters were identified based on the
state of the art described in this paper.

Similarly, it was also possible to reproduce the theoretical models that describe the behavior of
photoconductive antennas, while also identifying the geometric model and the physicochemical
behavior to understand the ideal topologies leading to the generation of the desired photocurrents,
which are necessary for applications in the industry.

The analytical and mathematical modeling of this design is facilitated by using the COMSOL fi-
nite element solver, in which the equations involved are configured. Then, this this tool proceeds to
simulate them, depending on the initial parameters that were configured to obtain the photocurrent
peak. All the obtained results such as the concentration of electrons and holes in the semiconductor
surface, its generated electric field, and, finally, the THz radiation peak, were identified and explai-
ned based on a conventional, theory-based photoconductor antenna solution, and it was possible
obtain a photocurrent peak of the order of 0,1-1,2 THz, which shows that the application of the
theories was satisfactory.
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Abstract
Context: The Colombian Army’s First Aircraft Maintenance Battalion must periodically test the perfor-
mance of Generator Control Unit (GCU) on its Beechcraft King Air aircraft, which compels the operator
to assume uncomfortable and non-ergonomic physical positions. This article proposes the use of a por-
table digital troubleshooting test bench for these units that facilitates the taking of measurements, the
interpretation of the acquired information, and the technical reports.
Method: The Integrate, Innovation, Process model (IIP) for the development of aviation technology
innovation projects was used to design the test bench. Then, its functional modules were defined, and
voltage and impedance measurement devices, an internal report storage system, and the user interface
were included. Tests were conducted together with technical operators on the available Beechcraft King
C-90, 200, B 200, 300, and 350 series aircraft. Finally, a technical report was elaborated to validate the
test bench results.
Results: The number of operators required to carry out the tests was reduced from four to one. The
digital test bench only requires the connection of measurement harnesses by the operator, so it allows
an improvement in ergonomics for the personnel. Using the bench, the review and evaluation time of
the GCU was reduced from 120 minutes to 26 minutes, which implies an 86,66 % decrease in fuel
consumption.
Conclusions: By using the digital troubleshooting test bench, the number of operators needed and the
checkup and assessment times of the GCU were reduced, which means a decrease in fuel expenses. Its
ease of transportation allows aircraft to be checked outside the Maintenance Battalion hangars, but the
implementation of a USB port to store the reports should be considered.
Keywords: Aeronautics, avionics, aircraft, beechcraft King, GCU, test bench, troubleshooting.
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Resumen
Contexto: El Batallón de Mantenimiento de Aviación No. 1 del ejército colombiano debe realizar prue-
bas periódicas del funcionamiento de la Unidad de Control de Generado en sus aeronaves Beechcraft
King Air, que obligan al operador a asumir posiciones fı́sicas incómodas y no ergonómicas. Este artı́culo
propone el uso de un banco portátil digital de solución de problemas para estas unidades que facilite la
toma de medidas, la interpretación de la información adquirida y la generación de informes técnicos.
Método: Para el diseño del banco de pruebas se usó el modelo integrado Integrate, Innovation, Process
(IIP) para el desarrollo de proyectos de innovación en tecnologı́a para la aviación. Posteriormente, se
establecieron los módulos funcionales del banco y se incluyeron dispositivos de medición de tensiones
e impedancias, el sistema de almacenamiento interno de informes y la interfaz de usuario. Se realizaron
pruebas junto con operadores técnicos en las aeronaves disponibles de la serie Beechcraft King C-90,
200, B 200, 300 y 350. Finalmente, se elaboró un informe técnico de validación de los resultados del
banco.
Resultados: Se redujo la cantidad de operarios necesarios para el desarrollo de las pruebas de cuatro a
uno. El banco de pruebas digital solo requiere la conexión de arneses de medida por parte del operador,
lo que permite una mejora en la ergonomı́a del personal. Con el uso del banco se disminuye el tiempo
de revisión y valoración de la GCU de 120 minutos a 26 minutos, lo cual, a su vez, representa una
disminución del 86,66 % en consumo de combustible.
Conclusiones: Con el uso del banco de pruebas digital de solución de problemas, se redujo la cantidad
de operarios necesarios y los tiempos de revisión y valoración de la GCU, lo cual representa una disminu-
ción en los gastos en combustible. Su facilidad de transporte del banco permite revisión de las aeronaves
fuera de los hangares del Batallón de Mantenimiento, pero se debe contemplar la implementación de un
puerto USB para almacenar los informes.
Palabras clave: Aeronáutica, aviónica, aeronave, Beechcraft King, GCU, banco de pruebas, solución
de problemas.
Agradecimientos: Al Batallón de Mantenimiento de Aviación No. 1 del Ejército Nacional de Colombia
y la Escuela de Aviación por su contribución y colaboración en el desarrollo del prototipo. Este proyecto
fue financiado por la Dirección de Ciencia y Tecnologı́a del Ejército Nacional de Colombia, bajo código
interno No. 118315.
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1. Introduction

Nowadays, the First Aircraft Maintenance Battalion (BAMAV No. 1) must periodically test the
performance of the Generator Control Unit (GCU) of its Beechcraft King Air B200 series aircraft
(BB006, BBT002, BB1152, BB 1615, B-300-FL 713 B350, FL 454, and C-90). These tests are
based on the protocols defined within the maintenance manual for this series’ ATA 24 [1]. This
manual specifies the use of a test bench that allows the operator to take 16 measurements of voltage
and resistance at different electrical points of the GCU. The test requires the aircraft’s engines to be
at 70 % power and the GCU to be connected to the test bench in order to take measure each of the
16 channels. The test takes approximately two hours (the average time it takes the operator to mea-
sure the voltage and resistance), where the engines must be cycled on and off until the end of the
test, which means high fuel costs. Table I shows the reported fuel consumption values in GCU tests.
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Table I. Reported fuel consumption in GCU fuel tests.

Aircraft Amount
(Gal/h)

Consumption in tests
(Gal/h)

B-200
88 123,2

200
B-350

88 123,2
B-300
C-90 74 103,6

∗These values correspond to the records of the First Aircraft Maintenance Battalion when testing the King 200, B200, 300, 350 and C90 aircraft.

Data collection from each test is carried out according to the pre-established format for GCU tes-
ting of the BAMAV No. 1, and the information is stored in each aircraft. For taking measurements,
the bench integrates a multimeter with an annual calibration certificate, where the operator selects
the unit of measurement and the option of measuring voltage or resistance. Due the importance
of GCU troubleshooting tests, the Military Aviation Research Group of the Army Aviation School
(ESAVE) and the technical personnel of the BAMAV No. 1 identified the following difficulties ma-
king the troubleshooting protocol measurements for the GCU of the Beechcraft King Air aircraft:

a) the GCU unit of the aircraft is in a difficult access location, since it is necessary to lift part of
the aircraft floor to reach it;

b) the test bench proposed by ATA 24, forces the operator to assume uncomfortable and non-
ergonomic positions with the use of the multimeter for measurement;

c) channel selection in the GCU troubleshooting bench and multimeter operation requires the
operator leave the unit’s location, forcing the support of an additional technician to perform the
test; and

d) the approximate time for carrying out the test largely depends on the agility and maneuverabi-
lity of the measuring instrument by the operator.

Therefore, the design of a digital portable bench was proposed for the GCU troubleshooting tests
of this aircraft series. This device would automatically select channels, test the GCU, interpret the
acquired information, and generate technical reports of the tests, with the support from a server be-
longing to the Aircraft Maintenance Battalion. The bench reduces the fuel consumption, time, and
personnel required to carry out the test, in addition to improving the technical personnel’s occupa-
tional health and safety by standardizing and optimizing maintenance processes and improving the
traceability of GCU inspection processes.

2. Technological search
To find development references for this type of test bench aside from those by the ATA 24 manual,

a technological search was carried out with the help of the Intellectual Property department of the
Directorate of Science and Technology of the Colombian National Army. The search was carried
out in the main databases for consulting patents and projects, which contains the databases of the
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Colombian Superintendence of Industry and Commerce, the United States’ USPTO, the World
Intellectual Property Organization (OMPINIPO), the European companies Epoline and Espacenet,
and the Chinese SIPO GOV. As a result, no pre-exsisting products or projects were found. However,
this section describes some of the technological developments that have been implemented to solve
GCU problems in this aircraft series.

2.1. Testing and evaluating electric generator sets

The Method and Apparatus for Automatically Testing and Evaluating Electric Generator Sets
with patent number US5949247A consists of a fault detection system through the consumption
detection and monitoring under the voltage and current standards in a feedback system where the
information is analyzed. Then, when the the normal operating parameters of the generator deviate
from the standard and enter a zone of possible risk or malfunction, the system determines what the
failure could be from the variable that reported the deviation [2]. This bench is useful for AC sys-
tems related to electric generators, but it does not directly involve the GCU; it depends on operator
control signals, and its operability relies on under digital signal. Furthermore, its sampling fre-
quency depends on the maximum frequency within the generator system. This patent lacks control
points or power lines that handle 3 signals to analyze (impedances, voltages, and currents).

2.2. GCU Test Box in the ATA 24 KING 200 Aircraft Maintenance Manual

The ATA 24 Beechcraft King C-90, 200, B200, 300, and 350 aircraft maintenance manuals propo-
ses a test box to perform the GCU troubleshooting test. It has a contact knob with which each of the
16 measurement points of the control unit can be selected. The operator, aided by a multimeter, and
according to the measurement procedure, must select the variable, start the motors, operate on and
off cycles, and take the measurement on the test box. Using this test bench, the estimated procedure
time is 2 hours with engine ignition cycles at approximately 70 % power. Once the measurements
have been carried out, the information acquired is analyzed by a specialized technician (different
from the operator) who determines whether the component is in operating conditions or if, on the
contrary, it must be replaced and repaired. The voltages, currents, and impedances table, as well as
the GCU verification procedure are set out in the ATA 24 aircraft maintenance manual [1]. Howe-
ver, the conditions under which the test is performed and its times make it necessary to develop a
test bench for the GCU to facilitate the procedure.

2.3. Partial discharge detection, location, and interpretation

This invention registered under patent number ES2372021T3, a device for the detection, loca-
tion, and interpretation of a partial electric shock. To this effect, it is made up of 2 measurement
probes and a synchronization probe, where the electrical equipment is diagnosed from the phase
of the detected signals, which allows assessing damage to the electrical insulation, among other
considerations [3]. Although the project requires a control unit and use under certain conditions, it
could be adapted to aeronautical electrical systems. However, this device was not proposed in the
context of a troubleshooting bench, and it is therefore not applicable for use in the Beechcraft King
aircraft’s GCU.
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3. The electrical system of the Super King Air 200 aircraft
The Super King Air 200 Series aircraft are a family of twin turboprop aircraft designed and

produced by Beechcraft. Its direct current electrical system is made up of two generators connected
in parallel, a battery, a panel of DC components, and a connector for an external plant, as seen in
Fig. 1. It should be noted that, as part of the continuous fleet modernization by the National Army
the inverters that are part of the manufacturer’s original aircraft were removed. The aircraft’s

Figure 1. Electrical system of the Beechcraft King Air [1]

primary electrical system is a 30 VDC generator system, regulated to 28,25 ± 2,5 volts, and it has
a capacity of 250 amps to supply current to the main distribution bars (hot battery bus, main battery
bus, left generator bus, right generator bus, isolation bus, No. 1 dual fed bus, No. 2 dual fed bus,
No. 3 dual fed bus, No. 4 dual fed bus). The airship’s electrical diagram can also be seen in Fig. 2.

3.1. Generator Control Unit (GCU)
The Engine-Generators are controlled by the GCU. These units are located in the front of the

aircraft, specifically below the main mast aisle. During normal operation, each voltage regulator
monitors the engine-generator’s voltage output and controls the produced electromagnetic field to
maintain a constant load under variable operating conditions such as changes in speed, voltage, and
temperature of each motor.

Among the main functions of the GCU are:

• Relay control.

• Regularly measuring and controlling voltage in the generators.

• Checking the connection and disconnection in parallel between generators.
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Figure 2. General electrical diagram of the Beechcraft King aircraft [1]

• Measuring reverse currents.

3.1.1. Relay control and voltage regulation

The GCU monitors the starter motor output voltage and controls the coils excitation fields, thus
maintaining a constant voltage load that allows supplying electric current to each component under
variable engine operating conditions. For the control unit to regulate the motors, it must be main-
tained at a residual voltage. This is obtained from generator terminal B and must be between 0,5 to
1,2 VDC.

3.1.2. Control of parallel connection and disconnection between generators

It is carried out with all the input terminals of all the connected devices coincide with each other,
as well as their output terminals. The operation of an equalizer circuit is necessary to distribute
equitably all loads connected to the aircraft. The voltage regulators are interconnected and employ
the LH and RH relays in parallel, energized by the reverse current relays.

3.1.3. Reverse current relays

When the generator fields are excited for some reason or when the generator is below the mini-
mum point and positive charge cannot be maintained, the generator requests, through the reverse
current relay, a load to the aircraft busbar “Main Batt Bus”, which is connected to the battery. This
reverse current relay is a normally open electrical device that, being magnetically switched, allows
the passage of current from the battery to the aircraft components. However, were the above to
happen, the aircraft would enter an emergency condition and have to land immediately. The measu-
rement of reverse currents allows the protection of the connection line of the generators. Its function
is to measure the voltage and current that pass through the line. If the voltage is high (greater than
32,5 VDC), this will open the internal contact of the relay that will disconnect the generator.
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4. Methodology: bench design

The test bench design and development were carried out according to an Integrate, Innovation,
Process model (IIP) for the development of aviation technology innovation projects: which in-
volves active project management for risk mitigation in a research project portfolio [4]. Thus, as
science and technology have become a trend of convergence in the aeronautical sector, projects
have become large, complex and which is why they must be rapid, reasonable, and objective to be
successful [5]. This model makes use of the activities provided by standards and methodologies for
projects that seek to generate innovation in products for the aeronautical sector. To this effect, the
5 phases of the model, which can be seen in Fig. 3, were used [6].

Figure 3. IIP Integrated Model Phases for the development of aviation technology innovation projects [6]

The model was applied correctly in every phase of the study case project, and its use assured
quality procedures with the implementation of its different tools. The evaluation of the model also
verified product innovation, which was a structural focus in this case. Therefore, the model can be
considered as an integrated IIP model that goes beyond product development because it permits the
generation of new knowledge and new business models in advanced maturity phases, as well as in
future commercialization.

4.1. Idea identification

The BAMAV No. 1 and ESAVE have implemented innovative practices in the development of
their activities, which is part of the articulating axis of the Colombian National Army’s institutional
transformation plan [7]. Therefore, no effort has been spared in improving maintenance processes,
identifying the parts of aircraft engines considered considered to have a high turnover in the wa-
rehouse. For this specific exercise, the aircraft’s GCU, the spark plugs, and the ignition elements
subsystem are individualized [8], [9]. The identified ideas must supply the need to optimize main-
tenance processes, automating the GCU troubleshooting tests in compliance with those in the ATA
maintenance manual.
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4.2. Product definition
In this phase, a conceptual approach to the GCU operation and its troubleshooting test proto-

cols in the maintenance manuals was set, as well as test requirements and developer designation.
Likewise, a review was carried out on the manufacturer’s documentation and the experience of
maintenance personnel of BAMAV No. 1 provided information on the tests that are generally ca-
rried out on the aircraft. Additionally, a conceptual definition of the product, the determination
of its functional (FR) and non-functional (NFR) requirements, and its formalization were develo-
ped. Among these were automation (FR), availability (FR), security (NFR), connectivity (NFR),
resistance (NFR), aesthetics (NFR), portability (NFR), ergonomics (NFR), adaptability (FR), and
maintainability (NFR).

4.3. Product design
For the bench design, the Quality Function Deployment (QFD) and Design for Excellence (DfX)

tools were used. Then, a conceptual design was made to lay out the required product, and the system
was decomposed to relate each hardware, software, and structure requirement [6].

4.3.1. Conceptual design

The conceptual design contemplated the operation sequence (start, test, stop), understanding the
function of each operation and the actions that the elements within the bench would perform. First,
we proceeded to understand the test box circuit diagram for the GCU (shown in Fig. 2) and the
wiring diagram available in the maintenance manual for the aircraft’s ATA 24, with which the
number of channels to be measured was determined, as well as the type of contact to be used for
channel selection and connection of the measurement device.

4.3.2. Design selection

The design was selected by means of the Pugh method and by comparison with the planned
designs, this under the detailed analysis by the group of experts belonging to BAMAV No. 1 and
ESAVE.

4.3.3. Detailed design

In accordance with the information above, the parameters and electrical characteristics that the
digital bench should carry were established, and the type of relay that replaces the manual selection
of channels by the operator was selected. Likewise the type of microcontroller that controls the
opening or closing of measurement channels was determined; the EXP432P401R microcontroller
was selected, and two independent channels were established for voltage and resistance collection,
according to the procedure defined in the GCU maintenance manual. The layout of the circuit dia-
gram can be seen in Fig. 4.

It is necessary for the bench’s control interface to take the voltage or resistance data and inter-
pret and compare them with the standards for each aircraft. Therefore, 2 independent measurement
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Figure 4. GCU troubleshooting bench circuit diagram.

instruments were one for voltages, which handles the UART, RS232, RS485, USART communica-
tion protocols; and another for impedances, compatible with the LABVIEW software measurement
interface modules, and preferably with POE power in the case of using a TCP/IP 10BT, RJ45 con-
nection. The power system was established for both the computer that has the bench’s control
interface and the hardware that has the electronic circuit in charge of channel selection, in order to
take measurement, and communicate with the control interface, whose limit is the current capacity
delivered by the computer USB port that has the user interface, limiting the system to 5 V and a
maximum consumption 500 mA.

For the structural design, the minimum required space that the bench should have was defined,
taking into account the electronic circuit (hardware) and the control interface dimensions. The
design was defined under a Computer Aided Design (CAD) environment of the box containing the
devices and supporting the ports and harnesses for connection to the GCU. This design can be seen
in Fig. 5.

4.3.4. Design evaluation

The design was evaluated through ESAVE’s model contemplated for the development of aviation
technology innovation projects , where the DfX is specified as a tool for evaluating quality and
decomposition of the product through design for manufacturing (DfM) [6].
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Figure 5. Detailed design bench front.

4.4. Development

The construction phase included the structure manufacture, hardware, software, and the integra-
tion of these two through the previously defined communication protocol.

4.4.1. Hardware development

The previously designed elements such as the box containing the test bench, the electronic board,
and the power module were integrated into the hardware development. The electronic board and
the computer that contains the bench’s control interface were made based on the previous struc-
tural design. Likewise, the structural manufacture was limited to the Aircraft Battalion body of
technicians and engineers observations, concerning the material, protection index, and thermal and
electrical insulation. All hardware was developed by engineers of the research group in military
aviation, which belongs to ESAVE. It was necessary to design four test bench models and evaluate
them using the Pugh method and innovation indexes (automation, availability, security, connecti-
vity, resistance, aesthetics, portability, ergonomics, adaptability, and maintainability).

4.4.2. Software development

In this stage, the communication protocol programming on the microcontroller (UART) was deve-
loped, which determines the measurement channels using a reception code for selection. This code
is transmitted by the portable electronic device. Once the communication protocol was determined,
and the microcontroller in charge of interpreting and executing the activation of the 16-channel
relay (one at a time) and the measurement (voltages or impedances) was selected. It was developed
in C ++ language, the software that takes care receiving the communication frame, according to
the protocol table, where the message type is identified for the activation or closure of the different
relays, as well as the name or numerical hardware identification in charge of executing the orders
and the software that issues the control sentences. For the GUI development, National Instruments’
popular LabVIEW® development software package was used for testing, measurement, and control
applications.
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4.4.3. HW/SW integration

The integration was performed with the code installation on the mobile device of the user interface
that allows controlling the test sequence, data acquiring and processing, and saving the reports.
This interface that includes the channel manual selection and measurement type, in case the bench
operator needs to know specifically the voltage or impedance of a specific channel, as well as
an automatic option that tests all 16 channels according to the procedure established in aircraft
maintenance manual, section 24-00-31. In the software, a database must be integrated that includes
the standard measurement parameters of each channel, both for voltage and impedance, where the
obtained measurement is compared with the standard measurement for each channel to determine
the GCU unit use or replacement, detailing the channels result, aircraft identification, and test
date and time. At the troubleshooting test end, the software delivers a report with the information
previously described in PDF format. The final graphical interface can be seen in Fig. 6.

Figure 6. Graphical User Interface.

4.4.4. Structural assembly

The structure and materials of the bench were approved by the Aircraft Battalion No. 1. In this
stage, the assembly of harnesses, connectors, electronic board, and the computer was carried out.
At first, it was necessary to carry out the fastening of the connectors, harnesses, power button, and
110 VAC power input, followed by the installation of the electronic board and the computer that
supports the control interface. Fig. 7 shows the result of the assembly.

4.5. Validation
For the validation process, the prototype was provided to BAMAV No.1 so that tests could be

carried out, together with technical operators, on the available Beechcraft King C-90, 200, B 200,
300 and 350 series aircraft. The maintenance manager was asked to elaborate a technical report to
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Figure 7. Test bench assembly (final result)

validate the bench results, and he was asked to make tests for troubleshooting with the test bench
established by the ATA manual, in order to compare resource use and time between the created
bench and the current measurement protocol. The approval criteria were:

A. Field tests: a test plan was made with the Beechcraft King C-90, 200, B 200, 300 and 350
aircraft GCU under operating conditions in maintenance shops. To check this, the maintenan-
ce personnel was allowed to make final adjustments and correct the generated noise in the
signals and other disturbances. Also, conducting the tests serves as an instrument to verify
compliance with the requirements set out in the initial phase.

B. Test results analysis: the sequential behavior and the individual restart of each test allows
visualizing the impedance and voltage values. As evidenced by the maintenance manager
technical report, this ensures the validity of each test.

C. Innovation analysis: using the integrated IIP model made it possible to verify the innova-
tion of the product. In this case, the project had a structural approach, going beyond product
development, thus allowing the generation of new knowledge and the optimization of or-
ganizational processes [10]. The innovation indexes evaluated was the process automation,
availability, security, connectivity, resistance, aesthetics, portability, ergonomics, adaptabi-
lity, and maintainability.

5. Results and discussion
Once the troubleshooting digital test bench for the Beechcraft King C-90, 200, B 200, 300 and

350 aircraft’s GCU was developed and approved by the Department of Avionics of the First Aircraft
Maintenance Battalion, the development was delivered to BAMAV No. 1, for certification and
implementation.

5.1. Channel isolation and channel selection
The tests confirm that the test bench measurement channels are duly isolated from each other,

allowing the measurement to be taken on each channel independently without affecting or altering
the others. Moreover, the equalizer test in the active state places the channels G and E in direct
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contact (impedance equal to 0,00 ohms, ruling out the measurement line impedance) as specified
for this test in the ATA 24-30 manuals. [1]. Table II shows the impedance values greater than 10
MΩ for each of the channels when the references (REF) are A, B, C, D, E, F, G, and H. The rest
of the channels must be in open circuit. The Fig. 8 shows a measurement channel “A”; once in the
ConFg section, it establishes a short circuit between the “G” ground ports and the “A” port of the
connector.

Figure 8. GCU troubleshooting bench, measure channel “A” example

Table II. Impedance values in voltage test (channels A, B, C, D, E, F, G, H).
CH Aa Ba Ca Da Ea Fa Ga Ha

Ab REF > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Bb > 10 MΩ REF > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Cb > 10 MΩ > 10 MΩ REF > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Db > 10 MΩ > 10 MΩ > 10 MΩ REF > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Eb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ REF > 10 MΩ > 10 MΩ > 10 MΩ
Fb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ REF > 10 MΩ > 10 MΩ
Gb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ REF > 10 MΩ
Hb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ REF
Jb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Kb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Lb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Mb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Nb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Pb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Rb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Sb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ

aThese values correspond to the test channels (A, B, C, D, E, F, G, H, J, K, L, M, N, P, R, S).
bThis column corresponds to the impedance test channels (A, B, C, D, E, F, G, H) labeled as REF.

Table III shows the impedance values greater than 10 MΩ for each of the channels when the
references (REF) are J, K, L, M, N, P, R, and S. The rest of channels must be in open circuit.

5.2. Voltage and impedance measurement tests

The ATA manual states that the voltage measurement ratio for the GCU troubleshooting process
is 1 % or 0,01 V. According to this parameter, the test bench complies with the measurement (0 V,
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12,5 V, 18,5 V, 28,5 V) and resolution parameters established by the manufacturer. Additionally, the
voltage measurement acquired by the bench is compared with a voltage source (10894 calibration
certificate (MPL3303 S / N D02200602982)) with a digital voltmeter (10794 calibration certificate
(ET-2907 S / N 80200239)), with calibration certificates of less than one year, thus validating that
the measurement is within the expected real parameters. In Fig. 9 the control graph of the voltage
results from taking protocol for 4 measurement standards clearly the Ground Channel G has 0 V.

Table III. Impedance values in voltage test (channels J, K, L, M, N, P, R, S).
CH Ja Ka La Ma Na Pa Ra Sa

Ab > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Bb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Cb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Db > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Eb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Fb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Gb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Hb REF > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Jb > 10 MΩ REF > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Kb > 10 MΩ > 10 MΩ REF > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Lb > 10 MΩ > 10 MΩ > 10 MΩ REF > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ
Mb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ REF > 10 MΩ > 10 MΩ > 10 MΩ
Nb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ REF > 10 MΩ > 10 MΩ
Pb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ REF > 10 MΩ
Rb > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ > 10 MΩ REF

aThese values correspond to the test channels (A, B, C, D, E, F, G, H, J, K, L, M, N, P, R, S).
bThis column corresponds to the impedance test channels (J, K, L, M, N, P, R, S) labeled as REF.

Figure 9. Voltage result for standard values (0 V, 12,5 V, 18,5 V, 28,5 V)
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5.3. Resource use (time, personnel, fuel)
Under laboratory tests and aircraft impedance reading tests, the GCU review can be carried out in

just 5 minutes, which, in addition to the time it takes to generate an engine cycle (engines at 70 %,
on and off), executes the entire test in just 26 minutes, with a time reduction of 81,6 %, requiring
only one technician to connect the bench and run the test. The reduction in fuel consumption when
performing the GCU troubleshooting test is directly related to the reduction in time, which allows
obtaining a final consumption of JET A1 fuel of 43 gallons (average according to the aircraft
analogue indicator), which represents an 86,66 % decrease in fuel.

5.4. Technical concept
Considering the technical concept of BAMAV No.1 regarding the prototype validation and ac-

cording to the results, it is determined that the troubleshooting digital portable test bench for the
Beechcraft King aircraft’s GCU (Generator Control Unit) is a functional and fully operational pro-
totype for the troubleshooting procedure ordered by the aircraft series’ maintenance manual.

5.5. Financial evaluation
The approximate development cost is approximately US$ 3108. With the conventional measure-

ment process, approximately 246,4 gallons of Jet A1 fuel are used, which corresponds to US$ 377,
whereas, with the developed test bench, the consumption is 43,12 gallons (US$ 65). Therefore, it
is economically convenient to use the test bench maintenance activities.

6. Conclusions
The procedure for taking measurements on the 16 lines of the GCU connector established by the

maintenance manual of the series of aircraft in question involved uncomfortable and non-ergonomic
maneuvers for the technicians. Thanks to the new digital test bench development, it only requires
the connection of measurement harnesses by the operator, significantly improving the comfort of
the technician when carrying out this type of tests.

Once the digital bench completes the troubleshooting test, a report is generated comparing the re-
sult obtained with the standard established for the aircraft for each of 16 channels, which facilitates
and allows the operator to determine which channel is defective and the voltage deviation or resis-
tance as a detected fault result. As a suggestion for future implementations or improvements to the
developed bench, the the technical staff of the Maintenance Battalion recommends repositioning
the HMI component to the front of the case, and enlarging the screen to 15 inches to facilitate the
reading of the measurements manipulate the control interface more easily.

Due to the bench’s mobility, GCU reviews can be carried out outside the Maintenance Battalion
hangars (operations area). However, it is recommended to implement a USB port in the future,
to store the final report obtained through the bench in an easily transportable magnetic medium,
since the bench currently stores this information on its local disk and in the cloud when an internet
connection is available.
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i
i

i
i

i
i

i
i

C. Cabrera • F. Garay • I. Arango • O. Gómez
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Abstract

Context: The collection and storage of data on environmental variables in a coffee crop, through wire-
less sensor networks allow the transformation of said data and the application of a supervised learning
model to establish its behavior.
Method: For the present work, an architecture of 3 wireless sensor nodes was developed. Each node
consists of a Lucy3 programmable card, to which the temperature, environmental humidity, and soil
moisture sensors were connected. The measurement terrain is located in El Cortijo coffee farm. Mea-
surements were made over a period of two weeks, three hours a day, sending the information from the
nodes described above to a gateway that then transmitted the information to a base station. Finally, the
data was loaded on an online platform for transformation and predictive analytics through a supervised
learning model.
Results: The tests allowed demonstrating the effectiveness of the design of the wireless network in the
collection and transmission of data. It was later found that the application of the supervised learning
model through the analysis of classification with decision trees allowed predicting the behavior of the
variables, which were evaluated in specific time frames and conditions.
Conclusions: By applying predictive models, the conditions of the crop can be improved, allowing the
yield of the analyzed variables to be optimized, thus minimizing the loss of resources and improving the
efficiency of processes such as sowing and harvesting the grain.
Keywords: wireless sensor network, supervised learning model, precision agriculture, decision trees
Language: English.
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Resumen

Contexto: La recolección y almacenamiento de datos sobre variables medioambientales en un cultivo
de café mediante el uso de redes inalámbricas de sensores permiten transformar dichos datos y aplicar
un modelo de aprendizaje supervisado para establecer su comportamiento.
Método: Para el presente trabajo, se desarrolló una arquitectura con 3 nodos sensores inalámbricos.
Cada uno consistı́a en una tarjeta programable Lucy3, a la cual se conectaron sensores de temperatura,
humedad ambiental y humedad del suelo. El terreno de medición se encuentra ubicado en la finca de café
El Cortijo, y las mediciones se realizaron durante un perı́odo de dos semanas, tres horas al dı́a, enviando
la información de los nodos descritos anteriormente a un Gateway que luego transmitió la información
a una estación base. Finalmente, los datos se cargaron en una plataforma en lı́nea para transformación y
análisis predictivo a través de un modelo de aprendizaje supervisado.
Resultados: Las pruebas realizadas permitieron demostrar la efectividad del diseño de la red inalámbri-
ca en la recolección y transmisión de datos. Además se encontró que la aplicación del modelo de apren-
dizaje supervisado a través del análisis de clasificación con árboles de decisión permitió predecir el
comportamiento de las variables evaluadas en plazos y condiciones especı́ficas.
Conclusiones: Mediante la aplicación de modelos predictivos se pueden mejorar las condiciones del
cultivo, lo que permite optimizar el rendimiento de las variables analizadas, minimizar la pérdida de
recursos y mejorar la eficiencia de procesos como la siembra y la cosecha del grano.
Palabras clave: redes de sensores inalámbricos, modelos de aprendizaje supervisado, agricultura de
precisión, árbol de decisión
Idioma: Inglés

1. Introduction
Farming has been established as one of the areas where wireless sensor networks (WSN) have

been implemented with great acceptance and success.

This kind of technology aids in the reduction of water consumption and the use of pesticides
and fertilizers, as well as favoring the preservation of ecosystem. Additionally, it allows generating
alerts about the arrival of frost, floods, fires, etc. Precision agriculture covers multiple practices re-
lated to the management of crops, trees, flowers, plants, livestock, among others. [1]. In this sense,
an important agricultural sector in our country, such as coffee, can work closely with technology
and provide a new vision and projection towards agricultural productivity. On the other hand, it can
generate innumerable benefits destined to increase the performance of production processes and
optimize the final result of the harvested products.

Among the most interesting applications of precision agriculture is pest and disease control. By
means of strategically located sensors, a number of parameters can be monitored, such as tempe-
rature, relative humidity, soil moisture, leaf temperature and humidity, and solar radiation, among
others, in order to quickly detect adverse situations and establish early treatments. The great ad-
vantage of using this technology is early detection and the optimal application of pesticides only in
areas where it is really necessary [2].
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However, like all crops, coffee is exposed to a set of environmental variables such as temperature,
soild type, air humidity, rain, and the wind index, in addition to pests such as the drill bit and rust,
which end up affecting grain quality and production [3].

Colombia is known for producing the best soft coffee in the world. One of the statistics that most
worries coffee growers and the guilds in charge of their commercialization are grain exports. If you
look at the last year in coffee production (as of March, 2020), Colombia reached 14.3 million bags.
Likewise, The Federation’s statistics show that when comparing the periods from October, 2018
to March, 2019 with October, 2019 to March, 2020, which corresponds to a section of the coffee
year, the harvest is 6 % higher. “From the point of view of the price of coffee, we are in a histori-
cal moment, but with some important challenges in the harvest, which implies what will come in
the future on the subject of coffee with the arrival of this pandemic”, Added Vélez, who stressed
that, in the midst of the quarantine, the consumption of this product in Colombian households has
increased by 25 % [4].

Currently, with information and communication technologies, significant advances have been
made in the collection, analysis and distribution of information related to the state of the weather,
monitoring of environmental variables, and biodiversity studies, among others. This information
has different purposes, such as the digital preservation of data, its graphic representation, and the
modeling of weather patterns. Some initiatives focus on improving the people’s quality of life by
obtaining and estimating factors that affect the human environment, for example, infrastructure and
transportation, agriculture, and data on the biodiversity of the observed site, among others [5].

That is why there are innumerable drawbacks when optimizing harvesting and production proces-
ses, since this sector has not received the necessary attention for many years. Our country has great
agricultural potential, but government support is scarce or nonexistent, in addition to other factors
such as the high price of inputs and fertilizers and the high rates at which money is lent to coffee
growers. These conditions end up discouraging investment in grain harvesting and cultivation pro-
cesses. Therefore, it becomes evident that, with the rise of new technologies, industrial processes
in fields such as agriculture can be improved and automated.

Taking the landscape described above as reference, a collection of data on the main environmental
variables that are significant in the cultivation of coffee in a specific land area is proposed. This
is carried out by means of a wireless sensor network (WSN Through a wireless sensor network
(WSN). Then, later said data will be uploaded to a cloud computing platform (Ubidots), where the
data sent by the sensor nodes will be received. As a final stage, the data will be uploaded through
CSV files generated by Ubidots to the BigML platform, where a supervised learning model will
be applied to evaluate said information using decision trees. This valuable information will allow
coffee growers to establish and predict the behavior of environmental variables such as temperature,
soil moisture, and relative humidity, in order to make decisions regarding the allowed parameters
vs. the collected information, in addition to considering said information as danger factors in the
development of diseases or factors that represent hazards to crops and that have a direct impact on
processes like harvesting and the preservation of natural resources.
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2. Materials and methods

2.1. Research methodology
For the development of this research, the following phases have been proposed:

1. Design and configuration of the WSN: In this phase, the logical and physical design of the
sensor network is carried out. In the logical design phase, the network design is designed
according to the selected topology, a star, in this case, since it is the most efficient topology
with a fast implementation speed. Next, in the physical design phase, each of the devices will
be located in their designated place. Finally, the configuration of each of the sensor nodes
with their respective measurement and communication elements is carried out; the Gateway
and the base station are configured to act as intermediaries between the data sent by the
sensors and the cloud platform.

2. Collecting and sending data: The data collection tests will be carried out through the dif-
ferent nodes and its sensors. The data is then sent to the Gateway and from there to the base
station. Thus, the continuity of the information and the appropriate format are verified.

3. Sending data to the IoT platform: The data is sent from the base station to the Ubidots
platform.

4. Uploading data to the Machine Learning Platform: Once the data is uploaded to the Ubi-
dots platform, a CVS file is downloaded which contains the information sent by the sensor
nodes. This file is uploaded to the BigML machine learning platform, and it will be our input
for data analysis phase.

5. Data transformation and model application: Once the CSV file is loaded on the BigML
platform, the dataset is created. Then, a field is taken as a pivot to serve as reference for the
model, and the supervised model is applied through classification with decision trees. The
model is then launched, and the confidence percentage associated with the predictive model
is evaluated. Finally, we determine whether the model meets the initial expectations. Fig. 1
shows the phases in which the research has been structured.

2.2. Architectural design of the system
A WSN is a network consisting of distributed autonomous devices, which uses different kinds of

sensors to monitor physical or environmental conditions. This kind of system incorporates a Ga-
teway, which provides wireless connectivity as a complement of wired networks and distributed
nodes. The selected wireless protocol depends on the application requirements. Some of the avai-
lable standards include 2,4 GHz radios based on IEEE 802.15.4 or IEEE 802.11 (Wi-Fi) standards
or proprietary radios, which are regularly 900 MHz [6].

The proposed architecture for the development of the WSN system consists of three sensor no-
des [7], each consisting of a Lucy 3 programmable card, connected to temperature, environmental
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Figure 1. Phases of the research proposed for the development of the project.

humidity, and soil humidity sensors. These nodes is at a distance of 100 m from each other, cove-
ring a total area of 300 m2 of coffee cultivation. The nodes also communicate wirelessly through
the ZigBee protocol with the Xbee modules. The architecture of the proposed system can be seen
in Fig. 2.

Figure 2. Architecture of the wireless sensor network and Cloud platforms.
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The Gateway is responsible for coordinating and communicating the sensor nodes with the base
station through the 802.3 standard. Finally, the data collected by the sensors is sent to a central
unit or base, where it will then be uploaded to the cloud platform (Ubidots), which is in charge of
receiving the information from the base station to store and processing it. Subsequently, a CSV file
is downloaded from the platform. This input is uploaded to the BigML platform, where it will go
to the information analysis phase and the application of the supervised learning model, which will
allow decision-making regarding the behavior of the environmental variables in the crop and their
respective corrective measures. Table I shows the different measurement ranges of the TEGR-101
soil moisture sensor [8].

Table I. Dryness or humidity conditions measured by the TEGR-101 soil moisture sensor.

Soil Condition % Humidity Output Voltage
Dry 10 % 40 mV

20 % 400 mV
30 % 1,08 V

Wet Medium 40 % 1,80 V
50 % 2 V
60 % 2,32 V

Damp 70 % 2,40 V
80 % -
90 % -

100 % -

For the communication section between sensor nodes and the Gateway, we found several stan-
dards that meet the necessary characteristics and conditions, but the ZigBee 802.15.4 protocol or
standard was selected, mostly due to economic factors. The ZigBee Alliance (ZigBee Alliance) [9]
consists of an association of industries that work together to develop standards and products. Zig-
Bee is the name of the specification for a set of high-level wireless communication protocols for
use in low-consumption digital broadcasting applications based on the IEEE 802.15.4 standard for
wireless personal area networks Network or WPAN). ZigBee technology is integrated into a wide
range of products and applications for commercial, industrial, and government consumers.

The implementation of the WSN will be carried out in a 300 m2 area of a coffee crop in El
Cortijo farm, located in the town of Pueblo Tapao, a district of Armenia (Quindı́o). Table II shows
the description and physical characteristics of the terrain.

2.3. Internet of things and machine learning platforms

For the development of this research we used two Internet platforms with different purposes:

1. Ubidots, an Internet of Things (IoT) platform in charge of managing the information received
by each of the sensor nodes.
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2. The BigML platform, a machine learning platform, in charge of receiving the data in a CSV
file, transforming the loaded data into its own DataSet for a subsequent analysis through the
application of a supervised model, namely a classification model based on decision trees.

Table II. Physical description of the farmland.

Characteristics Description

Location:
Sidewalk “La Marı́a” 5 km from the city of
Armenia and 1,0 km from Pueblo Tapao.

Average Temperature: 19-22 °C
Cultivation Area: Half a hectare
Type of Crop: Arabic Coffee

2.3.1. Ubidots (IoT platform)

Ubidots is a production-ready cloud for data collection, analysis, and visualization. This platform
has advantages that make it stand out from the rest. Among the main features, there is an API and
protocols that can be connected from any hardware to the Ubidots cloud through HTTP, MQTT,
TCP, UDP or Parse (custom protocol).

Regarding the presentation board, data can be analyzed in real time because the platform creates
pictures. Therefore, the devices and the information they collect can be controlled. Additionally,
the platform has a user management feature, which helps organize permissions and restrictions
depending on the operator or end user. Other features are sensor communication (input/output),
API creation, extended monitoring, and data analysis of API applications of all kinds. On the other
hand, its data storage depends on the acquired plan, back-end possibilities, and daily visualization
of the stored data. The data output is called scheduled reports and is delivered in PDF or Excel
formats. A delivery can be scheduled for anyone who needs it. In Fig. 3, the different services
offered by the Ubidots platform are shown [10].

Figure 3. Services offered by the Ubidots platform.
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2.3.2. BigML platform

This working environment offers a platform to build and share datasets and models in the form
of machine learning as a service (MLaaS). Consequently, BigML is a proposal to make machine
learning understandable to users.

BigML manages to exploit the benefits of existing cloud solutions. For example, it allows data
import from AWS S3, MS Azure, Google Storage, Google Drive, Dropbox, etc., which benefits
developers because public cloud infrastructures could have become a basic need, that is to say, a
solution for the providers of various services.

Also, as it is solely focused on machine learning, BigML offers a comprehensive set of features,
all well integrated within an interface where the user can load datasets, train and evaluate models,
and generate new predictions, one by one or in batches. It contains a wide gallery of datasets and
free models to probe, organized in categories, in addition to being accessible to the public. It also
contains algorithms for Educational Clues, as well as grouping and selection to create high-quality
models [11]. In Fig. 4 the data transformation process can be observed.

Figure 4. Process of loading and transforming data on the BigML.

2.4. Machine learning models

Machine learning [12] involves coding models that automatically adjust performance to agree
with the presented data. This kind of learning is achieved through a model where the parameters
are automatically adjusted according to certain performance criteria. Machine learning can be con-
sidered a subfield of artificial intelligence (AI), and it can be classified into the following application
models:
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1. Supervised learning: it consists of algorithms that learn from a set of training examples,
to generalize and label all possible inputs to the set. As technical examples in supervised
learning, we have logistic regression, support vector machines, decision trees, random forest,
etc.

2. Unsupervised learning: it consists of algorithms that learn from an unlabeled training set.
Examples of this type of learning are used to explore data according to some statistical, geo-
metric or similarity criteria. Unsupervised learning is present in k-media grouping, grouping,
principal component analysis, association detector, anomalies, etc.

3. Reinforcement learning: it consists of algorithms that learn through the reinforcement of
criticism. It provides information on the quality of a solution, but not on how to improve it.
Improved solutions are achieved by iteratively exploring the solution space.

The following phases were applied in the project:

1. Data understanding: in this phase, the analysis of data from coffee cultivation was carried
out, all the information was correlated with the experiences of coffee growers.

2. Data preparation: for this phase, it is important to review the data, refine it, find inconsisten-
cies, create, and verify the variables that are repeated.

3. Selecting the variable homogenization technique: in this phase, the most important variables
of the coffee crop to be measured were identified. In this case, some variables that are not
easy to measure due to cost issues were discarded. One of the discarded variables was the PH
measurement, despite its importance.

Figure 5. phases applied to the analysis of coffee cultivation data

In this section, it is important to mention that, among the different machine learning techniques,
there are also other analysis tools such as neural networks, classification trees, support vector trees,
and Bayesian classifiers, which are used to find useful information and make decisions.
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2.5. Coffee and its environmental conditions
In this section, we intend to present a series of environmental variables that were taken as a refe-

rence for the present study. These variables are of great importance in the planting and cultivation
of coffee, as well as in its future production:

1. Temperature
Optimal conditions: The optimal area for growing Arabica coffee is between 19 and 21,5 °C.
Other conditions: In cold climates, where the average temperature is below 19 °C, its pro-
duction is lower, and the harvest is distributed throughout the year. In hot climates, where the
average temperature is higher than 21,5 °C, the productive life of coffee is shorter, and the
harvest is earlier and more concentrated. Therefore, rust is more severe when it attacks, and
there is an increase in pests such as the bit or the miner [13].

2. Sunshine and cloudiness
Optimal conditions: Colombia is close to the equator and therefore receives abundant solar
radiation throughout year. The maximum values that reach the top of the atmosphere occur
in March and September and are close to 432 Wm-2. The minimums are observed between
December and January and are close to 384 Wm-2. Due to uneven terrain, there are regions
that are exposed to sunlight than others. In mountainous regions, due to horizon restriction,
the effective time of sunlight can be reduced by two hours or more. This happens, for exam-
ple, in coffee regions located in deep valleys [14].

3. Soil humidity
Optimal conditions: Soil moisture is a function of the distribution of rainfall within the crop,
planting density, leaf distribution, the evaporative demand of the atmosphere, the slope of
the land, and the physical and hydraulic properties of the soil. Currently, a variety of techni-
ques are available to measure soil moisture directly in the field, without the need to take soil
samples and alter their properties [15]. In the coffee zone, organizations such as Cenicafé
recommend a humidity of 75 to 85 %.

Other conditions: The pH (acidity) suitable for a good coffee crop must be between 5,0-6,0;
a pH of less than 4,0 results in problems of Aluminum and Manganese toxicity and Calcium
deficiencies. The crop must have adequate levels of Magnesium, Potassium, Sulfur, Boron,
Copper, and Zinc.

4. Relative humidity
Optimal conditions: It is a component of the climate that measures the relationship between
a completely watersaturated air and the amount of water vapor at a given moment. Relative
humidity is expressed in terms of percentage. Coffee is a plant that grows well in environ-
ments with humidity above 75 % without reaching full saturation. Harvesting in regions such
as the coffee axis occurs in the months with the lowest relative humidity, which facilitates the
handling of the grain [16].
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3. Discussion and results
It was determined that the Lucy 3 programmable cards in each of the sensor nodes were program-

med to receive the values sent by each of the sensors every 10 minutes, in order to send said data to
the Gateway and from there to the station base. From there, the information was sent to the Ubidots
platform, where the measured values were analyzed, and it was determined whether they were wit-
hin the established ranges. Comparisons between the received values and the allowed ranges could
be established to determine anomalous variations in said measurements. Distance tests were deve-
loped to determine the maximum range of the Xbee -Pro S2C wireless modules, to ensure reliable
data transmission without loss and signal attenuation. It was thus found that the maximum range is
within the established 100 m limit in open field. Fig. 6 shows the data from transmitted variables
being measured through the Lucy 3 platform. This information is useful because it can determine if
any data was lost or arrived without any error during the broadcast. We can see the DataSet loaded
to the BigML platform to apply the supervised model.

Figure 6. dataset transformed on the BigML platform.

Applying the supervised model with classification through decision trees, we were able to es-
tablish that, as the environmental humidity increases, the number of instances decreases, and the
soil humidity remains up to 79,69 %. In conclusion, if the humidity of the environment increases,
the soil moisture tends to decrease. In Fig. 7, we can see a decision tree taking the environmental
humidity variable as a pivot.

By loading the data on the BigML platform, different learning models could be created that
allowed us to delve into the analysis of variables such as temperature, ambient humidity, and soil
moisture. In the same way, we were able to establish different evaluations and predictions, for
example:

• As the day progresses, the ambient temperature logically increases at specific time intervals,
but the ambient humidity also decreases.
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• On the other hand, as the day passes, the environmental temperature has a greater influence
on other variables such as temperature and humidity.

• In another model, soil humidity was taken as a reference variable. It was found that, as the
temperature and environmental humidity increase, the number of instances decreased, and
soil humidity increased up to 81,16 %. In conclusion, the two previous variables are directly
proportional to soil moisture, that is, a higher temperature and relative humidity produce
drying out of the ground. In Fig 8, we can see a decision tree taking the soil moisture variable
as a reference.

Figure 7. Environmental humidity taken as reference in a decision tree.

Figure 8. Soil moisture taken as reference in a decision tree.
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A training model was executed for the reference dataset, which was measured for 24 hours, as can
be seen in Fig. 9. The measurements were made every 10 minutes and an average of 6 measurements
was obtained every hour. Once the appropriate parameter was determined by homogenizing the
data, the percentages for temperature and relative humidity were compared. According to the ML
training, it was found that the greater number of instances in the temperature variable indicates that,
if the ambient temperature increases, then the relative humidity tends to decrease. This means that
both variables are inversely proportional. Therefore, the system would indicate that it is necessary
to water the crop, since the relative humidity must be over a 75 % threshold.

Figure 9. Measurement of temperature and relative humidity for training and decision making in a coffee crop

4. Conclusions
The design and configuration of the wireless sensor network met the initial expectations; there

were no problems in collecting and transmitting data through the proposed hardware architecture. It
could be established that, among the fundamental factors in coffee crops, there is the quality of the
soil where the crop is planted, which depends on the growth rate and development of the tree, the
start of production, the quantity and quality of the itself, resistance to attack by pests and diseases,
and the duration of its productive life.

It was established that the same problem can be treated with different models of supervised lear-
ning. There are combinations of decision trees, such as the assembly of repeated samples and
random decision forests that can improve the results. Another type of model called logistic regres-
sion can also be used for the classification problem. The minimum and maximum parameters to be
reached for each of the variables such as temperature, environmental humidity, and soil humidity
were established on the Internet of Things platform (Ubidots) in order to compare them with the
measurements sent by the node sensors.
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Temperature, relative humidity, and soil moisture were found to be variables of great importance
in coffee cultivation. On the other hand, through the construction of supervised learning models,
periods of time where the temperature decreases or increases could be evinced, which allows op-
timizing processes such as irrigation. Various supervised machine learning models were built with
the purpose of evaluating the behavior of the aforementioned variables. There were two models:
one predictive and the other evaluative. Thereupon, comparisons could be made based on previously
defined patterns.
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Abstract

Context: Blindness is a physical-sensory disability that limits the ability of affected people to carry
out daily-life activities and deteriorates their quality of life. It is estimated that there are 296.000 blind
people throughout the Colombian territory.

Method: This article presents the development of an electronic baton that works with a system of
guiding lines and information points, together with an application for mobile devices. This research is
based on the quantitative method, seeking to investigate the characteristics of the device in terms of its
use. A descriptive investigation is performed which can be classified as ex post facto.

Results: As a result, a device is developed which can guide a blind person to their destination in closed
areas, although the time used for movement is greater compared to a journey with human assistance.

Conclusions: There are solutions aimed at guiding a blind person in closed spaces that achieve this goal,
although they require bulky hardware, which prevents the dimensions of the device from resembling
those of the walking sticks normally used as a tool by the blind population. This limits the natural use of
this kind of devices.

Keywords: electronic cane, indoor guide, mobile application, visual impairment
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Resumen

Contexto: La ceguera es una discapacidad de tipo fı́sico-sensorial que limita la capacidad de las perso-
nas afectadas para realizar actividades de la vida diaria y deteriora su calidad de vida. Se estima que hay
296.000 ciegos en todo el territorio colombiano.
Método: Este artı́culo presenta el desarrollo de un bastón electrónico que funciona con un sistema de
lı́neas guı́a y puntos de información junto con una aplicación para dispositivos móviles. Esta investiga-
ción parte del método cuantitativo y busca indagar sobre las caracterı́sticas del dispositivo en cuanto a su
uso. Se desarrolla una investigación descriptiva que puede catalogarse de ex post facto.
Resultados: Como resultado se desarrolla un dispositivo capaz de guiar a una persona invidente a su
destino en recintos cerrados, si bien el tiempo utilizado para el desplazamiento es mayor en comparación
con un recorrido con asistencia humana.
Conclusiones: Existen soluciones orientadas a guiar a una persona invidente en espacios cerrados que
cumplen con este objetivo, aunque requieren un hardware voluminoso, lo que impide que las dimen-
siones del dispositivo se asemejen a las de los bastones normalmente usado como herramienta por la
población invidente. Esto limita el uso natural de este tipo de dispositivo.
Palabras clave: bastón electrónico, guı́a en interiores, aplicación móvil, discapacidad visual
Idioma: Inglés

1. Introduction
Blindness is a physical-sensory disability that limits the ability of affected people to carry out

daily-life activities and deteriorates their quality of life.

The Analysis of the Visual Health Situation in Colombia 2016 Agreement 519 of 2015 by the
Colombian Ministry of Health indicates that, according to what was reported by the World Health
Organization (WHO) in their “Global Data on Visual Impairments of 2010”, the number of blind
people worldwide was 39,365 million. In the Americas (Central and South America) there were
3.211 (8 %) million blind people. Of the total number of blind people, 4 % corresponded to child-
hood blindness. It is estimated that there are 7.000 blind Colombians for every million inhabitants
(296.000 blind throughout the country) [1].

Difficulty in moving autonomously and independently is one of the most common obstacles for
people who suffer from visual impairment, a situation that, in addition to affecting their mobility,
can cause them to face problems at an emotional level, as well as work and social interaction. Ho-
wever, this population has adopted different technologies to support their daily activities; 65 % of
visually impaired people use accessible technologies for their ease of use when performing specific
tasks [2]. Figure 1 shows the percentage of people who benefit from the use of inclusive technolo-
gies, and the reasons for their use are included in the quantitative data.

In the scientific literature, while searching the databases and metasearch engines, there is back-
ground related to the following keywords: cane AND guide AND blind AND (interiors OR “closed
enclosure”). This implies a great variety of works that describe various technological solutions such
as lenses, vests, and handcuffs, among others. For the sake of agreement, only some solutions that
propose devices in the shape of a cane are listed in this article, such as the prototype of a smart
cane with sensors for people with visual and physical disabilities, developed at the State Univer-
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i
i

i
i

i
i

i
i
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Figura 1. Evaluation in quantitative criteria of the use of accessible technologies used by people with visual disabilities
and their purpose of use. Source: [2].

sity of South Manabı́ , which allows detecting obstacles from a distance by means of ultrasound
sensors [3]. At the Israel University of Technology, a folding baton with ultrasound radar and GPS
positioning was developed to monitor visually impaired people, with Bluetooth connectivity for
mobile devices and an accelerometer to verify the correct position of use of the baton. It imple-
mented an ARDUINO module, a battery, an audio device, and a battery charger module, all this
together on one PCB [4].

An interesting solution is the implementation of a cane for the blind that can detect obstacles even
above the user’s waist. This development is based on a PIC 12F675 microcontroller, an HC-SR04
ultrasonic proximity sensor, and audible and vibratory alarm elements. This device was developed
at the Universidad de los Llanos in Villavicencio [5]. At the Universidad Católica de Pereira, a
functional prototype of a smart cane was created which can help people with visual disabilities in
their movement. The prototype generates an alert in the presence of nearby objects, and it has GPS,
so that relatives or dependents can monitor the location and route of the person using the cane,
through a web application in real-time [6].

The tools described above provide solutions related to the individual’s environment and seek to
solve the prob- lem of taking the individual from one place to another using tools such as GPS, whe-
re the precision of the devices that use this technology limits their use indoors, especially having
noted that the accuracy of GPS technology for civilian applications is approximately 3 meters [7].

The article aims to propose an innovative, efficient, and economic solution to the problem of
autonomously guiding visually impaired people in closed spaces. It proposes the design and pro-
totyping of an electronic baton for an indoor guidance system for blind people, which consists of an
electronic baton, a mobile phone, a software application, guiding lines, and information points in
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barcode format. Inside the handle of the baton are the electronics, consisting primarily of a battery
charging circuit, a rechargeable battery, a microcontroller, a wireless communication module, and
an infrared light sensor inside the tip of the baton. The article aims to raise the answer to the ques-
tion: Is it possible to meet the objective of independently guiding a blind person to their destination
by implementing this kind of system?

2. Materials and methods
This research is based on the quantitative method and seeks to investigate the characteristics of

the device in terms of its use, in order to verify how the device behaves when it is used by a person
deprived of the sense of vision. Tests are carried out to validate the behavior of the device, with
the purpose of making make decisions regarding its design. Therefore, a descriptive investigation
is developed that can be classified as ex post facto, which allows identifying attributes of the elec-
tronic baton in integration with the interior guidance system during its use.

An intuitive use of the device is proposed for its development, that is to say that it must be easy to
use, that it can be used without effort, considering the way in which the blind population normally
use aid sticks, seeking the most natural use possible. Regarding the physical dimensions, the device
has similar characteristics to the aid sticks normally used by the blind population, with the purpose
of achieving a feeling of familiarity with the device, which allows easiness in its handling. For this
reason, all the electronics of the device are inside the electronic baton.

2.1. Design and modeling
Next, the proposed solution is described. Figure 2 illustrates the main components that make up

the system of guides in closed spaces for people with visual disabilities, which consists of a series
of guides (i) that create a network of routes to the different destinations within the enclosure. At
the beginning, at the end and at the intersection points of the network, there are information points
(ii) (barcodes) that can be detected through an optical sensor at the tip of the electronic baton (iii),
which is connected wirelessly to a mobile device (iv) with a software application that provides au-
dible information to the user.

Figure 3 shows the 3D design of the electronic baton (1) made with a free version of the Sket-
chup application. The electronic baton consists of a 1 cm diameter aluminum cylinder (5), which
connects one of its ends with the sliding tip (2), inside the sliding tip is the infrared light sensor (9),
positioned at a maximum height of 5 mm. This distance is justified by operation requirements of
the sensor. The sliding tip also contains a 1 cm diameter (10) sphere that facilitates movement with
the cane and is self-contained in the sliding tip that surrounds 66,6 % of the volume of the sphere,
allowing the sphere to rotate freely in all directions while remaining fixed on the sliding tip. The
opposite end of the aluminum tube connects the handle of the cane (3) that contains the electronics,
which is joined with the cover of the handle (4). This joint is fixed by coupling screws, forming
three cavities inside of the cane handle, where the recharge control system (8), the rechargeable
battery or FEM (7), and the electronic control circuit (6) are located. This arrangement allows to
connect both circuits to the FEM easily, using less wiring and allows containing the different elec-
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Figura 2. Shows a diagram of the elements that make up the guidance system in closed spaces for people with visual
disabilities.

tronic components within the handle of the cane, which results in the size of the handle of the cane
being comfortable and practically the same as those commonly used by the blind population.

Figure 4 shows the block diagram of the modules that make up the electronics of the device. It
has a recharge control system, composed of an integrated charge management module (reference
TP4056) [8], a FEM composed of a lithium-ion battery rechargeable, an electronic control circuit
composed of an Arduino module with a microcontroller (Atmega reference 328P-MU) [9], a signal
conditioning module that provides the infrared light sensor, a wireless connection module (referen-
ce HC-05) [10] that allows communication between the microcontroller, and the mobile device that
contains the orientation software application. Finally, the module composed of the infrared light
sensor (reference QRD1114) [11] is located at the tip of the cane.

Figura 3. On the left, a bottom right diagonal view of the main components of the electronic baton. On the right, a top-
left diagonal view of the main components of the electronic baton. Both figures are separated to provide information
on the construction of the device.
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Figura 4. Block diagram of the modules that make up the electronics found in the grip of the cane.

2.2. Calculations and technical considerations
The energy consumed by the modules that make up the system according to their technical spe-

cifications is summarized below:

Table I. Energy consumed by the modules that make up the system according to their technical specifications.

Device Voltage Current
TP4056 5V 150 µA

QRD1114 5V 20 mA
Atmega 328P-MU 5V 105 mA

HC-05 5V 50 mA

Below, the calculation of the total power consumed by the system is presented in Equations (1) to
(4), for which it must be considered that the system generates a load for its operation which depends
on the current or power required by each one of the elements of the system, where IP represents
the current consumed by the device with reference TP4056, IQ represents reference QRD1114, IA
represents Atmega 328P-MU, and IH represents reference HC-05.

IT = Ip + IQ + IA + IH (1)

It = 150× 10−6 A+ 20× 10−3 A+ 105× 10−3 A+ 50× 10−3 A (2)

IT = 175,15× 10−3 A (3)

IT = 175,15mA (4)
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Having determined the current consumed by the device, its autonomy can be estimated, conside-
ring the fact that, to maximize the useful life of the battery, discharges below 80 % of its maximum
capacity (2.600 mAh) should be avoided, so the battery can only supply 4/5 of its capacity, that
is, 2.080 mAh. In Equations (5) to (8), the calculation of the autonomy of the device in hours is
represented by variable A(H), and the capacity of the battery is represented by CB.

A(h) =
80%(CB)

IT
(5)

A(h) =
0,8× (2600mAh)

175,15mA
(6)

A(h) =
2080mAh

175,15mA
(7)

A(h) = 11,87 h (8)

2.3. Tests
Before carrying out the tests, the participants (students of the TOOLS research hotbed of the

AXON research group) were told how the system worked. They were also instructed in how blind
people normally use the cane as a support tool in their movements.

During the development of the electronic baton, two types of tests were carried out. The first tests
aimed to determine the frequency of movements of the baton to provide a reference to the user to
effectively follow the guiding line, starting from the average time with which the user moves the
cane from one side to the other. For the tests, all 4 participants were deprived of the sense of vision.
They walked with the cane for 4 m marked with a measure tape. The movements of the cane were
recorded during the journey with a camera capable of record- ing in slow motion. The data obtained
from this test are presented in Figure 6.

In the second test, three destinations were defined: the AXON research group office, the bath-
room, and the elevator, located on the 9th floor of building J of the National Unified Corporation
for Higher Education (CUN). The blindfolded participants made 10 timed tours between these des-
tinations with the help of the electronic baton and an assistant. The route diagram is shown in
Figure 5, and the timed average time results of the tours are presented in Table II.

3. Results
This section presents the results obtained in the tests. The first test tries to determine the fre-

quency with which the user moves the cane from side to side vs. the distance traveled, whose data
are presented in Figure 6.

Table II presents the timed average time results of the routes defined for the second test.
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Figura 5. Diagram of the routes taken during the tests with the help of the electronic baton and an assistant.

As a result of the entire design, testing, and feedback processes, the electronic baton device was
developed, whose electronics are presented in Figure 7, namely the modules and elements described
above in the design and modeling section. Finally, the result of this process can be seen in Figure
8, which presents images of the developed prototype.

4. Discussion

From Figure 6, it can be seen that there are differences in the distance vs. frequency with which
different users move the cane from side to side. Additionally, these frequencies do not appear to be
constant. By carefully observing all the graphs, it is made evident that there are important peaks in
which said frequency drops notoriously. This is due to the fact that, on the test route, there were
potholes on one side of the guiding line, near the 2 and 4 meter marks. We decided not to repeat the
test under ideal conditions, since the existence of these potholes represent the possibility of having

Table II. Average of the data acquired through measuring the term on the routes using the guidance system in closed
spaces and without using the system with the assistance of a person.

Test # Origin Destination Term Aid Distance
3 elevator bathroom 13,40 s with cane 7,50 m
4 bathroom elevator 12,22 s with cane 7,50 m
2 elevator Office 44,10 s with cane 25,50 m
1 office elevator 58,30 s with cane 25,50 m
7 elevator bathroom 6,11 s human 7,50 m
8 bathroom elevator 6,13 s human 7,50 m
6 elevator bathroom 26,51 s human 25,50 m
5 office elevator 27,30 s human 25,50 m
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Figura 6. Results obtained from testing frequency vs. distance, where the frequency of movement of the cane from
one side to the other is analyzed by the distance of 4 different users.

unforeseen events along the routes and present an opportunity to validate the operation of the cane
in the presence of imperfections. Therefore, using the frequency with which the user moves the cane
from one side to another in order to determine if it was following the guiding line was no longer a
possibility, as it had been originally planned. This first observation forced a design change in the
way it is verified whether the user is following the guiding line. It goes from detecting an average
frequency of movement of the cane and generating a short audible beep when the instantaneous
frequency of movement of the cane mat the average frequency, to just detecting the guiding line
and generating a short audible beep each time the sensor passes over the line.

Figura 7. The image presents on the left and in the center views of the electronic baton prototype, on the right it
presents an image of the parts printed on a 3D printer.
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Figura 8. Schematic diagram of the electronics used in the electronic baton device.

In Table II, it can be seen that the user is able to autonomously follow the routes to different
destinations using the electronic baton, although the time used for the route with the cane is longer
compared to receiving human assistance. This may be due to the fact that moving around when the
environment is unknown generates a feeling of insecurity, whereas, if there is human assistance,
the blind person moves at the speed of the human guide. Speaking of the experience with the parti-
cipants, it could be stated that, as the user becomes familiar with the use of the tool, they feel more
comfortable and confident in being able to autonomously reach their destination.

When comparing the developed electronic baton with other devices described in the scientific
literature [4]–[6], it can be seen that most of them are focused on the detection of obstacles through
the use of various techniques, generally through the implementation of ultrasound sensors. Those
that focus on taking users from one place to another use techniques such as GPS, which has an ac-
curacy of 3 meters for civil applications. While this may help guide them, it does not allow guiding
the blind safely and autonomously in closed spaces. However, there are solutions for this [12], alt-
hough they require bulky hardware, which prevents the dimensions of the device from resembling
that of the canes normally used as an aiding tool by the blind population, thus limiting its natural
use.

As future work, we propose the inclusion of sensors that allow the detection of obstacles while
maintaining the shape of the device, so that it retains the closest possible resemblance to the canes
normally used by the blind population, as well as generating a tracking function to follow the user’s
steps to be able to know their location in case they need assistance.
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A. González • Y. Dı́az • W. Flórez

5. Conclusions
The device is capable of taking a blind person to their destination within a closed area, providing

audible information so that they can know at all times that they are following the guiding lines. Due
to the physical characteristics of the device, its use is easy and natural for the visually impaired.
Even though, when performing the tests, the time needed to carry out the tours with the device
was greater than with the help of a person, the use of the tool provided users with confidence and
independence. In turn, natural use of other solutions aimed towards the same objective of guiding
blind people indoors is limited due to the volume of hardware.

The components of the baton are easily acquired and affordable, which makes this proposal viable
for its im- plementation in government buildings, such as museums, schools, municipalities, among
others, where it is de- sired to implement technologies that allow the inclusion of people with
disabilities.
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Abstract

Context: This paper presents the design and development of an electronic device that operates as a
satellite backup channel for automatic vehicle location (AVL) equipment, whose only communication
channel is the cellular network.

Method: The design, manufacture and assembly of the hardware followed 4 phases, and it was aligned
with the IPC 2221 standard. This allowed improving the design experience and guaranteed the correct
electrical operation in the final product.

Results: The information sent by the developed device corresponds to the data generated by the AVL
device, which indicates that the information processing was correctly designed. Additionally, it was pos-
sible to obtain a functional and versatile device in which the blocks were correctly integrated; its firmware
was designed to receive future updates that improved and expanded its capacity and compatibility with
other devices.

Conclusions: The final product, which works with the Iridium network, seeks to satisfy the techno-
logical requirements of the freight transport sector in Colombia with a low-cost, versatile, and easily
integrated solution. The implementation of this type of technologies expands the capacity of tracking
mobile assets, even in places where there is no cellular network coverage.

Keywords: AVL equipment, satellite backrest, Iridium network
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Resumen

Contexto: Este articulo presenta el diseño y desarrollo de un dispositivo electrónico, que funciona como
canal de respaldo satelital para equipos de localización vehicular automática (AVL), cuyo único canal de
comunicación es la red celular.
Método: El diseño, fabricación y ensamblaje del hardware siguió cuatro fases y estuvo alineado con
el estándar IPC 2221. Esto permitió mejorar la experiencia del diseño y garantizó el correcto funciona-
miento eléctrico en el producto final.
Resultados: La información enviada por el dispositivo desarrollado corresponde a los datos generados
por el dispositivo AVL, lo que indica que el procesamiento de la información fue diseñado correctamente.
Además, fue posible obtener un dispositivo funcional y versátil cuyos bloques se integraron correctamen-
te; su firmware fue diseñado para recibir futuras actualizaciones que mejoraran y ampliaran su capacidad
y compatibilidad con otros dispositivos.
Conclusiones: El producto final, que opera con la red Iridium, busca satisfacer las necesidades tec-
nológicas del sector de transporte de carga en Colombia con una solución versátil, de bajo costo y de
fácil integración. Con el uso de este tipo de tecnologı́as, se amplı́a la capacidad de rastrear activos móvi-
les, aun en zonas donde no existe cobertura de redes celulares.
Palabras clave: equipos AVL, canal de respaldo satelital, red Iridium
Agradecimientos: Los autores agradecen a la Escuela Colombiana de Ingenierı́a Julio Garavito por el
financiamiento del estudio.
Idioma: Inglés

1. Introduction
Automatic Vehicle Location (AVL) applications are used to manage, monitor, and track fleets of

mobile assets, allowing the user to know their real-time position and status. This is made possible
by using different technologies such as the cellular network, web platforms, and the global naviga-
tion satellite system (GNSS), among others.

In Colombia, this technology has had a great reception, to the extent that, in recent years, the go-
vernment has created a series of laws to regulate AVL applications. Some of them are the 180187
resolution, issued on February 18th, 2011, by the Ministry of Mines and Energy; decree nr. 723,
issued on April 10th, 2014 by the Ministry of Commerce, Industry, and Tourism; and resolution nr.
02086, issued on May 30th, 2014, by the Ministry of Defense.

The laws mentioned above state that companies related to the transport and mining sectors are
required to monitor and track their assets throughout the Colombian territory, even in places where
there is no cell network coverage. Several of these companies have installed AVL devices in their
assets which only can operate with cellular network coverage (most usually, GSM/GPRS). Thus,
companies have two options: (1) to replace their devices or (2) to install a satellite backrest device
that expands the communication capacity of their GSM/GPRS equipment.
Therefore, an electronic device was designed and developed to allow AVL equipment to have uni-
versal coverage. This device will be useful for AVL equipment that only uses the cellular network
as a communications channel.
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The Iridium network was selected over the Globalstar network for the development of the device.
Despite the fact that both constellations have a reduced satellite footprint (which suggests the same
link availability), Iridium operates as a mesh network of 66 interlinked and interconnected satellites
at a height of 780 km (less than Globalstar), which results in less delay and better service quality
(BER=10-3) than Globalstar (BER=10-2).

Iridium has a two-way channel, providing a downlink between the space vehicle and the mobile
terminal. This feature suggests a user advantage because it allows sending information from the
platform to the mobile terminal, which is a fundamental feature of AVL equipment.

Regarding design and operation, the Iridium downlink allows the terminal to access information
related to the existing satellites. Furthermore, due to this feature, it allows determining the time
in which data transmissions are viable, thus enabling the design of a more energy-efficient mobile
terminal. It also includes an ACK, which guarantees message delivery.

On the contrary, Globalstar lacks a downlink feature. It has a single connection channel, allowing
only for an upward communication between the mobile terminal and the space vehicle. In order
to compensate for the lack of a downstream channel, this network uses a replica system for each
message, which leads to additional energy consumption for mobile terminal transmissions.

This article is focused on the device’s hardware. The process to design and develop the satellite
backrest device is hereby described.

2. Theoretical Framework
This section presents some related concepts involved in AVL applications.

2.1. Description of an AVL application
An AVL application is defined by Colombia’s Ministry of Transport as “a set of hardware and

software that allows access to the geographical location of a vehicle during a determined period of
time, as well as capturing another type of physical variables associated with the automobile such
as velocity, acceleration, fuel consumption, driver identification, among others” [1].

The architecture of an AVL application has the elements described below:

• GNSS: the global navigation satellite system, which provides the geographical location.

• AVL device: the main component of these systems.

• Communications network: it is used to send information captured from AVL device sensors
to the technological platform. The GPRS network is generally used the most.

• Technological platform: it is a back-end server, which stores, processes and shows the in-
formation sent by the AVL device.
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Figure 1. General architecture of an AVL application. Source: Colombian Ministry of Transport, 2016.

• User: the one who consumes the AVL services for tracking and monitoring mobile assets.

Fig. 1 shows the general architecture of an AVL application.

The term ‘low-orbit satellite’ groups all satellites that orbit the earth in a distance range between
500 and 1500 km. A short distance supposes an advantage for the development of the application,
due to its decreased delays. However, these networks have some disadvantages, since each satellite
has a smaller coverage area (footprint), which implies highly dynamic topologies [2].

Additionally, an LEO (Low Earth Orbit) satellite network is called a ‘constellation’. These cons-
tellations are usually distributed in circular orbital planes, where the satellites are placed evenly [3].
A polar orbit constellation is characterized by the inclination of its orbital planes, which is near 90°.
An example of this is the Iridium network.

On the other hand, the constellations with an inclined orbit, also known as Walker constellations,
are those that have orbital planes with an inclination of less than 90°, such as the Globalstar network
[4].

2.2. Iridium network
This network is composed of 66 low-orbit cross-link satellites. The term ‘cross-link’ means that

each satellite can communicate with any other satellite in the network, as well as with a terrestrial
station named Gateway. This communication is possible even if the satellite has no direct commu-
nication with the Gateway [5].
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Iridium offers a short-burst-data (SBD) service to transmit messages from a mobile terminal to
a computer central. The SBD service is composed of a field application (FA), an Iridium subscri-
ber unit (ISU), the Iridium satellite constellation, and the Gateway SBD subsystem (GSS), which
connect through IP socket or email with the vendor application (VA) [6].

3. Materials and methods
The methodological design for the development of this research was divided into four phases,

which are presented in Fig. 2.

Figure 2. Development methodology.

In order to operate the system correctly, the AVL devices must be configured as described below:

• When the mobile asset is within a cellular coverage area, the AVL device must send data
through the network to the back-end server.

• When the mobile asset is out of range, the AVL device must switch to satellite mode, sending
the data to the backrest device through a serial port (usually RS232).

The operation criteria mentioned above imply a restriction related to the AVL device that sup-
ports the backrest system. The AVL device must allow the configuration described above. Some
commercial devices that do this are Syrus, TT8750, and TT8750+, among others.

The length of the SBD messages is 10 bytes. For that reason, the device must create a package
with the same or less length. The processing block extracts basic information to create a message.
The details of this are given in the processing block section [7].

3.1. General architecture
The developed backup device (FA) uses the Iridium SBD service. The FA sends the data received

from the AVL device to the low-orbit Iridium satellite through a 9603N (ISU) modem, which is
embedded into the FA. The data is received by the Iridium terrestrial station (GSS) and then sent to
the technological platform (VA) through the internet. Fig. 3 shows the described process.

3.2. Hardware design
Fig. 4 shows the block diagram of the hardware. The communication lines of all the blocks, ex-

cept for the power supply, are two-way.
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Figure 3. General architecture of the backrest system.

The DTE block is the system input and it corresponds to the AVL unit, which extracts the in-
formation from the mobile device to be sent to the satellite channel. The function of the reception
module is to receive the information from the DTE and adjust the levels to send the data to the pro-
cessing module. The processing block is responsible for system control. This block processes the
information sent by the reception module and transmits it to the transmission module. The function
of the transmission block is to adjust the processed information and send it to the satellite channel.
Furthermore, the power module is transverse to the other modules, and its function is to provide
the energy to the whole system. The energy supply is necessary for the proper functioning of the
system.

Each block of the device was designed with the Altium Designer Software, one of the most po-
werful tools to design printed circuit boards.

3.3. Reception block
Its function is to receive the data from the AVL device and send it to the processing block. Its core

is an RS232-TTL transceiver, which adjusts the voltage levels to avoid damage to the processing
block. Fig. 5 presents the electronic circuit of this block.
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Figure 4. General architecture of the backrest system.

3.4. Processing block

This block is the core of the device. It consists of a microprocessor, which receives the data
from the reception block, extracts the most important information such as geographic coordinates,
event code, velocity, and heading, and creates a package of 9 bytes. After the package is created,
this block sends the package to the transmission block and returns an ACK to the AVL device if
needed. Fig. 6 shows the electronic circuit of this block.

3.5. Transmission block

The function of this module is to send the data package generated by the processing module to
the satellite network. The input of these blocks is the TTL signal acquired through a UART port.
These signals contain the message to be transmitted. The output is an RF signal in an L band with
digital modulation. Fig. 7 presents a block diagram of this module.

Figure 5. Reception block circuit.
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Figure 6. Processing block circuit.

Figure 7. Transmission block circuit.

Figure 8. Supply block circuit.
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3.6. Supply block
This module supplies electrical energy to the whole system. Its design was based on the current

demand of the device. Table I describes the current requirements.

Table I. Iridium antenna characteristics.
Parameter Value
Impedance 50 Ω

Gain (Max) 3 dBI
Polarization RHCP

VSWR (into Iridium band) 1:5:1
VSWR 3:1

To satisfy the electrical demand, the circuit shown in Fig. 8 was designed. The circuit has two
sources, one switching and other lineal [10].

Additionally, because the vehicle has an electrical environment with voltage peaks, among other
issues, a protection circuit was designed to avoid damage to the device.

3.7. PCB design
Once the design of each block of the device was finished, the PCB design began. It was also

designed with Altium Designer according to standard IPC 2221 [11]. Fig. 9 shows the final PCB.

Figure 9. Device PCB design.
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3.8. Firmware design
The firmware controls all the logic of the device. It was written in C language with the CCS

tool. Its logic is described in Fig. 10. The firmware receives the information from the AVL unit
to validate it. Afterwards, in the validation process mentioned above, an information package is
created which contains the most relevant data, such as message ID, geo-positioning coordinates,
speed, and heading. Once the package contains the mentioned data, the information is sent to the
transmission module and finally transferred to the satellite channel. Checking of satellites in line of
sight is necessary before sending the information to the module. Otherwise, the system stores the
information in the internal memory.

Figure 10. Firmware flow diagram.

4. Results
This electronic device allows data transference from the AVL device to a technology platform.

It was assembled according to the IPC 2221 standard. Then, the electrical elements were tested to
detect any failure (Fig. 11).
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Figure 11. Developed electronic device.

Fig. 10 shows the final hardware. It was tested in a laboratory, following a hardware complian-
ce test protocol, which registered, step by step, the standard IPC 2221 recommendations for the
design, pre-assembly, and assembly of the power supply, microcontroller, display components and
output radio frequency interface. Besides, it gives way to assess electrical functioning, the proces-
sing of online event information, and the emission of the appropriate antenna output power. The
microcontroller was programmed using the developed firmware. This was done in order to carry
out the operation test. To program the microcontroller, the following steps were followed:

• An AVL Syrus device was connected to the equipment through the serial port.

• An event was generated in the AVL device.

• The light block of the backrest device confirmed the reception of the message.

• The technological platform received the message and showed the correct position and event on
the map.

Once the laboratory tests were successfully finished, the device was installed in a vehicle and tes-
ted in a real operation. For this purpose, an active was created in the Adminsat tracking platform,
associated with the Syrus AVL and the satellite backup device. Using this platform, the vehicle was
tracked for a week. Fig. 12 presents the report history generated by the platform.

As shown in Fig. 12, the vehicle with the satellite device was not moving through cellular covera-
ge areas. Specifically, the vehicle moved within the south Colombian area, and it worked correctly.
The received information matches with the transmitted information, and the vehicle location repor-
ted by the AVL (latitude, longitude) unit corresponds to the reality.

It would have been desirable to compare the created device with other similar devices. Howe-
ver, this comparison was not possible because the Colombian manufacturers of equipment with
AVL applications (DCT, Enfora, Skypatrol, Suntech, Teltonika, etc.) base their data transmissions
in 100 % cellular networks (2G) or 100 % satellite networks, which would render it inequitable.
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Figure 12. Tacking evidence, of the developed electronic device.

The AVL device does not allow sending data at rates of 9.600, 19.200, 8.400, 57.600, or 115.200
bauds from any of the Units (Syrus, TT8750, and TT8750+). This happens when the mobile is lo-
cated inside tunnels or in areas with a high vegetation density. Another unfavorable condition was
found during the transmission tests; researchers noticed that, when there was no line of sight, it was
partially obstructed, or the satellite was not available in its orbit. This happens for antenna elevation
angles between 5° and 175°, measured from the observation point and over the observation horizon.
Unfortunately, for these scenarios, no information was received on the server.

Table II describes the main technical specifications of the developed device.

Table II. Technical Specifications.

Supply External 8 ∼28V
Temperature -20 ◦C∼ + +70 ◦C

Serial Port data transfer rate (bps) 9.600/19.200/3.400/57.600/115.200
Operating frequency 1.616-1.626,5 MHz L-band

Type of antenna External, RHCP
Type of satellite channel Half duplex

Satellite network Iridium
Data Reception IP socket-Email

Dimensions 66,22 mm(L), 67,22 mm(W), 28 mm(H)
Supported AVL devices SYRUS, TT8750, TT8750+, ANTARES
Current consumption During transmission 1.2◦

Standby 20 mA
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As a complement to this research, an economical study was performed. Currently, operators of-
fer only message plans. This means that the user pays a monthly value for a limited quantity of
messages, whose cost varies according to the plan. Considering the conditions when sending data,
the commercial plan offered by Iridium is more convenient when a high volume of information
is must be sent. Thus, 800 messages through the Globalstar network represent a cost equivalent
to sending 1.200 messages through the Iridium network. As a conclusion, the proposed electronic
device is a convenient technological solution for satellite backup of AVL units because of its low
cost (53 USD), low power consumption (1,3 a maximumwhile active, and 15 mA on idle), small
size (96,5×84,8×3,5 mm) and light weight (250 g). In addition, it does not require a subscriber
identity module (SIM card).

5. Discussion

The device was able to communicate with other equipment such as the Syrus, TT8750, and
TT8750+ AVLs at data transmission rates of 9.600, 19.200, 3.400, 57.600, and 115.200 bauds.
The device correctly interprets the information related to the measurement variables and/or geo-
location of mobile assets sent by AVL equipment. Additionally, it extracts the longitude, latitude,
speed, heading, altitude, temperature, humidity, and code or identifier of the reporting event. It
also configures the pattern, programs the commands, and sends the message to the technological
platform. Previous functions are carried out by means of a satellite link with an effective isotropic
radiated power: EIRP of 18 dBm +/- 2 dB.

Furthermore, the device correctly indicates its internal operation state to the user through LEDs,
as well as allowing power inputs between 7 and 24 VDC. Information adjustment in the transmitter
and its recuperation in the receptor was possible through communication protocols, implemented
with different programming languages such as Java, Phyton, C, Django Framework, and Ajax web
development techniques. Besides, for the mentioned development, environmentally friendly ma-
nagement of resources was carried out. Hence, electronic waste was reduced by reusing existing
GPRS modems.

Mobile asset operation links at low microwave frequencies (L sub-band) with low earth orbit
satellite networks (LEO) are justified by the power limitation in the terminal, a reduced latency (al-
most negligible of a few hundredths of a second), low losses (by atmospheric absorption and rain
attenuation of the order of 0,0001). These conditions are presented for an electromagnetic wave
with circular polarization to the right, at a frequency of 1611 GHz and a reduced coverage area
(footprint), which implies highly dynamic typologies.

Additionally, it is important to remark that, for this project, the electronic device was designed
according to the recommendations of IPC standard 2221. The use of this standard improves the
design experience and guarantees correct electrical operation in the final product.

The electronic device can be improved as follows: the firmware can be optimized through the use
of algorithms that allow sending more information in the same amount of bytes; and the security of
the hardware can be improved, with additional protections to avoid damage due to overvoltage.
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6. Conclusions
The information sent by the developed device corresponds to the data generated by the AVL

device. This indicates that the processing of the information was correctly designed. Therefore, the
block integration was also correct, and a functional device was thus obtained. The developed device
is versatile;ts firmware was designed to receive future updates, which enhances its capacity and
compatibility with other devices. Designing the device according to IPC standard 2221 improved
the experience and guaranteed the correct electrical operation of the final product.
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sobre los avances, tendencias, resultados positivos y negativos, vacı́os y futuras rutas de
investigación encontrados en el actual estado del arte o de la técnica.
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tion of original unpublished papers.

The intended audience of the Journal is the academic community, researchers, graduates, pro-
ductive sectors and in general the public interested in all engineering disciplines.

Submitted papers are double-blind peer-reviewed by at least two experts in the field, before being
qualified as a candidate to be published. The Editorial Board grounds its acceptance decision
on the basis of the recommendations given by the experts and the fulfillment of the editorial
policies of the Journal. All papers submitted to INGENIERÍA Journal must be unpublished and
not submitted to publication to other journal, although papers previously published in conference
proceedings may be considered if substantial extensions are included.

Types of papers
Papers published in INGENIERIA Journal are classified according to the nature of the new
knowledge it reports, as follows:

• Research: These are papers that address a question about a theoretical or applied disci-
plinary aspect, usually through a scientific study of the behaviour of a phenomenon or a
situation under certain control conditions.

• Methodology: These are papers focusing on presenting a new method of solution for a
particular category of problems, demonstrating favorable results compared to the state of
the art or technique. They are investigations specifically dedicated to validate the advan-
tages and disadvantages of the method proposed or to perform comparative characterisa-
tions of several methods in dissimilar or unexplored domains.

• Review: These are papers that present critical, systematic, delimited and exhaustive ana-
lyzes on the progress, trends, positive and negative results, gaps and future research routes
found in the current state of the art or technique.

• Perspective: These are papers that, using original bibliographical sources and argumen-
tative and controversial discourse, question the current state of art or technique, propose
alternative visions to dominant currents of thought, criticise the vanguard of the discipline
or call for the attention towards research topics abandoned or disregarded by the scientific
community. Usually more than a personal reflection, they seek to establish a collective
(scientific community) position, based on a discussion that combines introspective, retro-
spective and prospective on the subject in question.

• Case Report: These are papers intending to disclose a novel finding found during or after
a particular case of technological development, which could eventually be generalised by
a more extensive investigation (applied to more cases) and which therefore deserve to
be known by the community In other words, rather than emphasising on technological
development or innovation per se, they focus on characterising preliminary knowledge
discovered in the respective case study.
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• Editorials: Letters to the Editor, Guest Article: These are the only contributions that do
not report new knowledge, but discuss topics of interest for the Journal, for its editorial
line or for its community, with an informed opinion style.

Procedure for the submission of papers

Authors should submit to the Editor the following documents using our Open Journal System
(OJS) platform:

• Cover letter and originality statement: a template can be downloaded from:

http://revistas.udistrital.edu.co/ojs/index.php/reving/article/view/5087/11961 (PDF Format)
http://revistas.udistrital.edu.co/ojs/index.php/reving /article/view/11486/12242 (Word format)

• The manuscript formatted according to the template and style of the instructions to authors:

http://revistas.udistrital.edu.co/ojs/index.php/reving/article/view/4979/11816 (PDF Format)
http://revistas.udistrital.edu.co/ojs/index.php/reving/article/view/5233/11815 (Word Format)
http://revistas.udistrital.edu.co/ojs/index.php/reving/article/view/9539/10775 (Latex Format)

• (Optional) Suggestions of two candidate experts for peer review, complying with:

− Must have a PhD. Degree
− Must belong to an institution other than the authors’
− Have publications in recognised journals in the last two years

• If accepted for publication, the authors must agree with and submit a copyright form that
transfers rights for publication. This form can be downloaded from:

http://revistas.udistrital.edu.co/ojs/index.php/reving/article/view/5091/6711

Additional considerations

• Recommended paper length is ten (10) pages. If authors require more pages, they should
inform the Editor in advance during the submission process.

• The result of the review process and the reviewers comments would be notified to the
authors through the OJS platform and by email to the correspondence author. The result
can be “Major correction”, “Minor corrections” or “Rejected”. When corrections are
required, authors should resubmit a corrected anonymous manuscript and a companion
document explaining the changes made is reply to what comments. Usually, a submitted
manuscript would undertake at least two rounds of review. Statistics of average review
and production times and other Journal indicators can be seen at:
http://revistas.udistrital.edu.co/ojs/index.php/reving/index

• When a submission does not meet the conditions defined for the journal, the Editorial
Committee may decide not to publish it. In this case, the authors will be notified of the
decision within two (2) weeks from the date of submission.
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Copyright and publishing cost

INGENIERÍA Journal distributes the full content of its printed and digital version under the
Creative Commons Attribution-NonCommercial 3.0 Unported License. No publication costs
are charged to the author or author’s institutions, nor any payment are made to expert peer
reviewers or associated or adjunct editors. INGENIERÍA Journal is funded by Universidad
Distrital Francisco José de Caldas, its School of Engineering and its Central Research Office.

Code of good conduct in scientific publishing

INGENIERÍA Journal advocates and defends the universal principles of good conduct in scien-
tific publication, in particular, those referring to respect for the community, respect for the self-
less and voluntary work of peer reviewers and editors, as well as respect to intellectual property.
Regarding the latter, INGENIERÍA Journal does not tolerate behaviours related to plagiarism
of previously published material and strives to honor to the maximum extent the copyrights and
patents and reproduction rights. Likewise, the Journal seeks to observe the moral rights of third
parties, in addition it will establish the necessary processes to avoid and to resolve the possible
conflicts of interest that can exist in the publications.

Inappropriate behaviour not tolerated by the journal

1. Wrongly addressed submission intended to other journal different to INGENIERIA Journal.
2. Plagiarism or self-plagiarism.
3. Simultaneous submission of a manuscript to several journals. 4. Unjustified withdraw of a
submitted manuscript due to unfavourable reviews.
5. Unjustified abandonment of submission at any stage of the process: verification of submission
conditions, peer-review process or layout and final proof adjustments.

Penalties for inappropriate behaviour

1. Official communication sent to the authors indicating the misconduct, requesting a letter of
apology addressed to the Editorial Committee, Scientific and/or peer reviewers.

2. Notification sent to the Colombian Network of Engineering Journals (Red Colombiana de
Revistas de Ingenierı́a) reporting the case of misconduct with evidences.

3. Official communication sent to author’s affiliated or financing institutions informing about
the misconduct.

4. Retraction of the paper in case it has been published, notifying this decision publicly in the
editorial pages of the Journal and in an official letter addressed to the entities of institutional
affiliation of the authors.

5. Application of a publication veto to the authors in the Journal during a period determined by
the Editorial Board according to the seriousness of the misconduct.

6. Notification of the case and the result of the investigation to the competent authorities, in case
the good will of the Universidad Distrital FJC or the INGENIERIA Journal is compromised.
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Procedure in case of suspicion of plagiarism and duplicate publication
INGENIERIA Journal will follow the guidelines established by the Publications Ethics Com-
mittee (COPE) to handle unethical issues or behaviours:

Suspicion of plagiarism in a submitted manuscript
http://publicationethics.org/files/u7140/plagiarism%20A.pdf

Suspicion of plagiarism in a published paper
http://publicationethics.org/files/u7140/plagiarism%20B 0.pdf

Suspicion of duplicate publication in a submitted manuscript
http://publicationethics.org/files/u7140/redundant%20publication%20A.pdf
Suspicion of a duplicate publication in a published paper
http://publicationethics.org/files/u7140/redundant%20publication%20B 0.pdf

For more information on non-ethical conduct and/or penalties please see:
http://revistas.udistrital.edu.co/ojs/index.php/reving/article/view/7784/11818


