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Editorial 

Una Guía Corta para Escribir Revisiones Sistemáticas de Literatura 
Parte 4 

 
Esta es la última editorial de la serie dedicada al proceso 

de Revisión Sistemática de Literatura. En ella se aborda el 
proceso de documentación de la búsqueda, la selección de 
estudios, el análisis de los documentos seleccionados, el 
análisis de calidad la extracción de información y, 
finalmente, la síntesis de datos que corresponde a la 
respuesta de las preguntas de investigación a la luz de la 
información recopilada. Al leer estas cuatro editoriales 
como un todo, espero que los autores y lectores de la revista 
DYNA obtengan una visión global de la metodología que facilite 
el proceso de revisión de literatura y su posterior publicación. 

 
1 Documentación del Proceso de Búsqueda 

 
Una de las principales características de la  revisión 

sistemática es que el proceso de búsqueda es repetible y sus 
resultados son auditables. Por ello, es requerido que se 
documente el proceso de búsqueda reportando la siguiente 
información en el documento final [1][2]: 

 Bases bibliográficas, libros, bibliografías y contactos 
usados. 

 Palabras clave y cadenas de búsqueda. 
 Periodo cubierto en la revisión. 
Hay diferentes opciones disponibles al seleccionar la 

libraría digital dependiendo del área de conocimiento y es 
por ello que la selección debe realizarse con sumo cuidado; 
por ejemplo, en el caso de energía, electrónica y 
comunicaciones resulta obligatorio consultar la librería 
digital IEEE Xplorer; no obstante, otras selecciones 
comunes incluyen: ScienceDirect, SpringerLink, Wiley 
online library, Emerald, ACM, Kluwer, JStor e ISI Web of 
Science. En adición, Google Scholar, Pubmed, Ebsco, 
Academic Search Premier, World Scientific Net, Scopus, 
Compendex e Inspec también pueden ser de utilidad, 
dependiendo del tema particular que se este abordando.  

En algunas ocasiones los investigadores restringen la 
búsqueda a las revistas más representativas del área, tal como 
en [3]; sin embargo, debe recalcarse que no deben olvidarse las 
bibliotecas tradicionales localizadas en universidades y centros 
de investigación, ya que ellas pueden contener documentos 
muy importantes para el proceso de revisión. 

Otro aspecto fundamental en la búsqueda de documentos 

es la selección adecuada de palabras clave, términos 
alternativos y posibles sinónimos [4], ya que de estos 
depende cuales documentos serán recuperados 
automáticamente. En algunos casos, cuando el Inglés no es 
la lengua materna, la selección de términos en un área nueva 
para el investigador puede ser especialmente difícil.  

Otro aspecto importante es el dominio de la herramienta 
de búsqueda, y particularmente como estructurar la cadena 
de búsqueda para poder obtener el plural de los términos, 
considerar palabras cercanas, usar comodines y poder 
buscar frases exactas.  

De acuerdo con [5], dos métricas pueden ser usadas para 
analizar la estrategia automática de búsqueda: la precisión, 
definida como el número de estudios relevantes recuperados 
sobre el total de estudios recuperados; y la sensibilidad, que 
es el número de estudios relevantes recuperados sobre el 
total de estudios relevantes existentes. Una estrategia 
óptima de búsqueda tiene usualmente una precisión entre el 
20% y el 30% y una sensibilidad entre el 80% y el 99% [5]. 
Esto significa que para un total de cien estudios finalmente 
seleccionados, el investigador tuvo que revisar, al menos, 
entre 400 y 500 estudios recuperados automáticamente; esto 
significa también, que cuando la búsqueda no esta bien 
estructura, se deben analizar mucho más de 500 estudios 
para seleccionar los mismos 100 estudios.  

Una de las herramientas preferidas para realizar la 
búsqueda es Scopus (www.scopus.com) porque incluye más 
de 219.000 títulos de aproximadamente 5.000 editoriales 
científicas, incluyendo las mayores editoriales en el mundo, 
tales como IEEE, Elsevier, Emerald, Springer y Wiley; 
adicionalmente, Scopus tiene un importante conjunto de 
herramientas para el análisis de literatura. Algunos consejos 
para crear búsquedas útiles en Scopus son los siguientes: 
 Se pueden usar los operadores booleanos AND, OR y 

AND NOT en la cadena de búsqueda. 
 La expresión  w1 W/n  w2 indica que los términos w1 y 

w2 no pueden estar separados por más de n términos. 
 La expresión w1 PRE/n w2 especifica que el término w1 

precede el término w2 por no más de n términos. 
 El asterisco es un comodín; por ejemplo, la cadena forecast* 

encuentra las palabras forecasts, forecasting y forecasted. 
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 Sólo es necesario utilizar el singular de una palabra 
ya que el plural y el posesivo son automáticamente 
considerados. 

 Use las llaves (“{” y “}”) para indicar frases exactas.   
 Use las comillas dobles para indicar búsqueda 

aproximada. En este caso se puede usar el ‘*’ como 
comodín.  

En Scopus también es posible ejecutar varias búsquedas 
y luego combinarlas usando los operadores lógicos OR, 
AND y AND NOT. Adicionalmente, Scopus presenta 
opciones para excluir o limitar la búsqueda por autores, 
años, instituciones, áreas temáticas, tipos de documento, 
palabras clave, afiliaciones, etc. También es posible 
exportar información bibliográfica a administradores de 
referencias. Recientemente, Elsevier incorporó el 
administrador bibliográfico Mendeley a ScienceDirect tal 
que es posible importar directamente a Mendeley 
documentos en formato pdf e información bibliográfica. 

En el caso de la librería digital IEEE Xplorer, algunos 
consejos para realizar búsquedas avanzadas son los 
siguientes: 

 Se pueden usar los operadores booleanos AND, OR 
y NOT en la cadena de búsqueda. 

 Los signos de puntuación son ignorados en las 
cadenas de búsqueda. 

 Sólo es necesario utilizar el singular de una palabra 
ya que el plural y el posesivo son automáticamente 
considerados. También se consideran 
automáticamente las palabras en inglés americano e 
inglés británico. 

 Las comillas dobles se usan para indicar frases 
exactas. 

 El ‘*’ es usado como comodín.   
Frecuentemente, el uso de librerías digitales y bases de 

datos no es suficiente para localizar la literatura más 
relevante y se hace necesario consultar en las  librerías de 
las universidades y centros de investigación en busca de 
libros, reportes de investigación, tesis de maestría, 
disertaciones de doctorado y cualquier otro tipo de literatura 
que pueda ser útil en su investigación. Se deben utilizar las 
referencias relevantes ya localizadas para poder extender la 
lista de palabras clave y refinar la cadena de búsqueda.  

Cuando el reporte es escrito, es común presentar la cadena 
de búsqueda que fue usada en la librerías digitales con el fin 
de hacer la búsqueda reproducible, verificable y explícita y 
para poder actualizarla después [4]. Por ejemplo, en [6] se 
reporta el proceso de búsqueda de la siguiente forma: 

Our five research questions contain the following key 
words: 

“Software Engineer, Software Engineering, Motivation, 
De-Motivation, Productive, Characteristics, outcome, 
Model”. A list of synonyms was constructed for each of 
these words, as in the example for research question 1 
which contains keywords ‘Software Engineer’ and 
‘Characteristics’: 

keywords((engineer* OR developer* OR 
professional* OR programmer* OR personnel OR 
people OR analyst* OR team leader* OR project 
manager* OR practitioner* OR maintainer* OR 
designer* OR coder* OR tester*) AND 
characteristic* OR types OR personality OR human 
factors OR different OR difference* OR 
psychology OR psychological factors OR 
motivator* OR prefer* OR behavio*r*)  

 
2 Selección de los Estudios 

 
Es el proceso de selección de los estudios que serán 

utilizados finalmente en la revisión. Cuando la búsqueda es 
ejecutada usando las cadenas de búsquedas diseñadas en el 
paso anterior, una gran cantidad de documentos es 
recuperada automáticamente, pero únicamente unos pocos 
documentos serán relevantes para la revisión. Una búsqueda 
bien diseñada permite recuperar la literatura más relevante 
relacionada con el área de investigación; pero también 
muchos documentos irrelevantes o por fuera del foco del 
estudio; de esta forma, es obligatorio el realizar una 
depuración manual de los documentos recuperados 
automáticamente. 

De esta forma, cuando el protocolo de investigación es 
escrito, se deben definir dos listas en la sección donde se 
describe el protocolo de selección, una para los criterios de 
inclusión y otra para los criterios de exclusión [1][2]. La 
claridad es obligatoria en la definición de los criterios para 
que el proceso pueda ser  auditado o reproducido [7]. Los 
documentos son comúnmente descartados mediante la 
lectura de sus títulos, resúmenes o conclusiones [7]; pero en 
caso de duda, se requiere una lectura más profunda. Es muy 
común que se realice la exclusión basándose en el idioma 
del documento o cuando los documentos son opiniones, 
puntos de vista o anécdotas [6]. El filtrado manual de los 
documentos es realizado por la aplicación de los criterios de 
inclusión y exclusión con el fin de poder determinar cuales 
serán los documentos finalmente usados en la revisión [1][2]. 
Cuando hay documentos traslapados en su contenido o 
duplicados, se debe seleccionar únicamente el más completo 
de ellos y el resto de documentos debe ser descartado; véase 
por ejemplo [8]. Los directores de tesis, compañeros, expertos 
y contactos son una fuente muy valiosa para determinar si se 
han omitido documentos importantes [7]. 

Otro aspecto muy importante es el uso apropiado de 
herramientas de software para el manejo de las referencias 
[9][4], tales como Zotero, Mendeley, Papers, Sente, Qiqqa, 
EndNote, Reference Manaer o ProCite, ya que el número 
final de documentos puede ser muy grande. Algunos 
gestores de referencias bibliográficas como Papers o 
Mendeley, permiten que el usuario pueda administrar los 
documentos, agregar notas y resaltar o subrayar textos 
directamente en los documentos. 
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3 Análisis de los Documentos Seleccionados 
 

En la sección de resultados de los informes de SLR, se 
describe el proceso de recuperación de documentos y se 
analizan los documentos finalmente seleccionados como un 
todo; en esta sección del reporte y para el caso de las 
revisiones sistemáticas de literatura, muchas de las 
preguntas de investigación comúnmente usadas en los 
estudios de mapeo sistemático son indirectamente 
respondidas; esto es, las preguntas como tal no son 
formuladas pero si se reporta el resultado de su análisis. En 
la Tabla I se describen los tipos comunes de tablas usada 
para analizar los documentos, así como también las 
columnas típicas de dichas tablas. 

Para mediar la contribución de un autor, es posible 
calcular el puntaje S que depende del número de autores del 
estudio (n) y de la posición ordinal (i) del nombre del autor 
en la lista de autores del documento analizado, tal como se 
muestra en [10]: 

 

ܵ ൌ
1.5ିଵ

∑ 1.5ି
ୀଵ

 

 
Tenga en cuenta que un puntaje de 1,0 es obtenido 

cuando el documento tiene un solo autor; se obtienen 
puntajes de 0,60 (primer autor) y de 0,40 (segundo autor) 
cuando el documento tiene dos autores, y así sucesivamente. 
También se pueden usar otros indicadores bibliométricos 
para analizar la literatura, tal como el factor de impacto o el 
índice de colaboración. 

La mayoría de artículos reportando resultados de SLR, 
indican el número de artículos recuperados 
automáticamente, seleccionados usando los criterios de 
inclusión, descartados usando los criterios de exclusión, y 
finalmente seleccionados usando el análisis de calidad; 
véase por ejemplo [11]. 

 
4 Realización del Análisis de Calidad 

 
Los resultados del análisis de calidad de los estudios 

seleccionados pueden ser usados como [1][2]: 
 Un indicador de la calidad para determinar cómo ha 

progresado el campo de investigación; este es un 
indicador de la madurez de la investigación. 

 Un criterio para determinar que estudios deben ser 
excluídos cuando no cumplen con un nivel mínimo de 
calidad. 

 Un criterio para medir la importancia que debe tener 
cada estudio en la respuesta de las preguntas de 
investigación. 

 Un mecanismo para explicar la diferencia entre los 
resultados de estudios similares. 

 Un criterio para sugerir nueva investigación. 
 
 

Tabla 1. 
Tablas comúnmente usadas para analizar los documentos seleccionados en 
revisiones sistemáticas de literatura y mapeos sistemáticos  
Tabla Columnas Típicas 
Número de documentos   Librería Digital 
seleccionados por libreria Número Total de Documentos 
digital Número de Documentos Incluidos 
 Numero de Documentos Excluidos 
 
Estudios Seleccionados Autores 
 Librería Digital 
 Título 
 Año  
 Fuente 
 Número de Citaciones 
 Tipo de Documento 
 Tipo de Estudio 
 Tema del Estudio 
 Objetivo del Estudio 
 Método de Investigación 
 [Otras columnas…]  
 
Número de Artículos  Nombre de la Revista 
Publicados por Revista Numero de Artículos 
 Porcentaje (%) 
 
Número de Artículos Editorial 
Publicados por Editorial Número de Artículos 
 Porcentaje (%) 
 
Artículos más Citados Autores 
 Año 
 Fuente  
 Número de Citaciones 
 
Número de Artículos por Autor 
Autor Filiación  
 Número de Citas por Autor 
 Numero de Artículos 
 Puntaje S 
 
Número de Artículos por País País 
 Número de Filiaciones Diferentes  
 Número de Autores 
 Número de Artículos 
 Porcentaje de Artículos (%) 
 Puntaje Total S por País 
 
Número de artículos por  Continente 
Continente Número de Filiaciones Diferentes  
 Número de Autores 
 Número de Artículos 
 Porcentaje de Artículos (%) 
 Puntaje Total S por Continente 
 
Número de Artículos Año 
Publicados por Año Número de Artículos 
 Porcentaje de Artículos (%) 
 Porcentaje Acumulado (%) 
  
Nota: Algunas de estas tablas pueden ser presentadas alternativamente 
como gráficas. 

 
El análisis de calidad es dependiente de los objetivos de 

la revisión seleccionada. Las Tablas 5 y 6 de la ref. [1] 
contienen una recopilación de preguntas usadas en el 
análisis de calidad de diferentes estudios. 

Una forma de realizar el análisis de la calidad es 
considerar en que proporción cada estudio seleccionado 
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permite responder las preguntas de investigación [3]; 
comúnmente se usa una escala nominal: Y (si), N (no) y P 
(parcialmente). Para obtener un puntaje final para cada 
estudio, se asignan valores a la escala nominal, por ejemplo, 
se asigna 1,0 a Y, 0,5 a P y 0,0 a N, y luego se suman los 
puntos asignados a cada estudio. Los resultados de la 
evaluación de la calidad son comúnmente presentados en 
forma de una tabla detallada.  

 
5 Extracción de los Datos 
 

La información para responder las preguntas de 
investigación y realizar la evaluación de la calidad es 
recolectada en forma de tablas o cualquier otro tipo de 
sistema de toma de notas [1][7]. Las tablas son diseñadas en 
una manera consistente con las preguntas de investigación y 
permiten enfatizar las similitudes y diferencias entre los 
estudios [1]. 

Cuando un gestor de referencias como Mendeley o Paper 
es usado, es posible resaltar texto con diferentes colores, 
subrayar y agregar anotaciones y comentarios en los 
documentos con el fin de facilitar la extracción de datos y su 
posterior revisión. Una selección común es usar diferentes 
colores para marcar las partes donde cada respuesta a una 
pregunta de investigación específica aparece en el 
documento. 
 
6 Síntesis de los Datos  
 

En este paso [2], las preguntas de investigación son 
respondidas usando la información recolectada. Cuando los 
estudios primarios son cuantitativos, la síntesis puede ser 
realizada usando técnicas estadísticas, tales como el meta-
análisis; pero cuando los estudios son cualitativos, la 
síntesis es narrativa (descriptiva) resumiendo los principales 
hechos. En la síntesis descriptiva, es usual preparar tablas y 
gráficos que resuman la información relevante respecto a la 
pregunta o preguntas de investigación consideradas.  Dos 
aproximaciones pueden ser usadas para responder estudios 
cualitativos [12]: centradas en los conceptos o centradas en 
los autores. 
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Abstract 
The quantitative scale of electronegativity, obtained by Linus Pauling, as a result of qualitative electron affinity background, generated 
multiple different and interesting proposals until today, which have proved to be the effort of ingenuity to get a universal concept of affinity, 
which has resulted incomplete. Thermodynamics, specifically its thermochemical branch, has offered an explanation, which has been 
accepted by The International Union of Pure and Applied Chemistry (IUPAC), as incomplete as the former. In both cases, it is thought that 
the error is in regard to affinity as a property, rather than a behavior. 

Keywords: Affinity, Electronegativity, chemistry, history, thermodynamics. 

La importancia de llamarse afinidad química. Parte VI: La cosecha 
Resumen 
La escala cuantitativa de electronegatividad obtenida por Linus Pauling, como resultado de aquellas antecedentes cualitativas de electroafinidad, 
generó múltiples propuestas diferentes e interesantes, hasta el día de hoy, lo que ha mostrado ser el esfuerzo del ingenio por conseguir un concepto 
universal de afinidad, que ha resultado incompleto. La termodinámica, específicamente su rama termoquímica, ha ofrecido una explicación, 
tampoco universal, que ha sido aceptada por la Unión Internacional de Química Pura y Aplicada (IUPAC, por sus siglas en inglés), igual de 
incompleta. En ambos casos, se piensa que el error está en considerar a la afinidad como una propiedad, en vez de un comportamiento. 

Palabras clave: Afinidad, electronegatividad, química, historia, termodinámica. 

1. Introducción

Si se considera cierta la afirmación de que Antoine
Lavoisier es el padre de la química, entonces esta nace en 
1789 cuando publica su libro Traité Élémentaire de Chimie. 
Con ello, su gestación estaría en la búsqueda de una teoría 
congruente que explicara la afinidad química, su proceso de 
parto en el desarrollo de los conceptos tempranos de 
electricidad y calor y su primer alimento en el de estructura 
atómica. 

Después, la química continuaría buscando explicaciones 
para la afinidad a través del concepto de electronegatividad -
desencadenando una serie de propuestas de escalas 
sostenidas en diversos intentos para explicar su razón lógica- 

y la termodinámica lo haría usando los conceptos de energía 
y entropía. 

2. Antecedentes

En la visión histórica occidental, la primera manera de
explicar el mundo y sus transformaciones fue la hierofánica; 
se piensa que el concepto intuitivo de afinidad química 
estuvo presente en las mentes de algunos -seguramente 
pocos- de los hombres que -desde la Prehistoria y durante 
decenas de miles de años- transformaron las rocas, usando 
fogatas y hornos, en cerámicas y metales. Esa experiencia 
permitió que, al iniciarse el periodo de la Historia, se 
desarrollara un conocimiento práctico y óptimo, en 
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Mesopotamia (antigua Irak y el noreste de Siria), Egipto y 
Persia (actualmente Irán) [1]. Ese conocimiento fue tomado 
y repensado por los griegos, libre de influencias religiosas, 
entre los siglos VI y II a.C. [2]. Como resultado de este 
ejercicio, a finales de ese tiempo y en el ambiente de las 
ciencias exactas del Museo Alejandrino, nació la alquimia 
científica. El pensamiento griego permanecería inmutable 
hasta el siglo IX, cuando los musulmanes de Bagdad, 
Damasco y Toledo lo modificaron -dando origen a una 
alquimia más mágica que científica- y lo difundieron; hacia 
finales del siglo XIII llegaría a gran parte de Europa, donde 
se asimilaría y propagaría a otras partes del mundo [3]. El 
conocimiento práctico de los materiales fue tomado por los 
romanos, hasta el siglo V d. C. cuando se derrumbó su 
imperio. Con él quedó un vacío de poder que dejó a una 
Europa medieval sumida en constantes luchas, hasta que fue 
llenado por la dominante Iglesia Cristiana de Roma, la cual 
presionó a los creyentes para que se utilizara su pensamiento 
religioso para definir y explicar todo, incluso a la naturaleza; 
a partir del siglo IX, algunos de sus integrantes comenzaron 
a luchar por su propia independencia de pensamiento. En el 
siglo XII, en Europa se descubrieron, tradujeron y 
difundieron los textos de los pensadores griegos clásicos, con 
lo cual surgió el Renacimiento, en el siglo XV, y la 
Ilustración, a finales del siglo XVII. En este siglo, Robert 
Boyle le dio la espalda a algunas teorías alquímicas y 
estableció hipótesis químicas -usando las ideas de los 
griegos, las suyas propias y las de sus contemporáneos- con 
las que fundó los estudios sobre la afinidad química; entre 
estos, destacan la propuesta de tablas cualitativas de afinidad. 
Es en el siglo XVIII cuando la química se consolida como 
una ciencia, gracias al trabajo de Antoine Lavoisier y sus 
varios colaboradores [4]. A partir del siglo XIX, la nueva 
ciencia se enriquece y evoluciona debido desarrollos 
intelectuales y experimentales diversos -de la propia área y 
de otras- como los relativos a la electricidad, el calor y el 
átomo, lo que permitió, en el primer tercio del siglo XX, que 
Linus Pauling presentara una tabla cuantitativa de 
electronegatividad (de afinidad), cimentada en la 
determinación del porcentaje del carácter iónico de los 
enlaces covalentes -obtenido con las energías de algunos 
enlaces químicos, a través de la medición de los calores de 
formación de varios compuestos- y una definición de la 
misma [5]. 

3. Explicaciones químicas para la afinidad

Con la propuesta de Linus Pauling, se inicia la
presentación de una multiplicidad de escalas, conceptos y 
definiciones de electronegatividad, X, que intentan explicar 
la afinidad de elementos y compuestos. En la primera mitad 
del siglo XX se dieron las primeras [5].  

3.1.  La afinidad química en la 2ª mitad del siglo XX. 

Raymond Iczkowski y John Margrave [6] usaron la 
energía atómica -tomada como las energías de los iones 
positivo y negativo relativas a los átomos neutros- expresada 
en una serie de potencias en N (cuyos coeficientes se 

determinan por potenciales de ionización sucesivos), en la 
forma de N = n – Z, donde n es el número de electrones 
alrededor del núcleo en un estado de ionización dado y Z es 
e l  n ú m e r o  a t ó m i c o  d e l  n ú c l e o .  D e f i n i e r o n  l a 
electronegatividad de un átomo neutro en fase gaseosa: 
X = (-dE/dN)N = 0 donde dE es el cambio de energía que 
acompaña al cambio en la carga, dN. Indicaron que al usar el 
primer potencial de ionización y la afinidad del primer 
electrón, su X era equivalente a la relación de Mulliken; así, 
enfatizaron la la cercanía a esa relación y asentaron que las 
unidades de la X deberían ser de energía por electrón; por 
supuesto, compararon exitosamente su escala con la de 
Mulliken [5]. Que la X sea igual a (-dE/dN) quiere decir que 
después de juntarse dos átomos se obtendrá una disminución 
en la energía, si los electrones se transfieren al átomo, para el 
cual el descenso de energía total (dE) excede al incremento 
total en la energía del átomo del que se remueven esos 
electrones; ese descenso de la energía total se debe a la 
ganancia de una carga electrónica fraccional, dN [7]. Allen 
[8] subrayó que con esto se estableció a la X como un
concepto de transferencia de carga.

En un trabajo que llegó a ser clásico, Robert Parr et al. [9] 
revisaron el concepto de X desde el punto de vista de la teoría de 
la densidad funcional. Esta viene de dos teoremas de Hohenberg 
y Kohn, los cuales establecen que la densidad electrónica (ρ) 
determina todas las propiedades de un átomo o una molécula en 
un estado neutro no degenerado y la energía de un átomo para 
un estado neutro degenerado. La teoría define que el potencial 
químico electrónico μ es igual a (∂E/∂N)ν, donde ν es una 
constante del potencial externo debido a las cargas nucleares 
establecidas (el potencial del núcleo); tanto la cantidad de E (la 
energía electrónica) como de N (el número de electrones) son 
funciones de ρ. Parr y sus compañeros comentaron que 
encontraron que la X era la misma para todos los orbitales 
naturales en un átomo o molécula en sus estados neutros (el 
potencial químico); precisaron el concepto de la X como el 
potencial químico negativo, con lo que X = - μ = (∂E/∂N)ν = ½(I 
+ A); como la conexión con la definición de Mulliken [5] era
inmediata, se le calificó de absoluta. Esto significa que cuando
dos átomos A y B, con un μA diferente a μB, se unen
químicamente, el sistema se equilibrará a un nuevo valor común
de μ, diferente a los de A y B. Con X = -μ y la analogía existente
entre μ y la energía libre de Gibbs, se implicaba una igualdad de
la X para cualquier cantidad de átomos enlazados, con lo que se
validó el principio igualador de Sanderson; y explican: la
diferencia de electronegatividad en los estados de valencia,
produce la transferencia de electrones entre los átomos de la
molécula en formación, así, los electrones se distribuyen entre
los orbitales para igualar el potencial químico de orbital a orbital.
Allen [8] comenta que el trabajo de Parr et al. fue citado en más
de 300 artículos, en algunos de los cuales se cita también a
Sanderson. Bartolotti [10] subraya que con el trabajo de Parr se
conectó a X con la mecánica cuántica y que μ fue introducido en
la teoría de la densidad funcional como un multiplicador de
Lagrange, para asegurar que el número de partículas sería
conservado al minimizarse la energía. En otro comentario,
Ralph Pearson [11] hace notar que μ es una cantidad que
caracteriza a cualquier sistema químico, átomo, radical, ión o
molécula; que es constante en cualquier parte del sistema; que
mide la tendencia de los electrones a escapar del sistema; y que,
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como es una propiedad sólo de sistemas al equilibrio, lo es de 
estados neutros. Señala que la electronegatividad de Pauling 
(XP) -y las otras electronegatividades similares- difiere bastante 
de la absoluta de Parr, ya que, para esta última, es una propiedad 
de un átomo libre en el estado neutro y no de uno en su estado 
de valencia excitado, adecuado para tomar parte en una 
molécula. Indica que la aplicación de la escala de Pauling es útil 
para estimar las polaridades de los enlaces y, en algún grado, las 
resistencias de los enlaces entre átomos diferentes; mientras que 
la absoluta es una medida de la reactividad química del átomo, 
radical, ión o molécula, cuya aplicación típica está en: a) estimar 
la interacción inicial entre dos de ellos; b) dar la dirección del 
flujo electrónico; y c) proporcionar un estimado de la cantidad 
inicial de la densidad electrónica transferida, relacionada a su 
vez a las barreras de energía para la reacción y, en algunos casos, 
a la resistencia del enlace coordinado formado; pero que no es 
una medida confiable de la polaridad final del enlace. También 
advierte que la X absoluta no satisface la definición de XP, como 
la propiedad de un átomo en una molécula, pero sí en la idea 
esencial de atraer y mantener electrones, y que no existe una 
razón que obligue a restringir su aplicación a átomos 
combinados. Dice que se ha mostrado que las escalas pueden ser 
comparables y que sólo sus aplicaciones son diferentes, por lo 
que el asunto no es preguntarse cuál escala es la más correcta 
porque cada escala es más apropiada en su propia área de uso. 
Pearson apoya al principio igualador de Sanderson al decir que, 
aunque no está probado por ninguna teoría, es intuitivamente 
interesante. 

Al presentar su electronegatividad espectroscópica, Xespec, 
[12], Allen comentó que  -usando la Figura 6 (y su texto) de 
otro artículo suyo [13]-  se contrastó la energía de la 
expresión (I + A)/2, usada por Parr, para hacer la 
aproximación del potencial químico electrónico (μ) al 
comportamiento de la Xespec, encontrando que eran muy 
diferentes. Además, calcula y presenta los valores de las 
diferencias promedio de las energías de Hartree, de la capa 
de valencia entre los átomos libres de F, O y N y el átomo de 
H, para los átomos relativos al H y referidos a cero, 
obteniendo: -0.450, -0.162 y -0.630, respectivamente, y los 
de los mismos átomos en sus hidruros relativos al H en el H2 
y referidos a cero, FH, OH2 y NH3, obteniendo: -0.055, -0.028 
y -0.010, respectivamente. Allen explica que si el potencial 
químico, μ, fuese calculado de la misma forma, los valores 
obtenidos para los átomos libres serían aproximadamente los 
mismos, mientras que los de los hidruros estarían todos en un 
solo punto (el del H2), contraviniendo la observación 
empírica que indica que los átomos mantienen su identidad 
cuando se combinan en moléculas o sólidos. Así, concluye, 
la igualación de la X no acontece y el potencial químico 
electrónico, μ, tal como fue desarrollado por Parr, Pearson, y 
otros, resulta una cantidad química totalmente diferente a la 
X. Posteriormente, Allen  [8] presenta la idea de que con
X = - μ = (∂E/∂N)ν -en la formulación de la densidad
funcional- se implica la frase "la tendencia de los electrones
a escapar" (describiendo la XM) y que, más que una
transferencia de carga o esa "tendencia a escapar", la
electronegatividad es un concepto de enlazamiento estático,
tal como los potenciales de ionización que la definen: la
energía de un electrón en un átomo o, más precisamente, la
energía promedio de los electrones de valencia en un átomo.

Afirma que esta interpretación no destruye para nada la idea 
coloquial de la X como "atraer" o el "poder de jalar" 
electrones, ya que si la energía promedio de los electrones en 
el átomo A es más baja que la energía promedio de los 
electrones en el átomo B, entonces el átomo A atraerá los 
electrones del átomo B, cuando A y B se unan. 

Más tarde [13], Lelan Allen  estableció que la X es una 
propiedad íntima de la Tabla Periódica y una definición para 
ella: la energía promedio de un electrón, de los de la capa de 
valencia, para átomos libres en su estado basal, indicando 
que las energías del electrón pueden ser determinadas 
directamente con los datos espectroscópicos, de ahí el 
nombre para su electronegatividad, y que esta descripción 
llevaba a una definición mejorada de la X de grupo (o de 
sustituyentes), así como a la extensión y refinamiento en el 
uso de las perturbaciones de la X en la teoría orbital molecular 
cualitativa y semicuantitativa y al entendimiento del orden 
de las reglas de la X orbital híbrida, tales como que 
sp > sp2 > sp3. Estableció la Xespec como (mεp + nεs)/(m + n), 
para elementos representativos, en donde εp y εs son las 
energías de ionización s y p; m y n son el número de 
electrones de p y s. Afirmó que los valores de la Xespec se 
ajustan (comparando gráficas) bastante a los de las 
ampliamente aceptadas escalas de Pauling [14] y de Allred 
y Rochow [15], lo que, para él, es de primera importancia. 
Precisa que la Xespec permite racionalizar dos aspectos: 1) la 
separación diagonal de la Tabla Periódica entre metales y no 
metales -estableciendo a los elementos B, Si, Ge, As, Sb, Te, 
Bi y Po como los metaloides- y 2) la formación de moléculas 
a partir de los gases nobles. Para él, estos gases son el punto 
primordial de la Tabla Periódica porque sus Xs presentan dos 
caras: tienen altos valores, con lo que muestran su capacidad 
para retener a sus electrones, pero ningún valor para atraer a 
otros. Afirma que la X es la energía de activación para el 
enlace y que: 1. con la diferencia de las electronegatividades 
espectroscópicas, ΔXespec, entre dos átomos diferentes, es 
posible sistematizar las propiedades de un amplio grupo de 
materiales conocidos: sólidos iónicos, moléculas covalentes, 
metales, minerales, polímeros inorgánicos y orgánicos, 
semiconductores, etc. e identificar el carácter iónico (la 
polaridad del enlace) de esos átomos; y 2. la X de los metales 
de transición no puede ser determinada de manera simple 
debido a la naturaleza de las distribuciones radiales del 
orbital d y que esto se nota en el poco uso que de ella hacen 
los químicos de esos metales. Comparó su escala con las de 
Allred y Rochow, Boyd y Edgecombe, Mulliken y Pauling: 

XP = 1.75 x 103 Xespec (Kj/mol) o XP = 0.69Xespec (eV). 
El mayor valor de Xespec la presenta el Ne = 4.783, seguido 

por los elementos: F = 4.193, He = 4.16, O = 3.61 y Ar = 
3.242. Su método tiene la ventaja de poder estimar las 
electronegatividades de elementos que no pueden ser 
obtenidas por otros medios, como la del Francio, al que Allen 
asigna un valor de 0.67. 

3.2.  Escalas de X para los elementos en sus diferentes 
estados de valencia u oxidación 

Existen tres antecedentes de estas escalas: 1) Mulliken 
[16] determinó la X de sólo 11 elementos en diferentes
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estados de valencia usando valores de I y A, porque no 
existían valores de A para el resto de los elementos; encontró 
que la X de un átomo se incrementaba con el aumento de la 
valencia; 2) Allred [17] usó el método de Pauling para 
calcular las Xs en diferentes estados de oxidación, para un 
puñado de elementos de los que existían datos disponibles: 
Mo, Fe, Tl, Sn y Pb; y 3) Sanderson [18] propuso un método 
para calcular la X de elementos en diferentes estados de 
valencia, basado en las cargas parciales y las energías de 
enlace; su método estaba limitado a los metales de transición. 

Keyan Li y Dongfeng Xue [19] estimaron los valores de 
electronegatividad, XLX, para proponer una escala para 82 
elementos, en diferentes estados de valencia y con los números 
de coordinación más comunes. Los calcularon basándose en el 
potencial químico efectivo, definido por la energía de 
ionización y el radio iónico, es decir, en términos del potencial 
iónico efectivo (φ), φ = n*(Im/R)1/2/ri, donde n* es el número 
cuántico principal efectivo, Im es la energía de ionización última 
(numéricamente igual a la de la afinidad electrónica de un 
catión dado), R = 13.6 eV (la constante de Rydberg) y ri es el 
radio iónico. Ellos explicaron que, para el momento de escribir 
su trabajo, la X era una propiedad invariante, la cual no 
dependía del ambiente químico del átomo (v.gr: el estado de la 
valencia y el número de coordinación); y que, hasta donde 
sabían, no existía esta información completa, por lo que 
decidieron construirla. Encontraron que para un catión 
determinado, la X se incrementaba de acuerdo al aumento del 
estado de oxidación, disminuía con el aumento del número de 
coordinación y que existía una una perfecta correlación lineal 
con la escala de Luo [20], basada en el potencial covalente, 
debido a que la teoría de la X absoluta de Parr es el soporte 
teórico de ambas. Compararon su escala con la de Pauling: 
XP=0.105XLX+0.863. 

3.3.  Las otras escalas de electronegatividad 

Desde la primera propuesta de Pauling hasta la fecha de 
elaboración de este trabajo (periodo de más de 80 años) se 
han encontrado, entre las revistas occidentales más 
consultadas, múltiples trabajos enfocados a proponer una 
escala de X, sobre todo haciendo relaciones entre 
propiedades; de estos, sólo 26 presentan alguna originalidad. 
Las diversas escalas se fundamentan en características 
atómicas -principalmente- y moleculares, tanto de la 
estructura (radios atómicos, longitudes de enlace, etc.) como 
de las propiedades (potenciales de ionización, carga eléctrica, 
etc.). Es posible distinguir que cerca del 80% de los autores 
comparan su escala con alguna otra; más del 70% lo hace 
directa (62%) o indirectamente (8%) con la de Pauling; el 
20% que agrupa a las que tienen un origen en la mecánica 
cuántica no hace comparaciones, o las hace con alguna que 
tiene su mismo fundamento. Durante las comparaciones y al 
ajustar los valores de una escala al rango de los de la de 
Pauling, surgió el concepto de las Unidades Pauling (UP). 
Aunque el empirismo y el fundamento de la escala de Pauling 
se señalan como erróneos por muchos autores, la mayoría de 
ellos validan su propia escala al compararla con ella (sigue 
siendo la más famosa y utilizada, sobre todo en la educación) 
y, al hablar de X, mantienen el concepto de "atraer 

electrones". Todos los trabajos parten del planteamiento de 
una hipótesis, aunque sólo Pauling y Malone las comprueban 
con experimentación propia; algunos autores toman alguna 
experimentación previa y calculan la X con el  método que  
proponen y el resto deriva su comprobación 
matemáticamente. Las propuestas tienen dos características 
comunes: son conceptos sencillos y se usan fácilmente, lo 
cual es esencial en la ciencia y la educación. 

3.4.  Evaluar y reglamentar la X 

Mullay [21] realizó un análisis para evaluar el desarrollo de 
las escalas de X y planteó tres etapas: la primera involucró la 
búsqueda del método apropiado para calcular o medir las Xs 
atómicas; en la segunda se cambió el énfasis hacia el cálculo de 
la X de grupo y la carga atómica, y se exploraron y clarificaron 
los efectos de la carga atómica sobre la X; y, en la tercera, se 
propició la profundización del concepto básico, principalmente 
a través del uso de la teoría de la densidad funcional [9]. Sin 
embargo, de ahí en adelante se han publicado indistintamente 
trabajos del tipo de las tres etapas planteadas. Por decenio, el 
número de trabajos publicados durante el siglo XX fue de 3 
durante los años 30, 2 en los 40, 3 en los 50, 6 en los 60, 6 en los 
70, 10 en los 80, 1 en los 90 y 6 en los primeros 8 años del siglo 
XXI; aun sumando los trabajos que se dejaron fuera (menores 
en cantidad), el incremento no es comparable al número de 
químicos investigando y publicando en el mismo periodo de 
tiempo. 

Gordon Sproul [22] pensó que se podían evaluar 15 
escalas de X usando los triángulos del enlace. Graficó la X 
promedio versus la diferencia de electronegatividades para 
311 compuestos binarios, bien identificados por A. F. Wells 
[23] por su tipo de enlace, utilizando sólo parámetros físicos 
y químicos medibles y evitando emplear la X. Concluyó que 
todas las escalas dan gráficas triangulares que segregan 
efectivamente los compuestos considerados, en tres regiones 
relativas al tipo de enlace iónico, metálico y covalente; y que 
las escalas que proveen la mejor segregación de los 
compuestos son la de Allen [13] y la de Nagle [24], con un 
acierto superior al 96%. Esto provocó que Peter G. Nelson  
publicara un comentario [25] en el que señalaba, entre otros 
detalles, que el tipo de enlace no es una propiedad medible y 
que en las ediciones previas del texto de A. F. Wells, se da la 
impresión de haber utilizado la X para realizar algunas de sus 
asignaciones. Sproul [26] contestó, entre otras cosas, que 
Wells no menciona, en el texto de referencia, la posibilidad 
de usar a la X para determinar tipos de enlace, sino que utilizó 
algunos fenómenos subjetivos como 
conductividad/resistencia eléctrica, puntos de fusión y 
características estructurales, tales como iones aislados, 
anillos, cadenas, moléculas separadas, etc.

Murphy et al. [27] -entre ellos Leland Allen- 
establecieron 9 reglas que, a su criterio, todas las escalas de 
X deberían de obedecer: 1. Las Xs atómicas necesitan ser 
obtenidas de las propiedades de los átomos libres. 2. Es 
necesaria una precisión de tres números (unidad, décima y 
centésima). 3. La X es una energía por electrón. 4. Todos los 
electrones de valencia deben ser incluidos en la definición de 
X. 5. Tres requerimientos del grupo principal están
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interrelacionados: a) la identificación de la X con el poder 
atrayente de un átomo por electrones es generalmente igual a 
su poder para retenerlos; b) los átomos de los gases nobles 
sólo tienen la habilidad para retenerlos; y c) las magnitudes 
de la X deben, paralelamente, establecer limitaciones de 
oxidación. 6. Los valores de X de los ocho elementos 
semimetálicos (B, Si, Ge, As, Sb, Te, Bi y Po) no deben 
traslaparse con los de los metales y los no metales; se debe 
respetar la regla del Si: todos los metales deben tener valores 
de X menores o, cuando mucho, iguales al del Si. 7. Para los 
compuestos binarios, AB, las electronegatividades de A y de 
B deben de calificar y definir los tipos de enlace como iónico, 
covalente o metálico. 8. La X debe tener una definición 
mecánica cuántica viable. 9. La escala de X debe mostrar un 
incremento sistemático de izquierda a derecha a través de los 
periodos. Cabe notar, que esta última regla no la cumple la 
escala de Allen, específicamente para los metales de 
transición. Los autores aplicaron estas reglas a la escala de 
XP y dictaminaron que sólo satisface las reglas 4 y 5 del 
criterio. Además, indican algunos errores de Pauling que, 
según ellos, han influido fuertemente en la actitud negativa 
de los químicos hacia la X: 1. Forzó a que la X tuviera 
unidades de (eV)1/2, en aras de ajustar mejor unos pocos 
enlaces más en su relación energía de enlace-polaridad de 
enlace original, con lo que se ha confundido a los químicos 
innecesariamente; 2. Las electronegatividades de varios 
metales de transición violan la regla del Si, haciendo que los 
químicos se cuestionen si la X es realmente aplicable a esta 
clase de átomos; 3. Su definición de X [14] "la atracción por 
electrones de un átomo neutro en moléculas estables" ha sido 
mal interpretada por el 15-20% de los autores de los textos 
que discuten su escala, cuando explican que la X es una 
propiedad molecular intrínseca, aun cuando Pauling lo niega 
implícitamente, en la siguiente frase del mismo texto; y 4. La 
definición de Pauling no es viable en la mecánica cuántica 
porque está construida sobre propiedades termodinámicas y 
no sobre electrónicas, lo que implica una falta de capacidad 
para designar las electronegatividades de 18 elementos. 

Leland Allen [8] había proporcionado cinco criterios 
para establecer una definición coherente de X: 1. La X 
debe ser una cantidad de un átomo libre. 2. Debe 
responderse al problema de porqué la X no se puede medir 
en el laboratorio. 3. Una escala correcta de X debe ser 
cercanamente compatible con los valores de X empleados 
por los químicos prácticos al racionalizar sus resultados 
experimentales durante los últimos 70 (ahora casi 100) 
años. 4. Se cree que alguna función de las energías de 
ionización de los electrones de valencia atómica es el 
mejor candidato para ser la propiedad física medible 
necesaria para definirla. 5. Una definición correcta de la X 
debe ser totalmente compatible y hacer una conexión 
directa con los métodos de investigación de la mecánica 
cuántica, usados por los científicos profesionales para sus 
predicciones y explicaciones detalladas sobre la química 
contemporánea y los problemas de la física del estado 
sólido. Referente al criterio 4, Pauling [14] afirma: La 
propiedad de la electronegatividad de un átomo en una 
molécula es diferente del potencial de ionización del 
átomo y de su afinidad electrónica…aunque está 
relacionada a esas propiedades en una manera general. 

Boeyens [28] estableció sólo una regla, al  explicar que la 
forma moderna en la que se grafica la curva de Lothar Meyer 
(Figura 1) del volumen atómico (V = M/ρ, la masa atómica 
en gramos y la densidad de los elementos sólidos) presentado 
como una función de Z (el número atómico), demuestra 
convincentemente la periodicidad elemental y expresa la X 
atómica. Boeyens indica que si se interrumpe la curva en los 
puntos donde se sabe que se completan los niveles de energía 
s, p, d y f -en vez de conectar todos los puntos en la secuencia 
de Z-, esta se fragmenta en regiones formadas por 2 u 8 
elementos, excepto para los de las tierras raras, pero que si se 
toman junto con el par de elementos precedentes (Cs y Ba) y 
se separa el segmento en el Sm, la curva queda dividida en 
dos segmentos de 8 elementos cada uno. Ahora, todos los 
segmentos son curvas que tienen, alternadamente, una 
pendiente positiva y otra negativa, que se relacionan a los 
elementos tradicionalmente considerados como 
electropositivos y electronegativos. 

Esta noción teórica, dice Boeyens, provee una definición 
precisa de X y permite afirmar que las escalas que no reflejen 
esta periodicidad deben considerarse inapropiadas. Es 
notorio que no define un significado. 

De todo lo anterior, es posible distinguir tres acuerdos 
generales: la X es una propiedad; indica la capacidad de atraer 
y conservar electrones; y, en un enlace, los electrones se 
comparten en forma desigual. 

Es notorio el gran esfuerzo realizado para tratar de derivar 
valores universales cuantitativos de X, lo que ha permitido 
observar: la confusión que existe de la imagen física que 
corresponde al concepto de X; que el concepto de X no se ha 
definido exactamente, por lo que sigue siendo ambiguo; que 
la X no es una propiedad de un átomo aislado que pueda 
medirse, como el número atómico, la masa o la energía de 
ionización; que al determinar la X, en realidad se están 
midiendo propiedades que dependen de la distribución 
electrónica o de la estructura atómica, todas diferentes. Así, 
la X ha quedado como un concepto inherentemente confuso, 
con bajo contenido de información. 

Aquí se considera que la dificultad encontrada para su 
medición radica en que la X no es una propiedad, sino un 
comportamiento. Las propiedades se relacionan a algún nivel 
o tipo de estructura, con lo que son medibles. Los
comportamientos se deducen de la comparación de los datos
medidos, por lo que siempre son cualitativos. De ahí la
imposibilidad de obtener una escala de X  cuantitativa y una
definición exacta para ella, universalmente válidas, y, por lo
tanto, para la afinidad química.

4. La termodinámica en el problema de la afinidad

El concepto de afinidad estuvo íntimamente relacionado al 
calor generado por las reacciones químicas. Mientras, la 
termodinámica nace y se desarrolla del estudio del calor 
producido por la máquina, desde el inicio de la revolución 
industrial. Sin embargo, no es sino hasta que se aprecia que 
uno de los conceptos importantes relativos al calor en la 
máquina, es aplicable al de reacción química -dando una 
medida de la afinidad- que se da origen a la termoquímica, 
uniendo a las dos ciencias. 
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Figura 1. Curva de Lothar Meyer. 
Fuente: [23]. 

4.1 El calor 

Durante el periodo de oro del pensamiento griego, entre 
los siglos V y III a.C., las ideas sobre el calor y la mecánica 
surgieron en caminos paralelos. En la Sicilia del siglo V a.C., 
Empédocles de Agrigento postuló la existencia de cuatro 
raíces elementales: fuego, aire, agua y tierra, los que al unirse 
asumían las formas de todos los cuerpos de la naturaleza; 
como demostró experimentalmente que el aire era una 
substancia [2], extendió el concepto a los tres elementos 
restantes, asignándoles las características de pequeños e 
indivisibles. Para el año 360 a.C. a través del diálogo Timeo, 
Platón filosofa -tratando de explicar el calor- que el fuego y 
el aire son partículas muy pequeñas, más que los intersticios 
de las estructuras de la tierra y el agua, con lo que tienen 
mucho espacio para entrar en ellas y moverse, sobre todo el 
fuego; y agrega: no debemos olvidar que la figura original de 
fuego (la pirámide), más que cualquier otra forma, tiene un 
poder de dividir que corta el cuerpo en trozos pequeños y, 
por lo tanto, produce naturalmente el afecto que llamamos 
calor [29]. Las primeras interpretaciones alquímicas sobre la 
naturaleza del calor se confundían con aquellas sobre la 
combustión; tal vez por ello, en el siglo XVII, el alquimista 
y físico alemán Johann Joachim Becher (1635-1682) 
estableció una teoría que duraría un siglo, la cual fue 
defendida por su compatriota el médico y químico Georg 
Stahl (1659-1734). Proponía un principio inflamable, con la 
existencia de un fluido sutil hipotético (el flogisto), que 
estaba en los cuerpos y se desprendía en la combustión. 

En 1780 se publicó en Londres, aunque en francés, el 
primer libro de termoquímica Essai sur la nouvelle théorie 
du feu élémentaire, et de la chaleur des corps [30] del 
portugués João Jacinto de Magalhães (1722-1790) -un espía 
del gobierno francés en cuestiones industriales- que contenía, 
entre muchas otras cosas: a) una tabla de calores específicos 
construida con los datos obtenidos por el químico irlandés 
Richard Kirwan (1733-1812); b) los conceptos: capacidad 
para el calor (ahora conocido como capacidad de calor 
específico) y calor latente -creados por Joseph Black (1728-

1799), médico, físico y químico escocés, basándose en sus 
trabajos experimentales- usados para explicar por qué se 
mantenía constante la temperatura en los cambios de estado 
y para aclarar la diferencia conceptual entre temperatura θ y 
cantidad de calor Q; también definió una caloría como la 
cantidad de calor que necesita 1g de agua para aumentar su 
temperatura en 1°C; c) las investigaciones realizadas en la 
década de 1770 por William Irvine (1743-1787), químico y 
médico escocés, alumno de Black, sobre el calor específico, 
con las que esbozó el concepto de calor absoluto; d) así como 
los conceptos de capacidad calorífica específica de las 
sustancias y calor de las reacciones químicas, nombrados 
por Adair Crawford (1748-1795), un químico y médico 
irlandés, quien utilizó métodos calorimétricos desarrollados 
por él mismo. 

Como en el último cuarto del siglo XVIII aún no se había 
esclarecido la naturaleza del calor, Antoine Lavoisier (1743-
1794) invitó al astrónomo, físico y matemático francés Pierre 
Laplace (1749-1827) a trabajar con él en torno al problema 
de su cuantificación, porque cuando un científico no 
entiende, mide. Se proponía determinar las condiciones bajo 
las cuales se pueden vaporizar diferentes fluidos, medir la 
dilatabilidad de algunas sustancias y presentar un nuevo 
método basado en un calorímetro diseñado por Laplace, un 
novedoso instrumento para medir la transferencia de calor en 
numerosos fenómenos. Cabe mencionar que Lavoisier y 
Laplace conocían el libro de Magalhães, por lo que Lavoisier 
utilizó el concepto del calor latente durante la fusión del hielo 
usado en el calorímetro de Laplace, para medir el calor 
emitido por varias sustancias cuando se quemaban en 
oxígeno. Con los resultados definieron una unidad 
cuantitativa de calórico -un patrón- como la cantidad que 
derretiría una libra francesa (489,6 gramos, medida adoptada 
en el año 800 por Carlomagno) de hielo. Obtuvieron 
resultados para tres sustancias elementales, fósforo, carbón e 
hidrógeno, reportadas en libras de hielo fundido por libra de 
elemento quemado. La caloría, unidad usada hoy, se definiría 
después de la revolución francesa, tal como Black la había 
estipulado, aunque acotada al rango de 14.5 a 15.5°C. Entre 
1777 y 1783, los dos sabios colaboraron en tres ocasiones; 
los resultados de sus investigaciones están en cuatro escritos 
contenidos en los famosos escritos: Mémoire sur la chaleur 
[31] y De l’action du calorique sur les corps solides,
principalement sur le verre et sur les métaux [32].

Ya Lavoisier había ideado una nueva explicación de la 
combustión en términos de la existencia del gas oxígeno. En 
su memoria Réflexions sur le phlogistique (1777), Lavoisier 
afirmó que la teoría del flogisto era incompatible con sus 
resultados experimentales, con lo que propuso la existencia 
de otro fluido sutil, el calórico que, al impregnar la materia, 
sería la sustancia responsable del aumento de su calor. Para 
él: todos los cuerpos naturales obedecen a dos fuerzas, el 
fluido ígneo, el asunto del fuego, que tiende continuamente a 
separar a las moléculas, y la atracción, que contrabalancea 
esa fuerza. En tanto que la última de estas fuerzas, la 
atracción, sea victoriosa, el cuerpo permanece en estado 
sólido; si estas dos fuerzas están en un estado de equilibrio, 
el cuerpo se vuelve líquido; finalmente, cuando la fuerza del 
calor expansivo prevalece, el cuerpo toma el estado gaseoso. 
El fluido calórico se haría visible en las llamas, que estarían 



Salas-Banuet et al / DYNA 82 (190), pp. 13-22. April, 2015.

19

formadas en su mayor parte por dicho calórico 
desprendiéndose de los cuerpos y sería el responsable del 
calor de la materia [33]. El concepto central de la teoría 
calórica era que el calor, al ser una sustancia elemental, se 
conservaba; su cantidad total permanecía intacta. No podía 
ser creada o destruida. El modelo calórico fue ampliamente 
aceptado -temporal y geográficamente- ya que explicaba las 
características y los efectos del calor, tales como su difusión 
por contacto entre los cuerpos, la expansión de estos, el 
trabajo producido al expandirse el vapor, los distintos estados 
de agregación de la materia, las quemaduras producidas por 
congelación (el calórico causaba los mismos daños en la piel 
al entrar y al salir del cuerpo); cada sustancia presentaría una 
distinta solubilidad para el calórico, lo que explicaría el calor 
específico de cada cuerpo; e interpretaba los resultados 
experimentales que evidenciaban la equivalencia entre calor 
y trabajo del inglés James Prescott Joule (1818-1889), al 
plantear que, durante la fricción de un cuerpo contra otro, se 
romperían las vesículas microscópicas contenedoras del 
calórico, liberando calor. Fue esta idea la que le causó 
problemas a la teoría del calórico,	ya que algunas personas la 
interpretaban de forma diferente: Platón había dicho que el 
calor y el fuego son engendrados por la fricción y el impacto, 
y esto es movimiento;	 Robert Hooke (1635-1703), había 
afirmado que el calor es, nada más, una agitación muy 
vigorosa y vehemente de las partes de un cuerpo [34]; al 
apreciar la producción de calor debida a la fricción y el 
violento movimiento de los líquidos en ebullición, el inglés 
Francis Bacon (1561-1626) concluyó que la verdadera 
esencia del calor es el movimiento y nada más [35]; Galileo 
Galilei (1564-1642), Christiaan Huygens (1629-1695) [36], 
Isaac Newton (1643-1727) [37] y John Locke (1632-1704) 
[38] compartían la misma visión. Esto llevó al planteamiento
de la teoría cinética del calor.

La primer persona que intentó una formulación 
matemática de la clase de energía que está conectada con el 
movimiento (energía cinética) fue Gottfried Wilhelm Leibniz 
(1646-1716), quien trabajó en este asunto de 1676 a 1689; se 
dio cuenta de que en muchos sistemas mecánicos de varias 
masas, cada uno con una velocidad, la energía se conservaba, 
siempre que las masas no interactuaran. Llamó a esta 
cantidad la vis viva o fuerza viva del sistema [39]. El 
principio representa una declaración exacta de la 
conservación aproximada de la energía cinética en 
situaciones donde no hay fricción. 

La duda mayor sobre el calórico vino de un joven que se 
encontraba supervisando la fabricación de cañones en 
Baviera. En el proceso de taladrar el centro de los cañones, 
Benjamín Thomson (1753-1814), conocido como el conde de 
Rumford, observó que se producía un aumento de 
temperatura en la estructura del cañón, en las virutas 
metálicas y en el propio taladrador, de modo que parecía 
generarse calor continuamente, en lugar de conservarse como 
decía la teoría del fluido calórico. 

Rumford dirigió una serie de experimentos para medir el 
cambio de temperatura que ocurría. En uno de ellos utilizó 
agua para refrigerar el taladrador y la estructura del cañón y 
midió el aumento de temperatura del agua, observando que el 
ésta llegaba a hervir sin ningún fuego; entonces concluyó que 
el calor no podía ser una sustancia material, ya que parecía 

no tener límite. Más bien parecía que el movimiento 
mecánico se podría convertir en calor y, más importante, que 
la conversión era cuantitativa y se podría predecir 
permitiendo una constante de conversión universal entre la 
energía cinética y el calor. Cuando el científico británico 
Thomas Young (1773-1829) trabajó realizando ensayos de 
tracción y propuso la medida actualmente utilizada para la 
rigidez de los materiales, en 1807, utilizó el término energía 
para designar la vis viva, el cual se utiliza desde entonces. El 
principio de equivalencia mecánica se afirmó por primera vez 
en su forma moderna por el cirujano alemán Julius Robert 
von Mayer en 1842 [40]. Mayer llegó a su conclusión en un 
viaje a las Indias Orientales Holandesas, donde se encontró 
con que la sangre de sus pacientes era de un rojo más 
profundo porque consumían menos oxígeno, y por lo tanto 
menos energía, para mantener su temperatura corporal en un 
clima más caliente. Él descubrió que el calor y el trabajo 
mecánico eran formas de energía, publicó una monografía 
donde declaró una relación cuantitativa entre ellos. 

En 1837, en un trabajo publicado por Karl Friedrich Mohr 
(1806-1879) se encuentra una de las afirmaciones generales 
más tempranas de la conservación de la energía: además de 
los 54 elementos químicos conocidos que hay en el mundo 
físico un agente único, y esto se llama Kraft (energía o 
trabajo). Puede parecer, según las circunstancias, como el 
movimiento, la afinidad química, la cohesión, la electricidad, 
la luz y el magnetismo; y de cualquiera de estas formas puede 
ser transformado en cualquiera de los otros [41]. 

Germain Henri Hess (1802-1850) fue un químico y 
médico suizo que, en 1840, al demostrar que el calor 
generado en las transformaciones químicas no dependía de la 
ruta de la reacción, formuló la Ley de la suma constante del 
calor (Ley de Hess), uno de los primeros principios de la 
termoquímica. Hess decía: Cuando se produce una reacción 
química, no sólo hay una transformación de unas sustancias 
en otras, sino que también tiene lugar un cambio energético. 
Este cambio es tal, que la reacción consume o produce 
energía, ya sea en forma de calor, trabajo mecánico, trabajo 
eléctrico o energía luminosa; lo que significa que la ley es la 
aplicación a las reacciones químicas del primer principio de 
la termodinámica. Puede enunciarse diciendo que la 
variación de la energía térmica de una reacción se puede 
obtener sumando algebraicamente las entalpías de otras 
reacciones varias, relacionadas con la que nos interesa. Esta 
ley resulta de gran utilidad para estimar en forma indirecta 
una entalpía de reacción desconocida, resultando factible 
calcular las energías térmicas de muchas reacciones cuya 
medición directa no es posible o deseable realizar. 

Poco después, en 1843, el físico inglés James Prescott 
Joule (1818-1889) verificó que al fluir una corriente eléctrica 
a través de un conductor, éste experimentaba un incremento 
de temperatura; a partir de ahí dedujo que si la fuente de 
energía eléctrica es una pila electroquímica, la energía habría 
de proceder de la transformación llevada a cabo por las 
reacciones químicas, que la convertirían en energía eléctrica 
y que esta se transformaría en calor. Si en el circuito se 
introduce un motor eléctrico, se origina energía mecánica; 
una de las mayores generalizaciones de la ciencia. También 
realizó otra serie de experimentos. En el más famoso, que 
ahora se llama el aparato Joule, un peso descendente es atado 
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a una cuerda la cual causa que una rueda de paletas gire y 
agite el agua en la que se encuentra sumergida, dentro de un 
calorímetro; el aumento de la temperatura es medida por un 
termómetro. Joule demostró que la energía potencial 
gravitatoria perdida por el peso descendente era igual a la 
energía interna adquirida por el agua a través de la fricción 
con las paletas; esto es, midió el equivalente mecánico del 
calor. Ahora, el término calor se reserva sólo para la energía 
térmica transferida cuando dos cuerpos con diferente 
temperatura están en contacto. 

Dado que la energía se conserva, un cuerpo no puede 
ganarla a menos que otro se la transfiera incrementando su 
energía térmica, porque fluyó desde él debido a que estaba 
más caliente, o porque le ejerció trabajo mecánico. Así, la 
primera ley de la termodinámica (de la conservación de la 
energía, establecida por el médico y físico alemán Herman 
von Helmholtz (1821–1894), en 1847, dice que el cambio 
neto en la energía en un cuerpo (∆E) será igual a la energía 
que le sea transferida -a través del flujo neto de calor (Q), más 
la cantidad neta del trabajo realizado sobre el cuerpo (W)- o 
retirada, con lo que Q y W pueden ser negativos. La primera 
ley dice cómo medir cualquier cambio de energía en un 
cuerpo, pero nada dice acerca de cuánta energía hay en el 
cuerpo, respuesta que se obtiene con la relación de Einstein, 
que especifica que la cantidad de energía en un cuerpo (E) es 
igual a su masa (m), multiplicada por el cuadrado de la 
velocidad de la luz (c2), lo que resulta en muchísima energía 
(sólo que aún no se conoce cómo obtenerla, salvo para 
materiales radiactivos). 

4.2.  La segunda ley de la termodinámica 

Esta implica la existencia de una propiedad adicional de 
la materia, llamada entropía, la cual, al igual que la energía 
térmica de la primera ley, puede ser determinada en el 
laboratorio. Así como la primera ley establece que la energía 
del universo se conserva, la segunda establece que la entropía 
del Universo no se conserva sino que su cantidad total nunca 
decrece, sólo se mantiene o aumenta. La declaración de que 
es imposible para un dispositivo que opera cíclicamente 
convertir energía térmica en mecánica, sin perder algo de la 
térmica en los alrededores fríos, es llamada la segunda ley de 
la termodinámica, según lo estableció William Thomson 
Kelvin (1824-1907) en 1848, al publicar la creación de una 
escala termodinámica para la temperatura, de carácter 
absoluto [42]. 

En 1824, Nicolas Léonard Sadi Carnot (1796-1832), un 
físico e ingeniero francés, quien fue pionero en el estudio de 
la Termodinámica, publicó su obra maestra Reflexiones sobre 
la potencia motriz del fuego y sobre las máquinas adecuadas 
para desarrollar esta potencia [43], donde expuso las ideas 
que llevarían al segundo principio de la termodinámica, al 
descubrir una relación entre las temperaturas de los focos 
calientes (la máquina) y frío (los alrededores) y el 
rendimiento de la máquina. Experimentalmente probó que, 
en una máquina caliente, la descarga de calor hacia los 
alrededores fríos es inevitable, por lo que ninguna máquina 
real alcanza el rendimiento teórico de Carnot -el cual se 
obtiene siguiendo el ciclo de Carnot, al que llegó usando las 

leyes de la mecánica en ausencia de fricción- que es el 
máximo posible para esa diferencia de temperaturas. 

Rudolf Julius Emmanuel Clausius (1822-1888) fue un 
físico y matemático alemán, considerado uno de los 
fundadores centrales de la ciencia de la termodinámica. En su 
trabajo más importante sobre la teoría mecánica del calor, 
publicado en 1850 [44], estableció por primera vez las ideas 
básicas de la segunda ley de la termodinámica y formuló de 
manera novedosa el principio de Sadi Carnot, demostrando 
que podía interpretarse como la equivalencia de calor y 
trabajo. Clausius enunció y bautizó, en 1854, la 2a Ley de la 
Termodinámica para procesos irreversibles como 
dS  dQ/dT y a partir de 1865 entropía, del griego ἐντροπία 
que significa transformación o evolución. 

En 1884, el físicoquímico holandés Jacobus Henricus 
Van't Hoff (1852-1911) propuso que el trabajo externo 
máximo obtenido al llevar a cabo isotérmicamente una 
reacción química reversible, era una medida de la afinidad 
química [45]. En este sentido, el matemático y físico belga 
Théophile Ernest de Donder (1872-1957) propuso, en 1922 
[46], una relación termodinámica entre la afinidad química y 
la energía libre de Gibbs, para los sistemas que, no estando 
en equilibrio, no se encuentran muy lejos de él 
(termodinámica irreversible). A partir de la desigualdad de 
Clausius, De Donder hizo equivalente la afinidad de la 
reacción, A, a la derivada parcial negativa de la energía libre 
de Gibbs, G, con respecto a la extensión de la reacción, , a 
presión y temperatura constantes: 

  pTGA ,

Un corolario de utilizar esta definición, en cinética, es que 
la velocidad de una reacción cercana al equilibrio es 
proporcional a la afinidad de la reacción. 

En 1954, Ilya Progogine y Raymond Defay [47] 
definieron la misma afinidad, sustituyendo la derivada 
parcial de la energía libre de Gibbs por la del calor 
incompensado, Q’, tanto para los sistemas en equilibrio como 
para los que no. Esta definición es la actualmente aceptada 
por la IUPAC. 

Como puede verse, la propuesta termodinámica para 
definir la afinidad está acotada para condiciones específicas. 
Además, la medición de la energía de la reacción es 
equivalente a la medición del calor de reacción realizada por 
Pauling [5], aunque con más fundamento teórico y precisión 
experimental. 

5. Conclusión

Pareciera que la química y la termodinámica siguieron
caminos separados; sin embargo son similares pues durante 
su desarrollo, básicamente usaron los mismos conceptos y 
consideraron a la afinidad como una propiedad y no como un 
comportamiento. Por eso, aún con las incontables 
intuiciones, razonamientos y racionalizaciones -relacionados 
a infinidad de esfuerzos y trabajos de múltiples personas, 
durante cientos de años- el concepto de afinidad es y seguirá 
siendo un espejismo: aunque parezca cercano, es 
inalcanzable. 
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Abstract 
Salting and subsequent curing are part of the traditional processing method used in the meat and fish industry. Different preserving 
agents (sodium chloride, nitrite, nitrate, among others) are added in this process. Nowadays, more attention is paid to the amount of salts 
added and the salting time employed. For this reason, it is important to know the factors governing salt penetration and the most 
convenient process conditions. The transfer mechanism of the salts through the structure is an interesting aspect in meat and fish 
processing technology. Mathematical models are the best way to discover the factors, which govern this process, which may represent 
and explain the observed data and predict the behaviour under different conditions. The objective of this review is to describe the use of 
the mathematical models to simulate meat and fish salting and the benefits derived from their use. Most of the models used to describe 
the salting process are diffusional, based on Fick’s second law, although empirical ones are also used. For modelling purposes a good 
description of the experimental results should be guaranteed. The complexity of the model will depend on the objective to be reached and 
will be analysed in each case. 

Keywords: meat, fish, salting, curing, modelling 

Revisión de modelos matemáticos para describir el salado de 
alimentos 

Resumen 
El salado y posterior curado forman parte del procesado tradicional de conservación de carne y pescado. En él se añaden diferentes 
conservantes (cloruro sódico, nitritos, nitratos, entre otros). En la actualidad se está aumentando el control sobre la cantidad de sales 
añadidas y el tiempo de salado. Por ello es importante conocer los factores que controlan la penetración de sal y las condiciones de 
proceso más adecuadas. Los mecanismos de transferencia de las sales en el sólido son aspectos muy interesantes a considerar en las 
industrias de procesado de carne y pescado. Los modelos matemáticos son la mejor manera de conocer los factores controlantes en estos 
procesos. Éstos representan y explican los datos observados y predicen el comportamiento bajo diferentes condiciones. El objetivo de 
este trabajo es describir el uso de modelos matemáticos para similar el salado de carne y pescado y los beneficios derivados de su uso. La 
mayoría de los modelos utilizados para describir el proceso de salado son difusionales, basados en la segunda ley de Fick, aunque 
también son utilizados los modelos empíricos. Para propósitos de modelización debe ser garantizada una buena descripción de los 
resultados experimentales. La complejidad del modelo dependerá del objetivo a alcanzar será analizado en cada caso. 

Palabras clave: carne, pescado, salado, curado, modelización 

1. Introduction

The process of salting is traditional in the meat and fish
industry. Sodium chloride is an essential ingredient of 
salting that provides different functionalities: providing 
flavour, solubilizing proteins, dehydrating and altering 
osmotic pressure so as to inhibit bacterial growth and 
subsequent spoilage. Nitrate and nitrites are also added to 
the meat in this process. They are basic ingredients in meat 

products. Nitrates, which are reduced to nitrites by bacterial 
action, produce an antimicrobial effect, while nitrites inhibit 
the growth of Clostridium botulinum and, thereby, the 
formation of the neurotoxic proteins. Nitrites also contribute 
to the development of flavour in cured meat products and 
are responsible for the formation of the characteristic 
pink/red colour in cured and smoked products. Over the last 
few years, changing consumer demands and increasing 
global competition have led the meat sector to embrace new 
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ingredient systems and new processing technologies. In the 
case of curing salts, consumers are demanding healthier 
products that are low in salt. The use of salts in meat is seen 
to be a cause of the increased risk of chronic diseases, such 
as obesity, cancer and strokes [1]. In this regard, what has 
been proposed is the control of and reduction in the level of 
salts added to meat products. Likewise, it is also important 
to increase knowledge about the reactions that take place 
and the process conditions.  

It is essential to carry out an exhaustive control of the 
salting process in order to develop high quality fish and 
meat products. This involves a good distribution of the salts 
in the product and an estimation of the salting time. In order 
to control both aspects, it is important to know the main 
factors governing salt penetration. The transport phenomena 
involved in salting, defined by salt and water transfer, are 
complex and depend on aspects such as brine concentration, 
temperature or pH, among other things. One of the best 
ways to gain knowledge of the factors governing this 
process is the use of mathematical models, which may 
represent processes, explain the observed data and predict 
the behaviour of the process under different conditions [2]. 
This paper presents a review of the development and use of 
mathematical models describing mass transfer during the 
salting and curing of meat and fish.  

 
2.  The salting process  

 
Meat and fish are traditionally preserved by being 

treated with salts, such as sodium chloride, sodium nitrite 
and sodium nitrate. Salt reduces water activity and lends 
specific organoleptic and sensory characteristics to the 
products. The forms of adding salts differ depending on the 
final product to be obtained. Salting is performed either by 
dry, brine or injection salting or a combination of these 
methods.  

Traditional dry salting consists of covering or rubbing 
the raw material with solid salt; this is partially dissolved 
and drained during the process by fluid effluent from the 
product as a consequence of the osmotic and diffusional 
mechanisms [3]. 

Brine salting is based on the immersion of the meat or 
fish pieces in a water and salt solution. In dry and brine 
salting, counter current salt and water mass transfer take 
place between the brine (or dry salt) and the meat. Barat et 
al. [3] did not find any significant differences between these 
two processes in terms of the physicochemical and sensory 
parameters, but noted that dry salting is more favourable to 
dehydration, while brine salting favours the entry of salt. 
However, brine salting has several advantages over dry 
salting, including shorter processing times due to higher salt 
uptake and higher weight yields due to a better control over 
the rate of salt uptake and water loss in the muscle [4-6].  

Injection-salting is a method that also introduces salt 
into the muscle tissue, but differently from dry and brine 
salting. In this case, the brine is forced to distribute itself 
into the muscle tissue through an injection system. 
Likewise, over the last few years, various technologies have 
been tested for the purposes of accelerating the penetration 
of the salt in the food, such as massage, ultrasound, 

centrifugation, vacuum, freezing, electric current, pressure 
and alternating pressure and vacuum [7]. 

Salting changes the composition and structure of the 
tissue and the extent of these changes may affect the mass 
transfer kinetics and sensorial properties of the final 
product. The gradual increase of salt concentration in the 
meat muscle leads to changes in its functional properties. 
All of the salting procedures bring about the salt saturation 
of the liquid phase of the products. Proteins are strongly 
aggregated at high salt concentrations, leading to a 
reduction in the water holding capacity of the muscle [8]. 
This implies a strong bond between water and salt and the 
concurrent dehydration of the protein [9].  

Two main simultaneous flows are usually generated 
during salting, water loss and salt uptake. Salt ions diffuse 
through the aqueous phase of the product, which is 
distributed by means of a complex network of microscopic 
channels within the dry matter matrix. At the same time, the 
liquid phase of the product does not remain constant when 
the salt is dissolved in it. Water molecules migrate outside 
the product, which causes resistance to diffusion [10].  

Salt diffusion is related to the change between the salt 
concentration in the interior of the food and that in the 
external brine solution, where the mass transfer rates do not 
cease until equilibrium is reached. Equilibrium is the end of 
the diffusion process, that is, when the net rate of mass 
transfer is zero. The diffusion rate necessary to reach 
equilibrium depends on the concentration gradient 
(chemical potential) between the brine and the product. 
During salting, a marked increase in the concentration of 
salt in the muscle may be observed in the first few hours 
due to the large concentration gradient at the beginning of 
the process. Likewise, a great decrease in moisture in the 
muscle can be observed [11]. Thereafter, the diffusion 
decreases until the equilibrium concentration is reached 
[12]. 

 
3.  Modelling of salting process 

 
Mathematical modelling has become a common practice 

when analysing the salting phenomena due to the cost and 
time involved in experimental studies [13-16]. These 
models usually contain a food system description and the 
mechanisms and rate equations of changes. Models can be 
used to improve the understanding of the process dynamics 
and to develop a control strategy for a new process [13]. 
The complexity needed in a model depends on the objective 
to be reached. In general, the simpler the model, the easier 
its mathematical solution. Nevertheless, the model 
equations must be a good approximation to the real process 
[17]. The models can give realistic representations of a 
process, explain the observed data and predict the behaviour 
under different conditions [18]. These can be used for 
process optimization, for example to reduce the cost of the 
process or the processing time without the need to carry out 
experiments. However, models are an approximation to 
reality, which may not provide an accurate description of 
the system resulting in poor prediction. Moreover, 
simulation using complex models can require the use of 
complex mathematical algorithms, which can increase the 
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calculation time. Models can be classified as theoretical and 
empirical. Theoretical models are developed using the 
principles of chemistry, physics and biology. Theoretical 
models are derived from mass and energy balances. Among 
the theoretical models that have been applied to mass 
transfer, the diffusional ones are the most widely used. For 
this reason, they are explained in detail in section 3.1. In 
section 3.2, the empirical models are presented.  

 
3.1.  Diffusional models 

 
Diffusion is the predominant transport mechanism 

involved in salting. It is a spontaneous phenomenon of mass 
transfer caused by the random motion of the molecules 
under a concentration gradient. For the purposes of 
modelling the diffusion in salting processes, authors 
commonly consider water diffusion and salt diffusion 
separately [12,14,15]. 

The key equation describing diffusion is Fick’s second 
law (Equation 1).  

 

 

 
(1) 

 
Eq. 1 is based on the hypothesis that the transfer rate of 

a diffusing substance through a unit area is proportional to 
the concentration gradient measured normally to the section 
[19]. Diffusion alone does not usually occur. For this 
reason, the calculation of an effective diffusion coefficient 
that covers all real phenomena can be useful [2]. 

Effective diffusivity is a property that determines the 
velocity of mass propagation through the material. In the 
case of salting, this property defines the penetration velocity 
of salt and water loss in a food [20]. The estimation of this 
property allows both the mass flux and the processing time 
to be predicted or controlled [9].  

The analytical solutions of Fick´s diffusion equation for 
predicting D in salting for classical geometries has been 
widely used for different geometries: planar with transport 
in one direction (Equation 2), cylindrical (Equation 3), 
spherical (Equation 4), and parallelepipedic with 
multidirectional transport (Equation 5) [11,16,21-32].  

 

 

     
(2) 

 

  
(3) 

 (4) 

 (5) 

 
The solution of these equations depends on the boundary 

conditions. The number of boundary conditions required is 
determined by the order of the highest derivatives appearing 

in each independent variable in the governing differential 
equations. Thus, a transient process governed by a first 
derivative respect to time will require one boundary 
condition related to this variable, usually one initial 
condition. The initial condition refers to the distribution of 
salt at the beginning of the salting process. For example, for 
a slab geometry it can be expressed as (Eq. 6).   

 
 (6) 

 
Eq. 6 indicates that at the beginning of the salting 

process the total salt concentration in the product is the 
same and equal to the initial concentration. 

Since the governing equation for each spatial dimension 
is of the second order, two boundary conditions are needed 
for each dimension. A symmetry condition and a surface 
condition are usually formulated. For an infinite slab, the 
symmetry condition is expressed in equation 7. Generally 
speaking, a symmetry condition must be formulated for 
each spatial dimension. 

 

 (7) 

 
As regards the surface condition, two considerations can 

be made depending on whether the external resistance to 
mass transfer is negligible or not. If the external resistance 
to mass transfer is negligible, it is assumed that the 
equilibrium concentration of salt is reached on the surface 
of the solid from the beginning of the process. This 
condition is expressed by equation 8 for an infinite slab of 
thickness, 2L.  

 
  (8) 

 
The industrial salting process is not carried out under 

conditions of strong agitation. For that reason, the external 
resistance to mass transfer can sometimes be considered. In 
this case, a mass transfer coefficient (kc) is included in the 
surface boundary condition. Equation 9 shows the surface 
condition under this hypothesis for an infinite slab of 
thickness, 2L [25]. 

 

 

  
(9) 

 
Previous diffusion equations (Eqs. 2 to 5) took into 

account the local concentration of salt in the sample. Since 
the experimental values are determined as average 
concentrations, these equations are integrated to calculate 
the average salt content of the sample and to model the 
average concentrations in order to compare the experimental 
and calculated results. 

Mass transport phenomena during salting can be 
assumed as the diffusion of ionic species in a 
multicomponent electrolyte solution. Mass transfer in 
electrolytic solutions requires a description of the movement 
of mobile ionic species, material balances, current flow, 
electroneutrality and fluid mechanics. Solutes do not diffuse 
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independently; a diffusion potential is established and ions 
interact with it [9]. Thus, the description of the process by 
means of the generalized Stefan-Maxwell equation [33] is 
more rigorous than that achieved using the previously 
described Fick equation [34].  

Pinotti et al. [9] analysed the effect of NaCl 
concentration on the diffusion coefficients of NaNO2 and 
KNO3 in pork meat. They applied the Stefan-Maxwell 
theory in electrolyte solutions to calculate the diffusion 
coefficients. Costa-Corredor et al. [34] simulated 
simultaneous water and salt diffusion in dry fermented 
sausage by means of the generalized Stefan-Maxwell 
theory. They converted this equation into the 
multicomponent Fick equation for the simulation. 
Pakowski et al. [35] simulated the evolution of water and 
salt profiles during the dry curing of Spanish ham in a 
similar way. 

3.1.1.  Factors influencing diffusion 

The diffusion of salt and water in meat is influenced by 
several factors. These factors can be used as implicit 
functions in models [36].  

3.1.1.1.  Water content  

Since water is the main component of meat and fish, the 
interaction between water molecules and other 
macromolecules determines the water retention capacity 
[37]. Water retention capacity is an important factor in the 
diffusion of salts during the salting process, inasmuch as 
salts—due to their high degree of solubility—are mobilized 
into the aqueous phase of meat and fish [38]. Thus, the 
transport rate of salt falls as the water content of food 
decreases during processing [20,39]. 

3.1.1.2.  Brine concentration 

The rates of salt and water diffusion are positively 
correlated with the increasing salt concentration of the brine 
[40]. Different authors have studied the influence of brine 
concentration on the salt and water diffusion coefficients in 
meat from multiple regression models [41-43]. Corzo and 
Bracho [23] modeled the effect of salt concentration and 
temperature on the water diffusion coefficient of sardine 
sheets. They used a multiple linear regression to fit the 
diffusion coefficient as a function of absolute temperature 
(1/T) and brine concentration (C). 

3.1.1.3.  Meat fibre direction 

The influence of meat fibre direction on the diffusion of 
salt and water in salted products has been widely studied 
[24, 36, 44-46]. All of these studies have found that both 
salt and water diffusion behave in an anisotropic way in fish 
and meat muscles. For instance, Gisbert [45] studied the 
salting of pork loin and found a higher salt and water 
diffusivity when the diffusion occurred parallel to the meat 
fibres.  

3.1.1.4.  Operating temperature 

The diffusivity is significantly affected by temperature. 
An increase in temperature raises the thermal energy of 
molecules, leading to an increase in their diffusion rate. 
[9,23,28]. Thus, the relationship between salt and water 
diffusivity and temperature is generally described by the 
Arrhenius equation (Eq. 10).  

(10) 

3.1.1.5.  Shrinkage 

During salting, moisture loss leads to the tightening of 
the solid structure of the product and local shrinkage. 
Isotropic shrinkage is when the dimensions of the product 
change in equal proportions in every direction. Clemente et 
al. [47] found a linear relationship between the quotients 
“radius/initial radius” and “volume/initial volume” and the 
moisture content for the drying of salted pork meat. Other 
relationships were described by Comaposada [48] to 
determine the effect of shrinkage on water diffusion in the 
salted muscle of pork ham, and by Corzo and Bracho [49] to 
determine the shrinkage of salted sardine sheets. 

3.1.1.6. pH 

The pH of the meat has a significant effect on the 
diffusion of curing salts and water because this factor 
controls the water retention capacity. Studies by Cierach 
and Modzelewska-Kapitula [50] on salted pork meat, show 
that meat with low pH values, from 5.4 to 5.5 (PSE meat, 
Pale Soft and Exudative), reached a higher concentration 
and achieved a greater salt diffusion compared to meat with 
high pH values of between 6.2 and 6.8 (DFD meat, Dark, 
Firm and Dry). Arnau et al. [51] studied the effect of pH on 
the salt content in hams obtaining similar results.  

3.1.2.  Improvement of diffusional models 

Several aspects are important in the development of better 
models with which to describe the salting process. One of 
them is the precise measurement of the salt and moisture 
content at every point of the food and its surroundings during 
processing [11]. In this direction, the greatest advances have 
been made by using non-destructive testing methods, such as 
X-ray tomography, ultrasounds and NMR [31,52-54]. Another 
aspect is the adequate thermodynamic definition of the food 
and its surroundings [55], identifying the components, phases 
and driving forces that exist, both in pile and brine salting 
processes. In the same fashion, an adequate resolution of the 
rigorous equations allows a better approximation of the 
models with which to describe the real process. Assuming 
constant diffusion coefficients, regardless of the time, distance 
or food composition, and that the external resistance to mass 
transfer is neglected [25], facilitates the solution of the model. 
Nevertheless, sometimes this means that the model does not 
provide close fitting results [56]. 
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3.2.  Empirical models 
 
Empirical models are obtained by fitting experimental 

data; thus, these models only describe systems under 
specific conditions. Empirical models present some 
advantages, such as the ability to model water losses and 
solid uptake, as well as the physical–chemical and sensory 
properties of the food material. These models ignore the 
internal resistance to mass transfer, for which reason they 
are limited to obtaining a general expression of the mass 
transport phenomena experienced during the process [57]. 
Shi and Le Maguer [58] described some important aspects 
related to the application of these models. There are several 
empirical equations used to model the mass transfer kinetics 
during salting, which are useful for the purposes of 
optimizing the process itself. Although not derived from any 
physical laws or diffusion theories, their application during 
the study of salting kinetics has been demonstrated.  

 
3.2.1.  Azuara’s model 

 
Azuara et al. [59] proposed a model, which avoided the 

limitations of Fick’s diffusion model for practical purposes, 
and succeeded in predicting  mass transport during osmotic 
dehydration accurately [60]. Both water loss and salt uptake 
are modelled. This model can be written as: 

 

 (11) 

 
Similarly, for solid uptake, it can also be written as: 
 

 (12) 

 
This model does not consider the size, shape and 

structure of the material. Its greatest advantage is that 
equilibrium does not have  to be reached in order to predict  
water loss and salt gain. 

 
3.2.2.  Peleg’s model 

 
Peleg’s model [61] is a two-parameter model widely 

used in food processing. The linearized equation for water 
loss is: 

 

 (13) 

 
Similarly, for salt uptake, Peleg’s model can also be 

written as: 
 

 (14) 

 
Corzo et al. [60] applied Peleg’s and Azuara’s models for 

the purposes of describing mass transfer during pile salting of 
goat meat sheets using different mixtures of NaCl, KCl, CaCl2 
and MgCl2. High coefficients of determination and low mean 

relative errors indicated that both models are able to represent 
the moisture loss and salt uptake during pile salting. The 
equilibrium moisture and salt contents estimated by Peleg’s 
model were lower than those estimated by Azuara’s model.  

 
3.2.3.  Zugarramurdi and Lupin’s model 

 
This mathematical model is an exponential approach to 

the equilibrium value of sodium chloride and water 
concentrations. The acceptability of the model has been 
verified through experiments on various fish species. The 
authors concluded that the behaviour of the system under 
consideration is general and may be applied to any species 
[62-64]. The equations for the model are equation 15 for 
water loss and equation 16 for sodium chloride uptake. 

 
 (15) 

 
 (16) 

 
Corzo et al. [65] considered applying Zugarramurdi and 

Lupin’s model during the pile salting of goat meat sheets in 
order to study not only the equilibrium, but also the kinetics of 
the process. A good agreement between the experimental and 
calculated results was obtained. Chabbouh et al. [14] applied 
both Zugarramundi and Lupin and Peleg’s models for the 
description of water exudation and salt uptake by beef meat. 
Both models displayed a good fit to the experimental data for 
sodium chloride uptake and water exudation. Bellagha et al. 
[62] used Zugarramundi and Lupin’s model in the modelling of 
the salting kinetics of sardine. They obtained good agreement 
between the experimental values and those calculated by 
means of the model for both brine and dry salting.  

 
4.  Conclusions 

 
Using models to describe meat and fish salting is highly 

useful for industrial purposes; for example, in the prediction 
of the salting time and the brine concentration necessary to 
reach a certain salt concentration in a piece of meat or fish. 

The diffusion of salt and water in meat and fish is 
influenced by several factors. It is necessary to develop 
mathematical equations, which take all of those aspects and 
the physical properties into account  in order both to 
improve our understanding and to describe  the salting 
kinetics adequately.  

Most of the models used to describe the salting process are 
diffusional, based on Fick’s second law. In the case of salting, 
the most commonly applied equations are diffusional for 
regular shapes. In order to improve diffusional models, 
additional details of the physical and chemical processes that 
take place during salting should be incorporated. Other models 
used for salting are the empirical ones, such as Azuara’s 
model, Peleg’s model and Zugarramurdi and Lupin’s model.  

The level of complexity needed in a model depends on 
the objective to be reached. In general, the easier the model, 
the easier is its solution. Nevertheless, a good description of 
the experimental results should be guaranteed. For this 
reason, the model to be used will be analysed in each case. 
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Nomenclature 
C Moisture or salt concentration kg/m3 

Ci Initial concentration of salt or water kg/m3 
Ce Equilibrium concentration of salt or 

water  
kg/m3 

Cif Concentration of salt or water in the brine kg/m3 
De Effective diffusivity m2/s 
D0 Pre-exponential factor  m2/s 
Ea Activation energy kJ/mol 
kAs Azuara’s model parameter s-1 
kAw Azuara’s model parameter s-1 

kc Mass transfer coefficient  m/s 
kZw Zugarramurdi and Lupin’s model 

parameter 
s-1 

kZs Zugarramurdi and Lupin’s model 
parameter 

s-1 

k1 Peleg’s model parameter s(g water/g dry 
matter)-1 

k2 Peleg’s model parameter (g water/g dry 
matter)-1 

k3 Peleg’s model parameter s(g salt/g dry 
matter)-1 

k4 Peleg’s model parameter (g salt/g dry 
matter)-1 

L Semi-thickness of a slab m 
R Constant of perfect gases 8.31 J/molK 
r Radial coordinate  m 
s Salt content  g salt/g initial 

sample 
se Equilibrium salt  content  g salt/g initial 

sample 
T Temperature K 
t Time s 
w Moisture content  g water/ g 

initial sample 
we Equilibrium moisture  content  g water/ g 

initial sample 
X Moisture content  g water/ g dry 

matter 
Xe Equilibrium moisture content g water/ g dry 

matter 
Xs Salt content  g salt/ g dry 

matter 
Xse Equilibrium salt content g salt/g dry 

matter 
Xs0 Initial salt content  g salt/ g dry 

matter 
X0 Initial moisture content  g water/ g dry 

matter 
x Cartesian coordinate m 
y Cartesian coordinate m 
z Cartesian coordinate m 

Source: The authors 
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Abstract 
The infrastructure for hydrocarbon transportation has grown significantly to supply the needs of a greater number of settlements; however, 
due to problems in the supply networks, accidental spills or leaks can contaminate the underlying soils. This paper addresses soils 
contaminated with gasoline, and it analyzes the changes that occur in a tropical residual soil after contamination. Analysis was carried out 
by using specific laboratory tests to characterize the type of soil (Miniature Compacted Tropical Classification, Suction, Pinhole Test, 
Collapse Potential, X-ray Diffraction, Scanning Electron Microscopy, pH determination) and by performing traditional tests (natural 
humidity, specific gravity, granulometry, Atterberg limits, direct shear, etc.). These tests were conducted with samples in their natural state, 
as well as contaminated samples, in order to elucidate possible variations in the mechanical characteristics of the material. 

Keywords: Tropical residual soil, Soil contaminations by gasoline, Antioquia Batholith. 

Comportamiento geotécnico de un suelo residual tropical 
contaminado con gasolina 

Resumen 
La infraestructura para transporte de hidrocarburos ha crecido de manera importante debido a la necesidad de abastecer la mayor cantidad 
de poblaciones; sin embargo por problemas en las redes de suministro, se presentan derrames accidentales que contaminan los suelos bajo 
los cuales se apoyan estas estructuras. Los suelos contaminados, en este caso particular con gasolina, son la motivación del presente artículo, 
el cual pretende analizar los cambios que ocurren en un suelo de origen residual tropical al ser contaminado con éste; mediante pruebas de 
laboratorio específicos para caracterizar este tipo de suelos (Clasificación Miniatura Compactado Tropical, Succión, Pinhole Test, Índice 
de Colapso, Difracción de rayos “X”, Microscopía Electrónica de Barrido, determinación de pH) y de ensayos tradicionales (humedad 
natural, gravedad específica, granulometría, límites de Atterberg, corte directo, etc), tanto con muestras en estado natural como 
contaminadas que permitan percibir las posibles variaciones en las características mecánicas del material. 

Palabras clave: Suelo residual tropical, Contaminación de suelo con gasolina, Batolito Antioqueño. 

1. Introduction

There are few studies on the alterations produced by the
interactions of soil contaminants and the effects they have on 
the geotechnical properties of the soil. In this case, gasoline 
was evaluated as the contaminating agent due to the problems 
that commonly occur around Colombia, e.g., leaks 

originating from gas stations and oil pipelines due to illegal 
connections and damage. 

In order to identify the alterations produced by the fuel in 
the characteristics of the region’s soils, a contamination 
process with gasoline was simulated in a sample of residual  
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Figure 1. Location of the slope in the study area (Guarne, Antioquia) 
Sources:  The authors from Mayor of the municipality of Guarne and Google 
Earth, [1,2] 

 
 

soil in the Antioquia Batholith. A series of laboratory tests 
were subsequently carried out. These were tests used in soil 
mechanics, i.e., natural humidity, specific gravity of solids, 
granulometry, Atterberg limits, double-edometric, direct 
shear, pH determination, filter paper suction, pinhole test, X-
ray diffraction, scanning electron microscopy and miniature 
compacted tropical classification, which provide a closer 
approximation of the corresponding characteristics of the soil 
in the region. 

 
2.  Characteristics of the study area 

 
The study area is located near the town of Guarne, on the 

west side of the Department of Antioquia, on the right margin 
of the Medellín-Bogotá Highway, at an elevation of 2,157 
m.a.s.l., with coordinates N=1.188.043 and E=847.616 
(Datum Bogotá)(Figure 1). 

The study site corresponds to a 19-meter slope, which 
currently exhibits a modified morphology due to excavations 
carried out at the site. The excavations have produced vertical 
slopes (escarpments), which are apparently stable, as well as 
more gradual slopes, on which erosion processes occur. For 
example, furrows caused by surface runoff can be observed 
on the gradual slopes.   

The municipality is located at approximately 
2,150 m.a.s.l. Its average temperature is 17°C, with day to 
night variations between 27°C and 8°C. The average relative 
humidity is 80%, and the median annual precipitation is 
between 1800 and 2800 mm. Two climatic periods are 
observed in the area, which correspond to the rainy season 
(April to May and August to November) and the dry season 
(June to July and December to March) [3]. In terms of the 
plant life present in the study area, the environment can be 
classified mainly as a Low Mountain Humid Forest (bh-MB) 
[4]. The principal drainage from the area is from the La 
Mosca and Lomeríos creeks. 

 
3.  Geological and geomorphological features 

 
Regionally speaking, the study area is made up of the 

geological units known as Neis de la Ceja (PRlnc), Medellín 

Amphibolites (PRam), Antioquia Batholith (K2ta), Drainage 
Basin Deposits (Q2v) and Alluvial Deposits (Q2al) [5]. 

The slope under study exhibits the Medellín 
Amphibolites (PRam), which are amphibolite bodies of 
varying dimensions that extend over the Antioquia Batholith. 
They display an intrusive relationship; the mineral 
composition is essentially hornblende and plagioclase. In 
turn, the predominant facies in the Antioquia Batholith 
(K2ta) in the study area exhibit a tonalite to granodiorite 
composition, with more maphic border facies and more 
felsiclocal facies. The predominant minerals are quartz, 
potassium feldspar, plagioclase, biotite, hornblende, 
orthopyroxenes and some accessory minerals.    

The Antioquia Batholith rocks and the weathering and 
erosion processes they undergo generate short, round, semi-
hilly geo-formations, in which the forces of material transport 
shape the landscape and contribute to the formation of short 
drainage basins in narrow valleys, with dendritic drainage 
resulting from runoff processes. This makes it possible to 
uncover the deep saprolitic material exposed on the surface, 
which is then easily remobilized by erosive processes. 

 
4.  Weathering profile 

 
During the visits to the study site, a stratigraphic profile 

of the slope was defined, and samples were taken within the 
profile. Based on the (visual) preliminary description of the 
field of materials found, a brief description of each layer is 
presented next.  

Organic soil: Silty soil, dark brown in color, with 
medium humidity and low plasticity, of soft consistency and 
with a high root content. This soil displays a very distinctive 
color.   

Volcanic ash: Clayey-silt with a light brown to gray to 
beige color, porous, of medium to high humidity and high 
plasticity, of soft consistency, with some small quartz 
crystals. 

Residual soil contaminated with ash: Clayey-silt soil 
with some sand, homogeneous, of yellow to orange color, 
medium to high humidity, medium plasticity and firm 
consistency, does not exhibit structures inherited from the 
parent rock, only small quartz crystals can be observed. 

Residual soil of the Antioquia Batholith: Clayey-silt 
soil, with some sand, of orange to reddish color, medium to 
high humidity and low to null plasticity. This soil does not 
exhibit a specific structure, but it contains some quartz and 
mica crystals. 

Saprolite of the Antioquia Batholith: Sandy-silt soil, 
white with black, orange and pink blotches, with low cohesion 
(it is easily disaggregated in one’s hands), medium humidity 
and low to null plasticity. The granite structure of the parent 
rock is easily observed, as well as some discontinuities filled 
with manganese oxides. This soil exhibits a high content of 
quartz crystals and some mica crystals. 

 
5.  Methodology 

 
Soil samples were taken from the study area as both 

altered (packed into bags) and unaltered (box type) samples. 
Initially, samples were contaminated with gasoline in the 
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Geotechnical and Pavement Engineering Laboratory of the 
National University of Colombia, Medellín Campus. This 
contamination process consisted of getting both groups of 
samples, those contaminated and those in their natural state, 
to exhibit the same humidity level, between 27% and 30%, 
with the goal of at least having the humidity parameter 
controlled to the same value for all tests. To that end, a 
gravimetric analysis was carried out, in which the humidity 
of the sample was reduced to a value of 15%. Then, enough 
gasoline was added to reach the desired gravimetric water 
content of uncontaminated samples. Additionally, upon 
contamination, the liquid phase was allowed to occupy 60% 
of the air voids in the soil. 

The soil was contaminated with gasoline by drip; the 
gasoline was allowed to incubate in the soil for 7 days before 
the tests were started, in order to allow adequate infiltration 
of the fuel and to allow it to interact with the soil. 

Finally, the minimum number of geotechnical 
characterization tests for the contaminated and 
uncontaminated soils was two tests to verify repeatability. 
For the uncontaminated soil, the results of tests developed by 
students in the Geotechnical Behavior of Tropical Soils 
course at the National University of Colombia, Medellín 
Campus, were used, enabling comparison of both states [6]. 

 
5.1.  Physical characterization 

 
To undertake the physical characterization of 

contaminated and uncontaminated samples, the following 
tests were executed: 
 Natural water content [7]. 
 Specific gravity of solids [8]. 
 Granulometry using sieves and a hydrometer, with and 

without deflocculant [9]. 
 Atterberg limits [10]. 
 MCT rapid Classification, Miniature Compacted 

Tropical [11]. 
 

5.2.  Mineralogical characterization 
 

 X-ray diffraction: This test generates a diffractogram 
that makes it possible to identify the minerals present in 
the soil [12]. 

 Scanning Electron Microscopy (SEM): This test 
enables examination of the microstructure and chemical 
composition of the soil, and it makes it possible to 
confirm the presence of specific minerals based on 
detailed images [12]. 

 
5.3.  Chemical characterization 

 
 Measurement of the pH in H2O and in KCl: Two 

solutions are used in this test, and the pH measured in KCl 
is subtracted from the pH measured in water. If the 
difference between the pH values is positive (pH), then 
iron and aluminum oxides and hydroxides are 
predominant in the soil. If the value is negative, clay 
minerals are predominant [13-15]. 

 

5.4.  Mechanical characterization  
 

 Consolidated drained (CD) direct shear test: The 
purpose of the test is to calculate the friction angle and 
cohesion parameter [16]. 

 Double-edometric test: two simultaneous simple 
edometric tests are performed, one in natural humidity 
conditions and the other in saturated conditions. Based 
on the test, two compressibility curves are generated for 
the soil. The differences between the void ratios are 
used to calculate the collapse potential [17,18]. 

 Pinhole test: this test is intended to determine whether 
the contaminated soil is susceptible to the internal 
erosion processes [19,20]. 

 Test of suction through filter paper with mixed 
trajectory: this test allows for the measurement of both 
matrix suction and total suction in the soil [21,22]. 

 
6.  Analysis of results 

 
6.1.  Index properties 

 
In order to characterize the material on the site, 

classification tests were carried out following the Unified 
Soil Classification System and MCT (Miniature Compacted 
Tropical classification). These tests were performed on the 
sample in its natural state and on a sample contaminated with 
gasoline, both in a humid state and in a dry state.  

Figure 2 shows the Atterberg limits, and Table 1 and 2 
show the results obtained. 

 

 
 
Figure 2. Atterberg limits in Casagrande’s plasticity chart 
Sources: The authors 

 
 

Table 1.  
Soil Classification 

Specimen 
% Finer 

WD 
% Finer 

D 
LL(%) PI(%) USCS 

Natural soil 56 57 54 18 MH 
Contaminated 

soil 
61 62 52 15 MH 

WD: Without Deflocculant, D: With deflocculant, LL: liquid Limit, PI: 
Plasticity Index, USCS: Unified Soil Classification System 

Sources: The authors 
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Table 2.  
Summary of physical properties 

Specimen Gs e S(%) wnat(%) MCT 
Natural soil 2.8 1.0 71 28 LA’-LG’ 

Contaminated soil 2.8 1.1 76 29 LA’-LG’ 
Gs: Specific Gravity, e: Void Ratio, S: Saturation, wnat: natural humidity, 

MCT: Miniature Compacted Tropical 
Sources: The authors 

 
 

 
Figure 3. Granulometric curve of the soils 
Sources: The authors 

 
 
It can be seen that for both contaminated and natural 

samples, the plasticity index is low, which indicates 
aggregation of particles or presence of clay minerals with low 
activity. The classification of the material, which corresponds 
to high-compressibility silt (MH), isn't affected by the 
contamination. 

 
6.2.  Granulometry 

 
To observe the aggregations present in the soil before and 

after contamination, granulometry was performed by using a 
hydrometer on both samples with and without a deflocculant. 
The results for both the natural and contaminated samples are 
shown in Figure 3. It can be seen in the figure that the fine 
material percentage is very similar for both cases without 
deflocculant, which indicates that the contaminant does not 
affect the size of the particles in the soil. Taking into account 
Figure 3, the stability of aggregates was determined by 
calculating the difference between clay percentages with and 
without deflocculant [12]. The sample contaminated with 
gasoline exhibits greater aggregation than the natural sample. 
However, the stability of such aggregations is lower for the 
contaminated sample than for the natural one, with values of 
8% and 4%, respectively. Thus, one can infer that gasoline 
generates larger aggregations. However, the stability of such 
aggregations is not very strong. 

 
6.3.  MCT Rapid Classification (Miniature, Compacted, 

Tropical) 
 
The MCT classification is a method developed especially 

for tropical soils, which allows them to be sorted into two 

principal groups: lateritic soils (L) and non-lateritic soils (N). 
These are in turn divided into seven subgroups [12]. The test 
was performed on 10 samples, 5 in their natural state and 5 
contaminated with gasoline, and it was found that the soil in 
both conditions exhibits the characteristics of a tropical soil 
belonging to the groups LA’ (lateritic clayey sands) and LG’ 
(clays, silty clays and lateritic sandy clays). 

For the study area, the classification exhibited by the soil, 
LA’ and LG’, is in agreement with the characteristics of the 
materials in the region. These materials have a high degree of 
stability despite the steep slopes. Reddish soils are predominant, 
and there is organic material at a superficial level. There is also 
a high sesquioxide content. In addition, these materials can be 
easily collapsed due to water immersion [11]. 

It is worth clarifying that the MCT classification for the 
soil studied is not definitive and should be complemented 
with other tests that corroborate or fail to corroborate its 
results. Other tests will make it possible to establish the 
degree of weathering in the soil. 

 
6.4.  Mineralogical and structural analyses of the soil 

 
6.4.1.  X-Ray Diffraction (XRD) 

 
The results of the XRD test (Figure 4) show that both the 

natural soil and the soil contaminated with gasoline show a 
mineralogical predominance of quartz and plagioclases. As a 
result of the alteration of the latter, clay minerals were 
generated (mainly kaolinite). The presence of gibbsite, to a 
lesser degree, can also be observed. 

For the contaminated material, gasoline does not alter the 
mineralogy of the soil. The interaction period of the 
contaminant in the soil was too short to produce changes in 
the chemical composition of the minerals. In addition, this 
test was affected by sampling. Therefore, observing small 
changes in percentage points is common for the 
mineralogical components. 

 

 
Figure 4a. Natural soil. 

 
Figure 4b. Contaminated soil. 
 
Figure 4. XRD Results 
Sources: The authors 
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Figure 5. Scanning Electron Microscopy results 
Sources: The authors 

 
 

Table 3. 
Measurement of the hydrogen potential pH 

Soil Specimen pH (water) pH (KCl) ΔpH 
 

Natural 
 

1 6 4.4 -1.6 
2 5.9 4.3 -1.56 
3 5.9 4.3 -1.53 

Contaminated 
1 7 4.3 -2.77 
2 6.9 4.1 -2.72 
3 6.5 4.1 -2.4 

Sources: The authors 
 
 

6.4.2.  Scanning Electron Microscopy (SEM) 
 
Some of the images captured through the scanning 

electron microscope are shown in Figure 5. Based on these 
images, one can infer that for the sample contaminated with 
gasoline, the particles are more aggregated compared to the 
natural sample. For that reason, more pores are visible than 
on the natural sample. These observations are of a qualitative 
character and are directly related with the sample of material 
analyzed, which is a small fraction of the total sample. 
However, the results coincide with the granulometry as 
measured by the hydrometer test, which found that weak 
aggregations can be observed in the contaminated sample. 

 
6.5.  Determination of pH 

 
The results in Table 3 show that the levels of iron and 

aluminum oxides and hydroxides are very low. Thus, we can 
state that the soil is in an early stage of weathering (incipient 
laterization). With respect to the sample contaminated with 
gasoline, an increase of approximately 13% in the acidity of 
the soil can be observed compared to the natural soil. The pH 
of the contaminated soil is within the optimum range for most 
soil bacteria, which may be optimal for use in bioremediation 
[23]. 

On the other hand, the trend toward negative values of 
ΔpH persists, which is expected given that the time during 
which the soil was exposed to the contaminant was too short 
to produce a change in the mineralogy of the soil.  

 
6.6.  Consolidated drained (CD) direct shear test 

 
The main objective of this test is to determine the strength 

parameters of  the soil .  The shear test  performed  

 
Figure 6. Results of the shear strength test in the natural and contaminated 
samples 
Sources: The authors 

 
 

Table 4. 
Strength parameters 

 
Specimen 

 

C [kPa] Friction angle  
Natural 

moisture 
Saturated 

Natural 
moisture 

Saturated 

Natural soil 29 3 29° 30° 
Contaminated soil 24 1 30° 28° 

Sources: The authors 
 
 
The strength parameters corresponding to the failure 

envelopes represented in Figure 6 are shown in Table 4. 
Was of type CD (consolidated and drained), which avoids 

the development of pore pressures in the samples. The results 
are shown in Figure 6. 

The strength parameters obtained in the shear strength test 
are similar to the typical values of cohesion (C) and friction 
angle of soils coming from the Antioquia Batholith [3]. In 
addition, the data shown in Figure 6 and Table 4 represent the 
most significant changes in the strength parameters of the 
soil, which are directly related to its saturation condition. 

Based on these results, we can observe that the 
unsaturated samples have greater strength than the saturated 
samples. This corresponds to the most critical condition of 
the soil because water directly affects the mechanical 
properties of the soil. The influence of the presence of the 
contaminant is not representative, given that the variation in 
strength is minimal. In other words, neither the cohesion nor 
the friction angles are significantly influenced by the 
interaction with gasoline. 

 
6.7.  Double-edometric test 

 
Based on Figure 7 and the estimation of collapse 

potential, we can state that the gasoline removes the 
connections that keep the grains of the structure together, 
which promotes collapse [18]. This phenomenon becomes 
clear when comparing the values of the collapse potential, 
which in the case of the natural sample are below 3.0%. 
These low values correspond to classification of the soil as 
moderately collapsible. In the case of the contaminated 
samples, the values are between 10% and 20% for the last  

b. SEM of natural soil. a. SEM of contaminated soil. 
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Figure 7. Double-edometric tests, natural and gasoline contaminated soil 
Sources: The authors 

 
 

load increment, and the problem can be considered serious. 
In addition, when considering the most unfavorable scenario, 
comparing the contaminated saturated sample with the 
natural sample, we obtain a potential of 20.9%, which 
qualifies the problem as very serious. This is in agreement 
with what was observed in the SEM. The SEM images 
showed that the contaminated sample has a more open 
structure. 

 
6.8.  Erodibility tests 

 
A series of erosive processes were observed during the 

visit to the study area. These erosive processes have affected 
the soil, and they reveal the degree of erodibility that can be 
reached. Such processes are superficial (furrows). This 
means that it is necessary to verify, to a certain degree, the 
degree of erodibility the soil can exhibit, both in its natural 
state and when it is contaminated (Pinhole Test) [20].  

 
6.8.1.  Pinhole Test 

 
We can observe from Figure 8 that for the natural sample, 

the stages of loading and unloading overlap. In other words, 
for a given head, the flow rates in the stage of loading and 
unloading are the same, which indicates that the natural soil 
does not show any erodibility. In contrast, the sample altered 
by gasoline exhibits a high degree of erodibility, given that 
there is a marked difference between the loading stage and 
the unloading stage, which is associated with the separation 
of certain particles due to the flow of water and the 
subsequent blockage of the hole (stage of unloading below 
the stage of loading). 

 
6.9.  Suction 

 
There was a difference between the matrix suction and 

total suction, both for the sample in its natural state and for 
the contaminated sample (Figure 9). This difference is due to 
the contribution of osmotic suction from each of the samples, 
which is greater in the sample contaminated with  

 
Figure 8. Pinhole test, natural sample and sample with gasoline. 
Sources: The authors 

 
 

 
Figure 9.Characteristic curve of the natural soil and soil altered with soap. 
Matrix and total suction 
Sources: The authors 

 
 

gasoline at humidities below 27%. For greater humidities, the 
chemical effect is approximately the same as that exhibited 
by the natural sample. This indicates that the reduction in 
total suction caused by the contaminant in the soil is mainly 
observed in the matrix suction component. 

Taking this into account, one can say that the reduction in 
matrix suction observed in the contaminated soil is caused by 
a change in its structure (see SEM test). It is worth 
highlighting that the reduction in matrix suction can also 
occur because of a reduction in surface tension caused by the 
gasoline. The surface tension of water is approximately 
72.3(10-3) N/ml, whereas the surface tension of gasoline is 
21.60 (10-3) N/ml [24]. Thus, the surface tension of gasoline 
is 50% less than that of water, and when these substances are 
combined, the resulting surface tension of the mixture should 
be lower. 

 
7.  Conclusions 

 
It is important to consider the effects of certain liquid 

contaminants present in the soil, given that these may alter 
some of the soil’s geotechnical properties. Contaminants may 
modify the initial stability conditions of the soil. This is 
demonstrated by using laboratory tests performed on samples 
contaminated with gasoline. 
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In terms of the principal volumetric and gravimetric 
relationships, such as the void ratio, degree of saturation, and 
specific gravity of solids, one can observe insignificant 
variations due to the presence of gasoline, which is related to 
the short period of action of the contaminant in the soil. 
Similarly, the general characteristics of the soil, such as the 
predominant size of the particles and the plasticity of the soil, 
are also not affected considerably. 

Regarding the XRD tests, the MCT classification and the 
pH test, can state that studied soil exhibits a significantly 
advanced process of laterization. In addition, it can be 
inferred that gasoline does not influence the mineralogical 
composition of the soil, given that the results for the natural 
sample were very similar to those of the contaminated 
sample.  

Considering the hydro-mechanical behavior, no 
significant changes were observed in the shear strength 
parameters. On the other hand, gasoline considerably 
increases the probability of collapse and increases the 
internal erodibility of the soils. The most notable of these 
impacts is the increase in the probability of collapse. In the 
worst-case scenario, the stability problem would change from 
moderate to very serious, which would indicate that this 
contaminant is capable of removing the support that holds the 
grains of the soil structure together.  

Finally, it is important to take the contamination scenarios 
for soils into account during the design and planning of 
projects that involve the processing, storage and 
transportation of hydrocarbons. Taking such contamination 
into consideration will help to prevent possible events that 
can affect the stability and behavior of soils. 
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Abstract 
This article presents an intelligent system for container stacking based on fuzzy logic. The method establishes a defined criterion for 
accepting or rejecting in real time an entry request to the stacking areas of the port in Valparaiso, Chile. A case study based on expert 
knowledge illustrates the proposed method with real data. First, the optimum solution is determined for a problem of maximization of entries, 
based on historical records from the traffic and information center of Valparaiso Port. Second, this solution is used to establish a strategy for 
making “the best possible decisions.” The combination of the optimization and the fuzzy results (which consider the type of cargo, prices, 
and capacity) is performed at two levels. First, the optimization results are used as feed for the fuzzy system to determinate a ratio of future 
acceptances. Second, the optimization results are compared to the fuzzy system results in order to estimate a parameter to establish the 
minimal percentage value for accepting a request. As a result, a proper use of the stacking area is achieved, which results in an increase of 
profits and revenue management. 
 
Keywords: fuzzy logic; revenue management; stacking, containers; capacity; demand. 
 

 

Sistema de gestión de ingreso para el aparcamiento de contenedores: 
Una estrategia fuzzy para el puerto de Valparaíso 

 
Resumen 
Este artículo presenta un sistema inteligente de aparcamiento de contenedores basado en lógica difusa. El método establece un criterio 
definido para aceptar o rechazar en tiempo real una solicitud de entrada a las zonas de aparcamiento del puerto de Valparaíso, Chile. 
Estudio de caso basado en conocimiento experto, ilustra el método propuesto con datos reales. En primer lugar, la solución óptima se 
determina para un problema de maximización de prestaciones a partir de los registros históricos del centro de información de tráfico y del 
puerto de Valparaíso. En segundo lugar, se utiliza esta solución para establecer una estrategia para tomar "la mejor decisión posible.” La 
combinación de la optimización y los resultados difusos (que consideran el tipo de carga, los precios, y la capacidad) se lleva a cabo en 
dos niveles. En primer lugar, los resultados de optimización se utilizan como alimentación del sistema difuso para determinar una 
proporción de aceptaciones futuras. En segundo lugar, los resultados de la optimización se comparan con los resultados del sistema 
difuso, con el fin de estimar un parámetro para establecer el valor del porcentaje mínimo que permita aceptar una solicitud. Como 
resultado, se consigue un uso adecuado de la zona de apilamiento o aparcamiento de contenedores, lo que resulta en un aumento de los 
beneficios y la gestión de ingresos. 
 
Palabras clave: lógica difusa, gestión de ingreso, apilamiento, contenedores, capacidad, demanda. 

 
 
 

1.  Introduction 
 
One of the geographical features of Chile is that it has 

over 4,000 km of coast. There are 11 state-administered 

ports and 26 private ports. State ports load 60.7% of cargo. 
Of these, Valparaiso port moves the most container cargo, 
33% of the total. Moreover, it is the number one port for 
exports, recording the transfer of 8,457,122 metric tons in 
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2011 [1] and an annual growth of over 20%, and thereby 
plays a significant role in the Chilean economy [2]. 

The continued development of Valparaiso port activity 
has involved the ZEAL (Zona de Extensión de Apoyo 
Logístico – Extension Zone for Logistic Support) taking 
measures to increase the competitiveness of the port. To this 
end, ZEAL has carried out an audit and documentation of 
loads transferred by the port. This contributes to the 
decongestion of the port and its access routes, which, in 
turn, increases rotation of load transfer. However, the 
logistical operations between ZEAL and the terminals 
require constant planning and control. Other agents are also 
involved in these operations: EPV (Empresa Portuaria de 
Valparaíso – Valparaiso Port Company) as the port 
authority; concessionaries such as TPS (Terminal Pacífico 
Sur – South Pacific Terminal) and ZSC (ZEAL Sociedad 
Concesionaria – ZEAL Concessionaire); state organizations 
such as Customs and SAG (Servicio Agrícola y Ganadero – 
Agricultural and Livestock Service); Sernapesca; and other 
exporters and transporters [3]. 

From a theoretical point of view of the management of the 
supply chain, the current administration measures are 
insufficient, particularly because the global objective should 
be sought over local objectives, or those of each member of 
the chain [4]. The creation of ZEAL is an important step but it 
is limited by the fact that it concentrates on the documentation 
operations prior to entry to the port and does not consider the 
operations related to cargo reception in the stacking areas. 

The need for the present study arises principally from 
growth in port activities. A steady increase in the volume of 
transfers, year after year, has meant that the terminals, and 
in particular TPS, exceed their maximum capacity at certain 
periods. This does not just occur in seasons when there is a 
high demand for horticultural products, but throughout the 
year and especially on weekends. Similarly, there are also 
periods with low capacity use [1,5].  

Given this context, this research aims to incorporate an 
element of judgment for the reception of containerized 
cargo through the management of demand for cargo 
transfers, by focusing on matching the offer of port services 
with exporters’ cargo demands. Specifically, an intelligent 
system for container stacking based on fuzzy logic is 
proposed. The system decides whether to accept or reject 
the request of a defined criterion for each type of load and 
gives a response in “real time.” This would enable the 
company to increase its revenue and reduce the variable 
costs for hiring external storage in periods of high demand. 

 
2.  Revenue management and fuzzy optimization 

 
Revenue Management is a form of management for 

maximizing revenue in activities with capacity constraints 
[6]. This technique has been used in various sectors, 
although mostly in companies with perishable products and 
services that manage demand with price changes over time 
[7].  

Revenue Management, also called Yield Management, 
consists of adapting the demand to the existing supply, 
based on prices and inventory management, in order to 
maximize revenue [8]. In other words, revenue management 

aims to “sell the correct unit of the inventory” to the “right 
client” at the “right time” [9,10]. 

Revenue management has its origin in studies 
undertaken by Littlewood [11] at BOAC (now British 
Airways) where customers who reserved flights earlier were 
offered lower prices; this innovation considerably increased 
revenue as the percentage of flights with empty seats 
decreased significantly. Subsequently, several 
complementary studies and more complex models allowed 
problems closer to reality to be solved. Nowadays, revenue 
management is used by almost all airlines, and extensively 
in the service industry, for example in hotels, theaters and 
restaurants. Four fundamental areas of study are focused on 
in the literature: demand forecast, reservations 
(overbooking), seat inventory control and pricing [12].  

Below is a description of the necessary conditions for 
applying a model to maximize profits in ports according to 
revenue management. This model enables the construction 
of fuzzy rule bases for the “best possible decisions.” 

 
2.1. Necessary conditions for applying revenue 

management 
 
According to Kimes [13], in order to apply revenue 

management to a company or organization, 5 conditions 
need to be met (Limited Capacity, Market Segmentation, 
Demand Uncertainty, Perishable Inventory, and High Fixed 
Costs). These conditions are explained in-depth in the 
literature and will not be explained here. 

 
2.2.  Theory and methodology of fuzzy optimization  

 
Studies, applications, theory and methodology of fuzzy 

optimization have been active since the proposal by 
Bellman and Zadeh in the 1970s [14]. In fact, many models 
and approaches to fuzzy linear programming [15, 16], fuzzy 
multi-objective programming [17,18], fuzzy integer 
programming [19, 20], fuzzy dynamic programming [21], 
and fuzzy nonlinear programming [22, 23] have been 
developed over the years by several researchers. In the 
meantime, fuzzy ranking [24], fuzzy set operation, 
sensitivity analysis [25] and fuzzy dual theory [24], as well 
as the application of fuzzy optimization to practical 
problems, also represent important topics [26]. Previous 
applications to practical problems are part of the basis for 
the work presented in this paper. 

There isn’t enough scope here to review the abundant 
literature on fuzzy optimization. For one of the latest surveys 
on fuzzy linear programming from a practical point of view, 
the reader is encouraged to look into, for example, [26-28]. 

 
3.  Foundations of fuzzy logic 

 
Fuzzy logic is the logic used by expressions that are 

neither completely true nor false. That is to say, it is the 
logic applied to concepts that can have any value of 
accuracy within a set of values between two extremes: 
absolutely true and absolutely false [2]. Fuzzy logic enables 
us to deal with imprecise information [29,30], such as 
“medium height” or “low temperature,” in terms of fuzzy  
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Figure 1. Division of the domain interval into a pre-specified number of 
overlapping regions.  
Source: Author’s design 

 
 

sets that are combined in rules for defining action. For 
example: “If the temperature is high, cool.” Thus, control 
systems based on fuzzy logic combine input variables 
defined in terms of fuzzy sets via groups of rules that 
produce one or several output values [31]. 

 
3.1.  Fuzzy sets and membership function 

 
Owing to the fact that the study includes a fuzzy rule-

based system, both fuzzy logic [32] and fuzzy rule-based 
systems will be discussed first. Fuzziness is inherent in 
many problems of knowledge representation. High-level 
managers or complex decision processes often deal with 
generalized concepts and linguistic expressions, which are 
generally fuzzy in nature. The first time the concept of 
fuzzy logic was illustrated, it was by the engineer Zadeh 
[32]. The membership degree is defined in fuzzy terms with 
a membership function (Fig.1). The function 

 0,1  A(x) µ  , represents the membership degree of an 
input “x” to fuzzy set A [33]. The most typically used 
functions include triangular, trapezoidal, sigmoidal, gauss, 
gamma, π, etc. 

 
3.2.  Mamdani Fuzzy control systems  

 
Fuzzy control systems are based on expressions of fuzzy 

logic for formulating rules for system control [2]. The 
elements that make up a Mamdani fuzzy control system [34] 
are presented in Fig. 2. 

 

 
Figure 2. Elements of Mamdani-type fuzzy control system.   
Source: Author’s design 

3.2.1.  Fuzzyfier 
 
The input for a Mamdani fuzzy logic system is normally 

a numeric value coming from, for example, a sensor. In 
order for the system to be able to process this value, it is 
necessary to convert it into “language” that the inference 
mechanisms can use, i.e. membership functions. This is the 
function of the fuzzyfier (Fig. 3.). 

 
3.2.2.  Inference mechanism and fuzzy rule base  

 
The role of the inference mechanism is to take the 

membership functions and, using the rule base, generate the 
fuzzy system output. The rule base is the way the fuzzy 
system resolves the problem for which it has been designed. 
The structure of Mamdani-type fuzzy logic rule is expressed 
as follows [35]: IF x is A THEN y is B, where x is input 
variable and y is the output variable. A and B are the 
linguistic terms (for example, S – Short; M – Medium; H – 
High) used for the fuzzy subsets (membership function 
distributions) of the corresponding input and output 
variables, respectively. 

 
3.2.3.  Defuzzifier 

 
The output generated by the inference mechanism is a 

fuzzy output, which means that it cannot be interpreted by an 
external element that can only deal with numerical information 
(a controller, for example). The process of converting the fuzzy 
output from the inference mechanism into a numerical value is 
realized by the defuzzifier. Some of the methods used are 
Centroid, Bisector, MOM (Middle of Max.), LOM (Largest of 
Max.) and SOM (Smallest of Max.) [35]. 

 
4.  Proposed model: Intelligent system for container 
stacking  

 
The model proposed for intelligent container stacking was 

created by combining a non-linear optimization problem and 
the results obtained by the experience and historical records 
(gathered from the traffic and information center, CTI – 
Centro de Tráfico e Informaciones del Puerto [3]), which are 
represented in the inference mechanism of the Fuzzy Logic 
system. The combination of both parts is performed at two 
levels. First, the optimization results are used as feed of the 
fuzzy system to determine a ratio of future acceptances. 
Second, the optimization results are compared to the fuzzy 
system results in order to estimate a parameter to establish the 
minimal percentage value for accepting a request. The 
optimization uses real time information of the stacking 
capacity to estimate the most suitable conditions of the space 
use (which can be used as import, export and transit cargo) 
and it must be taken into account that more than one cargo 
request could exist at the same time.  

The problem was solved for different scenarios of 
stacking capacities (1,000, 7,000, 15,000 and 30,000), 
which are equivalent to a day, a week, 15 days and a month 
of evaluation (time interval for cargo reception). 

Fig. 4. summaries the information flow of the fuzzy-
based intelligent system for container stacking. The 
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intelligent system for container stacking allows us to decide 
whether to accept or reject a request to enter the port in 
“real time” in order to increase revenue. The system is 
based on fuzzy rules using a model that maximizes profits 
through revenue management, which provides the “best 
possible decisions” [26,36].  

 
4.1.  Profit maximization model 

 
The model for maximization is based on the historical 

records for the CTI [3]. The elements of the model are 
described below:  

Parameters: Ti, Tariff i (i = 1, 2, 3 with T1 ≥ T2 ≥ T3); 
C: Total available stacking area capacity. 

The tariffs are determined according to the type of 
cargo; the values are those in the Service Manual of the TPS 
(Terminal Pacífico Sur – South Pacific Terminal) [37]. 
Thus, tariff 1 corresponds to load type “Embarkation” 
(exportation); tariff 2 to load type “Disembarkation” 
(importation), and tariff 3 to “Transit” and “Port” (empty 
cargo that will be set on the load area). 

Decision variable: xij: Binary variable the entry and use 
(or not) of a space in the stacking area by a cargo j that has 
arrived and has a tariff i. 

Objective Function: The objective function is the profit 
maximization which can be obtained by the multiplication of 
the tariff and the total cargo in the stacking area (existing and 
incorporated cargo). The stacking area is therefore constantly 
modified; the decision variable by itself will not describe a 
dynamic representation for the possibilities of cargos leaving 
the stacking area. Auxiliary parameters were used and can be 
observed in Eq. 1, where ej is binary value that assumes a 1 if 
the request j has been incorporated into the stacking area; liq 
represents a cargo q that already existed in the stacking area 
with tariff i; sj and sq are binary values that assume a 1 if the 
request j (or q) leaves the stacking area:  
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(1) 

 
It can be highlighted that the values of s and e are 

constants that do not change once they assume a value of 1, 
which implies that the cargo that was accepted to use a 
space in the cargo area do not affect the objective function 
anymore (i.e., the value assumed by the decision variable is 
irrelevant once the cargo has left the stacking area). This 
equation was simplified by ignoring the space used by the 
existing cargo at the moment of running the optimization 
problem, which implies that only the available stacking area 
(and not total area) was used on the model programming. 

Eq. 2 describes the final objective function used:  
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Restrictions: As previously mentioned, given the 
simplification, only the total available capacity is used as a 
restriction: 
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(3) 

 
Further complex restrictions could be implemented 

(such as maximum time in stacking area, obligatorily 
acceptance of cargos into the stacking area, etc.), but the 
incorporation and analyses of such restrictions are out of the 
scope of the present work. 

 
4.2.  Variables of the stacking container system  

 
From the optimal solution for the maximization model 

and the input (eij) and output (sij) of each accepted cargo 
(which can be used as a historic record of the stacking area 
cargo movement), it is possible to determine the available 
capacity, the relative input/entries, and the percentage 
accepted for each instant and each type of tariff. These 
variables enable us to construct the rule base for the fuzzy 
system: 

The porcentual available capacity X1, can be calculated 
as represented in Eq. 4: 

 

100
C

capacity
,1  k
kX

 

(4) 

 
The porcentual relative entry for each request type X2, is 

described in Eq. (5): 
 

100
entrymaximun 

entry
,2  k
kX

 

(5) 

 
The percentage of future acceptances “Y” (%), is 

calculated in Eq. (6): 
 

100
C

accepted Total
 k

kY
 

(6) 

 
Where “capacityk” corresponds to the capacity at the 

moment of arrival of request type k. “entryk” corresponds to 
the entry of request type k. “Total acceptedk” is the total 
requests accepted after the request k with tariffs lower than 
or equal to “i.” 

 
4.3.  Intelligent system for container stacking 

 
This system is based on a Mamdani-type control system, 

using Matlab 7 software and in particular a Matlab Fuzzy 
Logic Toolbox. The elements of the system are described 
below: 

 
4.3.1.  Fuzzyfier 

 
In this section, the different fuzzy sets are described for 

each variable of the system: 2 inputs “Available capacity” 
X1 and “Relative input” X2, as well as the output “Future 
acceptances” Y. The fuzzy sets corresponding to the 
variables are as follows: 
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Where C1, C2, C3, C4 and C5 are the fuzzy sets “Very 
low capacity,” “Low capacity,” “Medium capacity,” “High 
capacity” and “Very high capacity,” respectively. E1, E2, E3, 
E4, E5, E6 and E7 correspond to the fuzzy sets “Very low 
entry,” “Low entry,” “Low-medium entry,” “Medium entry” 
“Medium-high entry,” “High entry” and “Very high entry,” 
respectively. Finally A1, A2, A3, A4 and A5 represent the 
fuzzy sets “Very few accepted,” “Few accepted,” “Medium-
amount accepted,” “Many accepted” and “Very many 
accepted,” respectively. The linguistic variables, the 
membership functions, and the representation of the expert 
knowledge were determined by an expert committee in the 
company. This committee comprised the CEO and a group of 
engineers with more than ten years of experience in the field. 
Additionally, data gathered from 10 years of staking processes 
was used to build the proposed model. 

 
4.3.2.  Inference mechanism 

 
The inference mechanism has 3 rule bases, one for each 

type of tariff. It is constructed on the basis of the fuzzy sets 
described above, using the algorithm proposed by Wang and 
Medel [36].  

 
4.3.3.  Defuzzyfier 

 
A centroid method is used which has greater statistical 

information and a single output; these features are necessary 
given the complexity of the system with regard to the 
number of variables involved (Matlab Fuzzy Logic 
Toolbox). 

 
4.4.  Criterion for accepting or rejecting a request  

 
The output of the system is the value of the variable 

“future acceptances,” Y, for each entry request to the port 
(Fig. 3).  

Therefore, the defined criterion (ai) is a minimal 
percentage value for accepting a request. In order to determine 
the values of each criterion (a1; a2; a3) for each type of tariff 
(T1; T2; T3) respectively, the optimal solution for each case is 
used, established by the Eq. (7).  Tariff “i”:  

 
   

 acceptedx
y
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a k

k

i
i

max
 

 
(7) 

 
Where “yk” is the value of the variable “future 

acceptances” for each request k, and “xk” is the value of the 
decision corresponding to the maximization model for each 
request k. In simplest terms, the total acceptances of the 
systems must not be greater than the total number accepted 
by the optimal solution; if not, the capacity restrictions will 
be exceeded. 

 
5.  Results 

 
The results obtained for the scenarios and the different 

capacities considered are presented in Table 1. The capacity 
restrictions of 1,000, 7,000, 15,000 and 30,000 containers  
 

Figure 3. Fuzzy set membership.  
Source: Author’s design 

 
 

are equivalent to 1 day, 1 week, 15 days and one month of 
evaluation (time interval for cargo reception), respectively. 

For each scenario evaluated, the information used was 
from the CTI of the Valparaiso port [3]. The error analysis that 
may exist in the representation of the entry or exit of 
containers from the stacking area due to probabilistic 
estimations is beyond the scope of this research. However, the 
results for each scenario are very close to the optimal solution 
with a percentage error lower than 1.8% (see Table 1). 

These results are better than those from the current 
procedure for cargo reception (FIFO solution). In addition, 
additional revenue is generated at 4.0% (5), equivalent to 
USD $600,000 annually (Table 2).  

 
6.  Conclusions 

 
The main advantage of the proposed fuzzy-based 

container stacking system is that it enables decisions about 
entry requests for a container to Valparaiso port to be taken 
in “real time.” Moreover, the system structure allows the 
rule base to be modified or updated at any time, thereby 
increasing its efficiency. As the results obtained are superior 
to those from the current procedures, this would improve 
profits for the port company, thereby meeting another 
objective of this paper.  
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Future research should mainly aim to facilitate the 
constant updating of the rule base for the system. 
Furthermore, since the current research has only focused on 
three of the most representative types of cargo, it would be 

useful to incorporate other less common types of cargo to 
better represent reality. 

 
 

 
 

Figure 4. Fuzzy-based intelligent system for container stacking.  
Source: Author’s design 

 
 

Table 1.  
Summary of results for each scenario evaluated (USD) 

Scenario 
evaluated 

 

Stacking 
Capacity 

(Containers) 

Optimal Solution 
(USD) 

(1) 

Fuzzy model 
Solution (USD) 

(2) 

FIFO Solution 
(USD) 

(3) 

Error 1 (%)* 
(4) 

Error 2 (%)** 
(5) 

I 1,000 45,361.4 44,582.4 42,524.5 1.72 4.62 
II 7,000 301,685.1 298,665.9 292,472.6 1.00 2.07 
III 15,000 649,828.9 642,796.5 624,985.4 1.08 2.77 
IV 30,000 1,259,597.6 1,246,434.5 1,194,055.1 1.05 4.20 

* Errors 1 are obtained from (optimal solution – fuzzy model solution/ optimal solution) ** Errors 2 are obtained from (fuzzy model solution – FIFO 
solution/fuzzy model solution)  
Source: Adapted from Cámara Marítima y Portuaria de Chile A.G, 2012. 

 
 

Table 2 
Details of Results for Scenario IV 
Scenario IV Optimal Solution 

(containers) 
Fuzzy model solution 

(containers) 
Tariff 1 Tariff 2 Tariff 3 Tariff 1 Tariff 2 Tariff 3 

Accepted 15,891 12,077 2,032 15,891 12,062 2,027 
Rejected 0 1,226 2,078 0 1,241 2,083 

Total 15,891 13,303 4,110 15,891 13,303 4,110 
Acceptances (%) 100% 91% 49% 100% 90% 49% 

Source: Adapted from Cámara Marítima y Portuaria de Chile A.G, 2012 
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Abstract 
Anodizing of ferritic stainless steel has been used for decoration purposes to obtain a barrier effect. The most commonly used electrolyte for this 
process is INCO (5M H2SO4 + 2,5M CrO3). INCO electrolyte with glycerin addition induces the formation of ordered porous structures, because 
glycerin reduces the electrolyte conductivity. Ferritic stainless steel was anodized in electrolyte composed by 2M H2SO4 with glycerin addition 
in different concentrations, without chromium oxide addition. It was observed that the addition of 90 v/v% glycerin promoted a reduction in the 
electrolyte conductivity, which caused an increase in the anodizing potential. The glycerin addition to the electrolyte diminished the oxide 
dissolution in the electrolytic solution, promoting the formation of an oxide with an ordered porous structure. 
 
Keywords: Anodizing; ferritic stainless steel; glycerin; porous structure. 

 
 

Influencia de la concentración de glicerina en la estructura porosa 
obtenida por anodización de acero inoxidable ferrítico  

 
Resumen 
La anodización de acero inoxidable ferrítico ha sido utilizada con fines decorativos, para obtener una capa de barrera. El electrólito más 
comúnmente utilizado para este proceso es el INCO (5M H2SO4 + 2,5M CrO3). Con adición de glicerina induce la formación de estructuras 
porosas ordenadas, pues la glicerina reduce la conductividad del electrólito. Se anodizaron muestras de acero inoxidable ferrítico, en 
electrólito de 2M H2SO4 con la adición de glicerina en diferentes concentraciones, sin adición de óxido de cromo. Se observa que la adición 
de glicerina en un 90 v/v % promovió la reducción de la conductividad del electrólito, lo que ocasionó un aumento del potencial de 
anodización. Los resultados muestran que la adición de glicerina al electrólito redujo la disolución del óxido en la solución electrolítica y 
promovió la formación de un óxido con una estructura porosa ordenada. 
 
Palabras clave: Anodización, acero inoxidable ferrítico, glicerina, estructura porosa. 

 
 
 

1.  Introduction 
 
The resistance of stainless steel to corrosion is high for a 

wide range of conditions [1], mainly environmental ones. As 
chromium is the main alloy element, the addition of nickel 
and molybdenum improve resistance to corrosion [2]. These 
materials are less corrosion susceptible and more resistant to 
attack than common steel, but they are not completely 

immune [3]. 
The presence of determined levels of chromium in a 

stainless steel promotes resistance to corrosion [2]. 
Chromium dissolved in the iron lattice forms a thin oxide 
film on the steel surface, referred to “passive layer,” 
protecting the metal against corrosion [4]. 

Metal corrosion protection has been widely studied [5-7]. 
Anodizing is an electrochemical process that promotes the 
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obtaining of a protective oxide on the metal surface. This 
process is carried out by the immersion of the metal in an 
electrolytic bath, in which the metal is the anode; cathode can 
be an inert metal, for instance, platinum. The Anodizing 
process enhances the obtaining of barrier and porous oxide 
layers [8]. 

Barrier oxides obtained by the anodizing process are able 
to hinder electron conduction, which enhances a resistive 
character and a relatively uniform thickness, in addition to 
being compact, dense and thin [9]. In order to bring about the 
formation of a barrier layer, the electrolyte must not attack 
the formed oxides [10]. 

On the other hand, the formation of porous oxides is 
favored with electrolytes that chemically attack the oxide. It 
takes place due to the dissolution of the barrier layer in the 
electrolyte, which generates attacked spots on the surface. That 
generation takes place inside, specifically in the smallest pores, 
in the center of the hexagonal cells. A single potential is 
developed in each attack point, which then becomes a source 
of current. In the oxide-electrolyte interface there are ions that 
supply oxygen to transform the attacked point to oxide. At the 
same time, the reduction of the thickness of the barrier layer 
which occurs due to the action of dissolving the electrolyte in 
the pore base tends to decrease. Then, there is a pore 
lengthening that facilitates the ions’ pass and the heat outflow, 
aiding the oxide film dissolution [10,11]. 

Currently, the anodizing process is widely used in 
stainless steel for aesthetic purposes [12], so the works 
developed on anodizing such as surface treatment for 
stainless steel are very few [13]. 

The electrolyte INCO (5M H2SO4 + 2,5M CrO3) is widely 
used because it is extremely conductive [14]. In any case, given 
its high toxicity, chromium has to be replaced, and this has 
provided the motivation for the research of alternative 
electrolytes. Studies showed that valve metal anodizing in 
electrolyte containing glycerin induces the formation of ordered 
porous structures, due to the fact that glycerin reduces the 
electrolyte conductivity [15]. 

An increasing interest in applications for glycerin has 
been motivated by the increase of biodiesel production, since 
glycerin is one of its co-products. Glycerin ensures high 
viscosity and low conductivity to the electrolyte. It promotes 
the formation of porous oxides on the metals during the 
anodizing process [16]. 

The aim of this study is to evaluate the influence of 
different glycerin concentrations on the 2M H2SO4 
electrolyte, in the properties of the oxides formed on ferritic 
stainless steel during the anodizing process. 

 
2.  Experimental 

 
2.1.  Elaboration of the samples 

 
AISI 430 ferritic stainless steel plates of 20 mm x 20 mm 

x 0.5 mm were supplied by Aços Riograndense, with the 
composition that is shown in Table 1. 

Samples were sanded down with silicon carbide paper 
(200 – 4000) and polished using 1 μm diamond paste and 
neutral alcohol in the Pentec polishing machine Polipan-U. 

 

Table 1. 
Alloy elements percentage in the AISI 430. 

Alloy element % 
Cr 16.11 
Ni 0.2563 
Mn 0.3467 
Si 0.3587 

Source: the authors. 
 
 

Table 2. 
Anodizing electrolytes. 
Sample Anodizing electrolyte (%v/v) 
100H 100% 2M H2SO4 
90H10G 90% 2M H2SO4 + 10 % glycerin 
50H50G 50% 2M H2SO4  + 50 % glycerin 
10H90G 10% 2M H2SO4  + 90 % glycerin 
Source: the authors. 

 
 
After the surface preparation, electric contact was 

mounted with a copper wire and two layers of acetone-based 
lacquer on the unpolished side and about 2 mm on each 
border on the polished side. After this process, the samples 
were anodized in the solutions specified in Table 2. Each 
sample remained with an exposed area of approximately 2.5 
cm2 during the anodizing process. 

Tests were carried out at room temperature. A current 
density of 4 mA.cm-2 during three minutes [17]. The sample 
of AISI 430 stainless steel was the anode and a platinum wire 
was the cathode. The equipment used possesses a 0 – 300 V 
potential source and a 0 – 500 mA current source. Figure 1 
shows the assembly of the anodizing process. 

To determine the electrolyte conductivity a 
microprocessed conductivimeter pH determination was made 
at 25 ºC. These equipments are found at the Central Analítica 
at Universidade Feevale. 

Morphological analysis of the obtained oxides was 
undertaken by scanning electronic microscopy (SEM). With 
the SEM micrographs and the Image Tool 3.0 software, pore 
diameter was measured. Through the energy dispersive 
spectrometer (EDS) coupled to the SEM equipment, a 
chemical elements mapping of the samples was undertaken.  

 

Figure 1. Anodizing process assembly.  
Source: the authors. 
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Figure 2. Four point probe method assembly to measure electrical 
conductivity with current source (F), amperometer (A) and voltmeter (V). 
Source: the authors. 

 
 
Surface structural characterization was carried out by X-

ray diffraction (XRD) in a Bruker AXS D5000. The Kα beam 
was generated by a copper tube with 40 kV and 25 mA. 

The four point probe method was used to determine the 
oxides electrical conductivity. A variable potential/current 
source 20 V/20 A, fabricated by Universidade Feevale was 
used, applying a voltage to close the circuit. Current was 
measured with a Minipa ET 2042C tester and for voltage an 
Agilent 34401 tester was used. The assembly can be seen in  

Atomic force microscopy (AFM) was carried out in a 
SHIMADZU SPM 9500J3 in contact mode at LAPEC 
laboratory in the Universidade Federal do Rio Grande do Sul 
(UFRGS). 

 
3.  Results and discussion 

 
3.1.  Electrolyte pH and conductivity 

 
Table 3 shows the pH and conductivity values 

corresponding to the different anodizing electrolytes. All the 
samples showed an acidic character; however, the increase in 
the glycerin percentage promoted a slight increase in the pH 
value. It was not possible to measure conductivity for the 
samples 100H, 90H10G and 50H50G due to the limitations 
of the equipment used. Sample 10H90G showed less 
conductivity compared to the other samples. 

 
Table 3. 
Anodizing electrolytes pH and conductivity. 

Sample pH  Conductivity (mS.cm-1) 
100H 0.41 > 1412 

90H10G 0.42 > 1412 
50H50G 0.48 > 1412 
10H90G 0.74 394 E-3 

Source: the authors. 

 
Figure 3. Potential transients V versus time. 
Source: the authors. 

 
 

3.2.  Anodizing curves 
 
Figure 3 shows the potential transients measured during 

anodizing. 10H90G had an anodizing potential of 1.5 V; 
those points out were about the formation of an oxide on the 
sample surface. Samples 100H, 90H10G and 50H50G had 
anodizing potentials close to 1.5 V for 1 hour and maintained 
the same behavior. As formerly stated, the conductivity of 
these samples are too high. This can be related to the intense 
oxide dissolution, hindering their accrual on the sample 
surface. It keeps the anodizing potential reduced for those 
samples.  

 
3.3.  Morphological analysis  

 
In the micrographs, sample 100H (Figure 4a-b) shows an 

important presence of pores formed due to the intense oxide 
dissolution in the electrolyte. 

Sample 90H10G (Figure 4c-d) has an intense porous 
surface, but with less oxide dissolution compared to the 100H 
sample. Micro-arc oxidation or dielectric breakdown studies 
carried out in anodizing of magnesium, in an electrolyte that 
contained silicate with glycerin addition, showed that there 
was an improvement in the coating, with less pores and 
microcracks. Glycerin addition to the electrolyte increases 
the micro-arc oxidation stability; it reduces the spark size. 
Consequently, smaller and more homogeneous pores are 
obtained [18].  

In sample 50H50G (Figure 4e-f), a smaller number of 
pores with less depth compared to the former ones are 
observed. In sample 10H90G (Figure 4g-h), there was less 
pore formation. These results prove that with an increase in 
the amount of glycerin in the electrolyte reduces oxide 
dissolution, making the surface homogeneous with a reduced 
number of pores. According to the study [19], glycerin 
addition increases the electrolyte viscosity, that reduces the 
oxide dissolution and, with that, pore formation. 
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Figure 4. SEM micrographs for the samples 100H (a-b), 90H10G (c-d), 
50H50G (e-f) e 10H90G (g-h), with magnifying of 2,000x e 10,000x 
respectively.  
Source: the authors. 

 
Authors [17] have reported behaviors like those observed 

in this work. Another work [20] observed that the 
polarization curve pointed out that the dissolution is 
accompanied by hydrogen evolution; meanwhile, oxygen 
reduction can accompany passive film growing. The film 
seems to be finely porous and reveals cracks along the 
stainless steel grain boundaries, due to the improved 
dissolution in these areas. Film growth can be obtained by 
dissolving cycles of stainless steel, capable of activating or 
transpassivation, and subsequent deposition of the material 
on the film. 

The proposed iron passivation mechanism [21-23] 
indicates that iron dissolves as ferrous ion to form ferric 
hydroxide with water; finally, film formation takes place by 
ferric hydroxide dehydration. These processes can be 
simplified according to equations [1-3], although it is known 
that the anions in solution, specially the oxygenated species, 
participate in the passivation reaction, where M represents 
the metal, M(OH)3 is the metallic hydroxide and 
M2O3(H2O)3, the passive film [22]. 

 
M          M2+ + 2ē                                         (1) 

Table 4.  
Pore diameter for the anodized samples. 

Sample Diameter (µm) 
100H 0.84 ± 0.60 

90H10G 1.28 ± 0.77 
50H50G 1.20 ± 0.42 
10H90G 0.72 ± 0.23 

Source: the authors. 
 
 
M2+ + 3H2O              M(OH)3 + 3H+ + ē  (2) 
 
2M(OH)3              M2O3(H2O)3        (3) 
 
As stated above, glycerin addition to the electrolyte 

provoked a reduction in the number of pores on the samples 
surface. However, samples 90H10G and 90H10G showed the 
highest pore diameter (Table 4), promoted by the glycerin 
addition, compared to 100H. Sample 10H90G had the least 
number of pores as well as the smallest pore diameter, when 
compared to the other samples. 

Figure 5 shows the EDS images and the point at which 
elemental determination was undertaken. Table 5 shows the 
EDS results for the anodized samples. It is observed that all 
the samples, the oxygen, iron and chromium remains 
unaltered with the anodizing electrolyte. So, it is possible to 
foresee the oxide formation according to the amount of 
oxygen. 

It was expected that for sample 100H the amount of 
oxygen would be the smallest. But, namely, the presence of 
chromium in stainless steel promotes the formation of a thin 
oxide on the surface of the metal. That is why it is thought 
that the high amounts of oxygen present in the samples come 
from the alloy natural oxide, instead of evidencing the 
formation of a specific oxide after the anodizing. 

 
 

 
 
Figure 5. SEM-EDS micrographs of the samples.  
Source: the authors. 
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Table 5. 
Elemental compositions of the samples obtained by EDS. 

Sample 
Atomic % 
O Fe Cr 

100 H 
Point 1 60.00 32.91 7.09 
Point 2 59.94 32.76 7.20 
Point 3 60.00 32.83 7.17 

90H10G 
Point 1 60.00 32.65 7.35 
Point 2 60.00 32.75 7.25 
Point 3 60.00 32.83 7.17 

50H50G 
Point 1 60.00 32.89 7.11 
Point 2 59.98 32.67 7.32 
Point 3 60.00 32.84 7.16 

10H90G 
Point 1 60.00 33.01 6.99 
Point 2 60.00 32.97 7.03 
Point 3 60.00 32.91 7.09 

Source: the authors. 
 
 

 
Figure 6. Diffractogram for the anodized samples.  
Source: the authors. 

 
 

3.4.  XRD analysis 
 
Figure 6 shows the X-ray diffractograms for the samples 

anodized in different electrolytes. 
It is possible to observe that the systems 100H, 90H10G, 

50H50G and 10H90G were amorphous. Meanwhile, 
anodized samples with different electrolyte composition did 
not affect the substrate chemical composition. Only iron and 
chrome were detected because they are substrate 
components. 

 
3.5.  AFM  

 
Figure 7 shows the 3-D atomic force microscopy images 

for the samples.  
It can be observed that the samples had a rough surface, 

confirming what was observed in the SEM results. 
Table 6 shows the average roughness (Ra) and the depth 

roughness (Rz) of the samples. Anodized samples present 
higher Ra and Rz values than the original stainless steel. The 
increase in the glycerin concentration in the electrolyte 
(10H90G) diminished the Ra and Rz values, which indicates 
a reduction of the attack to the oxide. On the other hand, Rz 
value is too high for all the electrolytes, indicating the 
presence of deeper pores on the anodized samples when 
compared to the non-anodized steel. 

 
Figure 7. 3-D AFM images for the samples (a) non-anodized stainless 
steel*, (b) 100H, (c) 90H10G, (d) 50H50G and (e) 10H90G. 
Source: the authors. *(Leite, 2011) 

 
 

Table 6. 
Measurements of Ra and Rz of samples 

Sample Ra (nm) Rz (nm) 
Stainless Steel * 3.593 20.092 

100H 135.9 518.0 
90H10G 178.8 918.5 
50H50G 105.2 516.0 
10H90G 24.6 278.1 

Source: the authors.*(Leite, 2011) 
 
 

3.6.  Electrical conductivity 
 
Table 7 shows the resistivity and conductivity values for 

the studied samples. It can be observed that all the 
conductivity values are found in an order of 105 (Ω m)-1. 
This is related to the decrease in the oxide dissolution 
process; however, it cannot be stated that there was the 
formation of an oxide layer, based only on these results. 

 
Table 7. 
Resistivity and conductivity values for the studied samples. 

Samples Resist. (Ω.m) Condut. (Ω.m)-1 
SS * 2.97 E-6 3.81 E+5 
100H 3.58 E-6 2.79 E+5 
90H10G 1.95 E-6 5.12 E+5 
50H50G 5.10 E-6 1.96 E+5 
10H90G 2.80 E-6 3.58 E+5 

Source: the authors.* Values for non-anodized stainless steel (SS) 
(Leite, 2011). 
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4.  Conclusions 
1.1.1.1.1.1  

The study conducted showed that the addition of glycerin 
to the 2M H2SO4 electrolyte diminished its electrical 
conductivity, which increases the potential transient during 
the anodizing process.  

The decreased electrolyte conductivity promoted a 
decrease in the formed oxide dissolution, allowing its 
deposition on the metallic substrate, forming a porous oxide 
layer. Regarding the SEM images the formation of a porous 
oxide on the sample surface promoted by anodizing was 
verified. 

The sample anodized in electrolyte with the highest 
glycerin concentration (10H90G) had the highest number of 
pores, but with a reduced diameter compared to the other 
samples. 

In spite of the modification of the electrolyte composition 
with the addition of glycerin that made its conductivity vary, 
XRD evidenced that the chemical composition of the 
substrate remained the same. 

Based on the aforementioned results, it can be concluded 
that ferritic stainless steel anodizing in 2M H2SO4 and 
glycerin promoted the formation of an oxide on the sample 
surface, but the latter one maintained its chemical structure. 
Due to the addition of glycerin, oxide dissolution in the 
electrolyte was minimized. This promotes the formation of 
pores on the oxide, which harms its protective performance. 
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Abstract 
The notable increase in global consumption of plastics and their long residence time in the atmosphere show the great need for 
biodegradable products. In this project, we developed biodegradable polymers based on citric acid and glycerol. Their synthesis was 
carried out at different conditions of constant temperature and concentration and they were synthesized using an economically viable 
method. Characterization was undertaken using: Acid number, FTIR spectroscopy, refractive index, viscosity, impact analysis, tensile 
test, hardness, calorimetry, the % humidity (oven method with recirculating air), and density determination, along with qualitative 
evidence to corroborate their biodegradability. These elaborated polymers were mixed with medical grade PVC formulation, obtaining a 
hybrid polymer, showing their mechanical properties were changed. 

Keywords: polymers; biodegradability; citric acid; glycerol; hybrid. 

Síntesis y caracterización de polímeros a base de ácido cítrico y 
glicerol: Su aplicación en polímeros no biodegradables 

Resumen 
El notable incremento mundial en el consumo de plásticos y su largo tiempo de residencia en el ambiente muestran la gran necesidad de 
productos con características biodegradables. En este proyecto fueron desarrollados polímeros biodegradables a base del ácido cítrico y 
del glicerol. La síntesis de estos se lleva a cabo a diferentes condiciones de concentración y a temperatura constante. Se desarrollaron 
mediante un proceso económicamente viable.  Se caracterizaron por medio de las siguientes técnicas: Numero ácido, espectroscopia 
infrarroja FTIR, índice de refracción, viscosidad, análisis de impacto, ensayo de tensión, dureza, calorimetría, el % de Humedad (método 
de la estufa con recirculación de aire), determinación de densidad, además de pruebas cualitativas para corroborar su biodegradabilidad. 
Los polímeros elaborados fueron mezclados con  una formulación de PVC grado médico,  obteniendo un polímero hibrido y se pudo 
observar que modifica sus propiedades mecánicas. 

Palabras clave: polímeros; biodegradabilidad; ácido cítrico; glicerol; hibrido. 

1. Introduction

Degradation of synthetic plastics is very slow and can
take up to 500 years. The "degradation" of these plastic 
particles generates smaller plastics, which despite no longer 
being evident, they accumulate in ecosystems in great 
quantities. Biodegradable polymers are plastics with similar 
properties but with a shorter degradation time, which could 
be used to offset this problem. 

The biodegradable polymer developed in this work was 
produced using a poly condensation method and is part of 

polyester family. [1] It is important to know that polyesters 
are an important group of polymers with ester bonds (-co-o-) 
in the backbone. These polymers are interesting as 
biomaterials because the ester groups are hydrolytically 
degradable, so that, in contrast to polyamides, polyesters do 
not exhibit strong intermolecular forces. Therefore, their 
properties are more sensitive to their structure. [4] 

Biodegradable materials combined with non-
biodegradable materials are referred to as hybrid materials 
and have a significantly higher number of properties than 
each material separately. 



Mariano-Torres et al / DYNA 82 (190), pp. 53-59. April, 2015. 

54 

The main properties that allow these polymers to 
compete with other materials such as glass and metals are 
their chemical, physical and mechanical strengths. Based on 
these, the researches in this field have always been designed 
to increase the life of certain polymers. However, longevity 
can lead to problems. In recent years, synthetic polymer 
wastes have increased their percentage of the total solid 
waste. As a result, scientists have changed direction, and 
shifted towards the synthesis of degradable polymers, either 
by the effect of temperature (thermal degradation) due to 
contact with water (hydrolytic degradation), or by 
environmental effects such as sunlight (photo degradation) or 
organisms (biodegradation). [8]. 

In DIN FNK 103.2, it was found that plastic materials 
are called biodegradable if all their organic compounds 
undergo complete biodegradation processes. Environmental 
conditions and biodegradation rates are to be determined by 
standardized test methods. 

Biodegradation is a process caused by biological activity 
leading to a change in the chemical structure of naturally 
occurring metabolic products. 

In the ASTM Subcommittee D20.96 it arose that a 
biodegradable polymer is a degradable plastic in which the 
degradation results from the action of naturally occurring 
microorganisms such as bacteria, fungi and algae. 

ISO 472 provides for biodegradable plastics: A plastic 
designed to undergo a significant change in its chemical 
structure under specific environmental conditions resulting 
in a loss of some properties that may vary as measured by 
standard test methods appropriate to the plastic and the 
application in a period of time that determines its 
classification. The change in the chemical structure results 
from the action of naturally occurring microorganisms. [9] 

It is possible to consider biodegradation as a 
microorganism attack against a material; small fragments 
are obtained due to the rupture of bonds in its backbone. 
The biodegradation of plastics is generally a complex 
process. Due to the molecular size of polymers and their 
lack of solubility in water, the microorganisms are not 
capable of delivering the polymeric material to the cells 
where most biochemical processes take place, so they 
initially excrete enzymes that depolymerize extracellular 
material outside cells. The final products of this metabolic 
process are water, carbon dioxide, methane (anaerobic 
biodegradation) and organic matter [11]. 

 
2.  Methodology 

 
2.1.  Materials 

 
2.1.1.  Citric acid 

 
Anhydrous citric acid is produced in the form of 

translucent crystals and an odorless crystalline white powder 
with a strong acidic taste. It is very soluble in water and 
alcohol. It should be stored in airtight containers away from 
heat and moisture (at 24ºC and 55% relative humidity).  

Typical features of a commercial anhydrous citric acid are:  
• Molecular Weight: 192.13 g/mol 
• Solubility in water: 162 g/100 mL at 25 ° C.  

• Purity: 99% 
• Humidity: 0.3% max.  
• Melting point: 153 ° C  
• Color: White  
• Appearance: Crystals. 

[2] 
 

2.1.2.  Glycerol 
 
Glycerin (also glycerol, 1, 2, 3-propanetriol, 1, 2, 3-

Trihydroxypropane, molecular formula C3H8O3 and 
molecular mass 92.09 g/mol), is a colorless, viscous, 
hygroscopic liquid, which is very soluble in water but not in 
most other organic solvents.  

The typical characteristics of glycerin are  
· Physical state: Dense liquid   
· Color: Colorless.  
· Boiling point: 290 º C  
· Fusion point: 18 º C  
· pH: Neutral  
· Relative density: 1.25 g/cm3  
· Solubility: Soluble in water and alcohol. Insoluble in 

ether, benzene, chloroform, fixed and volatile oils. [3] 
 

2.2.  Synthesis 
 
The biodegradable polymer was made essentially in 

three stages: Sample preparation, pre- polymerization and 
polymerization. Synthesis was carried in a simple and 
inexpensive way, in a short time and autocatalytically. 

 
2.2.1.  Sample preparation 

 
Citric acid was dried at 105° C for one hour and glycerin 

was heated to 80° C with a vacuum of 5 psi to dry. In this 
project, three concentrations were handled, 1:1 (1 citric acid 
mole, 1 glycerol mole), 1:2 (1 citric acid mole, 2 glycerol 
mole), 1:3 (1 citric acid mole, 3 glycerol mole). 

 
2.2.2.  Prepolymerization 

 
During this stage, the homogeneous mixture was slowly 

heated to a temperature of 150° C, and stirred continuously 
with a constant speed. The reactor was jacketed in order to 
conserve heat. During the increase of temperature, it was 
possible to observe how the mixture became more 
homogeneous and transparent. 

Half an hour after starting the reaction, it began to 
generate water steam, since water is the byproduct of low 
molecular weight that is generated in this reaction of poly 
condensation. Within minutes water steam was observed 
leaving the reactor and moving to the condenser to achieve 
a steady drip of water. The water generated was stored and 
counted. This reaction was monitored by means of acidity, 
samples were taken every twenty minutes and the acid 
number was estimated, making it possible to know the 
efficiency of the reaction. The reaction had reached 
equilibrium and the reaction was stopped when very similar 
numbers were obtained. 
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Figure 1. This figure shows the way in which the pre-polymer was placed 
in containers; these containers provided a muffin shape to our polymer. 
Source: own elaboration. 

 
 

 
Figure 2.  Presentation of the polymer after treatment at 170 ° C.   
Source: own elaboration. 

 
 

2.2.3.  Polymerization  
 
During this stage the prepolymer was placed in a metal 

container and introduced in an oven at 170 °C for one hour 
to achieve a higher degree of polymerization. Fig. 1 shows 
the container with the prepolymer. (These parameters were 
used based on decomposition temperatures, bringing the 
sample to the limit, the time was established by the FTIR, 
samples were taken every 10 minutes and were 
characterized, and after 60 minutes, no changes in the 
intensities of peaks of spectra were seen).  

Once the polymerization time ended, the polymer was left 
in the oven until reaching room temperature, in order to avoid 
a sudden change in temperature. After the curing time, the 
polymer was removed from the oven, was packaged and 
labeled and then taken to different characterizations. 

 
2.3.  Characterization 

 
· Fourier transform infrared spectroscopy. Spectrum 

One computer was used. Attenuated total reflectance 
(ZnSe) was used. The elaborated polymers were 
analyzed by transmission, preparing the specimen with 
the Potassium Bromide (KBr) disc technique. Scan 
type: sample. Unit: %T.  Scan number: 10. Scan time: 
1 min Resolution 4cm-1 and interval of 650 to 400 cm- 

· Refractometer (Refractive index). Atago Abbe 
refractometer was used at 25-26ºC. 

· Acidity. For this determination, the volumetric method 
was used. Employing KOH and phenolphthalein as 
reactive and indicator respectively for this analysis.  

· Determination of humidity. A binder stove was used at 
105ºC for 1 a hour. 

· Calorimetry. Thermal analyses were carried out on a 
differential scanning calorimeter DSC Perkin-Elmer 
Pyris-1.  Nitrogen gas was used. Temperature 
program: Holded for 1.0 min at 30ºC. Heated from 
30ºC to 400ºC at 40ºC/min. Sample weight 1 mg 

· Determination of density. Density was determined 
through a buoyancy method using scales equipped 
with a Metter Toledo brand density determination kit.  

 
2.4.  Mechanical Testing  

 
• Tensile tests. INSTRON Equipment was used for this test.  
• Impact test. The impact test was performed on a 

computer CEAST ® Resil impactor by IZOD method.  
• Hardness Test. Complex Shore D Durometer was used 

with ASTM D2240-00. 
 

2.5. Biodegradation test 
 
During these tests, the polymers were studied to 

different conditions, it is noteworthy that these tests gave us 
qualitative results and were considered a field test. 

The first test consisted in keeping the polymer completely 
weatherproof, meaning a piece of our polymer was placed in a 
specific place in which to be exposed to different climatic 
factors, like the sun, rain, air, insects, microorganisms, etc., in 
order to observe their behavior in a time range.  

The second test consisted in immerse our polymer in 
water (50 ml) to allow us to observe whether a hydrolytic 
degradation was occurring by the passing of time. 

The third test was to keep the piece of polymer in 
controlled conditions at a temperature of 22°C, and in 
closed containers free of humidity and atmospheric 
pressure. This allowed us to compare the three exhibits. 

It is noteworthy that the three samples correspond to the 
same polymer. 

 
3.  Results 

 
3.1.  Fourier transform infrared spectroscopy 

 
This technique allowed us to observe the functional 

groups present in our samples. The first sample analyzed 
was called 1:1. In spectrum 1, we observed the presence of 
certain characteristic functional groups of the polyesters of 
which our polymer is part, mainly OH groups, CH, C=O, 
RCOOR, CO. 

In the case of 1:2 prepolymer, we basically observed the 
same groups with varying intensities. Mainly observed were 
OH groups, CH, C=O, RCOOR, CO. 

In the case of the 1-3 polymers, the same groups were 
observed again, and again, with varying intensities. Those 
mainly observed were OH, CH, C = O, RCOOR, CO 
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Figure 3. Comparison between 1:1, 1:2 and 1:3 polymers (FTIR).  
Source: own elaboration. 

 
 

 
 
Figure.4. 1:1 polymer. FTIR spectra at different polymerization times.  
Source: own elaboration. 

 
 
Fig. 3 shows the spectrum of the three different 

polymers together. It is possible to observe that they have 
the same line, i.e., it shows the presence of the same 
functional groups, all three show the formation of ester 
groups. It is important to note that in the OH functional 
group, the intensity of this polymer is greater in 1:3. This is 
because this polymer has a higher concentration of glycerol, 
which has three hydroxides (OH) in its structure. The least 
intense is 1:1 as this has a lower concentration of glycerin.  

The OH groups can also be indicative of the presence of 
water in the polymer since water is a by-product in our 
reaction and this could be reflected in the spectrum. 

Fig. 4 shows a spectrum of seven lines representing 7 
different polymerization times. The specters were taken 
every twenty minutes, and showed the following trend: The 
intensity of the line representing the OH and CH did 
decrease the polymerization step. This indicates that water 
is being generated. The line that represents the C=O and CO 
showed greater intensity with the passing of the 
polymerization, this indicates an increase of ester groups, 
which is typical in these types of polymers. 

Table 1. Acidity and efficiency in 1:1, 1:2 and 1:3 samples.  
Polymer Amount of acid in the 

sample. 
Efficiency 

 % 1 –Xi        % 
1:1 
1:2 
1:3 

30.69 
8.15 
4.97 

0.69     69.31 
092     91.85 
0.95    95.03 

Source: own elaboration. 
 
 

3.2.  Refractometry (refractive index) 
 
The refractive index is an optical property of materials. 

The values shown below are the average of several tests 
undertaken at the same temperature. It is noteworthy that 
these tests were performed following the ISO-17025-2006 
standard.  

Refractive index of the three types of polymer Citrate: 
1:1, 1:2 and 1:3.  

1:1 prepolymer 1.50   (25 ° C)  
1:2 prepolymer 1.50   (26 ° C)  
1:3 prepolymer 1.495 (26 ° C) 
 

3.3.  Acidity 
 
Acidity was an important parameter when reactions 

were taking place, using this parameter controlled the 
equilibrium of the reaction. With the acid number, it was 
possible to calculate the amount of acid present in the 
sample and also the efficiency with which the reaction took 
place. 

 
3.4.  Humidity determination. (Method of recirculating air 

oven) 
 
Mass loss as a percentage of the original mass of the 

sample is calculated using eq. 1:  
 

		%	ܖܑܡܚ܌	ܖܗ	ܛܛܗۺ ൌ
ሺିሻ

ି
      (1) 

 
Where:  
- m1 is the mass of the capsule = 22 316 g  
- m2 is the mass of the capsule + sample before drying 
 = 27.036 g  
- m3 is the mass of the capsule + sample after drying 
 = 26.927 g 
 

	%	ܖܑܡܚ܌	ܖܗ	ܛܛܗۺ ൌ
ሺૠ.	ିࢍ.ૢૠ	ࢍሻ

ૠ.	ିࢍ.	ࢍ
ൌ

. %      (2) 
 

3.5. Calorimetry 
 
In the following DSC curve, a temperature change at 

168° C was observed. This indicates a possible transition to 
a glassy amorphous state. 

 
3.6.  Determination of density 

 
This test was performed with an analytical balance with 

a kit for obtaining density data. This data was important for  

0

20

40

60

80

100

4000 3500 3000 2500 2000 1500 1000

Tr
an

sm
it
an

ci
a%

No. de Onda (cm‐1

Polímero 1:1 Polímero 1:2 Polímero 1:3

OH
3000-3700 cm-1

CH
3000 cm-1

C=O
RCOOR

1735-1750 cm-1

C-O
1000-1300  cm-1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

4000 3500 3000 2500 2000 1500 1000

A
b
so
rb
a
n
ci
a

No. Onda (cm‐1)

PP 1:1 (1)

PP 1:1 (2)

PP 1:1 (3)

PP 1:1 (4)

PP 1:1 (5)

PP 1:1 (6)

PP 1:1 (7)

OH
3000-3700 cm-1

CH
3000 cm-1

C=O
RCOOR

1735-1750 cm-1

C-O
1000-1300  cm-1



Mariano-Torres et al / DYNA 82 (190), pp. 53-59. April, 2015. 

57 

 
Figure 5. 1:1 polymer thermogram.  
Source: own elaboration. 

 
 

Table 2. Results of stress elongation in 1:1, 1:2 and 1:3 samples.  
Polymer Tensile strength Elongation Young's 

modulus 
 MPa % MPa 

1:1 
1:2 
1:3 
PS  

2.92 
---- 
---- 
6 

0.21 
---- 
---- 
1 

6316 
---- 
---- 

2758 
Source: own elaboration. 

 
 

Table 3. Results of impact in 1:1, 1:2 and 1:3 samples.  
Polymer Joule/Meter Long Width 

 J/m mm mm 
1:1 
1:2 
1:3 
PS  

11.80 
---- 
---- 
19 

3.10 
---- 
---- 
3.2 

10.20 
---- 
---- 

10.20 
Source: own elaboration. 

 
 

the realization of the mechanical tests, given that by using 
the volume and mass data to provide density, it was possible 
to calculate the grams of polymer needed to fill the frames 
and plates for performing this test.  [5] 

The density data were obtained only for the 1:1 polymer 
as the equipment used only handles solid samples. 

 
δ 1:1 polymer= 1.3 g/cm3 
 

3.7.  Tensile test  
 
This test was performed to analyze the tensile strength 

and elongation behavior. Values shown in the table are very 
poor, given that, as mentioned above, it was not possible to 
undertake mechanical tests 1:2 and 1:3 [7]. 

The properties of reference polymer (Crystal polystyrene 
PS) are attractive for CD cases.   

 
3.8.  Impact test. IZOD  

 
This test was performed to observe the impact strength 

of the IZOD method. The values shown in the table are very 

low, meaning that the polymer is very fragile. As mentioned 
above, it was not possible to perform mechanical tests 1:2 
and 1:3 [6]. 

 
3.9.  Hardness Test  

 
This test could only be performed for polymer 1:1. The 

results tell us that it is a hard polymer when compared to 
PS, so it is possible to imagine the harshness of this 
material. The implementation of this test did not present 
complications.  

 
1:1 polymer: 83.9 Shore D   
Polystyrene: 85 to 90 Shore D 
 

3.10.  Biodegradation test 
 
The first test was to put a piece of the polymer outdoors. 

This showed that the polymer is degradable, given that after 
a short period of time, it decreased in weight. This was 
clearly visible, and it was possible to observe how time 
affected surface degradation over the entire polymer. 
Affecting factors in this test were mainly sunlight, humidity, 
air, temperature and insects. 

In the second test in which the polymer was left in 
water, the hydrolytic properties of the polymer were tested. 
We observed how the polymer swelled and the growth of 
fungi and microorganisms. 
 

 
(a) 

  
(b) 

Figure 6. Before (a) and after (b) 1:1 polymer exposed to the weather. 
Source: own elaboration. 
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(a) (b) 

 
Figure 7. Before (A) and after (b) the 1:1 polymer exposed to water.  
Source: own elaboration. 

 
 

  
(a) (b) 

Figure 8. Before (a) and after (b) 1:1 polymer was kept under controlled 
conditions, was observed the same appearance remained.  
Source: own elaboration. 

 
 
The third test which was to keep a piece of polymer 

citrate in controlled conditions allowed us to observe how 
the polymer manages to stay in good condition, maintaining 
the same visual characteristics. By touching the polymer, 
we were able to observe that it had lost strength but gained 
flexibility. By this, we deduced that there is a molecular 
rearrangement after molding.  

 
4.  Discussion 

 
The Fourier transform infrared spectroscopy for sample 

1:1 showed the presence of the characteristic functional 
groups of polyesters; the presence of OH, CH, C = O, 
RCOOR, CO groups was observed in all three samples (1:1, 
1:2, 1:3). Importantly, the intensity of OH functional group 
was stronger in the 1:3 polymer. This is because this 
polymer has a higher concentration of glycerol, which has 
in its structure three OH. 1:1 showed the least intensity 
since it had a lower concentration of glycerol. 

From the above, it follows that the difference in intensity 
of the line of the OH groups is that the polymers contain 
different amounts of glycerol, higher glycerol generated less 
viscous polymers and a higher efficiency reaction, and 
managed to saturate more citric acid protons. The presence 
of OH groups present may also indicate the presence of 
water in the polymer since water is a byproduct in this 
reaction and this could be reflected in the spectrum. 

Moreover, the line representing the C = O and CO, 
showed greater intensity with the polymerization step, this 
indicates an increase of ester groups, which is typical in 
these types of polymers. 

Acidity allowed us to calculate the amount of acid 
present in the sample and also the efficiency with which the 
reaction took place, indicating whether the reaction had 

reached equilibrium. 
DSC results showed a thermal change at 168°C 

indicating a transition to its glassy state. 
With respect to mechanical properties evaluated, tensile 

and impact assay showed a fragile behavior; with high 
levels of hardness (Shore D); however, there was a 
significant improvement in tensile strength at 100% out the 
polymerization at a temperature of 170°C. 

Degradation tests showed a gradual surface degradation, 
but over time, the entire polymer was affected; in aqueous 
medium, the hydrolytic properties of the polymer were 
observed, and the formation of fungi and microorganisms 
with the passage of time was observed. 

Based on the functional properties obtained, the fact that 
they are hydrolytically degradable is of great interest in the 
field of biomaterials. 

A hybrid polymer was achieved for sample 1:1, whereby 
hardness increased when the concentration of citric acid was 
increased. In the case of the other two samples, low 
viscosity impeded further mechanical tests. 

Immediate applications are compostable bags and 
packaging, and due to its high rate of degradation in water, 
it could be a good candidate for drug delivery systems.  

 By undertaking tests at a temperature of 170°C, at 
which polymerization takes place, we also found that it can 
serve as an adhesive for glass and ceramics. 

 
5.  Conclusions 

 
A novel method was developed to obtain polyesters 

based on citric acid and glycerol.  
This work demonstrated that longer synthesis times 

generate a longer and higher crosslinking polymerization, 
which provides more water resistance to this polymer. It 
was also possible to confirm Halpern´s conclusion about 
crosslinking behavior [10]. 

This polymer (1:1) after molding at room temperature is 
hard, very inflexible and fragile; however, after a week, the 
polymer becomes flexible and loses its hardness. This is due 
to the increase in humidity present in the polymer days after 
molding.  

The polymer is obtained by autocatalizable synthesis, 
which is one factor that makes our reaction inexpensive as 
well as the fact that the materials for producing this polymer 
are cheap. In other works, a catalyst was used.   

The three types of prepolymer and polymer obtained 
have different physical, chemical and mechanical 
properties, which allow a greater spectrum of applications 
for this family of polymers. 

Biodegradation tests indicate that the 1:1 polymer is a 
biodegradable polymer, which exhibits hydrolytic 
properties, which means that it degrades rapidly in the 
presence of water. 

It was also observed that polymer 1:1 first presented a 
partial biodegradation in which a surface degradation was 
observed, which then led to total degradation. This behavior 
was explained in 2003 by Gonzalez. [4] 

These polymers (1:1, 1:2 and 1:3) have ester groups, 
which tend to be biodegradable and it is known that their 
bonds are hydrolyzed by the action of microorganisms. It is 
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known that carbon-carbon bonds presented in our polymer 
are biodegraded by oxidation; the first degradation occurs 
with the hydroxyl groups and the second in the carbon 
chain. 

This family of polymers has a heteroatom (oxygen) in its 
backbone carbon atoms, which acts as a potential attack 
point for enzymatic hydrolysis and oxidative breakdown. 
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Abstract 
This work describes a methodology to evaluate the landscape residual impact of an opencast coal mine in Laciana Valley (Spain), 
applying a landscape impact index that evaluates: the loss of visual quality of the landscape due to the extractive activity and its visual 
influence, depending on the visual absorption capacity of the environment, the degree of restoration of the upset areas, and its visibility 
from the zones most frequented by the population. Final results of the evaluation show severe and moderate impacts on landscape 
depending on the landscape unit. The landscape impact index is shown as a useful tool that can be applied to restoration designs, 
environmental vigilance plans and recovery of areas degraded by mining activity. 

Keywords: coal mining; landscape impact; visual quality 

Metodología para la evaluación del impacto paisajístico residual de 
una mina de carbón a cielo abierto en el Valle de Laciana (España) 

Resumen 
Se describe una metodología para la evaluación del impacto paisajístico residual de una explotación de carbón a cielo abierto en el Valle 
de Laciana (España) tras el cese de la actividad, aplicando un índice de impacto paisajístico que evalúa: la pérdida de calidad visual del 
paisaje por la actividad extractiva, y su incidencia visual en función de la capacidad de absorción visual del medio, el grado de 
restauración de los terrenos alterados y su visibilidad desde las zonas más frecuentadas por la población. El resultado final de la 
evaluación es un impacto sobre el paisaje severo y moderado dependiendo de las unidades paisajísticas afectadas. Este índice paisajístico 
constituye una herramienta que puede ser aplicada en los diseños de restauración, en los planes de vigilancia de las evaluaciones de 
impacto ambiental y en la recuperación de áreas degradas por la minería.  

Palabras clave: minería de carbón; impacto paisajístico; calidad visual. 

1. Introducción

El paisaje constituye la expresión externa del territorio
y puede definirse como la percepción polisensorial y 
subjetiva del medio [1]. De acuerdo con este concepto, el 
medio se hace paisaje solo cuando es percibido por 
alguien [2]. El paisaje es un recurso natural y cultural que 
debe ser preservado, especialmente cuando muestra una 
alta calidad visual. La protección del mismo se justifica 

no sólo por sus valores estéticos y visuales, sino también 
por su potencial para el uso recreativo y su conservación 
como patrimonio cultural. La degradación del paisaje es 
uno de los impactos ambientales más importantes de la 
minería a cielo abierto [3]. El objetivo de esta 
investigación es el diseño de una metodología basada en 
la aplicación de un índice paisajístico, que permita 
evaluar el impacto residual sobre el paisaje de una 
explotación minera a cielo abierto, sea cual sea el recurso 
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explotado. Este método ha sido aplicado en la mina de 
carbón Feixolín, que cesó su actividad en el año 2009. 

 
2.  Metodología 

 
2.1.  Área de estudio 

 
La mina Feixolín se localiza en el Valle de Laciana 

situado en la cuenca alta del río Sil, al noroeste de la 
provincia de León (España), en plena Cordillera Cantábrica. 
Este valle ha sido declarado Reserva de la Biosfera por la 
Unesco, y es a su vez un espacio natural protegido incluido 
en la Red Ecológica Europea Natura 2000 (Fig. 1). La 
explotación se ubica en el municipio de Villablino, en la 
divisoria que separa las cuencas de los ríos de Orallo y San 
Miguel (Fig. 2). 

 
2.2.  Definición de unidades de paisaje 

 
Las unidades de paisaje son sectores básicos del 

territorio que presentan una cierta homogeneidad en su 
composición y percepción, y sobre las que se realiza el 
proceso de evaluación. Se seleccionaron unidades visuales 
irregulares extensas [4], en las que uno o varios elementos 
del medio actuaban como definitorios, en este caso 
concreto, el relieve y los usos del suelo. Estas unidades 
presentaban además cierto grado de autocontención visual, 
esto es, constituían en sí mismas cuencas visuales más o 
menos cerradas. En este sentido, la cuenca hidrográfica se 
ajustaba bien a esta tipología de unidad paisajística. Se 
distinguieron tres unidades de paisaje: la cuenca 
hidrográfica del río de Orallo, que se subdividió en cuenca 
alta y cuenca media-baja, respectivamente; y la cuenca del 
río San Miguel (Fig. 1).  

En la cuenca alta del río de Orallo, las Sierras del 
Gamonal, los Cereizales y el Cordal de Sierra Pelada, con 
culminaciones que superan los dos mil metros de altura, 
enmarcan el fondo escénico. Crestas y roquedos, circos y 
pequeñas lagunas glaciares, arroyos de aguas límpidas y 

 

 
Figura 1. Localización de la explotación Feixolín en el Valle de Laciana 
(España).  
Fuente: los autores. 

 
Figura 2. Unidades de paisaje afectadas por la mina Feixolín.  
Fuente: los autores. Ortofotografía PNOA 

 
 

transparentes, y una vegetación constituida 
fundamentalmente por pastizales de alta montaña y brezales 
conforman una composición de alta calidad visual. La 
unidad muestra una cuenca visual redondeada y abierta 
aunque autocontenida visualmente por los cerramientos 
montañosos que la rodean. 

La cuenca media-baja del río de Orallo se caracteriza 
por el encajamiento de la red hidrográfica dando lugar a un 
valle profundo intramontañoso de vertientes abruptas, y la 
configuración de una cuenca visual alargada y focalizada. 
La concentración de elementos artificiales relacionados con 
la presencia de asentamientos, infraestructuras viarias y la 
explotación de carbón ejercen un papel importante en la 
configuración del paisaje. La vegetación está dominada por 
robledales bien conservados y amplias extensiones de 
matorrales compuestos principalmente por brezales y 
piornales, y algunas repoblaciones de coníferas de escaso 
porte y pastizales. El fondo de valle aparece jalonado por 
bosques de ribera y prados de siega a modo de bocage. 

La cuenca del río San Miguel presenta en su cabecera 
una composición escénica dominada por el Cordal de Sierra 
Pelada y Sierra Delgada, que configuran un relieve de 
elevado desarrollo vertical con culminaciones por encima de 
los dos mil metros de altitud, y la presencia de elementos 
singulares asociados a la geomorfología glaciar y 
periglaciar. El encajamiento de la red hidrográfica ha dado 
lugar también a un valle estrecho y disimétrico con 
vertientes escarpadas. La vegetación está dominada 
fundamentalmente por matorrales (brezos y piornos) y 
pastizales. Los prados de siega ocupan el fondo de valle, y 
aparecen algunos bosques de roble en el curso bajo. En la 
unidad no se localiza ningún asentamiento o núcleo de 
población, y la actividad extractiva aunque presente tiene 
una menor incidencia que en la unidad anteriormente 
descrita. 
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2.3.  Evaluación de la calidad visual de las unidades de 
paisaje 

 
La calidad visual de un paisaje o el grado de excelencia 

de éste, es el resultado de su calidad visual intrínseca y de 
su potencial de vistas [4]. La valoración de la calidad visual 
intrínseca del paisaje se realiza en base a la calidad visual y 
singularidad de los componentes biofísicos y biológicos que 
lo integran: relieve, vegetación y usos del suelo, agua y 
elementos artificiales, y sus características visuales y 
estéticas. La calidad visual intrínseca representa una 
evaluación de la unidad de paisaje como emisora de vistas. 
Por el contrario, el potencial de vistas evalúa la calidad 
visual de las mismas, o del paisaje extrínseco que es visible 
desde la unidad, y las condiciones de visualización (campo 
de visión y posición relativa de observación). El potencial 
de vistas representa, por lo tanto, una evaluación de la 
unidad de paisaje como receptora de vistas procedentes del 
entorno que la rodea [5]. La evaluación se centró 
fundamentalmente en las dos unidades de paisaje que se 
encontraban directamente afectadas por la explotación a 
cielo abierto: la cuenca media-baja del río de Orallo y la 
cuenca del río San Miguel (Fig. 2). En el caso de la unidad 
que ha venido a denominarse cuenca alta del río de Orallo, 
la afección paisajística producida por la mina Feixolín se 
limitó a una pérdida de calidad de su potencial de vistas, sin 
que los valores intrínsecos del paisaje se vieran afectados.  

Para la valoración del impacto es preciso conocer la 
variación o cambio de valor de la calidad visual de las 
unidades de paisaje. Por lo tanto, el primer paso será la 
determinación de la calidad visual de dichas unidades antes 
y después del desarrollo de la actividad minera. Existen 
diversos métodos de valoración de la calidad visual del 
paisaje: directos, indirectos y mixtos [5,6]. Se ha aplicado 
un método indirecto de desagregación de la calidad visual 
en componentes cuya evaluación individualizada dará, por 
agregación, el valor total [7]. Este método consta de las 
siguientes fases: a) Identificación de los componentes que 
definen la calidad visual, hasta el nivel de desagregación 
que sea necesario. b) Evaluación individualizada de cada 
componente en una escala homogénea. Todos los factores 
de la calidad visual se han valorado en una escala relativa de 
valor de más bajo a más alto, de 1 a 4. c) Determinación del 
peso o importancia relativa de cada componente respecto al 
valor total de calidad visual. d) Obtención del valor 
agregado de calidad visual mediante la suma ponderada de 
los valores de los componentes que la integran. La 
asignación de los coeficientes de ponderación se realizó 
basándose en la opinión experta del equipo de trabajo, 
aunque se pueden aplicar otros métodos como la consulta a 
paneles de expertos (método Delphi), etc. 

Para la determinación de la calidad visual agregada o 
global de las unidades de paisaje definidas, dada la 
fragmentación espacial y la autocontención visual de las 
cuencas hidrográficas afectadas, sólo se consideró la calidad 
visual intrínseca y no se evaluó el potencial de vistas. A 
continuación, se describen los criterios y el procedimiento de 
evaluación de cada uno de los componentes contemplados en 
la definición de la misma: relieve, agua, vegetación y usos del 
suelo y un factor denominado elementos artificiales. 

Tabla 1.  
Criterios de valoración de la calidad visual intrínseca del factor relieve 
(CviR) 

Calidad visual intrínseca del factor Relieve (CviR) 
Criterios de valoración  CviR 
Presencia de elementos singulares geomorfológicos 
Relieve escarpado: pendientes > 60% 
Relieve con fuertes pendientes: entre 30-60% 
Relieve con pendientes moderadas: entre 20-30% 
Relieve suave: pendientes entre 10-20% 
Relieve llano o muy suave: pendientes < 10% 

4 
4 

3,5 
3 
2 
1 

Fuente: los autores 
 
 

Tabla 2.  
Criterios de valoración del coeficiente reductor de la calidad visual 
intrínseca del factor relieve por la explotación minera (CrR)  

Criterios de valoración  CrR 
Restauración topográfica completa 
Superficie alterada sin rehabilitación y/o sin integración 
topográfica: 
- < 5% de la superficie total de la unidad de paisaje 
- Entre 5 y 10% de la superficie de la unidad de paisaje 
- Entre 10 y 20% de la superficie de la unidad de paisaje 
- Entre 20 y 40% de la superficie de la unidad de paisaje 
- > 40% de la superficie total de la unidad de paisaje 

1 
 
 
1 

0,8 
0.6 
0.4 
0.2 

Fuente: los autores 
 
 

2.3.1.  Calidad visual intrínseca del relieve (CviR)  
 
La calidad visual intrínseca del relieve (CviR) estará en 

función de la presencia de singularidades geomorfológicas, el 
grado de desarrollo vertical de éste y su complejidad 
topográfica, fundamentalmente. La consulta de estudios y 
cartografías geomorfológicas de la zona, la elaboración de 
mapas hipsométricos y de pendientes basados en mapas 
topográficos y Modelos Digitales de Elevaciones (MDE) 
seriados temporalmente, antes y después de la explotación 
Feixolín, sirvieron de apoyo en la valoración de este 
componente. La calidad visual derivada del cambio de valor 
de las características visuales intrínsecas del relieve tras la 
actividad extractiva (∆CviR), se evaluó de la siguiente forma: 
a) Se determinó la calidad visual intrínseca del mismo sin 
considerar las alteraciones introducidas por la explotación 
minera, en función de la existencia de elementos singulares 
geomorfológicos o del tipo de relieve predominante en la 
unidad (Tabla 1). b) Posteriormente, en función de la 
superficie ocupada por: huecos, frentes mineros y escombreras 
(botaderos) no rehabilitados o con una remodelación 
topográfica poco integrada que contrastaba con las formas y 
pendientes dominantes en el entorno, respecto a la superficie 
total de cada unidad de paisaje, se aplicó un coeficiente 
reductor (CrR) del valor CviR de acuerdo con los criterios de la 
Tabla 2. De tal forma, que el valor de la calidad visual 
intrínseca de este componente tras la actividad extractiva se 
obtiene aplicando la eq. 1. 

 
∆CviR = CviR × CrR  (1) 

 
La ubicación en un espacio montañoso y accidentado o 

la presencia de algunas singularidades geomorfológicas de 
origen glaciar, justificó la asignación de valores de CviR 
elevados, en ambas unidades de paisaje (Tabla 7).  
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2.3.2.  Calidad visual intrínseca de la vegetación y usos del 
suelo (CviV) 

 
El componente del paisaje relacionado con la cubierta 

vegetal y los usos del suelo se evaluó a partir de la 
cartografía del Sistema de Información sobre Ocupación del 
Suelo de España (SIOSE), aplicando un índice de calidad 
visual (IcvV). Este índice se obtuvo para cada tipo de 
vegetación u ocupación del suelo presente en cada unidad 
de paisaje, mediante el promedio de los factores [8]:  

- Fisonomía (f) o características visuales de las formas 
externas de la vegetación dominante. En este sentido, el 
porte y la frondosidad son algunas de las características 
visuales más sobresalientes. Esta es la razón por la que se 
asignan los valores más altos de este factor a las 
formaciones arbóreas y frondosas, y los valores más bajos a 
las herbáceas.  

- Estructura vertical (ev) o diversidad de estratos 
(herbáceo, arbustivo y arbóreo). A mayor variedad de 
estratos, mayor calidad visual. Según este criterio, de las 
formaciones vegetales existentes en el área de estudio, son 
los bosques de frondosas los que muestran una estructura 
vertical más compleja y diversa.  

- Contraste cromático (c) o diversidad cromática entre 
los componentes que integran la propia formación vegetal, y 
entre ésta y el suelo. A mayor contraste y diversidad 
cromática mayor es la calidad visual.  

- Y cambio estacional (ce), asignándose el máximo 
valor a las formaciones con variaciones cromáticas 
significativas en dos o más estaciones del año.  

La Tabla 3 muestra los resultados de la evaluación de los 
factores que integran el índice de calidad visual de las 
distintas tipologías de vegetación y usos del suelo, de 
acuerdo con los criterios descritos anteriormente, y el 
correspondiente valor IcvV obtenido mediante la aplicación 
de la eq. 2. 

 
IcvV = 0,25(f+ev+c+ce)  (2) 

 
La cartografía SIOSE contempla dos tipos de coberturas 

del suelo: simples cuando están constituidas por un único 
tipo de vegetación o uso; y asociaciones de varios tipos de 
cubiertas de vegetación y/o usos, indicando el porcentaje de 
ocupación de cada uno de ellos en la asociación. En este 
último caso, el índice de calidad de una asociación se 
obtiene mediante la suma de los valores IcvV de cada 
tipología presente en la misma ponderados por la superficie 
ocupada. A efectos de simplificar la evaluación, en la 
asociación en que un único tipo de vegetación o uso 
representaba un porcentaje  ≥ 70% del área total de la 
misma, se le asignaba directamente el valor de éste. Hay 
que resaltar que sólo en el caso del índice IcvV, se ha 
aplicado una escala relativa de valoración de 0 a 4. 

Por último, la calidad visual intrínseca de este 
componente en cada unidad de paisaje se obtiene mediante la 
suma de los valores IcvV de los tipos de ocupación del suelo, 
incluidas asociaciones, de la cartografía SIOSE presentes en 
las mismas, ponderados por el área ocupada. Con el objeto 
de reconstruir los usos del suelo previos a la ocupación 
minera, se consultaron ortofotografías de períodos anteriores 

Tabla 3.  
Valores de los índices de calidad visual de la vegetación y usos del suelo 
(Icvv) de la cartografía SIOSE presentes en las unidades de paisaje  

 
 

Vegetación/Usos suelo 
(SIOSE) 

F
is

on
om
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E
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ve
rt

ic
al
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 (

Ic
v v
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Frondosas caducifolias 
Frondosas de ribera 
Coníferas plantación  
Matorral: brezos y piornos 
Pastizal 
Prados 
Cultivos herbáceos 
Urbano 
Minero extractivo 
Suelo desnudo 
Afloramientos rocosos 

4 
4 
2 
2 
1 
2 
1 
1 
0 
0 
0 

4 
4 
2 
2 
1 
1 
1 
2 
0 
0 
0 

4 
4 
2 
2 
2 
2 

1,5 
1 
0 
0 
0 

4 
4 
1 
3 

1,5 
2 

1,5 
0 
0 
0 
0 

4 
4 

1,75 
2,25 
1,375 
1,75 
1,25 

1 
0 
0 
0 

Fuente: adaptado de Aramburu et al. 2005. [8] 
 

a la extracción de carbón. Se determinó que las zonas 
actualmente ocupadas por la explotación Feixolín estaban 
previamente cubiertas por matorrales. En la Tabla 7, se 
recogen los resultados de la valoración de este componente 
en escenarios pre y post-mineros (CviV y ∆CviV), en función 
del cambio de uso inducido por la actividad extractiva. 

 
 

2.3.3.  Calidad visual intrínseca del agua (CviA) 
 
El componente agua fue valorado de acuerdo con los 

criterios recogidos en la Tabla 4. Ambas cuencas 
hidrográficas están asociadas a ríos de alta montaña con 
caudal permanente con una calidad visual intrínseca alta. La 
pérdida de calidad visual de este factor por la explotación 
Feixolín (∆CviA), se ha evaluado aplicando un coeficiente 
reductor (CrA) de la CviA en función del grado de afección 
al sistema de drenaje superficial y/o calidad del agua en sus 
aspectos visuales (Tabla 5), según la eq. 3. 

 
∆CviA = CviA × CrA  (3) 

 
En la Tabla 7, se muestran los resultados de la 

valoración de este factor antes y después de la actividad 
extractiva. La localización de gran parte de la explotación 
sobre una divisoria y la afección directa a algún curso 
fluvial de escaso desarrollo, ha permitido aplicar un 
coeficiente reductor de la calidad visual de 0,8 para dicho 
componente, en ambas unidades de paisaje. 

 
Tabla 4.  
Criterios de valoración de la calidad visual intrínseca del factor agua (CviA)  

Calidad visual intrínseca del factor Agua (CviA) 

Criterios de valoración CviA 

Elementos singulares (cataratas, etc.) y láminas de agua: 
lagos, lagunas, embalses, etc. 
Arroyos y ríos de agua limpias y transparentes, con caudal 
permanente 
Arroyos y ríos de agua intermitentes limpias y 
transparentes. Puntos de agua (fuentes y manantiales) 
Arroyos y ríos de aguas turbias y sucias 

 
4 
 
3 
 
2 
1 

Fuente: los autores 
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Tabla 5.  
Criterios de valoración del coeficiente reductor de la calidad visual 
intrínseca del factor agua por la explotación minera (CrA)  

Criterio de valoración: CrA 
Grado de alteración o afección del sistema de drenaje 
superficial y/o calidad del agua por la minería: 
- Sin afección 
- Poco afectada 
- Afección media 
- Muy afectada 
- Intensamente afectada: destrucción de la red de 

drenaje superficial y/o elevada contaminación  

 
 
1 

0,8 
0.6 
0.4 

 
0.2 

Fuente: los autores 
 
 

Tabla 6.  
Criterios de valoración de la calidad visual intrínseca de los Elementos 
Artificiales (CviEA) 

Calidad visual intrínseca del factor Elementos Artificiales (CviEA) 
Criterios de valoración  CviEA 
Ausencia de elementos artificiales 
Los elementos artificiales representan: 
- < 1% de la superficie de la unidad de paisaje 
- Entre 1% y 10% de la superficie de la unidad 
- Entre 10% y 20% de la superficie de la unidad 
- > 20% de la superficie de la unidad de paisaje 

4 
 
4 
3 
2 
1 

Fuente: los autores 
 
 

2.3.4.  Calidad visual intrínseca de los elementos artificiales 
(CviEA) 

 
El valor de la calidad visual intrínseca del componente 

elementos artificiales (CviEA) será función del grado de 
integración o discordancia de dichos elementos con el paisaje, 
y de la superficie ocupada. Salvo excepciones como es el caso 
de algunos elementos culturales singulares que refuerzan e 
incluso incrementan los valores intrínsecos de la calidad 
visual, una menor ocupación de elementos artificiales 
representará una mayor naturalidad y, por lo tanto, una mayor 
calidad visual intrínseca. Se han considerado como elementos 
artificiales: los núcleos de población, las vías de comunicación 
y el uso minero. El bocage que conforman las parcelas de 
cultivos y prados se encuentra plenamente integrado en el 
paisaje, por lo que no se ha incluido en este componente a 
pesar de su carácter antrópico. En la Tabla 6 se muestra el 
criterio de valoración aplicado para este factor. La variación 
del valor de la calidad visual intrínseca de este componente 
(∆CviEA) en cada unidad de paisaje, será proporcional al 
incremento de la superficie ocupada por la explotación, 
instalaciones de almacenamiento de residuos (botaderos, etc.) 
e infraestructuras mineras. En la Tabla 7, se muestran los 
resultados de la valoración de este componente antes y 
después de la explotación minera. 

 
2.3.5.  Cálculo de la calidad visual de cada unidad de 

paisaje (Cv), antes y después de la explotación 
minera.  

 
La calidad visual global de cada unidad paisajística (Cv) 

será el resultado de la suma ponderada de la calidad visual 
intrínseca de los componentes del paisaje en que éste se ha 
desagregado, en función del peso relativo de cada uno de ellos 
(eq. 4). 

Tabla 7.  
Calidad visual intrínseca de los componentes del paisaje de cada unidad 
paisajística, antes y después de la mina Feixolín 

Calidad visual intrínseca de los factores del paisaje (Cvi)  
 Cuenca media-baja  

del río de Orallo 
Cuenca del río  

San Miguel 
Factores del paisaje Antes Después Antes Después 
Relieve (CviR) 
Vegetación (CviV)  
Agua (CviA) 
Elem. Artificiales (CviEA)  

3 
2,17 

3 
4 

2,4 
1,93 
2,4 
2 

4 
2 
3 
4 

3,2 
1,88 
2,4 
3 

Fuente: los autores 
 
 

Tabla 8. 
Calidad visual de las unidades de paisaje, antes y después de la mina 
Feixolín 

Calidad visual del paisaje (Cv) 
Cuenca media-baja río de Orallo Cuenca del río San Miguel 

Antes  Después  Antes  Después  
2,97 2,09 3,10 2,53 
Alta Media-Alta Muy Alta Alta 

Fuente: los autores 
 
 
Cv = 0,2CviR+0,4CviV +0,1CviA+0,3CviEA (4) 
 
Donde, 
Cv =    Calidad visual del paisaje. 
CviR =  Calidad visual intrínseca del relieve. 
CviV =  Calidad visual intrínseca de la vegetación/usos suelo  
CviA =  Calidad visual intrínseca del agua. 
CviEA = Calidad visual intrínseca de elementos artificiales. 
 
Por último, se ha aplicado la siguiente escala cualitativa 

de valoración de la calidad visual: baja (Cv ≤ 1); media-baja 
(1 < Cv ≤ 1,5); media (1,5 < Cv ≤ 2), media-alta (2 < Cv ≤ 
2,5); alta (2,5 < Cv ≤ 3) y muy alta (3 < Cv ≤ 4). Los 
valores de calidad visual de las unidades de paisaje: cuenca 
media-baja del río de Orallo y cuenca del río San Miguel y 
los valores Cvi de los componentes que la definen, antes y 
después de la explotación Feixolín, se muestran en las 
Tablas 8 y 7 respectivamente. 

 
2.4.  Evaluación del efecto o magnitud del cambio de la 

calidad visual del paisaje producido por la 
explotación minera (ECV) 

 
El efecto sobre la calidad visual (ECV) de las unidades de 

paisaje indica la magnitud del cambio de valor de la misma, 
 

Tabla 9.  
Criterios para evaluar el efecto o magnitud del cambio de la calidad visual 
del paisaje (Ecv) producido por la explotación minera. 

Criterios de valoración  Efecto ECV 
Sin alteración de la Cv 
Cambio de valor de la Cv: 

- < 5% 
- Entre un 5% y 10% 
- Entre 10% y 20% 
- Entre 20% y 30% 
- > 30% 

Sin efecto 
 

Sin efecto 
Poco significativo 

Significativo 
Muy significativo 

Notable 

0 
 
0 
1 
2 
3 
4 

Fuente: los autores 
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Tabla 10.  
Efecto o magnitud del cambio de la calidad visual (ECV) de las unidades de 
paisaje producido por la mina Feixolín 

Unidades de Paisaje Efecto ECV 

Cuenca media-baja río de Orallo 
Cuenca del río San Miguel 

Muy Significativo 
Significativo 

3 
2 

Fuente: los autores 
 
 

debido a la explotación minera. Por lo general, el efecto 
suele ser de signo negativo. En las Tabla 9 y 10 se muestran 
los criterios aplicados para la determinación de este 
parámetro y el resultado obtenido en cada unidad de paisaje.  

 
2.5.  Determinación de la incidencia visual de la 

explotación minera 
 
La incidencia visual de las zonas alteradas por la 

explotación minera va a ser función de: la fragilidad visual 
intrínseca del entorno y del grado de restauración e 
integración de las zonas alteradas, y de la accesibilidad 
visual o visibilidad de la afección minera desde zonas 
frecuentadas por la población. Para su determinación se ha 
aplicado también un método indirecto de desagregación en 
componentes [7], que han sido valorados en una escala 
relativa de menos a más valor, de 1 a 4. 

 
2.5.1.  Fragilidad visual intrínseca del entorno de la 

explotación Feixolín (Fvi) 
 
La fragilidad visual intrínseca expresa la capacidad de 

absorción visual de la alteración minera por el medio. A 
mayor fragilidad visual menor capacidad de absorción. Esta 
fragilidad visual depende de una serie de factores biofísicos 
del medio que van a amortiguar o realzar las alteraciones 
visuales que introduce la actividad extractiva. Estos factores 
son principalmente la cubierta vegetal dependiente de la 
densidad, contraste y diversidad cromática, altura y 
complejidad de la formación vegetal y cambios estacionales 
que afectan al camuflaje o el efecto pantalla de algunas 
formaciones y usos del suelo; la localización fisiográfica de la 
explotación respecto a los observadores potenciales; las 
características geomorfológicas y topográficas (pendiente del 
terreno); la orientación-iluminación del terreno afectado 
respecto al sol (umbrías o solanas) y la configuración de la 
cuenca visual, en este caso, de la cuenca hidrográfica. Es 
evidente, que la capacidad de absorción visual de las zonas 
afectadas por la explotación minera dependerá también de si 
se ha realizado o no algún tipo de restauración tras el cese de 
la actividad y del grado de integración conseguido.  

La evaluación de la fragilidad visual intrínseca de la 
vegetación y usos del suelo (FviV) presentes en el entorno 
inmediato de la explotación minera, se ha realizado en función 
de: su fisonomía, diversidad cromática interna y opacidad 
estacional. A las formaciones arbóreas, frondosas y complejas 
con diversidad de estratos y una alta variedad cromática y de 
texturas, y por lo tanto con un mayor poder de camuflaje, se les 
han asignado los valores más bajos de FviV. Por el contrario, a 
las formaciones dominadas por el estrato herbáceo, 
monocromáticas o con muy bajo contraste cromático, les han 
correspondido los valores más altos de FviV. Para su evaluación 

Tabla 11.  
Criterios de valoración de los componentes de la fragilidad visual 
intrínseca del entorno (Fvi) 

Vegetación/usos colindantes con la mina Feixolín FviV 
Frondosas caducifolias 
Coníferas plantación (bajo porte) 
Matorral: brezales y piornales 
Asociación Matorral-Pastizal (el matorral representa 
< 60% del área ocupada por la asociación) 
Pastizal 

1,5 
2 
2 
 

2,5 
4 

Posición relativa respecto al observador FviPF 
Posición elevada 
Al mismo nivel 
Posición a menor altura 

2 
1 
4 

Restauración/Integración minera FviIM 
Muy baja (sin restauración) 
Baja (remodelación topográfica sin revegetación) 
Media (revegetación parcial integrada en el medio) 
Alta (revegetación total integrada en el medio) 

4 
3 
2 
1 

Pendiente del terreno FviP 
Terrenos muy escarpados (pendiente > 60%) 
Pendientes fuertes (30% – 60%) 
Pendientes moderadas (20% – 30%) 
Pendientes suaves (10% - 20%) 
Terrenos llanos o pendientes muy suaves (< 10%) 

4 
3 
2 

1,5 
1 

Forma de la cuenca visual  FviFC 
Cuencas alargadas y focalizadas (elípticas) y 
compacidad baja (pocos huecos y sombras). 
Cuencas alargadas y focalizadas (elítpticas) y 
compacidad alta (muchos huecos y sombras)  
Cuencas redondeadas y compacidad baja 
Cuencas redondeadas y compacidad alta 

 
4 
 
3 
2 
1 

Orientación/Iluminación FviO 
Iluminación muy alta/Orientación S, SE y SW 
Iluminación alta/Orientación W 
Iluminación media/Orientación E 
Iluminación baja/Orientación N, NE y NW 

4 
3 
2 
1 

Fuente: los autores 
 
 

se ha procedido de la siguiente forma: a) Identificación de 
las formaciones de vegetación, incluidas asociaciones, del 
SIOSE colindantes con la explotación minera. b) 
Asignación a cada una de ellas de su correspondiente valor 
de FviV en función de los criterios antes mencionados. En la 
Tabla 11 se muestran los valores FviV de las unidades de 
vegetación presentes en el entorno inmediato de la mina 
Feixolín. c) Determinación de la FviV global del entorno de 
la explotación en cada unidad de paisaje, mediante la suma 
de los valores FviV de cada tipo de vegetación y/o 
asociación colindantes con la explotación, ponderados por 
el peso relativo del límite común de cada una de ellas 
respecto a la longitud total del perímetro de la zona afectada 
en la correspondiente unidad de paisaje.  

En la Tabla 11 se muestran también los criterios de 
valoración de todos los componentes que integran la 
fragilidad visual intrínseca del entorno inmediato a la 
explotación minera. 

La fragilidad visual intrínseca global (Fvi) del entorno 
de la explotación minera se obtiene mediante la suma 
ponderada de los factores que la integran en función del 
peso relativo de cada uno de ellos (eq. 5). 

 
Fvi =0,1FviPF+0,4FviIM+0,1FviP+0,1FviFC+0,2FviV+0,1FviO   (5) 

 
Donde,  
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Tabla 12.  
Fragilidad visual intrínseca del entorno de la explotación Feixolín (Fvi) 

Factores 
Cuenca media-

baja río de Orallo 
Cuenca del río 

San Miguel 
Posición observación (FviPF) 
Restauración minera (FviIM) 
Pendiente del terreno (FviP) 
Forma cuenca visual (FviFC) 
Vegetación/usos del suelo (FviV) 
Orientación/iluminación (FviO) 

2 
2 
3 
4 

1,92 
4 

2 
2 
3 
4 

2.08 
2 

Fragilidad visual intrínseca (Fvi) 
2,484 2,316 

Media-Alta Media-Alta 
Fuente: los autores 

 
 
FviPF = Fvi derivada de la posición relativa de la explotación 

respecto a observadores potenciales. 
FviIM = Fvi derivada del grado de restauración/integración 

del espacio minero. 
FviP = Fvi de la topografía o pendiente del terreno. 
FviFC = Fvi de la forma de la cuenca visual/hidrográfica. 
FviV = Fvi de la vegetación y los usos del suelo. 
FviO = Fvi de la orientación/iluminación respecto al sol. 
 
En la Tabla 12 se muestra el valor global y el de los 

componentes que definen la fragilidad visual intrínseca del 
entorno de la mina Feixolín, en cada unidad de paisaje. La 
fragilidad visual se ha calificado como: baja (Fvi ≤ 1); 
media-baja (1 < Fvi ≤ 1,5); media (1,5 < Fvi ≤ 2), media-
alta (2 < Fvi ≤ 2,5); alta (2,5 < Fvi ≤ 3) y muy alta (3 < Fvi 
≤ 4). 

 
2.5.2.  Accesibilidad visual de la explotación minera desde 

zonas frecuentadas por la población (V) 
 
Un factor fundamental sobre la incidencia visual es la 

visibilidad de las alteraciones desde los lugares o puntos 
más frecuentados por la población, esto es, con mayor 
potencial de observadores. El análisis de visibilidad se basa 
en la determinación de cuencas visuales. La cuenca visual 
de un punto se define como la zona que es visible desde ese 
punto [9]. Por extensión se puede ampliar el concepto a un 
conjunto de puntos próximos o que constituyen una unidad 
u objeto (p.e. una carretera o un núcleo de población), y 
considerar la cuenca visual como la porción del territorio 
vista desde ellos [6]. En el análisis se asume que la cuenca 
visual es la receptora de la alteración paisajística producida 
por la explotación minera, pues los observadores que se 
encuentren en la misma podrán visualizarla desde 
cualquiera de los puntos que la forman, con mayor o menor 
nitidez en función de la distancia. El procedimiento seguido 
para determinar la accesibilidad visual ha sido el siguiente: 

1) Selección de los puntos de observación que se van a 
utilizar para el cálculo de la cuenca visual. Se seleccionaron 
núcleos de población y carreteras de titularidad pública 
desde donde podría ser accesible visualmente la zona 
afectada. No se estableció una jerarquización de los puntos 
de observación en función del número de observadores 
potenciales y tiempo de observación. Es evidente que la 
accesibilidad visual de la zona afectada desde las vías con 
mayor intensidad de tráfico o los núcleos más poblados 
representarían una mayor accesibilidad visual, frente a otras  

Tabla 13.  
Puntos de observación seleccionados para el cálculo de la cuenca visual. 

Núcleos población Habitantes Carreteras 
Intensidad media 

diaria de vehículos 
Caboalles de Abajo 
Orallo 
Ríoscuro 
Robles de Laciana 
Sosas de Laciana 
Villablino 
Villager Laciana 

1180 
216 
151 
131 
173 
5634 
525 

CL-626 
CL-631 
LE-493 

Otras vías 

4273 
2451 
712 

Sin datos 

Fuente: Nomenclator 2013 (INE); Mapa de Tráfico de León 2011 
 
 

vías con menor tráfico o núcleos de población más 
pequeños; lo mismo ocurre con el tiempo de observación 
que es mayor desde un núcleo que desde una carretera. 
Aspectos todos ellos que pueden utilizarse para ponderar el 
análisis de visibilidad. En el caso concreto de la mina 
Feixolín, se optó por un criterio conservador asignando un 
mismo potencial de observación a todos los puntos 
seleccionados. En la Tabla 13 se recogen los puntos de 
observación utilizados en el modelo de visibilidad de la 
mina Feixolín. 

2) Determinación de la cuenca visual de los puntos 
seleccionados. Se definió la misma de forma automática 
mediante el sistema de información geográfica ArcGIS, 
versión 9.3. El análisis de visibilidad se sustentó sobre un 
Modelo Digital del Terreno (MDT) del Instituto Geográfico 
Nacional obtenido mediante sensores LIDAR, con un paso 
de malla de 5 m. El modelo ráster de visibilidad aplicado 
presentaba una resolución o tamaño de pixel de 5x5 m. En 
dicho modelo solo se tuvo en cuenta la altura y 
características topográficas del terreno y no se consideró el 
efecto pantalla de construcciones, vegetación o cualquier 
otro elemento natural o antrópico al no disponer de 
información relativa a la altura de cada tipo de cubierta. Se 
trataba por lo tanto de un modelo conservador en el que las 
superficies realmente visibles posiblemente serían inferiores 
a las obtenidas por el modelo. No obstante, los resultados 
obtenidos se calibraron y verificaron con trabajo de campo y 
gabinete, confirmando la validez del método empleado. 

3) Establecimiento de unos intervalos de distancia de 
observación que permiten definir la mayor o menor nitidez 
con la que el territorio puede ser observado (D). Existe una 
distancia crítica, a partir de la cual, se produce una 
disminución significativa de la visibilidad siendo los 3000 
m un referente aceptado en España por muchos autores [4]. 

4) Establecimiento de unos intervalos de frecuencia de 
observación de las zonas accesibles visualmente (Fob). Este 
parámetro evalúa el número de veces que un punto del 
territorio (pixel) es visto desde distintos puntos de 
observación. La fragilidad visual de un punto del territorio 
aumenta con la posibilidad que tiene cada punto de ser visto 
[5]. En el modelo de análisis de visibilidad de ArcGIS, las 
carreteras o los límites de los núcleos urbanos son 
elementos lineales formados por numerosos vértices que son 
procesados como puntos de observación individualizados. 
Las clases o intervalos de frecuencia de observación deberán 
definirse caso por caso, pues el número posible de veces que 
un pixel puede ser visto depende de la resolución del modelo 
de visibilidad y del número de puntos de observación 
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Tabla 14.  
Clases de frecuencia de observación del modelo de visibilidad aplicado en 
la mina de Feixolín (Fob) 

Nº de vértices o puntos de observación desde 
el que un punto del territorio es visto 

Clases de frecuencia 
de observación (Fob) 

- 50000  
- Entre 10000 y 50000  
- Entre 5000 y 10000  
- Entre 2500 y 5000 
- Entre 1000 y 2500 
- < 1000 

Muy Alta 
Alta 

Media-Alta 
Media 

Media-Baja 
Baja 

Fuente: los autores 
 
 

Tabla 15.  
Modelo de visibilidad aplicado en la mina Feixolín y asignación del valor 
de accesibilidad visual (V) 

Definición de las clases de accesibilidad visual desde 
núcleos y vías de comunicación  

Valor V 

Zonas visibles con: 
- Visibilidad muy alta (D ≤ 3000 m y Fob = muy alta) 
- Visibilidad alta (D ≤ 3000 m y Fob = alta) 
- Visibilidad media-alta (D ≤ 3000 m y Fob = media-

alta, o bien, D > 3000 m y Fob = muy alta)  
- Visibilidad media (D ≤ 3000 m y Fob = media, o bien, 

D > 3000 m y Fob = alta o media-alta)  
- Visibilidad media-baja (D ≤ 3000 m y Fob = media-

baja o baja, o bien, D > 3000 m y Fob = media) 
- Visibilidad baja (D > 3000 m y Fob = baja) 

Zonas no visibles o sin visibilidad 

 
4 
3 
 

2,5 
 
2 
 

1,5 
1 

0 
Fuente: los autores 

 
 

seleccionados. En la Tabla 14 se muestran los rangos de 
frecuencia de observación que se establecieron para la mina 
Feixolín.  

5) Definición del modelo de visibilidad o zonificación 
de la cuenca visual según clases o zonas con distinto grado 
de accesibilidad visual (V), y valoración de cada una de 
ellas. Estas clases han sido definidas en función de: la 
distancia (D) a los puntos de observación (≤ 3000 m y > 
3000 m) y la frecuencia de observación (Fob). El modelo de 
visibilidad definido y la asignación del valor de visibilidad 
aplicado en la mina Feixolín se muestra en la Tabla 15. 

6) Determinación de la accesibilidad visual de la zona 
afectada por la explotación minera, desde las zonas 
frecuentadas por la población, en cada unidad de paisaje. El 
valor de accesibilidad visual para cada unidad paisajística se 
obtiene mediante la suma de los valores asignados a cada 
una de las clases de visibilidad presentes en la zona afectada, 
ponderada por la superficie ocupada por cada una de ellas 
respecto a la superficie total de la explotación, en cada 
unidad de paisaje. En la Fig. 3 y Tabla 16 se muestran las 
zonas visibles de la mina Feixolín y el valor de accesibilidad 
visual de ésta desde zonas frecuentadas por la población (V), 
en cada unidad de paisaje, respectivamente. Se puede 
observar que la mayor parte de la superficie de la 
explotación no es visible desde los núcleos de población y 
vías de comunicación seleccionados como puntos de 
observación. No obstante, se puede afirmar que existe una 
mayor accesibilidad visual de la zona de explotación ubicada 
en la cuenca media-baja del río de Orallo, en la que el 31% 
de la superficie alterada presenta una visibilidad muy alta o 
alta, respecto a la cuenca del río San Miguel, donde tan solo 

Tabla 16.  
Visibilidad o accesibilidad visual de la mina Feixolín en cada unidad de 
paisaje desde núcleos de población y vías de comunicación (V) 

 
 

Clases 
Visibilidad 

Cuenca media-baja del río 
de Orallo 

Cuenca del río San 
Miguel 

V Peso 
Feixolín 
Área m2 V Peso 

Feixolín 
Área 
m2 

Muy Alta 
Alta 
No Visible 

4 
3 
0 

0.11 
0.2 
0.69 

166918 
309581 
1092567 

4 
3 
0 

0.06 
0.11 
0.83 

39578 
74133 
560409 

Unidad P. 1,04 1 1569066 0,54 1 674120 
Fuente: los autores 

 
 

 
Figura 3. Visibilidad de la mina Feixolín en cada unidad de paisaje desde 
zonas frecuentadas por la población (núcleos de población y carreteras) 
Fuente: los autores 

 
 

el 17% de la zona explotada es visible aunque con una alta o 
muy alta visibilidad. 

 
2.5.3.  Cálculo de la incidencia visual de la mina Feixolín en 

cada unidad de paisaje (Iv) 
 
La incidencia visual de la explotación minera en cada 

unidad de paisaje se obtiene mediante la suma ponderada de 
los componentes que la definen, en función de su peso 
relativo (eq. 6). 

 
Iv = 0,6Fvi + 0,4V  (6) 

 
Donde, 
Fvi = Fragilidad visual intrínseca del entorno  
V = Visibilidad de la explotación desde lugares 

frecuentados por la población 
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Tabla 17.  
Índice de impacto paisajístico de la mina Feixolín en cada unidad de 
paisaje (IP) 

 
Unidad de Paisaje 

 
Efecto 

ECV 

Incidencia 
visual 

Iv 

Índice de impacto 
paisajístico 

IP Clase IP 
C. media-baja Orallo 
C. río San Miguel 

3 
2 

1,91 
1,61 

2,46 
1,81 

Medio-Alto 
Medio 

Fuente: los autores 
 
 
Los valores más altos de Iv se corresponderán con 

terrenos mineros no restaurados ubicados en un entorno de 
elevada fragilidad visual, y muy alta o alta visibilidad desde 
zonas frecuentadas por la población. Por el contrario, las 
zonas restauradas y bien integradas situadas en un entorno 
de baja fragilidad visual (o alta capacidad de absorción 
visual) y una baja visibilidad, presentarán los valores Iv más 
bajos. En caso de que la zona afectada no sea visible desde 
ningún punto con un alto potencial de observadores, se 
considerará sin incidencia visual. En la Tabla 17 se muestra 
el valor Iv de la explotación Feixolín en cada una de las 
unidades de paisaje definidas. 

 
2.6.  Cálculo del índice de impacto paisajístico (IP) 

 
El índice de impacto paisajístico (IP) integra: el efecto o 

magnitud del cambio de valor de la calidad visual del 
paisaje inducido por la explotación (ECV) y la incidencia 
visual de las alteraciones producidas (Iv), mediante la suma 
ponderada de ambos factores (eq. 7) 

 
IP = 0,5ECV + 0,5Iv  (7) 

 
Los valores IP se han agrupado en los siguientes 

intervalos: bajo (IP ≤ 1); medio-bajo (1 < IP ≤ 1,5); medio 
(1,5 < IP ≤ 2), medio-alto (2 < IP ≤ 2,5); alto (2,5 < IP ≤ 3) 
y muy alto (3 < IP ≤ 4). En la Tabla 17 se muestra el índice 
de impacto paisajístico producido por la explotación 
Feixolín. 

 
3.  Resultados y conclusiones 

 
La tolerancia respecto a un determinado grado de 

afección que pudiera experimentar un paisaje por la 
actividad extractiva, dependerá de su calidad visual. La 
determinación última del impacto paisajístico se realizó a 
través de una matriz que integra la calidad visual que tenía 
el paisaje antes de la explotación minera y el índice de 
impacto paisajístico producido por la extracción del recurso 
mineral a cielo abierto (Fig. 4). El impacto ha sido 
calificado como: compatible (C), moderado (M), severo (S) 
y crítico (CR) de acuerdo con lo establecido por la 
normativa española sobre evaluación de impacto ambiental 
(EIA) (Reglamento de EIA, R.D. 1131/1988). 

El resultado final del proceso de evaluación es un 
impacto residual de la mina Feixolín calificado como severo 
en la cuenca media-baja del río de Orallo, y moderado en la 
del río San Miguel (Tabla 18). 

El modelo ha sido sometido a un análisis de sensibilidad 
paramétrica. Dicho análisis mostró la fuerte influencia de 
los pesos asignados a los parámetros en el resultado de las  

C
al

id
ad

 V
is

ua
l (

C
v)

 Muy  Alta C M M S CR CR 
Alta C M M S S CR 
Media Alta C C M M S S 
Media C C M M M S 
Media Baja C C C M M M 
Baja C C C C M M 
 Bajo Medio 

Bajo 
Medio Medio 

Alto 
Alto Muy 

Alto 

 Índice de Impacto Paisajístico (IP) 
Figura 4. Matriz de impacto sobre el paisaje  
Fuente: los autores 

 
 

Tabla 18.  
Impacto sobre el paisaje de la mina Feixolín 

 
Unidad de Paisaje 

Calidad 
visual previa  

Índice impacto 
paisajístico  

Impacto 
Paisaje 

Cuenca media-baja  
Orallo 2.97 Alta 2,46 

Medio  
Alto Severo 

Cuenca del río San 
Miguel 

 
3,10 

Muy 
Alta 

 
1,81 

 
Medio 

 
Moderado 

Fuente: los autores 
 
 

evaluaciones, y la sensibilidad  de éste a las variaciones de 
valor de la mayoría de las variables que intervienen en el 
mismo.  

El método es transparente, sistemático y reproducible, y 
puede ser aplicado a cualquier explotación a cielo abierto,  
cualquiera que sea el recurso explotado. La metodología 
está soportada, además, en un Sistema de Información 
Geográfica (SIG). Estos sistemas permiten la 
automatización de algunos de los procesos que intervienen 
en la valoración, y una actualización o revisión más 
eficiente y rápida de la evaluación del impacto paisajístico 
ante la aparición de nuevos escenarios. Este hecho resulta 
de gran utilidad cuando se lleva a cabo el seguimiento del 
éxito de medidas de integración paisajística. 

Este índice paisajístico proporciona información y 
criterios para la rehabilitación de las explotaciones mineras. 
Puede acompañarse con el uso de otras técnicas como: la 
modelización 3D o la simulación fotorrealística a partir de 
fractales por ordenador [10], proporcionando una mejora 
potencial del diseño de planes de restauración. 

El empleo de este índice de impacto paisajístico residual 
puede ser de gran utilidad en los programas de vigilancia y 
seguimiento ambiental, que deben acompañar a los estudios y 
declaraciones de  EIA según la normativa española (Ley 
21/2013, de 9 de diciembre, de evaluación ambiental). La 
aplicación del índice en una secuencia temporal permitiría 
evaluar la eficacia de las medidas adoptadas en dicho plan para 
garantizar la rehabilitación paisajística, en proyectos mineros. 

Por último, el método propuesto puede constituir una 
herramienta de apoyo a la decisión con respecto a la 
recuperación de espacios mineros degradados o la gestión 
de pasivos ambientales mineros, especialmente cuando es 
necesario establecer prioridades de actuación 
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Abstract 
This work presents a study of variance to rotation key encryption processors based on the Fourier transform. It was determined that the 
key in rectangular coordinates allows a tolerance level of less than 0.2 degrees of rotation of the key in the decryption process. Thus, the 
solution is to build the key in polar coordinates, by means of circular harmonics expansion; in this way, the tolerance threshold rises to 
about 40 degrees of rotation of the key in the decryption process. This solution is an added value for optical encryption processors. I have 
developed a computational tool for simulations and results obtained in this study. 
 
Keywords: Cryptography, Circular harmonics, Fourier optics. 

 
 

Encriptación usando una llave en armónicos circulares 
 

Resumen 
En este trabajo presento un estudio sobre la varianza a la rotación de la llave del procesador de encriptación basado en la transformada de 
Fourier. Determiné que la llave en coordenadas rectangulares permite un nivel de tolerancia inferior a 0.2 grados de rotación de la llave 
en el proceso de decriptación. Entonces la solución es construir la llave en coordenadas polares, por medio de una expansión en 
armónicos circulares. De esta manera, el umbral de tolerancia aumenta aproximadamente hasta 40 grados de rotación de la llave en el 
proceso de decriptación. Esta solución es un valor agregado para el procesador de encriptación óptico. He desarrollado una herramienta 
computacional para las simulaciones y resultados obtenidos en este estudio. 
 
Palabras clave: Criptografía, Armónicos Circulares, Óptica de Fourier. 

 
 
 

1.  Introduction 
 
Using optical processor encryption based on the Vander 

Lugt Correlator (VLC) [1], the image is encrypted due to 
the encryption key located on Fourier plane [2,4,5,6,9,10]. 
This processor uses a phase only key with random spatial 
distribution of the phase. Fig. 1 shows the optical 
arrangement encryption-decryption based on the VLC.  

Encryption techniques should have two equally important 
features: 1) resistance to attacks on the encrypted information, 
and 2) they should allow recipient to decrypt the information 
without difficulty. In previous works [6], we implemented this 
type of encryption arrangement using the encryption-keys in 
rectangular coordinates ),( vuK . Then, we observed that the 
decryption is a variant operation with the rotation of the key. 
In practice, this variance is a problem that needs to be solved. I 
propose a solution to the problem using a decomposition of 
the key in circular harmonics.  

Fig. 2 shows a result of variance of the decryption 
operation with the rotation of a key in rectangular 

coordinates. A rotational variance encryption processor, due 
to rotation of the key may be measured in terms of the IOR 
parameter given by eq.(1): 

 

 
Figure 1. Experimental arrangement VLC to encryption-decryption. L are 
the convergent lenses of focal length f. Input plane (yi,xi); encryption plane 
(ye,xe). S is a plane wave.   
Source: The author. 
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,    (1) 

 

ௗ  ௗ ,  (2) 
 
Where, is the input image and ௗ  is the 

decrypted image,  is the encryption key, and ௗ  
is the decryption key. * is the convolution operator and  is 
the correlation operator.  If IOR = 0 dB, meaning that the 
output image ௗ is approximately equal to the input 
image. Analyzing eq.(2), the system will decrypt only if 
 ௗ , then the operation  ௗ  

generates an autocorrelation peak that does not distort the 
image ௗ . But if we rotate the key ௗ , then the 
result of the  ௗ  correlation will be a noise, 
which is convolved with the image , and therefore the 
result is a distorted image. In this work, it was determined 
that the level of this distortion depends on the angle of 
rotation of the decryption key ௗ . This occurs because 
the correlation product is variant with rotation functions.  

The results shown in Fig. 2 correspond to a key in 
rectangular coordinates, and Fig. 3 is the corresponding 
calculation of IOR vs the rotation angle of the same key. 
Note that rotation of 0.2 degrees, corresponds to a value of 
IOR = 1.25dB, which corresponds to the image in Fig. 2(e), 
and here it is observed that  is highly distorted. Now, 

 

 
Figure 2. Encryption-Decryption using a key K(u,v). (a) Input image; (b) 
Encrypted image; (c) Decrypted image with K(u,v) rotated 0°; (d) 
Decrypted image with K(u,v) rotated 0.1°; (e) Decrypted image with 
K(u,v) rotated 0.2°; (f) Decrypted image with K(u,v) rotated 0.3°.  
Source: The author. 

 
Figure 3. IOR of the decrypted image with the rotation of the key K(u,v). 
Source: The author. 

 
 

 
 
Figure. 4. Circular harmonic expansion m = 1 of (a) image. (a) f(x,y) image 
in rectangular coordinates; (b), (c) and (d) are amplitude, real part and 
phase, respectively, of the circular harmonic component of f(x,y).  
Source: The author. 

 
 

for angles greater than 0.2 degrees, the level of distortion is 
such that there is no decrypted image, as with the result in 
Fig. 2(f). The solution is then decomposed into harmonic 
circular key, and thus the operation of decryption increases 
tolerance to rotation of the key ௗ . Furthermore, we 
can use IOR as a relative measure of the level of distortion 
of the decrypted image. Thus, we can see in Fig. 3 that as 
we increase the angle of rotation of the ௗ key, the 
value of IOR increases. 
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2.  Encryption with circular harmonic key 
 
An image can be expressed in polar coordinates for 

circular harmonic components [7,8]. Then we can consider 
the key in polar coordinates, so the key takes the 
form , where  must contain a 
distribution of random values. Thus, the key can be 
decomposed into harmonic circular, as follows: 

 


ஶ
ୀିஶ ,   (3) 

 

With, 
 


ଵ

ଶగ

ଶగ
 ,  (4) 

 
Then, the key is defined as: 
 

  .  (5) 

 
Where {-} is the real part of m. Fig. 4 is an example 

of decomposition into circular harmonics of m=1 order. Fig. 
5 shows the decomposition of m=1 order, of an encryption 
key given in rectangular coordinates in Fig. 5(a). 

 

2.1. Encryption-Decryption results with circular 
harmonics key 

 
The block diagram of the cryptography system (Fig. 6) 

was implemented in Matlab(R2012b). Fig. 7 is a result of 
encryption-decryption using a key

 
Km(,) (Fig. 5). These 

results indicate that the decryption operation increased the 
level of tolerance with respect to the case of the key in 
rectangular coordinates. 

 

 
Figure 5. Circular Harmonic Expansion Km(,) of (a) with m=1.  (a) Phase 
of K(u,v); (b) Real part of K1(,); (c) Imaginary part of K1(,); (d) Phase 
of K1(,).  
Source: The author. 

 
Figure 6. System block diagram, encryption-decryption, using the Fourier 
Transform and harmonic decomposition. is the multiplication operator. 
FT is the Fourier Transform operator. 
Source: The author. 

 
 

 
Figure 7. Encryption-Decryption using a key K1(ρ,φ). (a) input image; (b) 
Intensity of the encrypted image; (c) decrypted image with K1(ρ,φ) rotated 
0°; (d) decrypted image with K1(ρ,φ) rotated 5°; (e) decrypted image with 
K1(ρ,φ) rotated 10°; (f) decrypted image with K1(ρ,φ) rotated 50°.  
Source: The author. 

 
 
Fig. 7(b) shows the intensity of the encrypted image. 

Note that the intensity of the encrypted image has the 
appearance of a deterministic image. However, the values 
are totally random (see Fig. 8). The output of the processor  
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Figure 8. Distribution of values of the encrypted image: (a) |fd(x,y)|2 (Figure 
7(b)), (b) Real{fd(x,y)}, (c) Imag{fd(x,y)}, and (d) Phase distribution. 
Source: The author. 

 
 

 
Figure 9. IOR of the decrypted image with the rotation of the key K1(,). 
Source: The author. 

 
 

delivers an array of complex values. So the encrypted image 
is composed of three parts: a real values matrix, an 
imaginary values matrix and a phase values matrix. 

Fig. 9 is the relationship IOR between rotation angles of the 
decryption key. This analysis corresponds to Figs. 7(c)-(f). Note 
that for an output of IOR = 2dB, a rotation of the key   41 
degrees is necessary. Thus, tolerance decryption operation is 
much higher with respect to the key in case of rectangular 
coordinates. So then encryption with keys in polar coordinates is a 
solution to the problem of variance in the decryption of the optical 
arrangements, and is also useful for fully digital encryption.  

The order of the harmonic decomposition can be 
handled as an additional variable that increases the 
difficulty of breaking the encryption information. 

 
3.  Conclusions 

 
In sum, this study show that the encryption processor 

based on the Fourier transform is a variant with key 

rotation. It was demonstrated that a solution to this variance 
is to expand the key into circular harmonics. The proposed 
technique increases the tolerance of the processor with the 
rotation of the key. The key in rectangular coordinates 
allows a tolerance to rotation of about 0.2 degrees, while 
with the key in circular harmonics, tolerance increases to 
about 40 degrees. Thus, the decomposition of the key 
circular harmonics solves the particular problem of optical 
encryption processor based on the phenomenon of 
diffraction, because the decryption key must be physically 
positioned with high accuracy, as can be concluded from the 
simulation results presented in this report. 

Furthermore, the proposed technique can also be used in 
digital encryption algorithms, considering that the encrypted 
image is not deterministic, as it appears to be if only the 
appearance of the encrypted image is observe. If we analyze the 
distribution of values of the amplitude and phase of the 
encrypted image, we find that these are really random. Failing 
that, the quality of the image encrypted with the key in circular 
harmonics can be an element of distraction to break the code 
attacks. 
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Abstract 
This paper evaluates the toxicity associated with two industrial wastes used as raw material of geopolymers. These wastes are fly ash 
(FA) and spent catalyst catalytic cracking (FCC). The residues were characterized using techniques such as XRF, XRD, SEM and laser 
granulometry. Two geopolymers systems based on FA-100% and FCC-100% were produced using SiO2/Al2O3 molar ratios of 6,0 and 
2,4 and Na2O/SiO2 of 0,20 and 0,25 respectively. The technique TCLP (Toxicity Characteristic Leaching Procedure) was applied in 
order to evaluate the toxicity. Cr, V, Zn, Ni, As, Ba, Sr, Pb and Cd elements were analyzed. The results indicate that concentrations 
of heavy metals leachate (except V and As) are low compared with the environmental standards. The geopolymers studied are 
considered effective in terms of inmobilizing contaminants. 

Keywords: fluid catalytic cracking catalyst residue; fly ash; heavy metals; geopolymerization 

Evaluación de las características de toxicidad de dos residuos 
industriales valorizados mediante procesos de geopolimerización 

Resumen 
El presente trabajo evalúa la toxicidad asociada a dos residuos industriales, ceniza volante (FA) y catalizador de craqueo catalítico 
gastado (FCC), una vez son implementados en procesos de geopolimerización. Inicialmente los residuos se caracterizaron utilizando 
técnicas tales como FRX, DRX, SEM y granulometría láser. Se estudiaron dos sistemas geopoliméricos producidos a partir de FA-100% 
y FCC-100%, con relaciones molares SiO2/Al2O3 de 6,0 y 2,4 y Na2O/SiO2 de 0,20 y 0,25 respectivamente. Para evaluar la toxicidad 
se aplicó la técnica de TCLP (Toxicity Characteristic Leaching Procedure) y se analizaron los elementos Cr, V, Zn, Ni, As, Ba, Sr, Pb y 
Cd. Los resultados indican que las concentraciones de los metales pesados lixiviados (excepto V y As) son bajas en comparación con lo 
establecido por la legislación ambiental, por lo tanto se considera el proceso de geopolimerización efectivo en cuanto a la inmovilización 
de los contaminantes presentes en FA y FCC. 

Palabras clave: residuo de catalizador de craqueo catalítico; ceniza volante; metales pesados; geopolimerización 

1. Introducción

Anualmente son generadas en el mundo millones de
toneladas de residuos sólidos procedentes de las actividades 
antrópicas con fines productivos [1]. Gran parte de estos 
residuos surgen como resultado de procesos industriales del 
sector energético y minero [2], que en virtud de sus 
características, pueden ser potencialmente peligrosos para el 
ambiente y extremadamente perjudiciales para los seres 
vivos e incluso para los humanos [3]. Existe suficiente 

información acerca de los posibles efectos de la eliminación 
inadecuada de desechos sobre los diversos compartimentos 
ambientales tales como el aire, agua, suelo y sedimentos 
[4]; entre estos se encuentra la producción de lixiviados 
derivados de la movilidad de ciertos componentes 
presentes en los residuos [5]. Los lixiviados poseen, en 
general, cantidades elevadas de contaminantes tanto 
orgánicos como inorgánicos, tales como ácido húmico, 
nutrientes y metales pesados, entre otros [6]; estos últimos 
pueden presentar elevada toxicidad e incluso depositarse en 
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niveles que pueden causar enfermedades tales como el 
cáncer e incluso la muerte [7]. 

Con el propósito de brindar un tratamiento adecuado a 
los residuos que contienen metales pesados, se han 
desarrollado diversas técnicas tales como la inmovilización 
con materiales de construcción [8], el lavado químico [9], 
la extracción y evaporación de cloruro [10] y la 
vitrificación [11], sin embargo, según afirman algunos 
investigadores ninguno de estos tratamientos representan la 
solución óptima debido a que además de generar nuevos 
desechos se requiere un consumo energético adicional en el 
tratamiento [12]. Por lo anterior, la geopolimerización se ha 
propuesto como una alternativa interesante, que dado su 
bajo costo y flexibilidad ha recibido gran atención durante 
los últimos años [13,14]. Los geopolímeros son una nueva 
clase de materiales consistentes en aluminosilicatos álcali-
activados formados mediante una reacción geosintética 
alcanzada a bajas temperaturas, los cuales exhiben 
excelentes propiedades como resistencia química, térmica y 
mecánica, además de tener una amplia variedad de 
aplicaciones potenciales [15]. En este proceso es 
fundamental la presencia de materias primas con altos 
contenidos en sílice y alúmina (Si-Al), tales como cenizas 
volantes, escorias de alto horno, humo de sílice, residuos 
mineros, caolinita, puzolanas, residuos de la construcción, 
entre otros [16-26]. 

Uno de los residuos más estudiados en la producción de 
cementos adicionados y geopolímeros es la ceniza volante 
(FA) procedente de las centrales termoeléctricas a base de 
carbón, que se caracteriza por sus altos contenidos en 
Sílice (Si) y Alúmina (Al). Como consecuencia de su 
elevada producción a nivel mundial, su disposición ha 
llegado a convertirse en un serio problema económico y 
ambiental [27,28]; específicamente en Colombia se estima 
que se generan aproximadamente dos millones de toneladas 
de cenizas volantes. Así mismo, en los últimos años un 
gran número de investigaciones con cemento portland, han 
girado en torno al denominado residuo de catalizador 
gastado de craqueo catalítico (FCC) [29-37], el cual 
procede de las unidades de ruptura de craqueo catalítico en 
el proceso de refinación de petróleo. La generación de este 
subproducto en Colombia se estima en 15000 toneladas al 
año, su alto contenido en Si y Al lo hacen óptimo para ser 
utilizado en la producción en geopolímeros. 

Cabe mencionar que al tratarse de residuos de tipo 
industrial, tanto las cenizas volantes como el FCC poseen 
metales pesados tales como Zn, Cr, Pb, As, Cd, Ni, V, 
Ba, Sr, Ce, Zr, Rb, Cu, Y, Ga, Nb, y La, que los convierte 
en potencialmente peligrosos y por lo tanto requieren de un 
tratamiento y disposición final adecuada. Para determinar 
la viabilidad de la aplicación responsable de estos 
subproductos en procesos de geopolimerización, es 
importante realizar los test de lixiviación, que permiten 
evaluar los compuestos lixiviables de un material y por 
tanto establecer el impacto ambiental que tendrá su 
reciclado [38]. Un test de lixiviación típicamente empleado 
es el TCLP (método 1311), desarrollado a finales de la 
década de los 80 por la EPA (Environmental Protection 
Agency) [39]; este permite cuantificar bajo simulaciones a 
escala de laboratorio el grado de extracción de los 

contaminantes (metales, compuestos orgánicos volátiles y 
semivolátiles, pesticidas, entre otros) [40]. 

El presente trabajo tiene por objetivo evaluar la 
toxicidad por lixiviación de estos dos residuos industriales, 
FA y FCC, una vez se han utilizado como precursores en 
procesos de geopolimerización para la obtención de 
materiales de construcción. Para ello, se tendrá en cuenta la 
legislación ambiental pertinente y se determinará si los 
contaminantes presentes en los materiales de partida son 
efectivamente inmovilizados y por tanto los geopolímeros 
producidos no generan afectación ambiental. 

 
2.  Parte experimental 

 
2.1.  Materiales y síntesis del geopolímero 

 
Para el desarrollo del presente estudio se empleó un 

residuo de catalizador de craqueo catalítico (FCC), el cual 
fue suministrado por la industria petrolera Colombiana 
Ecopetrol, consistente en un material conformado por una 
zeolita - Y dispersa en una matriz principalmente 
constituida por óxidos de Si y Al. La ceniza volante (FA) 
utilizada fue proporcionada por la termoeléctrica 
Colombiana Termopaipa (GENSA), siendo esta un 
subproducto del proceso de generación de energía debido 
a la utilización de carbón. En la Tabla 1 se presentan las 
características físicas y químicas del FA y FCC; la 
composición química se determinó por fluorescencia de 
Rayos X y el tamaño de partícula por granulometría láser en 
un equipo MASTERSIZER 2000 (Malvern Instrument), 
cabe aclarar que en ambos residuos para disminuir el 
tamaño de partícula se llevó a cabo un proceso de molienda 
utilizando un molino de bolas cerámicas. El tiempo de 
molienda para la ceniza volante fue de 90 minutos y 
para el FCC de 5 horas. Al analizar los datos reportados en 
la Tabla 1 se puede apreciar que estos subproductos están 
formados básicamente por óxidos de silicio y aluminio, 
siendo la relación molar SiO2/Al2O3 de 1,97 para el FCC y 
4,24 para FA. Es de resaltar, que la ceniza volante es tipo 
F (baja en óxido de calcio), pero contiene un nivel 
elevado de pérdidas por ignición (LOI) [41]. La solución 
alcalina o activante utilizada para la producción del 
geopolímero consistió en una mezcla de silicato de sodio 
industrial (26,50% de SiO2, 7,93% de Na2O y 65,57% de 
H2O), hidróxido de sodio analítico marca MERCK y agua. 

 
Tabla 1.  
Composición química y propiedades físicas de la materia prima 

Composición química (% en peso) FCC FA 

SiO2 51,13 55,78 
Al2O3 44,16 22,36 
Fe2O3 0,96 4,63 
CaO 0,23 0,81 
MgO 0,13 0,57 
K2O 0,09 0,14 
TiO2 0,90 0,10 
Pérdidas por ignición, LOI 2,32 15,57 

Propiedades físicas 

Densidad (Kg/m3) 2,63 2,21 
Tamaño medio de partícula (µm) 19,35 19,54 
Fuente: Los autores 
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Para la síntesis del geopolímero de FA-100% y FCC-
100% se utilizaron relaciones molares de SiO2/Al2O3 de 
6,0 y 2,4 y Na2O/SiO2 de 0,2 y 0,25 respectivamente, 
parámetros que fueron ajustados con base en la 
composición química de los materiales de partida y el 
activante [42,43]. La relación liquido/solido (l/s) 
utilizada, donde el líquido se compone del agua externa y 
el agua contenida en el silicato de sodio y el sólido 
equivale a los materiales anhídridos es decir el hidróxido 
de sodio y los sólidos presentes en el silicato, fue de 0,4. 
Para la preparación de los morteros se utilizó arena de 
Ottawa con una relación cementante: arena de 1:2,75. Los 
tiempos y el procedimiento de mezcla se siguieron de 
acuerdo a las normas técnicas colombianas NTC para 
morteros de cemento portland. Concluido el proceso de 
mezcla se procedió a vaciar el mortero en moldes 
cilíndricos con una dimensión de 60x30 mm. El 
geopolímero de ceniza volante, FA-100%, se colocó en 
una cámara climática por 24 horas, bajo condiciones de 
temperatura (70°C) y humedad relativa ( ̴ 90%), una vez 
cumplido el tiempo se desmoldaron los especímenes para 
ser almacenados en un recipiente sellado con temperatura 
ambiente y humedad relativa de 90%. El sistema FCC-
100%, por el contrario fragua rápidamente y por tanto no 
requiere energía extra para su endurecimiento, debido a 
este comportamiento una vez el mortero es vaciado en los 
moldes estos fueron llevados a una cámara donde 
permanecieron a temperatura ambiente hasta ser 
desmoldados (24 horas), posteriormente se almacenaron 
junto con los especímenes de FA-100%, hasta cumplir el 
tiempo de ensayo que en este caso fue de 28 días. 

 
2.2.  Técnicas Instrumentales y Ensayos 

 
La morfología de las partículas de FA y FCC 

previamente molidas fueron observadas mediante un 
microscopio electrónico de barrido JEOL JSM-6490LV 
equipado con un detector OXFORD INSTRUMENTS 7573 
INCAPentaFETx3, la observación se hizo bajo una 
atmósfera de vacío (3x10-6 torr). La caracterización 
mineralógica de los precursores FA y FCC, se llevó a cabo 
en un Difractómetro de rayos X, marca PanAnalytical 
X’Pert MRD, equipado con un tubo de cobre emisor de 
radiación Kα1 a 45-kV, 40-mA, el barrido fue de 4 a 60° 
2θ. La resistencia a compresión del mortero 
geopolimérico se determinó a una edad de 7 días de curado 
del material, para ello se utilizó una prensa universal 
INSTRON 3369 a una velocidad de desplazamiento de 1 
mm/min. 

Para evaluar la efectividad de la inmovilización, y por 
ende el grado de toxicidad asociado a los geopolímeros, se 
realizó el ensayo de lixiviación TCLP sobre los especímenes 
de mortero curados durante 28 días. Para su aplicación fue 
necesario disminuir el tamaño de partícula de las muestras, 
hasta alcanzar unos 10,0 mm de diámetro 
aproximadamente. A continuación se determinó el fluido 
extractor, que para efectos del presente estudio correspondió 
al fluido No. 1, el cual es una solución compuesta de 5,7 
ml de ácido acético glacial y 64,3 ml de hidróxido de 
sodio (1N), diluida a un volumen de 1L con agua destilada.  

 

Figura 1. Imágenes tomadas por MEB. a) FA; b) FCC.  
Fuente: Los autores 

 
Según lo establecido por la norma EPA (1991), la 

cantidad de fluido de extracción debe ser de 20 veces el 
peso de la muestra; razón por la cual se tomaron 12,5 
gramos de muestra y 250 ml de fluido extractor, y se 
colocaron en agitación constante durante un lapso de 
tiempo de 18 ± 2 horas aproximadamente, bajo una 
temperatura de 22 +/- 3º C. Una vez finalizada la etapa 
anterior, se realizaron las filtraciones usando un filtro de 
fibra de vidrio de tamaño efectivo de poro de 0,7 µm. 
Finalmente se acidificaron cada uno de los extractos con 
ácido nítrico hasta alcanzar un pH de 2,0. El líquido 
extraído (extracto de TCLP) fue analizado por ICP 
(Plasma de acoplamiento inductivo) siguiendo los 
lineamientos del método EPA 6010C. 

 
3.  Resultados y discusión 

 
3.1.  Caracterización mineralógica y análisis morfológico 

de los precursores 
 
En la Fig. 1 (a, b) se muestran las imágenes de FA y 

FCC, capturadas mediante un microscopio electrónico de 
barrido (MEB). Tal como se mencionó en el apartado de 
metodología, las materias primas debido a su tamaño 
inicial ~100 µm fueron molidas en un molino de bolas 
cerámicas hasta alcanzar un tamaño cercano a 20 µm (Tabla 
1), por lo tanto las partículas que se visualizan en las 
microfotografías corresponden al material luego de la 
molienda, en ambos casos se evidencian partículas 
fraccionadas y remanencia de partículas esféricas 
provenientes del material virgen. 

En la Fig. 2 se puede apreciar el difractograma de 
rayos X (DRX) obtenido para los residuos FA (A) y FCC 
(B). Al analizar la Fig. 2, se encuentra que el FCC reporta 
como componentes cristalinos un material zeolítico, similar 
a Na-faujasita (American Mineralogist Crystal Structure 
Database PDF#0006772; Na2[Al2Si10O24].nH2O)), caolinita 
(AMCSD PDF#14164; Al2H4O9Si2), Kyanita (AMCSD 
PDF#00-011-0046; Al2SiO5) y cuarzo SiO2; AMSCD 
PDF#0000789 [44-46]. Igualmente se aprecia cierto grado 
de amorficidad en el FCC, a través del levantamiento de la 
línea base entre 15 y 35 (2θ).  

La ceniza volante utilizada en el presente trabajo, a 
diferencia de otras cenizas volantes utilizadas en la 
producción de geopolímeros [47], presenta un alto 
contenido de fase cristalina, representado en cuarzo 
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(SiO2; AMSCD PDF#0000789), mullita (2Al2O3 SiO2; 
AMSCD PDF#126 0001059 ) y Hematita (Fe2O3; 
AMSCD PDF# 000143); a su vez, el levantamiento de la 
línea base entre 15 y 35 (2θ) evidencia de forma 
cualitativa que el material utilizado presenta un bajo 
contenido de fase amorfa. 

 
3.2. Resistencia mecánica y microestructura del 

geopolímero 
 
Ambos subproductos se caracterizan por ser de tipo 

aluminosilicato, la diferencia entre FA y FCC en cuanto a 
composición se basa en la cantidad de material orgánico 
presente y la cristalinidad del material, en la ceniza la 
pérdida por calcinación fue del 15%, porcentaje alto y 
poco común en precursores geopoliméricos; por otro lado 
en el FCC este valor fue de tan sólo del 2%. La 
cristalinidad y el alto contenido de carbón remanente en la 
FA son factores que afectan directamente la resistencia 
mecánica del geopolímero de ceniza volante FA-100%, a 
esto se atribuye la menor resistencia mecánica a 
compresión del material a 7 días de curado (26 MPa), 
comparada a la reportada para cenizas volantes por otros 
investigadores que alcanza valores hasta de 90 MPa [48-
50]. El geopolímero basado en FCC-100% reportó una 
resistencia a compresión de 69 MPa a la misma edad de 
curado, es decir 2,6 veces superior a FA-100%. 

El producto de hidratación en este tipo de sistemas es un 
aluminosilicato sódico hidratado (N-A- S-H) [51], teniendo 
en cuenta las microfotografías de la Fig. 3 se observa una 
mayor formación del gel y homogeneidad de la matriz en el 
geopolímero de FCC que da lugar a una estructura más 
densificada, esto se atribuye a la mayor reactividad del FCC. 
En la microfotografía correspondiente a FA (Fig. 3a) se 
aprecia falta de cohesión y una mayor porosidad en 
comparación con la Fig. 3b).  

 
3.3.  Ensayo de toxicidad en los geopolímeros 

 
En la Tabla 2 se presenta la composición de metales 

pesados, tanto del residuo de catalizador FCC como la 
ceniza volante FA, donde se aprecian diferencias 
notables entre cada material. En términos generales, el 
FCC presenta contenidos considerablemente más bajos 
de metales en comparación con FA, no obstante, existe la 
excepción para los metales de transición como el V y Ni, 
cuyos contenidos son superiores para FCC, 4256,7 ppm y 
3018 ppm respectivamente. Estos valores son similares a 
los reportados por otros autores para otros residuos tipo 
FCC [54]; es de destacar también el elevado contenido en 
elementos de tierras raras como el lantano, cuya cantidad 
es 41100 ppm. Por otra parte, el FCC, debido a sus 
características ya ha sido catalogado como un residuo 
potencialmente peligroso [56,57], razón por la cual se 
hace necesario un estudio de tipo ambiental para la 
aplicación de estos como precursores en materiales 
geopoliméricos. 

 
Figura 2. Difractograma de rayos X. a) FA; b) FCC F: Faujasita, K: 
Caolinita, Q: Cuarzo, M: mullita, H: hematita. 
Fuente: Los autores. 

 

Figura 3. Imagen MEB. a) FA-100%, b) FCC-100%.  
Fuente: Los autores. 

 
Tabla 2.  
Composición elemental de metales pesados en las muestras originales. 

Metal FCC (mg/Kg) FA (mg/Kg) 
Zn 92,9 130 
Cr 33,73 480 
Pb 25 ---- 
As 1,57 30 
Cd 5,27 ---- 
Ni 3018 100 
V 4256,7 390 
Ba 177,73 1090 
Sr 60,49 890 
Ce ---- 160 
Zr ---- 310 
Rb ---- 140 
Cu ---- 110 
Y ---- 70 
Ga ---- 40 
Nb ---- 30 
La 41100 ---- 

--- No se encuentra presente 
Fuente: Los autores 
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Tabla 3.  
Aplicación de la prueba de TCLP a los geopolímeros con FCC-100% y 
FA-100%.  

Metales FCC-100%(mg/L) FA-100%(mg/L) 
Zn 1,20 0,25 
Cr <0,01 0,02 
Pb <0,01 0,03 
As 0,31 0,13 
Cd <0,007 <0,007 
Ni 0,19 <0,02 
V 1,71 0,43 
Ba 0,39 0,41 
Sr <0,02 0,23 
La ** ---- 

--- No se encuentra presente 
** Por debajo del límite de detección 
Fuente: Los autores 

 
 
La Tabla 3 muestra los resultados obtenidos luego de la 

aplicación de la técnica de TCLP a los geopolímeros 
basados en FA-100% y FCC-100%. Los resultados aquí 
presentados permiten observar un contenido en general bajo 
para los metales pesados analizados, esto indica que 
probablemente haya ocurrido una adecuada encapsulación 
en el proceso de geopolimerizacion 

Con el propósito de determinar si las muestras cumplen 
efectivamente con la normatividad, fue necesario establecer 
una comparación entre los resultados obtenidos a partir de la 
aplicación del test TCLP a los geopolímeros y los límites 
máximos permisibles establecidos por la EPA, los cuales se 
indican en la Tabla 4. Al contrastar los resultados de la Tabla 3 
con las concentraciones máximas permitidas en los lixiviados 
de TCLP señalados en la Tabla 4, se encuentra que estos están 
muy por debajo de los límites establecidos, de donde se infiere 
que si se cumple con la normatividad para encapsulación, y que 
por lo tanto los residuos han sido inmovilizados eficazmente. 
Sin embargo, debe anotarse que no hay información disponible 
en cuanto a los límites máximos permisibles en TCLP, para 
algunos metales como Zn, Ni, V, La y Sr. 

Por lo anterior, y con el propósito de establecer una 
comparación más estricta, se decidió incluir en el análisis 
normas con un mayor grado de restricción, para lo cual se tomó 
como referencia la legislación que regula el agua potable para 
consumo humano; en la Tabla 5 se presentan los límites 
máximos permisibles de los metales estudiados para agua de 
uso doméstico establecido por la legislación de Estados 
Unidos, la Organización Mundial de la Salud (OMS) y la 
Unión Europea (UE). Los datos se tomaron de la EPA, la 
OMS, y la directiva 98/83/EC de Europa [58-60]. Adicional a 
lo incluido en la Tabla 5, para el caso del Vanadio se tomó 
como base lo establecido en la legislación alemana con un 
valor máximo de 0,05 mg/L en aguas superficiales para su 
potabilización [61]. 

Según lo anterior, en la Tabla 5 se evidencia que para el As, 
el nivel de concentración de éste en los lixiviados de los 
geopolímeros de FCC y FA estuvieron por encima de los 
límites permisibles a diferencia de lo presentado en la Tabla 4. 
En el caso del V, que tuvo como soporte la legislación 
alemana, los dos materiales superan la especificación permitida 
en la norma. No obstante, lo anteriormente expresado, la 
técnica de encapsulamiento por geopolimerización fue efectiva 
para metales como Pb, Cr, Zn, Cd, Ba, y Sr.  

Tabla 4. 
Máximas concentraciones permitidas en los lixiviados de TCLP (US.EPA).  

Metales Concentración permisible (mg/L) 
Zn ---- 
Cr 5,0 
Pb 5,0 
As 5,0 
Cd 1,0 
Ni ---- 
V ---- 
Ba 100,0 
Sr ---- 
La ---- 

---- No hay información disponible 
Fuente: Extractada de [39] 

 
 

Tabla 5. 
Límites máximos permisibles de metales pesados para agua de uso doméstico 
según la EPA, OMS y UNE. Fuente: Los autores.  

Límite de 
concentración 

(mg/L) 

 
EPA 

 
OMS 

 
UE 

Zn 5,00 3,00 ----- 
Cr 0,10 0,05 0,05 
Pb 0,015 0,01 0,01 
As 0,05 0,01 0,01 
Cd 0,005 0,003 0,005 
Ni ----- 0,02 0,02 
Ba 2,00 0,30 ----- 
Sr 4,00 ----- ----- 

---- No hay información disponible 
Fuente: Extractados de [58-60]. 

 
 
Hubo ciertos elementos que evidenciaron una mejor 

inmovilización en uno sólo de los residuos, tal es el caso 
del Pb que se retuvo adecuadamente sólo para el FCC- 
100%, y el Ni cuya legislación fue cumplida a cabalidad 
solo por el FA-100% en lo que respecta a lo establecido por 
la OMS y la UE, sin embargo, aun así podría decirse que 
hay una efectividad en el tratamiento para estos metales, 
teniendo en cuenta su bajo contenido tras el ensayo y el 
alto grado restrictivo de las normas citadas en la Tabla 5. 

Por otra parte, en lo que respecta al La, si bien no existe 
un referente en la normatividad, se puede inferir que en 
términos generales presentó un buen comportamiento 
evidenciado en la notable disminución de su contenido 
inicial (41100 ppm), cuyo valor no alcanzó a ser detectado 
por el umbral de análisis (<200 ppm). 

Los resultados obtenidos en cuanto a las cenizas 
volantes utilizadas en la presente investigación, tomando en 
consideración que estas son de baja calidad (alto nivel de 
material orgánico, representado en la perdida por ignición y 
reducida amorfidad), coinciden con lo reportado por 
diversos autores [1,21-24] quienes tras haber mezclado 
cenizas (de bajo nivel de inquemados y con mayor 
contenido de fase amorfa) con activantes alcalinos para 
fabricar geopolímeros encontraron que la técnica fue 
efectiva para un cierto número de elementos de interés 
ambiental (Ba, Co, Ni, Cu, Zn, Cd, Pb, Cr), algunos metales 
como Pb y Cr mostraron un mejor comportamiento 
comparados a Cd y Cu. No obstante, algunas 
investigaciones reportan que aquellos elementos presentes 
como oxianiones (As, Mo, Se, Sb, e incluso Cr), no fueron 
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bien encapsulados [22], situación que igualmente se 
presentó en este estudio para As. Respecto al FCC, es de 
notar que la encapsulación en términos generales fue 
buena, sin embargo el Ni, V y As excedieron los 
límites permisibles, esto quizá pueda estar influenciado 
por sus altos contenidos iniciales, en particular, para el 
caso de los dos primeros, pues al incrementar su 
concentración en la matriz puede disminuir su 
porcentaje de retención. En este caso no es posible 
contrastar los resultados aquí obtenidos debido a que la 
utilización del FCC en geopolímeros es limitada y de 
carácter reciente, por lo cual a la fecha este es el primer 
estudio relacionado al tema de tipo ambiental. Se puede 
inferir que la elevada resistencia mecánica del geopolimero 
basado en FCC es responsable en alto grado de su mejor 
desempeño en el proceso de inmovilización de los metales, 
aun estando presentes en cantidades elevadas como es el 
caso del La. 

 
4.  Conclusiones 

 
Los resultados de la caracterización química de los 

materiales utilizados en el presente estudio indican que las 
concentraciones iniciales de metales para ambos residuos de 
FCC y cenizas volantes son apreciables, destacándose los 
altos niveles de Ni, V y La en el FCC. Sin embargo, una vez 
estos residuos son activados alcalinamente y avanza el 
proceso de geopolimerización ocurre un proceso de 
encapsulación e inmovilización fisicoquímica, donde la 
mayoría de los contaminantes (Pb, Cr, Zn, Cd, Ba, y Sr) son 
estabilizados. Esto se comprueba por los bajos niveles de 
lixiviación que cumplen a cabalidad las normas referentes al 
agua para consumo humano expedidas por la EPA, la UE y 
la OMS. Se exceptúan para ambos geopolímeros el V y el 
As que superaron los límites máximos permisibles. 

Cabe resaltar el buen desempeño tanto mecánico (29 
MPa a edad de 7 días de curado) como de estabilización de 
elementos contaminantes del geopolimero basado en ceniza 
volante; esta materia prima, a diferencia de cenizas volantes 
reportadas en otros estudios, contiene un alto nivel de 
material orgánico (15% de pérdidas por ignición) lo cual a 
nivel industrial es un factor negativo su uso como adición 
directa al clínker en la industria cementera. Mediante la 
tecnología de activación alcalina es posible darle una 
aplicación a este tipo de residuo con resultados técnicos 
prometedores.  

Respecto al geopolímero producido a partir de FCC se 
destaca su elevado desarrollo resistente, 69 MPa a la misma 
edad de curado de siete días, es decir 2,6 veces superior a 
FA-100%. Cabe destacar que a pesar de los elevados 
contenidos de V y La en el FCC de partida, la 
geopolimerización estabiliza satisfactoriamente estos 
metales dado que sus niveles se reducen drásticamente. 

Según los resultados de toxicidad y resistencia mecánica 
obtenidos en esta investigación se puede concluir que la 
utilización como precursores en la producción de 
geopolímeros de los subproductos aquí evaluados, FCC y 
FA, no representa una restricción ambiental y se proponen 
como materiales cementicios para ser utilizados en el sector 
de la construcción en Colombia. 
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Abstract 
In this work, we present a hybrid technique that combines a Genetic Algorithm with meta-heuristics to solve a problem in RENAULT 
France’s production plants. The method starts with an initial solution obtained by means of a GRASP (Greedy Randomized Adaptive 
Search Procedure) used as an input for a Genetic Algorithm complemented by a Simulated Annealing procedure of population 
improvement. We establish a comparison point among the different techniques used in the method. Their performances are evaluated as 
well as that of the entire method. The conclusion is that hybrid methods have clear advantages for the treatment of production planning 
problems. 

Keywords: multi-objective optimization, hybrid algorithms, car sequencing. 

Algoritmo genético híbrido para problemas complejos de producción tipo 
ROADEF’05 

Resumen 
En este trabajo se presenta una técnica híbrida que combina un Algoritmo Genético con meta-heurísticas para la resolución de un 
problema en las plantas productivas de RENAULT Francia. El método comienza con una solución inicial por medio de GRASP (Greedy 
Randomized Adaptive Search Procedure), que es utilizada como entrada por un Algoritmo Genético complementado por un 
procedimiento de Simulated Annealing para mejorar las poblaciones. Se establece un punto de comparación entre las diferentes técnicas. 
El desempeño de las mismas es evaluado así como el de todo el método. La conclusión es que los métodos híbridos tienen claras ventajas 
para el tratamiento de problemas de planificación de la producción. 

Palabras clave: optimización multi-objetivo, algoritmos híbridos, secuenciamiento de vehículos. 

1  Introduction 

Scheduling and programming problems at the core of the 
SFROAD (Société Française de Recherche Opérationnelle 
et d'Aide à la Décision) 2005 focus on the problems that 
have arisen at the RENAULT, France production plants. 
They present ROADEF’05 with the challenge of finding a 
solution to a real world extension of the classical car 
sequencing problem [1], the goal of which is to schedule 
cars along an assembly line while satisfying several 
capacity constraints. The particular problem addressed by 
SFROAD differs from the standard one since, besides 
capacity constraints imposed by the assembly shop, it 

introduces paint batching constraints involving the 
minimization of the consumption of solvents in the paint 
shop. Our analysis focuses on the phase of arrangement of 
daily sequences in production problems [2]. Here it is 
necessary to take into account different, even conflicting 
factors. The main goal is to develop a hybrid technique to 
tackle this problem and evaluate its performance compared 
to other traditionally used methods. Usual techniques 
intended to find approximate optimal solutions to similar 
problems are, greedy search [3], GRASP [4], GISMOO 
Algorithm [5], local search [6,7], hybrid variable 
neighborhood search [8], among others. The Hybrid Genetic 
Algorithm (HGA) presented in this work amalgamates 
constructive procedures like the Greedy Randomized 
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Adaptive Search Procedure (GRASP) [9], and Genetic 
Algorithms (GAs) [10] with search methods like Simulated 
Annealing (SA) [11].  

The paper is structured as follows: First, the 
ROADEF’05 problem is introduced. Then, the proposed 
Hybrid Genetic Algorithm (HGA) is described in detail. 
Then, comparisons between the HGA and other methods are 
presented. Finally, we analyze the results of running the 
HGA and present the conclusions. 

 
2.  ROADEF'05 

 
The problem consists in determining the scheduling 

order of vehicles in a production day that best satisfies the 
assembly line and paint shop requirements [1]. The paint 
shop goal is to minimize the consumption of paint solvent. 
Therefore, it requires grouping vehicles according to their 
colors as well as minimizing the number of spray gun 
washes, i.e. to schedule the longest paint color batches that 
are possible. Paint color batches have a limitation on the 
upper batch size due to the need for frequent washing of the 
spray guns even when there is no need for paint color 
changes. This limitation constitutes a hard constraint.  

In order to lighten the workload in the assembly line, 
vehicles that require special assembling operations have to 
be evenly distributed throughout the total processed cars. 

These vehicles are considered to be “hard to assemble”. 
There are two classes of ratio constraints, high priority level 
and low priority level ones. High priority level ratio 
constraints ensue from car characteristics that require heavy 
workloads in the assembly line. Low priority level ratio 
constraints, instead, result from car features that cause small 
inconveniences in the production process.  

Given the heterogeneities involved in the problem, 
multi-objective optimization constitutes a natural approach 
to the problem [12-14]. The objectives are, from the highest 
to the lowest priority level with no compensation between 
them: (a) the minimization of paint color changes (eq. 1); 
(b) minimization of the number of violations of high priority 
level ratio constraints (eq. 2); (c) the minimization of 
violations of low priority level ratio constraints (eq. 3). 

 
N 1

i
i 1

f (a) (NPCC) ,  i 1,...,(N-1)




    (1) 

  
N n 1

i
i 1

f (b) (NVHPRC) ,  i 1,...,(N-n 1)
 



     (2) 

  
N n 1

i
i 1

f (c) (NVLPRC) , i 1,...,(N-n 1)
 



     (3) 

 

 
Table 1.  
Specifications summary. 

Low level of difficulty  

Scenario Order HPRC LPRC Batches N 

022_3_4_EP_RAF_ENP b, a, c 3 6 450 499 

024_38_3_EP_RAF_ENP b, a, c 5 8 10 1274 

025_38_1_EP_ENP_RAF b, c, a 4 18 10 1232 

025_38_1_EP_RAF_ENP b, a, c 4 18 10 1232 

039_38_4_EP_RAF_ch1 b, a 5 - 20 981 

039_38_4_RAF_EP_ch1 a, b 5 - 15 981 

048_39_1_EP_ENP_RAF b, c, a 5 12 10 618 

048_39_1_EP_RAF_ENP b, a, c 5 12 10 618 

Medium level of difficulty  

Scenario Order HPRC LPRC Batches N 

022_EP_ENP_RAF_S22_J1 b, c, a 2 7 500 540 

022_EP_RAF_ENP_S22_J1 b, a, c 2 7 500 540 

024_V2_EP_RAF_ENP_S22_J1 b, a, c 6 7 10 1319 

024_V2_RAF_EP_ENP_S22_J1 a, b, c 6 7 10 1319 

029_EP_RAF_ENP_S21_J6 b, a, c 4 3 15 773 

029_RAF_EP_ENP_S21_J6 a, b, c 4 3 15 773 

048_ch1_EP_RAF_ENP_S22_J3 b, a, c 6 19 10 902 

048_ch1_RAF_EP_ENP_S22_J3 a, b, c 6 19 10 902 

High level of difficulty  

Scenario Order HPRC LPRC Batches N 

022_RAF_EP_ENP_S49_J2 a, b, c 3 9 200 718 

023_EP_RAF_ENP_S49_J2 b, a, c 5 7 40 1279 

024_EP_RAF_ENP_S49_J2 b, a, c 7 11 10 1338 

025_EP_ENP_RAF_S49_J1 b, c, a 6 14 60 1071 

029_EP_RAF_ENP_S49_J5 b, a, c 4 3 60 822 

035_CH2_RAF_EP_S50_J4 a, b 2 - 1000 377 

039_CH1_EP_RAF_ENP_S49_J1 b, a, c 1 11 20 1543 

039_CH3_EP_RAF_ENP_S49_J1 b, a, c 2 10 20 1283 
Source: Compiled by author. 
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Here NPCCi is the number of paint color changes in the 
sequence i, NVHPRCi and NVLPRCi are the number of 
violations of high priority ratio constrains and low priority 
ratio constrains, respectively in sequence i. On the other 
hand, N is the number of sequences and n the number of 
sub-sequences. The fitness (f) is defined for each of the 
three objectives. In what follows, we assume that the values 
of ,  and  are given (=1.000.000, =1.000 y =1) and 
that the full model is captured by eq. (4) and eq. (5). In eq. 
(4), objective one (obj one) corresponds with (a) or (b), 
objective two (obj two) is (a), (b) or (c), and objective three 
(obj three) is (a) or (c). Of course, the “or” in the definition 
of the objectives are exclusive, i.e. only one of the 
alternatives will be the case. In this way eq. (4) is directly 
related to the possible scenarios that frame the problem. Eq. 
5 restricts the number of vehicles of the same color in each 
sub-sequence.  

 

Min : f (obj one) f (obj two) f (obj three)     (4) 

s.t. 

j max(LEPC)   (LEPC) ,   j  1,...,  S    (5) 

 
Here LEPCj is the amount of cars of the same color in 

the sub-sequence j, LEPCmax is the maximum allowable 
number of cars of the same color and S is the number of 
sub-sequences of equal color.  

Table 1 specifies the level of complexity, scenario, 
number of high priority level constraints (HPRC), number 
of low priority level constraints (LPRC), limit of paint color 
batches (batches) and number of vehicles in a production 
day (N). The priorities of the objectives (a), (b) and (c) are 
shown in the Order column. 

 
3.  Hybrid Genetic Algorithm 

 
The Hybrid Genetic Algorithm (HGA) presented here 

has two main stages, each with a different clear objective: 
the first one constructs an initial solution set with GRASP 
[9,15], while the second one, using it, follows the evolution 
of the population by means of the Genetic Algorithm (GA) 
[10,16] combined with Simulated Annealing (SA) [11]. In 
the GA stage, the SA module is introduced to improve the 
children from one generation to the other. Fig. 1 shows the 
layout of the Hybrid Genetic Algorithm. 

 
3.1.  Greedy Randomized Adaptive Search Procedures 

 
The GRASP algorithm is, in turn, structured in two 

phases: a constructive one whose product is a good but not 
necessarily locally optimal solution; and a local search 
procedure that examines solution neighborhoods until a 
local optimum is found. The procedure begins by taking a 
random vehicle as the first element in the sequence. While 
not all vehicles are in the sequence, the closest match for 
place i is chosen. Each element of the candidate list is 
assigned a probability to be chosen. These probabilities are 
weighed with respect to a partial fitness value. 

 
Figure 1. Hybrid Genetic Algorithm. 
Source: Compiled by author. 

 

 
Figure 2. GRASP Stage pseudo-code. 
Source: Compiled by author. 

 
When the sequence is complete, an n permutation of vehicle-

pairs is repeated m times. The objective is to look for a local 
optimum in the neighborhood of the solution. The values of m 
and n are input parameters of the algorithm. In Fig. 2 the layout of 
the GRASP algorithm is observed. Tables 2 (Solution: 17 5 4 10 
9 8 2 6 3) and 3 (Solution: 1 7 5 4 10 9 8 3 2 6) show the 
construction of a feasible and a non feasible solution with the 
GRASP. 

 
3.2.  Genetic Algorithm Stage 

 
The genetic stage works on the basis of the individuals 

produced by the GRASP stage. Each individual is a list of  

Algorithm Hybrid Genetic Algorithm 
Input: TimeLimit: Real; 
            N: interner; 
OutPut:  
Var:    Time: Real; 
            i,j: interger; 
1. Time :- Now; 
2. GRASP(Population(0)); 
3. for i = 1 to N do 
4.       Pop (0).Ind (i).Fitness(); 
5. end for 
6. i :- 1; 
7. while Time < TimeLimit do 
8.            Parents :- Pop.Select_Parents(); 
9.            Children :- Crossover(Parents); 
10.            MutationChildren :- Mutation(Children); 
11.            SimulatedAnnealing(MutationChildren); 
12.            for j = 1 to Number_of_Child(MutationChildren) do 
13.                 MutationChildren(j).Fitness(); 
14.            end for 
15.            Population(i) :- NewPopulation(MutationChildren,Pop (i-1)); 
16.            i :- i+1; 
17. end while 
18. end Algorithm 

Algorithm GRASP 
Input: cars:listofcars; 
            n,p: integer; 
OutPut: listofindividuals; 
Var: S, Sj, Sbest, listcandidates: listofcars; 
         i,j,k : integer; 
1. V0 :- aleatorycar(cars); 
2. for k = 1 to n do 
3. carsaux:-cars; 
4.       while S.cars < cars.count do 
5.              listcandidates.add(bestcarcandidate(carsaux)); 
6.              carsaux.del(bestcarcandidate(carsaux)); 
7.              Vi :- choose_prob(listofcandidates); 
8.              S.addcar(Vi); 
9.       end while 
10.       for j = 0 to m do 
11.             Sj :- Permute(p,S); 
12.             if Sj.fitness < S.fitness then  
13.                 Sbest :- Sj; 
14.             end if 
15.             S :- Sj; 
16.       end for 
17. listofindividuals.add(S); 
18. end for 
19. end Algorithm 
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Table 2.  
Feasible solution (GRASP). 

Greedy Algorithm - Feasible Building 

1 2 3 3 2 9 3 2 3 3 

 4 5 4 6  8 3 6  

 7 8 6 8   6   

 8 10  10      

 10         

          

1 7 5 4 10 9 8 2 6 3 

Solution 
Source: Compiled by author. 

 
 

Table 3. 
Non-feasible solution (GRASP). 

Greedy Algorithm - No Feasible Building 

1 2 3 3 2 9 3 2 3 3 

 4 5 4 6  8 3 6  

 7 8 6 8   6   

 8 10  10      

 10         

          

1 7 5 4 10 9 8 3 2 6 

Solution 
Source: Compiled by author. 

 
 

integers that represents the order in sequence of production. 
An individual in the population is a chain of integers. Each 
integer represents a vehicle. 

The chromosome of the individual indicates the order of 
production sequence, in one day of work, from left to right. 
The initial population is a set of solutions received from the 
GRASP stage. Ranking selection is used to choose the 
parents that will construct the next population. An empirical 
analysis allows us to conclude that a population of between 
90 and 100 individuals constitute a large enough sample.  

 
3.2.1.  Crossover 

 
The GA is implemented with one point crossover. The 

operator randomly chooses a point to cross the parents. The 
simple crossover is applied here. Table 4 shows the 
crossover between Parent1 = (1 2 3 4 5 6 7 8 9 10) and 
Parent2 = (8 1 4 7 10 3 9 2 6 5) to obtain Child1 = (1 2 3 4 
10 9 6 5 8 7) and Child2 = (8 1 4 7 5 6 9 10 2 3). 

As an example, let us start from parents Parent1 = (1 2 3 4 / 
5 6 7 8 9 10) and Parent2 = (8 1 4 7 / 10 3 9 2 6 5), where the 
slashes are split points. First, we obtain Child1 = (1 2 3 4 * * * 
* * *) and Child2 = (8 1 4 7 * * * * * *), preserving the first sub 
sequence of the respective split point for Parent1 and Parent2. 
Then, starting from the split point, the vehicles in Parent2 that 
are not in Child1 are used to complete the vehicles in Child1. In 
this case, the list of vehicles in Parent2 starting from the second 
split point is: (10 3 9 2 6 5), but when the vehicles that belong 
already to Child1 (i. e., 3 2) are eliminated, the sub-sequence 
becomes (10 9 6 5 8 7). These vehicles are added to Child1, 
starting from the split point. When the end is reached, the 
remaining cars are added at the initial part of Child1. 

Table 4. 
Crossover Operation. 

Parent1 

1 2 3 4 5 6 7 8 9 10 

Parent2 

8 1 4 7 10 3 9 2 6 5 

Parent1 - Child1 

1 2 3 4 * * * * * * 

Parent2 - Child1 

8 * * 7← →10 * 9 * 6 5 

Child1 

1 2 3 4 10 9 6 5 8 7 

Parent1 - Child2 

* 2 3← * →5 6 * * 9 10 

Parent2 - Child2 

8 1 4 7 * * * * * * 

Child2 

8 1 4 7 5 6 9 10 2 3 
Source: Compiled by author. 

 
 

Table 5. 
Mutation Operation. 

Child1 

1 2 →3← 4 10 9 6 →5← 8 7 

Mutation 

1 2 →5← 4 10 9 6 →3← 8 7 
Source: Compiled by author. 

 
 

3.2.2.  Mutation 
 
The mutation operator generates one value for each 

vehicle in an individual solution. This value indicates 
whether the vehicle must change its position in the 
sequence. If this is the case, a new value is generated. The 
new number indicates the new position of the vehicle in the 
sequence. Table 5 (Child1: 1 2 3 4 10 9 6 5 8 7, Mutation: 1 
2 5 4 10 9 6 3 8 7) shows an example of a child mutation. 

 
3.2.3.  Simulated Annealing 

 
The goal of a “simulated annealing phase” is to improve the 

quality of children between generations. The key factor consists 
in defining an initial parameter , the initial temperature (Ti), a 
cooling speed (), the number of iterations (M) for each 
temperature (T), and the final temperature (Tf). For all children 
ch in a generation we select ch for the initialization of Sa and 
given Ti, greater than Tf , Simulated Annealing runs through 
two nested cycles. The first cycle is associated with T. The 
second is related to M, which varies depending on the actual 
state of T and parameter . The second cycle generates the new 
sequence Sc. Sc is constructed taking into account the pair 
permutations of vehicles in Sa. If f(Sc) < f(Sa), Sc replaces Sa. 
Otherwise, it is associated a probability of accepting to Sc. The 
objective is to escape from a local optimum. When the nested 
cycle terminates, T is actualized considering  and initial 
parameter . The algorithm returns Sa, the last sequence of 
vehicles found. In Fig. 3 we show the layout of SA. 
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Table 6.  
Comparison between Optimal Solutions. 

Low level of difficulty  

Scenarios 
Fitness values 

BKS HGA GA SA GRASP 
022_3_4_EP_RAF_ENP 31001 31001 71003 100022 110189 

024_38_3_EP_RAF_ENP 4249083 4279287 32183423 64321229 62089430 

025_38_1_EP_ENP_RAF 99720 99720 570053 1875775 1998245 

025_38_1_EP_RAF_ENP 231134 232472 421262 452889 1054716 

039_38_4_EP_RAF_ch1 13129000 14141000 35217000 101112000 115505000 

039_38_4_RAF_EP_ch1 68155000 68155000 68272000 68742000 70128000 

048_39_1_EP_ENP_RAF 61290 61290 19980425 26452112 29504120 

048_39_1_EP_RAF_ENP 174612 175615 18205759 27225132 31509447 
Medium level of difficulty  

Scenarios 
Fitness values 

BKS HGA GA SA GRASP 
022_EP_ENP_RAF_S22_J1 3109 3109 71003 15466 17470 

022_EP_RAF_ENP_S22_J1 19144 23135 32183423 57138 58172 

024_V2_EP_RAF_ENP_S22_J1 1074299068 1074299068 570053 1212448564 1325887451 

024_V2_RAF_EP_ENP_S22_J1 134023158 134072444 421262 135253163 145007023 

029_EP_RAF_ENP_S21_J6 35167170 35173150 35217000 35307150 42107995 

029_RAF_EP_ENP_S21_J6 52711171 52711171 68272000 53877633 53906700 

048_ch1_EP_RAF_ENP_S22_J3 161378 161378 19980425 252407 252407 

048_ch1_RAF_EP_ENP_S22_J3 64115670 64115670 18205759 65460009 66455118 
High level of difficulty 

Scenarios 
Fitness values 

BKS HGA GA SA GRASP 
022_RAF_EP_ENP_S49_J2 12002003 12002003 12002003 13002670 13172128 

023_EP_RAF_ENP_S49_J2 192466 203077 322115 361285 392312 

024_EP_RAF_ENP_S49_J2 337006 337006 948330 70558508 73828623 

025_EP_ENP_RAF_S49_J1 160407 160407 232634 380345 380345 

029_EP_RAF_ENP_S49_J5 110298 110298 170228 172710 175816 

035_CH2_RAF_EP_S50_J4 6056000 6056000 8940000 9056000 10458000 

039_CH1_EP_RAF_ENP_S49_J1 69239 69239 190046765 161028 4778046 

039_CH3_EP_RAF_ENP_S49_J1 231030 233611 499617602 315135 5367105 
Source: Compiled by author. 

 
 

4.  Experiments 
 
Preliminary essays lead to the adoption of the following 

parameters: Size of the Population: 250, Number of 
Generations: 500, Probability of Crossing: 0.80, Probability of 
Mutation: 0.01, Initial Temperature for SA: 850, Final 
Temperature for SA: 0.01, Cooling Factor for SA: 0.95, CPU: 
3.00 GHZ, RAM: 4.00 GB. Each algorithm had 30 runs. Table 
6 shows the best known solution for each problem (BKS) and 
the best results reached with each meta-heuristic [9-11]. 

In addition, the third column in Table 6 presents the best 
results per HGA. Table 7 shows the proportion of the 30 runs 
in which the best result was reached (Success (%)). Running 
times were always short of 300 seconds. Taking the average 
running time for HGA, GA took 21.2% less time than that, SA 
38.5% less, while GRASP ran for 62.8% less time.  

For the problems pertaining to low levels of difficulty, 
HGA reaches the best result (on average) 95.4% of runs, 
while GA, SA and GRASP reach the best results at 89,9%, 
61,6% and 56,2%, of the runs, respectively. On problems 
pertaining to medium levels of difficulty, HGA achieves the 
best results at an average of 89.9% of its runs, while GA,  

 
Figure 3. Simulated Annealing pseudo-code. 
Source: Compiled by author. 

Algorithm Simulated Annealing 
Input: MutationChildren 
OutPut: MutationChildrenImprove 
Var:  lambda, omega, T, TF: real; 

    Sa, Sc: solutions; 
1. for each child do 
2. T :- Init_Temperature(); 
3. TF :- Final_Temperature(); 
4. lambda :- Init_Lambda(); 
5. omega :- Init_Omega(); 
6. Sa :- Generate_Initial_Secuence(child); 
7. while T > TF do 
8.         M :- (1/T) + omega 
9.         for i = 1 to M do 
10.               Sc :- Generate_Secuence(Sa); 
11.               if Q(Sc) < Q(Sa) then  
12.                   Sa :- Sc; 
13.                   else 
14.                          if z(0, 1) < e-(Q(Sc) - Q(Sa))/T then  
15.                             Sa :- Sc; 
16.                          end if 
17.                   end if 
18.         end for 
19.         T :- (T); 
20. end while 
21. improveChild :-Sa; 
22. end for 
23. end Algorithm 
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SA and GRASP achieve them at 84,9%, 59,9% and 
55,4% of the runs, respectively.  Finally, in terms of high 
levels of difficulty problems, HGA reaches optimum results 

at a n average of 78.7% of its runs, while GA, SA and 
GRASP achieve them at 74,9%, 57,9% and 54,9% of their 
corresponding runs. 

 
 

Table 7.  
Percentage of times the best result is reached. 

Low level of difficulty  

Scenarios 
Success (%) 

BKS HGA GA SA GRASP 
022_3_4_EP_RAF_ENP 100.00 100.00 100.00 56.66 50.00 

024_38_3_EP_RAF_ENP 100.00 100.00 93.33 66.66 63.33 

025_38_1_EP_ENP_RAF 100.00 100.00 93.33 63.33 60.00 

025_38_1_EP_RAF_ENP 100.00 100.00 90.00 60.00 56.66 

039_38_4_EP_RAF_ch1 100.00 100.00 83.33 63.33 43.33 

039_38_4_RAF_EP_ch1 100.00 83.33 80.00 66.66 60.00 

048_39_1_EP_ENP_RAF 100.00 100.00 100.00 60.00 63.33 

048_39_1_EP_RAF_ENP 100.00 80.00 80.00 56.66 53.33 
Medium level of difficulty  

Scenarios 
Success (%) 

BKS HGA GA SA GRASP 
022_EP_ENP_RAF_S22_J1 100.00 90.00 90.00 66.66 63.33 

022_EP_RAF_ENP_S22_J1 100.00 83.33 80.00 63.33 60.00 

024_V2_EP_RAF_ENP_S22_J1 100.00 90.00 90.00 66.66 63.33 

024_V2_RAF_EP_ENP_S22_J1 100.00 93.33 90.00 53.33 43.33 

029_EP_RAF_ENP_S21_J6 100.00 100.00 93.33 56.66 46.66 

029_RAF_EP_ENP_S21_J6 100.00 80.00 73.33 56.66 53.33 

048_ch1_EP_RAF_ENP_S22_J3 100.00 90.00 73.33 63.33 63.33 

048_ch1_RAF_EP_ENP_S22_J3 100.00 93.33 90.00 53.33 50.00 
High level of difficulty  

Scenarios 
Success (%) 

BKS HGA GA SA GRASP 
022_RAF_EP_ENP_S49_J2 100.00 76.67 60.00 53.33 53.33 

023_EP_RAF_ENP_S49_J2 100.00 83.33 80.00 73.33 70.00 

024_EP_RAF_ENP_S49_J2 100.00 76.66 76.66 66.66 60.00 

025_EP_ENP_RAF_S49_J1 100.00 76.66 73.33 50.00 50.00 

029_EP_RAF_ENP_S49_J5 100.00 80.00 80.00 66.66 60.00 

035_CH2_RAF_EP_S50_J4 100.00 76.66 73.33 53.33 50.00 

039_CH1_EP_RAF_ENP_S49_J1 100.00 83.33 80.00 53.33 53.33 

039_CH3_EP_RAF_ENP_S49_J1 100.00 76.66 76.66 46.66 43.33 
 
Source: Compiled by author. 

 
 

5.  Conclusions 
 
In this work we presented a novel approach to the 

solution of ROADEF’05, combining different procedures. 
They were adapted on the basis of the structure, number of 
variables and complexity of each scenario. Individual 
analyses of the Greedy Randomized Adaptive Search 
Procedure (GRASP), a Genetic Algorithm (GA) and 
Simulated Annealing (SA) returned satisfactory results. 
Moreover, in most scenarios GRASP and SA generated 
solutions with similar features. However, GA converges to 
better quality results than SA and GRASP. It is interesting to 
note that GA reaches superior results when the initial 
individual population is obtained by means of the GRASP. In 
this context, the Hybrid Genetic Algorithm (HGA) efficiently 
amalgamates the desirable characteristics of the three meta-
heuristics, GRASP, GAs and SA. The experiments sustain 

this claim since the results achieved with the hybrid technique 
are better than those obtained by each technique by itself. 
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Abstract 
The transformations taking place in the Amazon, considered the "lungs of the planet", have special significance, not only for energy 
savings, but also for its environmental impact due to the reduction of greenhouse gases. Since 2010, in Manaus, the capital of Amazonas 
in Brazil, many power plants are replacing fuel oil with natural gas for power generation. Because of the large natural gas reserves in the 
region, this fuel has become the best choice for power plants built in this place. This paper analyzes the technical economic and 
environmental impact of the substitution of fuel oil by natural gas in the analyzed power generation plant. 
 
Keywords: Energy, Energy Cost, Environment. 

 
 

Impacto económico y ambiental del uso del gas natural en la 
generación de electricidad en El Amazonas: Estudio de caso 

 
Resumen 
Las transformaciones que tienen lugar en el Amazonas, considerado "el pulmón del planeta",  tienen un significado especial, no 
solamente por el ahorro de energía, sino también  por su impacto  ambiental debido a la reducción de gases de efecto invernadero. Desde 
el año 2010, en Manaos la capital del Amazonas en Brasil, muchas centrales termoeléctricas están sustituyendo el  fueloil por gas natural 
para la generación de energía.  Debido a la gran reserva de gas natural en la región,  este combustible se ha convertido en la mejor opción 
para las centrales eléctricas construidas en este lugar. En el presente trabajo se analiza  el impacto técnico económico y medio ambiental  
de la sustitución del fueloil por el gas natural en la planta de generación de energía analizada. 
 
Palabras clave: Energía, Costo de la energía, Medio ambiente. 

 
 
 

1.  Introducción 
 
El estado de Amazonas cuenta con abundantes recursos 

naturales, tanto renovables como no renovables. Las 
políticas energéticas actuales mundialmente están 
encaminadas a la sustitución de los combustibles líquidos 
derivados del petróleo por fuentes renovables de energía 
(recursos hídricos, energía solar fotovoltaica, eólica, etc.) 
combinadas con otras fuentes disponibles como los 
biocombustibles y el gas natural [1,2]. Este estado dispone 
de las mayores reservas de gas natural del Brasil, aspecto 
este por el cual está llamado a jugar un importante rol 
dentro de la matriz energética del gigante suramericano, 
tanto económica como ambientalmente [3]. 

El empleo del gas natural para la generación de 
electricidad en lugar de otros combustibles fósiles reporta 
importantes ventajas. En este contexto, de incremento de la 
generación termoeléctrica y de preponderancia del uso de 
gas natural, la generación de contaminantes sobre la base de 
las emisiones medidas reviste particular interés. 

Los costos asociados a la generación de la energía 
eléctrica en el sistema aislado del estado de Amazonas son  
superiores a los valores medios registrados en los sistemas 
pertenecientes al SIN (Sistema Interconectado Nacional),  
principalmente debido a los altos precios de los 
combustibles utilizados en las plantas térmicas que operan 
en la región. Este panorama ha ido cambiando en la medida 
que se han producido importantes transformaciones en la 
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esfera de la generación de electricidad en los últimos tres 
años. En el año 2010, la matriz energética del estado 
muestra un 85% de consumo de derivados líquidos del 
petróleo para la generación. La sustitución paulatina de este 
volumen de combustible fue prevista en [3], como una 
buena opción económica y ambiental para la región.  

Los cambios estructurales en las plantas térmicas de 
generación en Manaus, con relación a la introducción del 
gas natural como combustible primario para la generación 
de electricidad se han caracterizado por la fomentación  de 
diversos escenarios tecnológicos y variantes de operación. 

En algunas plantas se emplean los propios motores de 
combustión interna que operaban antes HFO (“heavy 
fueloil”), siguiendo las recomendaciones técnicas de sus 
fabricantes y en otras se han realizado nuevas inversiones 
con la instalación de motores de combustión interna a gas 
natural, ampliando en las mismas a su vez la máxima 
capacidad de generación si se hace uso de ambos 
combustibles. Es evidente que a partir de estas 
transformaciones los índices de rentabilidad y costos de 
generación de estas plantas han experimentado variaciones.  

En el presente artículo a partir de la información 
estadística registrada en la planta analizada, se realiza una 
evaluación detallada de los índices de generación y costos 
asociados al proceso de sustitución del HFO por el gas natural.  

 
2.  Materiales y métodos 

 
2.1.  Principales características de la planta 

 
La planta tiene una capacidad instalada de 155 MW, 63 

MW para operar utilizando combustible pesado (HFO), 17 
MW con ciclo dual (Gas y HFO) y 75 MW a gas natural. La 
planta a gas opera según el ciclo OTTO. Está equipada con 
23 motores en V de 60o. La potencia de salida de los 
motores es de 3.431 kW y la potencia eléctrica de 3.293 
kWe. Los generadores tienen una potencia nominal de 4.102 
KVA, factor de potencia 0.8, 13.8 kV, 60 Hz, 1800 rpm. 
Para realizar el estudio de diagnóstico se dispuso de la 
información estadística comprendida entre enero de 2010 a 
mayo 2012. Este periodo se caracterizó por la sustitución 
paulatina del uso de fueloil (HFO) como fuente primaria por 
el gas natural (GN). Las estadísticas permiten analizar el 
estado de los principales indicadores de la eficiencia 
energética de la planta. 

La necesidad de realizar un análisis comparativo de 
comportamiento entre los diferentes indicadores de 
producción de la energía eléctrica, una vez que han sido 
empleadas diferentes fuentes primarias energéticas en tal 
proceso, implica el empleo de unidades comunes de 
medición, para lo cual han sido utilizadas las tep (toneladas 
equivalentes de petróleo). Esto permite realizar un análisis 
comparativo homogéneo sobre la base de una única unidad.  

Se selecciona el periodo 2010-2012, debido a que en el 
mismo quedan incluidas las tres condiciones de operación 
básicas en la planta:  

Alto por ciento de utilización del óleo combustible como 
fuente primaria (2010). 

Periodo de tránsito para la sustitución paulatina del HFO 
por gas natural (2011). 

Tabla1.  
Costo de combustibles HFO  y Diesel. 
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057.00 

465.89 2 864.85 

Fuente: Los autores 

 
 

Tabla 2. 
Costo de Gas Natural. 
Año Gas Natural (m3) Gas Natural 

(tep) 
Combustible comprado 
(en R$1.000,00) 

2010 34 228 989.00 30 121.51 36 625.02 
2011 103 722 182.00 91 275.52 110 982.73 
2012 1 411 650.00 37 789.63 45 948.76 
Fuente: Los autores 

 
 
Alto por ciento de utilización del gas natural como 

fuente primaria (2012 enero-mayo). 
 

2.2.  Costo del combustible 
 
Se determina como la suma de fueloil (HFO) y diesel 

empleado en la generación. El combustible diesel es 
empleado en el arranque y parada de los motores, en el 
inyector piloto del motor de dos combustibles (gas y diesel) 
y en el funcionamiento de este motor cuando tiene 
deficiencias en su trabajo. En ambos casos se dispone de las 
cantidades compradas y los costos específicos por unidad de 
medida. El costo medio del metro cúbico de gas es de R$ 
1,07/m3. En los nuevos escenarios este valor dependerá de 
los costos operacionales de transporte del combustible a 
través del gaseoducto que suministra la planta, lo cual, por 
ser más económico, hasta cierto punto debe compensar la 
retirada del subsidio actual concedido a los sistemas 
aislados por el uso del fueloil en la generación de energía 
eléctrica. Los resultados se muestran en la Tabla 1 y Tabla 2 

 
2.3.  Consumos registrados por fuentes energéticas 

 
Los consumos registrados para cada uno de los 

portadores energéticos en el periodo analizado se resumen a 
continuación (Tabla 3) (Fig. 1). Los porcientos son 
obtenidos a partir del total de combustible empleado 
expresado en toneladas equivalentes de petróleo (tep). 

Entre los combustibles fósiles, el consumo de gas 
natural  registra la mayor tasa de crecimiento, del año 2010 
al 2011 con 66%, manteniendo una  tasa de crecimiento de 
2% a partir de ese momento, debido al proceso de de 
sustitución continua del HFO en la planta. La calidad del 
gas natural empleado es un factor que puede incidir 
directamente en la estabilidad del volumen de consumo. 
Para el año 2012, la predicción del consumo de gas natural  
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Tabla 3.   
Consumo por portadores energéticos. 

Año 2010 Año 2011 Año 2012 
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HFO 74645.4 70.66 5833.2 5.98 1268 3.21 

Gas natural 30121.51 28.51 91275.5 93.61 37789.6 96.65 

Diesel 870.36 0.82 393.34 0.40 448.76 1.14 

TOTAL 105637.3 100 97502 100 39506.4 100 
Fuente: Los autores 

 
 

 
 
Figura. 1. Diagrama de fuentes energéticas. 
Fuente: Los autores 

 
 

de cada planta de generación en Manaus, tuvo en cuenta la 
generación térmica resultante de los balances de energía y el 
menor valor calórico (“heat-rate”)  dentro del límite 
establecido en el  anexo II de la Resolución  ANEEL [4], y 
la media verificada en el período de enero a agosto del 2011 
obtenida a partir de los registros de generación y consumo 
de gas natural informados según el Plan Anual de 
Operaciones de Sistemas Aislados en Brasil [5].  

 
2.4.  Costo de específico de la energía entregada 

 
El notable incremento del uso del gas natural, como 

fuente primaria ha incidido de manera representativaen el 
valor del costo de la energía entregada a la compañía 
distribuidora.  En base a los resultados mostrados 
anteriormente, se determinó la tendencia general que ha 
tenido el costo específico por MW.h de la energía 
entregada, considerando solamente el precio de los 
combustibles. En este estudio de caso, los costos de 
operación y mantenimiento no sufren significativa variación 
debido a que la capacidad de generación de la planta con 
motores de combustión interna de HFO (4 motores) se 
alcanza sustituyendo los mismos por 23 motores de menor 
capacidad que operan con gas natural, lo cual hace que la 
posible reducción de costos asociada al empleo de estos 
últimos se vea afectada por el aumento considerable en 
número para alcanzar la misma capacidad de generación. 
Los costos de producción de electricidad en centrales 
térmicas en el sistema de Manaos, verificados en 2005 [6], 
señalan que el costo de la energía generada, teniendo en 
cuenta sólo el precio del combustible, asciende a R$ 
466,51/MW.h en la generación con HFO, donde el precio 
promedio de la tonelada es de R$ 1,362.69. Para la 
generación utilizando fuel-oil ligero a un costo de R$ 1,641 

Tabla 4.  
Costo específico de la energía entregada 
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2010 105637.3 482203.32 72.32 26.59 1.09 167144.37 348.27 
2011 97502 429219.53 6.25 93.45 0.31 121741.71 284.05 
2012 39506.4 171749.78 3.28 96.53 0.20 46893.44 282.52 
Fuente: Los autores 

 
 

 
Figura 2. Tendencia general de costos 
Fuente: Los autores 

 
 

la tonelada el resultado es R$ 550,97 / MW.h Los resultados 
obtenidos en el análisis realizado muestran una mejoría de 
estos índices con respecto a los existentes en el año 2006  
más si se tiene en cuenta que el costo del combustible se ha 
incrementado en un 20% hasta la fecha. Se puede apreciar 
cómo hay una tendencia a la disminución del costo 
especifico en la medida que los porcientos de generación 
con gas natural han ido aumentado Esta reducción está en el 
orden del 20% en el año 2012, no siendo mayor debido a 
que la diferencia de costos entre los combustibles primarios 
no es apreciable, los resultados  se muestra en la Tabla 4. 

La tendencia general de costos se muestra en la Fig. 2. 
Según el reporte de la  EIA (Energy Information 

Administration) [7] el costo promedio del MW.h obtenido 
sin empleo de ciclo combinado oscila entre 94 y 132 
USD/MW.h. En el caso analizado de la planta, considerando 
una tasa de cambio 1USD  R$ 2,02, la tendencia de costo 
del MW.h se encuentra dentro de este rango, pero se precisa 
analizar el empleo de tecnologías de ciclo combinado 
debido a que según el reporte de la misma fuente, se 
alcanzan valores entre 58 y 65 USD/MW.h 

 
2.5. Factor de utilización de las instalaciones energéticas 

 
La capacidad máxima de generación es el producto de la 

potencia instalada por el número de horas contenido en el 
período considerado [8]. Para el cálculo se toma por lo 
general el valor de 8,760 horas en un año y 730 horas en un 
mes. En períodos relativamente largos, el factor de capacidad 
de las instalaciones energéticas, puede verse afectado por las 
salidas de operación, tanto forzadas como programadas para 
mantenimiento. En el caso analizado este factor también 
puede estar afectado por los controles de la demanda 
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establecidos por la compañía distribuidora. Las estadísticas 
muestran como se ha comportado en cada periodo por meses 
este indicador para cada unidad generadora. Se mostrará un 
índice global determinado a partir de la generación 
acontecida en cada año con una potencia contratada de 60 
MW. Se destaca que al considerar la capacidad total instalada 
que incluye unidades de fueloil y de gas natural, este índice es 
bajo por cuanto la demanda permanece prácticamente 
constante a pesar de que prácticamente han sido duplicadas 
las capacidades con las nuevas inversiones. El factor de 
capacidad se determina según la ecuación 1.  

 


ீாೕ

ሺூೕ∗ேሻ
                         (1) 

 
Donde:  
FPij = Factor de capacidad de la central j en el período i 

(%)  
GEij = Generación eléctrica neta de la central j en el 

período i (GWh)  
PIij = Potencia instalada de la central j en el período i 

(MW)  
Nhi = Número de horas contenidas en el período i 
El factor de utilización en la planta se ha comportado según 

se muestra en la Tabla 5.  
 
Este resultado muestra un elevado potencial de reserva 

de generación de energía si la planta generadora llega a 
operar al 100% de su capacidad. Bajo estas condiciones, el 
costo aproximado oscilaría entre R$ 320~340 /MW.h 
tomando en consideración los resultados del análisis del 
epígrafe anterior. 

 
2.6.  Eficiencia térmica generación eléctrica 

 
Constituye una aplicación específica para el sector 

eléctrico, del indicador de eficiencia de transformación. Se 
calcula dividiendo la energía eléctrica generada en las 
centrales, para el contenido energético de los combustibles o 
fuentes primarias [8].  

 


ீ்ா
ா்ூ

                               (2) 

 
Donde: 
EGEi: Eficiencia de generación eléctrica para el período 

i (%)  
 

Tabla 5.  
Factor de utilización. 
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2010 482203.32 132 8760 1156320 97 42 
2011 429219.53 132 8760 1156320 85 37 
2012 171749.78 132 8760 475200 82 36 
Fuente: Los autores 

Tabla 6.  
Índice de eficiencia energética 

Año 
Eficiencia 

térmica 
(%) HFO 

Eficiencia 
térmica 

(%)  Gas Natural 

Eficiencia 
térmica 

(%) Diesel 

Eficiencia 
térmica 

(%) TOTAL 
2010 40,17 36,60 52,08 39.25 
2011 39,52 37,78 28,69 37.85 
2012 38,15 37,72 28,96 37.86 
Fuente: Los autores 

 
 

Tabla 7.  
Estimados de eficiencia energética en plantas de generación. 

Instalaciones de generación 
Eficiencia térmica media (%) 

2011 2010 2009 

Ciclos combinados 53,2 52,7 53 
Térmicas convencionales 34,5 34,6 34,87 

Cogeneración 57,4 59 57 
Fuente: [9] 

 
GTEi: Generación total de electricidad expresada en 

unidades calóricas en el período i (tep)    
ETIi: Contenido energético total de los combustibles y 

fuentes primarias utilizados en las centrales eléctricas en el 
período i (tep)  

Permite estimar la oferta total de energía primaria que 
debe ser establecida, para el abastecimiento eléctrico. Este 
indicador puede servir también como justificativo para 
emprender el desarrollo de proyectos de generación 
eléctrica más eficientes.  

En el periodo analizado la planta registra los resultados 
mostrados en la Tabla 6. 

Con la incorporación de un sistema con tecnología de 
ciclo combinado pueden llegar a alcanzarse niveles de 
eficiencia que rebasan el 60%, lo cual sin lugar a dudas 
repercute en los índices de rentabilidad de la planta. 
Reportes de IBERDROLA [9], empresa española, con 
acciones en Brasil, muestran como se ha ido comportando el 
índice de eficiencia energética en los últimos tres años en 
sus instalaciones. Estos se muestran en la Tabla 7.  

Siemens participa en proyectos de plantas  
termoeléctricas a gas natural  de ciclo combinado en Brasil. 
La tecnología empleada posibilita alcanzar eficiencias 
próximas al 60%, con el aprovechamiento de la energía 
primaria utilizada en ciclos combinados a gas natural. 

En 2011, el rendimiento medio de las centrales térmicas 
se ha incrementado con respecto al 2010 debido a que los 
ciclos combinados han mejorado su régimen operativo: 
menores arranques y paradas y una operación en regímenes 
de carga más eficientes. 

 
2.7.  Consumo específico 

 
La planta tiene establecido un límite de consumo 

especifico de 0.208 kg/ MW.h, equivalente a 0.199 
tep/MW.h para HFO con un PCI (Poder Calórico Inferior) 
de 9500 kcal/kg [10].  

Sobre la base de este consumo especifico, teniendo en 
cuenta que el rendimiento calórico del gas natural resulta ser 
inferior al del HFO y que a su vez las plantas con motores  
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Tabla 8.  
Consumo especifico con HFO. 
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2010 72.32 0,205 102,83 0,215 108,2 
2011 6.25 0,263 132 0,273 137,42 
2012 3.28 0,201 101 0,208 104,90 

Fuente: Los autores 
 
 

Tabla 9. 
Consumo especifico con Gas Natural. 

Fuente: Los autores 
 
 

de combustión interna a gas resultan ser más eficientes que 
las que utilizan HFO, se demuestra que esta diferencia un 
tanto es compensada al considerar un índice consumo 
especifico en  tep de gas igual al del HFO. De esta forma se 
considera un límite de consumo contractual para el caso del 
gas natural de 0.213 tep/MW.h.   

Los valores medios de consumos específicos registrados, 
referidos a la energía bruta generada (salida del generador) 
y a la energía liquida entregada (punto de entrega a la 
distribuidora) en el periodo analizado en la planta se 
resumen en las Tablas 8 y  9. 

Un bajo porciento de generación , como ocurre en el 
caso del año 2011, con el empleo de HFO, implica un 
incremento del consumo especifico hasta del 37%, tomando 
como base la generación liquida, y ello puede estar asociado 
a la necesidad de empleo de cargas fijas necesarias para el 
proceso independientemente del nivel de potencia que se 
está generando. Por el mismo motivo, el incremento de la 
generación utilizando los motores de combustión interna a 
gas natural , a partir del año 2011, implica una disminución 
de los consumos específicos con respecto al año anterior, 
siendo este menor cuando se compara , para similares 
niveles de generación , con el HFO, pero aun se mantienen 
ambos por encima de los valores contractuales Lo anterior 
demuestra la necesidad de buscar una vía para el mejor 
aprovechamiento del poder calórico de ambos combustibles, 
lo cual puede ser el resultado de un análisis termo 
económico profundo de la instalación. 

 
2.8.  Efecto al medio ambiente 

 
La estimación de las reducciones de emisiones para los 

tres años de operación analizados se determina a partir de la  

Tabla10.  
Contaminación del aire por los combustibles fósiles (Libras de 
contaminantes del aire por millón de BTU de energía). 

Contaminantes  
del aire 

Combustible 
Gas Natural HFO 

Dióxido de carbono 117 164 
Óxidos de nitrógeno 92 448 
Dióxido de sulfuro 0.6 1 

Partículas 7.0 84 
Fuente: Adaptado de [7] 

 
 

Figura 3. Contaminación del aire. 
Fuente: Adaptado de [7] 

 
diferencia entre el nivel de emisiones del escenario base 
(consumo de petróleo) y las emisiones asociadas al 
escenario con uso de gas natural, tomando como base los 
valores de libras de contaminantes del aire por millón de 
BTU de energía recomendados por la EIA En la Tabla 10 se 
realiza el análisis comparativo del efecto medioambiental 
debido a la sustitución del HFO por gas natural para la 
generación de energía en la planta. Los resultados son 
mostrados en la Fig. 3. 

De manera general es positivamente significativa la 
reducción de los niveles de emisiones a la atmosfera con el 
uso del gas natural. Se disminuye el dióxido de carbono, así 
como los óxidos de nitrógeno, de azufre y las partículas 
emitidas al medio. Para tener una idea, las emisiones de 
CO2 en relación con la cuota de generación de energía 
eléctrica en el mundo se han incrementado de un  36% (8,8 
Gt de CO2) en 1990 a un 41% (11,0 Gt de CO2) en 2005 y, 
si la tendencia actual continúa de este modo, se prevé que 
aumente a un 45% (18,7 Gt CO2) en el año 2030 [11]. 

Este proyecto permitirá reducir los costos de generación 
de electricidad en la planta de generación de energía en 
Manaos, estado de Amazonas, y en consecuencia, reducir 
los costos directos del proceso productivo del Polo 
Industrial de Manaos – PIM; lo cual es un factor 
fundamental para la competitividad en el mercado global. 
Además contribuye al crecimiento económico regional 
teniendo en cuenta las preocupaciones ambientales, 
especialmente en relación a la reducción de emisiones de 
CO2 a corto plazo [12]. 

 
3.  Discusión de los resultados 

 
Los costos asociados a la generación de la energía eléctrica 

en el sistema aislado del estado de Amazonas tradicionalmente 
son  superiores a los valores medios registrados en los 
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2010 26.59% 0,226 106,18 0,238 111,80 
2011 93.45% 0,219 102,60 0,227 106,68 
2012 96.53% 0,219 103,28 0,230 106,98 
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sistemas pertenecientes al SIN (Sistema Interconectado 
Nacional) debido principalmente a los altos precios de los 
combustibles utilizados en las plantas térmicas que operan en 
la región. En la medida en que en los últimos tres años se han 
realizado transformaciones para el uso del gas natural en la 
generación, estos costos han disminuido hasta un 20% en el 
año 2012, lo cual demuestra la viabilidad económica de esta 
alternativa en el campo de la generación de energía eléctrica. 

El costo de la energía específica promedio utilizando gas 
natural  registrado en el año 2012, fue  de R$ 282/MW.h 
(equivalente a 140 USD/MW.h), este valor puede 
considerarse como aceptable tomando como referencia que 
se encuentra dentro del rango registrado para este tipo de 
plantas según la bibliografía consultada [4]. Es 
recomendable la evaluación del empleo de tecnologías de 
ciclo combinado debido a que pueden alcanzarse resultados 
mucho más atractivos desde el punto de vista económico y 
ambiental. El empleo de tecnologías combinadas de uso de 
HFO y gas natural para satisfacer la demanda parcial que no 
se corresponde con la máxima capacidad de generación de 
la planta, puede comprometer los niveles de eficiencia de la 
misma debido fundamentalmente al alto costo del 
combustible HFO y la elevación de los costos auxiliares, 
asociados al proceso de generación. 

El factor más importante de la ineficiencia del sistema es 
la destrucción de la exergía por los procesos irreversibles. 
Esto ocurre durante el proceso de combustión. Las pérdidas 
de exergía además están muy relacionadas con la 
temperatura de los gases de escape, así como con el calor 
transferido.  La opción de utilizar un ciclo combinado en la 
planta puede mejorar los costos exergo-económicos y 
disminuir el impacto ambiental [13]. 

 
4.  Conclusiones 

 
En forma general, el estudio de caso, muestra como el 

uso de gas natural en la generación eléctrica del Amazonas 
tiene un efecto positivo justificado por la reducción de los 
costos de la energía generada y de las emisiones al medio 
ambiente. Un bajo porciento de generación , como ocurre en 
el caso del año 2011, con el empleo de HFO, implica un 
incremento del consumo especifico hasta del 37% , tomando 
como base la generación liquida , lo cual indica la necesidad 
de mantener un adecuado control de las unidades 
generadoras cuando operan de forma combinada. De 
manera general es positivamente significativa la reducción 
de los niveles de emisiones a la atmosfera con el uso del gas 
natural. Se disminuye el dióxido de carbono, así como los 
óxidos de nitrógeno, de azufre y las partículas emitidas al 
medio. A partir de los resultados obtenidos es posible 
establecer estrategias que conlleven a la elevación de la 
eficiencia de las plantas de generación con la introducción 
de tecnologías de ciclo combinado de manera que los 
beneficios pueden multiplicarse de manera significativa.  
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Abstract 
In this paper, symmetrical and unsymmetrical voltage sags are classified according to the severity of the effects produced on the behavior 
of induction motors, using the double-cage rotor model. The analyzed variables are: current and torque peaks, and speed loss in transient 
and steady states. The severity of these effects is analyzed with 14640 voltage sags, both at the beginning of the voltage sag and when the 
voltage is recovered, by changing the type, magnitude, duration, and initial-point-of-wave. Four mechanical torque loads were used for 
the analysis, three with constant behavior and one with quadratic behavior. The results show the durations and initial-point-of-wave with 
more severe effects for each type of voltage sag. Finally, a classification that depends on the type of voltage sag and the variable of 
interest is obtained. 
 
Keywords: double-cage model; induction machine; sensitivity curves; symmetrical and unsymmetrical voltage sags. 
 

 

Clasificación de los huecos de tensión de acuerdo a la severidad de 
los efectos en el motor de inducción 

 
Resumen 
En este artículo se clasifican los huecos de tensión simétricos y asimétricos de acuerdo a la severidad de sus efectos sobre el 
comportamiento de los motores de inducción, utilizando el modelo de doble jaula. Las variables analizadas son: picos de corriente y par, 
y pérdida de velocidad en régimen transitorio y en estado estable. La severidad de estos efectos se analiza con 14640 huecos, tanto al 
inicio del hueco como cuando se recupera la tensión, cambiando su tipo, magnitud, duración y punto de onda inicial. Para el análisis se 
utilizaron tres cargas de par mecánico con comportamiento constante y una carga con comportamiento cuadrático. Los resultados 
muestran las duraciones y los puntos de la onda inicial que tienen efectos más severos para cada tipo de hueco. Finalmente se obtiene una 
clasificación que depende tanto del tipo de hueco como de la variable de interés. 
 
Palabras clave: Curvas de sensibilidad; huecos de tensión simétricos y asimétricos; máquina inducción; modelo de doble jaula. 

 
 
 

1.  Introduction 
 
A voltage sag is a reduction in the rms voltage of 

between 0,1 and 0,9 pu of the operating voltage [1, 2]. 
Typically the duration of a voltage sag is from 0,5 to 1 
minute [3]. A three-phase fault produces symmetrical sags. 
Single-line-to-ground, phase-to-phase or two-phase-to-
ground faults cause unsymmetrical sags. Voltage sags can 
be caused by many events, e.g. short circuit, storms, 
overloads, insulation failures, poor maintenance, and 
starting of large loads at neighboring facilities, among 
others. 

The voltage sags cannot always be predicted and are 
recorded in large numbers each year, adversely affecting the 
power quality and causing severe damage in power devices, 
particularly in motors, transformers, process control 
equipment, and computers [4-7].  

Induction motors are most commonly used in the 
industry and when subjected to voltage sags may be 
damaged or their service life may decrease. Their reaction 
to voltage sag may generate speed loss, high current peaks 
or high torque peaks, which produce unwanted activations 
in the electrical protection system in production plants, 
stopping the processes and causing major economic losses. 
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As for power quality, if the motors are high power, the 
consequences of the current peaks and torque produced by 
voltage sags may cause other electromagnetic disturbances 
at the nearest point of common connection (PCC) such as 
swells, fluctuations or even other voltage sags.  

Many industrial applications require the determination 
of the effect of different types of voltage sags in induction 
motors as this information allows us to design electrical 
protection systems for specific cases, auto-tuning protection 
systems or protective relay coordination (system protection 
calibration), among others, in order to ensure a running 
motor in good condition or to maintain a minimum level of 
power quality. 

Therefore, some research studies have focused on 
determining the consequences of voltage sags in the 
behavior of the induction motors. This is the case in [8, 9], 
where the single-cage model is used for the analysis (widely 
used to represent the behavior of low and medium power 
motors, e.g. [8, 10, 11]). In [10, 12, 13], the symmetrical 
voltage sags are analyzed depending on both the initial 
voltage angle and load influence, [14] shows an 
experimental study of the effect of voltage sags in the 
characteristics of a three-phase squirrel-cage induction 
motor. In [15, 16], the consequences of voltage sags are 
analyzed, by using the double cage model, showing that the 
torque and current peaks have a periodical dependence on 
the sag duration, and a linear dependence on depth.  

Some of these studies have examined the effects of the 
parameters of duration and depth of the voltage sag in the 
induction motor independently for each type of sag, and a 
small amount of voltage sags, producing significant results. 
However, the effects of other parameters of voltage sags 
have not been studied, nor has their codependence or the 
effect of a massive amount of sags for each variable. Other 
studies have omitted the effect of loads and transients 
generated when the voltage sag starts and when it returns to 
its initial value. This is because the model of the motor used 
is a single-cage rotor, which is only suitable for analysis at 
points close to the rated operating point of the motor.  

Using a double-cage model, this paper analyzes and 
classifies the severity of the effects of symmetric and 
asymmetric voltage sags in a three-phase induction motor. 
The following procedure analyzes the current and torque 
peaks, and the speed loss in the induction motor, in transient 
and steady states, for 14640 different cases of voltage sags, 
taking into account the parameters of the sags: type, 
magnitude, duration and initial point-on-wave, and thus 
codependence, and the effects produced when the sag starts 
(ds-zone) and when it ends (as-zone). These data generate 
matrices that are represented in 3D surfaces, which are 
studied by means of corresponding sensitivity curves, and 
lead to the classification of voltage sags according to their 
severity on torque and current peaks, and speed loss in the 
three phase induction motor.  

 
2.  Induction motor  

 
The motor selected for analysis is a 75 kW three-phase 

induction motor, with squirrel cage rotor, 3300 V supply 
(isolated delta), 50 Hz, rated current = 13,62 A, rated 

torque = 401,5 Nm, moment of inertia = 1,2 kgm2 and 
rated speed = 1464 rpm. In order to prove that the model 
represents a suitable behavior of the motor, the behavior 
obtained with the estimated parameters is validated with 
experimental data of the torque-speed curve of motor. 

 
2.1.  Induction motor model 

 
The model selected for analysis is a double-cage rotor (D-

C) since the voltage sags can cause the motor to run at speeds 
far from the nominal operating point, where a single-cage 
model does not properly represent the behavior of the motor. 

The equivalent circuit of the D-C model is shown in 
Fig. 1 [17-19], where the parameters r and X are the 
resistance and reactance, respectively, the subscript s 
corresponds to the stator, the subscripts 1 and 2 correspond 
to the two cages of rotor, Xm is the reactance of 
magnetization between stator and rotor, and s is the motor 
slip: s = 1‒ (nm/nS), where nm is the motor speed and nS is 
the synchronous speed. 

 

Figure 1. Equivalent circuit of Double Cage model (D-C) for an induction 
motor, in single-phase. 
Source: The authors 

 
2.2.  Electrical and mechanical equations of D-C model 

 
The electrical equations of the D-C model are shown in 

matrix form in (1).  
 

 
Where the derivative of the flux with respect to time 

(dϕ/dt) is the induced voltage. Solving (1), the electrical 
and mechanical equations of the model (2) are found. 
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Where ω is the motor speed, T(t) is the motor torque, Tres 
is the load torque, J is the moment of inertia, and M(θ) is 
the matrix of magnetic coupling between stator and rotor, 
which depends on the angle of rotation θ. 

In order to eliminate this dependency, the Ku transform 
is used, which results in a system of differential equations 
with constant coefficients, allowing us to mathematically 
find the solution in the new system transformed. 
Subsequently, the solution in the original variables is 
obtained by applying the inverse Ku transform to the found 
solution. The Ku transform matrix is given by the eq. (3). 

 

 

Where: 
ଵ

√ଷ
ିஏ ିஏ ଶ ିஏ

ஏ ଶ ஏ ஏ
, 

 
is an arbitrary angle used to eliminate the dependence of 

M(θ) with the angular position of the rotor,  and 
∙ଶగ/ଷ. 

The new transformed variables are called Homopolar 
(subscript 0), Forward (subscript f) and Backward (subscript 
b). In induction motors with squirrel-cage rotor, the 
windings of the rotor are shorted, so the Homopolar current 
in the rotor is zero. The Forward and Backward voltages 
(both stator and rotor) are complex conjugated with each 
other; this implies that only the Forward equations of the 
rotor and stator are necessary for the resolution of the 
system. 

Applying the Ku transform to the equations system (2), 
the equations system (4) is obtained. 

 

 
Where λf = (jωs+p), λb= λ0= (jsωs+p), ωs is the 

synchronous angular speed, s is the slip, ωm is the 
mechanical angular speed, M is the coupling constant 
between the stator and each of the two rotor cages, and p is 
the motor pole pairs. The parameters of the equivalent 
circuit in Fig. 1 are related with the dynamic equations 
system in (4) through the equations system (5). 

 

Table 1. 
Parameter Values in pu, for a Double-Cage Model of a 75 kW Induction motor 

rs Xsd Xm X1 r1 X2 r2 
0,09 0,20 7,15 0,06 0,20 0,19 0,05 

Source: The authors 
 
 

Figure 2. Torque-speed curve obtained with estimated parameters for a 
double-cage induction motor. 
Source: The authors 

 
 

2.3.  Electric parameters of the D-C model  
 

After determining the electrical and mechanical equations 
of the system, the values of the parameters of the model of 
Fig. 1 must be properly estimated.  

The parameters for the D-C model were estimated by 
using the “Torque Speed tracking” technique described in 
[20] and are recorded in Table 1, where the values have 
been normalized with ZN = 242,29 Ω. 

Fig. 2 illustrates 25 experimental data (ED) for the 
induction motor and the simulation of behavior obtained 
with the estimated parameters (D-C).This validation shows 
that the selected parameters generate a very accurate 
behavior throughout the motor operating range. All values 
are normalized to the rated value of each variable and the 
values are presented per unit (pu). 

 
3.  Voltage sags  

 
In [21], the types of voltage sags are classified according 

to the sort of faults that occur. A three-phase fault produces 
symmetrical sags (type A); single-line-to-ground, phase-to-
phase or two-phase-to-ground faults cause unsymmetrical 
sags (types from B to G). The voltage sag type G is a 
special case, and is obtained when a sag type E is 
transferred to other voltage levels through a transformer 
type II [22]. However, when the connection of the load is 
not grounded, voltage sags type G have identical equations 
and behavior as voltage sags type E. Table 2 illustrates the 
sag-types according to the sort of fault and load connection. 

 
3.1.  Sags characterization 

 
In this paper, the shape of voltage sags has been defined 

as rectangular, with initial time ti and recovery time tf, no 
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Table 2. 
Sags-types according to the sort of fault and load connection. 

Sort of fault 

Load connection 

Wye connection 
with neutral 

Delta o 
wye connection without 

neutral 
Three-phase or three-
phase-to-ground 

Type A Type A 

Single-line-to-ground Type B Type C* 
Phase-to-phase  Type C Type D 
Two-phase-to-ground Type E Type F 
Source: Adapted from [21] 

 
 

Figure 3. Characterization of a voltage sag type B with ti = 0 s, h = 25%, 
t = 5,5 cycles, and i = 0º. 
Source: The authors 

 
 

phase jump occurs, and the voltage recovery is produced at 
the same time in the three phases.  

The voltage sags are characterized by four parameters: 
type (From A to G), magnitude (h = residual phase voltage, 
measured in percentage), duration (t = tf - ti, measured in 
cycles) and initial point-on-wave (i = angle of the phase at 
ti = 0, measured in degrees). As an example, Fig. 3 
illustrates a voltage sag type B in phase a, with ti = 0 s, 
h = 25%, t = 5,5 cycles, and  i = 0º. 

 
4.  Characteristics of analysis 

 
The transient effects of voltage sags on three-phase 

induction motors are analyzed in current and torque peaks, 
and speed loss. In this paper, the effects are analyzed in two 
zones: during sag (ds-zone) and after sag (as-zone).  

Initially tmu and imu are determined, which are the 
values most unfavorable of duration and initial point-on-
wave of the sag, respectively. Later, by using tmu and imu, 
the effect of the duration and magnitude of the voltage sags 
is analyzed codependently, by simulating 14640 different 
cases of voltage sags, thus selecting 6 types of sags (A-F), 
61 durations and 40 magnitudes. For each voltage sag, the 
values of current and torque peaks, and speed loss are 
obtained. These data generate 3D surfaces for each variable, 
which are analyzed with their respective sensitivity curves. 
Finally, the analysis of the sensitivity curves leads to the 
classification of the voltage sags according to the severity of 
the effect on the induction motor. 

The figures in this paper do not illustrate the effects of 
sags type G, because the motor used is not grounded. Sags 
type E have identical effects as sags type G. 

The analysis has been undertaken with constant loads of 
12,5%, 50% and 100% of rated torque in order to analyze 

the motor with low, middle and full load, and finally with a 
quadratic load (k = 0,01708), because it is the most 
commonly found load in the industry (typical torque-speed 
characteristic of centrifugal pumps and fans). The figures 
shown in this paper correspond to quadratic load. 

 
5.  Results 

 
5.1.  Most unfavorable values of sags duration 

 
The duration of the voltage sags (t) was analyzed in 

three ranges: d = 1 (from 1 to 2 cycles), d = 10 (from 10 
to11 cycles) and d = 100 (from 100 to101 cycles). Each 
range has been divided into 33 equidistant parts, obtaining 
99 durations.  

The values of current and torque peaks present the same 
behavior for all sag types, and show no significant changes 
across the dszone (no influence of t). For example, Fig. 4 
shows the current peaks for sags type C. Instead, in the 
aszone, the most severe values of current and torque peaks 
for all sag types are in t = k∙T + 0,5·T, with k  N (where 
T is the period, and t is measured in cycles). For example, 
Fig. 5 shows the current peaks for sags type C in the 
aszone.  

The value of t allows us to indirectly analyze the final 
point-of-wave (modifying the duration of the sag is 
equivalent to modifying the point-on-wave when the sag 
ends). These results are summarized in Table 3. 

 

Figure 4. Current peaks for sags type C, with duration in three ranges: d=1, 
d=10 and d=100, for ds-zone. 
Source: The authors 

 
 

Figure 5. Current peaks for sags type C, with duration in three ranges: d=1, 
d=10 and d=100, for as-zone. 
Source: The authors 

 
 

Table 3 
Values most unfavorable of duration of sag, t, and initial point-on-wave, 
i, for Current Peaks and Torque Peaks 

Sag type t i 
A k∙T + T/2 No influence 

B, D, F k∙T + T/2 90º 
C, E, G k∙T + T/2 0º 

Source: The authors 
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5.2  Most unfavorable values of sags initial point-on-wave  
 

Fig. 6 and Fig. 7 show the current and torque peaks (y-
axis), respectively with respect to the initial points-on-wave 
(x-axis) varying from 0º to 180º. Each sag has been 
simulated with t = 5,5 cycles (according to Table 3), and 
h = 0,1. These peaks are analyzed in both dszone (from ti 
to tf) and aszone. In this case, the maximum current peaks 
are presented in the aszone for all sags-types, except for 
type C, where the maximum current peaks were similar in 
both zones. The maximum torque peaks were presented in 
the dszone for all sags-types. 

For sags type A, the initial point-on-wave i has little 
influence on the current peaks (Fig. 6), and no influence on 
torque peaks (Fig. 7) or speed loss. For unsymmetrical sags, 
i has a big influence on the current and torque peaks, but 
small influence on speed loss. The voltage sags type B, D, 
and F produce maximum current and torque peaks when 
i = 90º, and the sags type C and E (and G) when i = 0º. 
These results are summarized in Table 3. 

 
5.3.  Effects of the magnitude and duration of voltage sags 

by using simulation of extensive ranges 
 
For this analysis, each sag type has been simulated with 61 

durations (0,5 ≤ t ≤ 150,5 cycles) and 40 magnitudes 
(0% ≤ h ≤ 97,5), obtaining 2440 variations for each type of 
sag, and a total of 14640 sags. The values selected for i and 
t, are the most unfavorable in each case, according to 
Table 3. For each simulated sag, the algorithm calculates the 
values per unit of the transient variables: current peaks (ipeak), 
torque peaks (Tpeak) and speed loss (smax) of the motor by using 
eq. (6). The speed loss is calculated using the slip s.  

 

 
The results of the simulations are stored in matrices for: 

current peaks: IX(h, t), torque peaks: TX(h, t), and 
maximum speed loss: SX(h, t), for each zone (ds-zone and 
as-zone), where X is the type of the simulated voltage sag.  

 
5.3.1.  Analysis of sensitivity curves 

 
For each sag type, the matrices IX, TX, and SX can be 

represented as 3D surfaces. For example, Fig. 8 shows the 
3D surfaces [IB, TB and SB] for sag type B. However, the 
analysis of the 3D surfaces is not trivial; therefore 
Sensitivity Curves are used [8-10] given that these curves 
contain the same information on a 2D plane.  

In this case, the Sensitivity Curves are the projection of  

 
 

the values of IX, TX, and SX on the plane h‒t, and represent 
the severity of the effects of voltage sags on the induction 
motor. Fig. 9-11 show the obtained sensitivity curves of the 
surfaces: IX, TX, and SX, respectively. 

Fig. 9 shows the sensitivity curves of IX, and highlights 
two results: first, sags type B are the least severe sag since, 
with the same magnitudes and durations, all other types of 
sags generate higher current peaks. Second, sags type A 
have higher current peaks compared to the other types of 
sags, for example: with h = 40% and t = 1,5 cycles (point 
E in Fig. 9), the value of current peaks of sags type B is 2,3 
pu  approximately; while for sags types C, D, E, and F, this 
value is close to 3,0 pu, and for sags type A is 3,5 pu. 
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Figure. 6. Current peaks for sags types: A, B, C, D, E, and F, with different
initial points-on-wave, duration: 5,5 cycles and magnitude: 10%, for ds-zone
(continuous line) and as-zone (dotted line). 
Source: The authors 
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The sensitivity curves of TX are shown in Fig. 10. In 

this case, the types of sags can be grouped into four groups: 
Sags types C and D show the highest torque peaks, followed 
by sags type E and F, then sags type A, and finally sags type 
B. For example, for h = 20% and t = 5,5 cycles (point E in 
Fig. 10), the torque peak value for sags types C and D is 
2,8 pu approximately; for sags types E and F, it is 2,4 pu; 
for sags type A, it is 2,1 pu; and for sags type B, it is 1,9 pu. 

Fig. 11 shows the sensitivity curves of SX. In this case, 
sags type A have higher speed loss in most cases, followed 
by sags types E and F, and sags types C and D. Sags type B 
are the least severe and clearly differentiated from the other 

types.  The results were the same with all the loads 
analyzed.  

 
6.  Classification of the severity of voltage sags on the 
induction motor  

 
In order to classify the sags with respect to the severity 

of the effects on the induction motor, the distance (d) 
between each surface (IX, TX, and SX) and a reference 
surface was calculated, by using the Euclidean distance 
method [8]. 

The reference surface corresponds to the surface of 
maximum values of peaks for each variable. For example, 
for current peaks IMAX(h, t) = max {IA(h, t), IB(h, t), 
IC(h, t), ID(h, t), IE(h, t), IF(h, t)}. To calculate the 
normalized d between each surface IX and IMAX, in 
percentage, eq. (7) is used. 

 

ଡ଼ ଡ଼

ଡ଼ ଡ଼
ଶ

ୀଵ

ୀଵ

ଡ଼
 

(7) 

 
Thus, the surface IX with the smallest distance to IMAX 

is the surface with the most severe effects. 
Table 4 shows the distance d(IX, IMAX), which is d 

between IX (the surfaces of current peaks for the sags type 
A to type G) and IMAX (reference matrix), normalized. 

The analysis illustrated in Table 4 leads to three severity 
groups of current peaks: Group 1 “High-severity”, 
conformed by sags type A, with d(IA, IMAX)=1,81%; 
Group 2 “Middle-severity”, for sags types C, D, E, F and 
G, with 7,49% ≤ d(IC,D,E,F,G , IMAX) ≤ 13,03%; and Group 3 
“Low-severity”, for sags type B, with d(IB, IMAX)=29,28%. 

Table 5 shows the d(TX, TMAX). Four severity groups 
of torque peaks are identified: Group 1 “High-severity”, 
for sags types C and D, with d(TC,D, TMAX)=0,44%; Group 
2 “High-middle-severity”, for sags types E and F, with 
d(TE,F, TMAX)=12,37%; Group 3 “Low-middle-severity”, 
for sags type A, with d(TA, TMAX)=24,15%; and Group 4 
“Low-severity”, for sags type B, with d(TB, T 

MAX)=32,97%. 
Table 6 shows the d(SX, SMAX). Four severity groups of 

speed loss are identified: Group 1 “High-severity”, for 
sags type A, with d(SA, SMAX)=0,00%; Group 2 “High-
middle-severity”, for sags types E, F and G, with 
d(SE,F,G , SMAX)=25,72%; Group 3 “Low-middle-severity”, 

for sags types C and D, with d(SC,D , SMAX)=39,99%; and 
Group 4 “Low-severity”, for sags type B, with 
d(SB, SMAX)=70,68%. 

Thus, the severity of the sags can be easily identified 
through the proposed nomenclature: X[GI, GT, GW]; where 
X is the type of sag, and [GI, GT, GW] represent the severity 
group for each variable. 

 
Table 4 
Normalized distance (%) between IX and IMAX 

IA IB IC ID IE,G IF 
IMAX 1,81 29,28 11,67 13,03 7,49 8,33 

Source: The authors 
 

 
Initial point‐on‐wave I (º) 

 
Figure 7. Torque peaks for sags-types A, B, C, D, E, and F of different initial
points-on-wave, duration 5,5 cycles and magnitude 10%, for ds-zone
(continuous line) and as-zone (dotted line). 
Source: The authors 
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Table 5 
Normalized Distance (%) Between the Surfaces of Torque Peaks 

A  B  C  D  E,G  F 

MAX  24,15 32,97 0,44 0,44 12,37 12,37 
Source: The authors 

 
 

Table 6 
Normalized Distance (%) Between the Surfaces of Slip Peaks 

SA SB SC SD SE,G SF 
SMAX 0,00 70,68 39,99 39,99 25,72 25,72 

Source: The authors 
 
For example, A[131] means that the sags type A have 

the following effects on the induction motor: the current 
peaks are very high (Group 1), the torque peaks are low-

middle (Group 3) and the speed loss is high (Group 1). 
Table 7 shows this classification, highlighting that the 

severity of the sags´ effect on the induction motor depends 
on the type of sag (X), but it also depends on the variable of 
interest: current, torque or speed. 

 
Table 7 
Sags Classification according to the severity Groups. Where Group 1= 
High severity, and Group 4= Low severity. 

Sag Type Severity Group  
I T S 

A 1 3 1 
B 3 4 4 

C, D 2 1 3 
E, F, G 2 2 2 

Source: The authors 
 

     
 
Figure 8. 3D Surfaces of current and torque peaks, and speed loss (Slip max) for sags type B, with 0% ≤ h ≤ 97,5%, 0,5 ≤ t ≤ 150,5 cycles, with the most
unfavorable t and i in each case. 
Source: The authors 
 
 
 

 

 
Figure 9. Sensitivity curves of instantaneous current peaks for sags-types A, B, C, D, E(G) and F, with 0% ≤ h ≤ 97,5%, 0,5 ≤ t ≤ 150,5, and the most
unfavorable values of t and i, in each case. 
Source: The authors 
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7.  Conclusions 
 
Using the double cage model, in this study, we analyzed the 

effects of voltage sags types A, B, C, D, E, F, and G on the 
variables: current and torque peaks, and speed loss in the 

induction motor. Each variable was analyzed using 14640 sags, 
for different magnitudes, durations and initial point-on-wave. 
The severity of each type of sag was obtained by calculating 
the distance between the 3D surface of peaks and the 3D 
surface of maximum peaks, for each analyzed variable. 

 

     
 

Figure 10. Sensitivity curves of torque peaks for sags types A, B, C, D, E and F, with 0% ≤ h ≤ 97,5%, 0,5 ≤ t ≤ 150,5, and the most unfavorable values
of t and i in each case. 
Source: The authors 

 

 
Figure 11. Sensitivity curves of speed loss for sags types A, B, C, D, E and F, with 0% ≤ h ≤ 97,5%, 0,5 ≤ t ≤ 150,5, and the most unfavorable values
of t and i in each case. 
Source: The authors 
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The results show the importance of analyzing the 
transients produced by voltage sags, not only when the sag 
starts but also when the sag ends, and the voltage is 
recovered. In both circumstances a sudden change in 
voltage occurs. In fact, the most unfavorable values of 
duration of sags analyzed, have an effect on torque and 
current peaks when the voltage sag ends. 

The results obtained show that the transient effects due 
to voltage sags, depend on the type, magnitude, and 
duration of the sag. Unsymmetrical sags, also depend on the 
initial point-on-wave. 

The classification of sags according to the severity of their 
effects on the induction motor depends on the type of sag, but 
also on the variable of interest: current, torque or speed, 
because each type of sag has a different effect on each variable. 
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Abstract 
In the search for strategies to mitigate climate change, the promotion of renewable energy is a major challenge worldwide, particularly 
for developing countries such as Brazil and Colombia, which aim to diversify their power grids by using unconventional renewable 
energy sources. One of the main obstacles is the development of innovative projects. Increasing oil palm cultivation in the Amazon 
region for the food and biodiesel industries is producing a large volume of biomass. The present study outlines a methodology for 
analysis of renewable energy projects based on identification of environmental, economic, and social sustainability criteria and indicators 
(C&I) for the oil palm production chain. This methodology was then used to develop a computer simulation model in the RETScreen® 
International software environment for financial viability and risk analysis. 
 
Keywords: Simulation; Biomass; Electricity generation; Palm oil; Sustainability; Amazon. 
 

 

Una metodología para el análisis de proyectos de cogeneración 
utilizando residuos de biomasa de palma de aceite como fuente de 

energía en la Amazonia 
 

Resumen 
La promoción de energías renovables como estrategia para mitigar las alteraciones climáticas es un gran desafío mundial, principalmente 
para países en vías de desarrollo como Brasil y Colombia, que buscan diversificar su matriz energética a partir de fuentes renovables no 
convencionales. Uno de los principales obstáculos para esta diversificación es la falta  proyectos innovadores. La creciente producción de 
palma de aceite en la región amazónica para la generación de productos alimenticios y biodiesel está produciendo un gran volumen de 
biomasa. Este trabajo presenta una metodología de análisis de proyectos renovables, a partir de la identificación de los criterios e 
indicadores ambientales, económicos y sociales de sustentabilidad de la cadena productiva de la palma de aceite. A partir de la 
metodología, se desarrolló un modelo de simulación computacional, utilizando como herramienta el programa RETScreen® International 
para realizar los análisis de viabilidad económica y de riesgo. 
 
Palabras clave: Simulación; Biomasa; Generación de electricidad; Aceite de palma; Sustentabilidad, Amazonía. 

 
 
 

1.  Introduction 
 
Energy is one of the basic infrastructure components 

required for human development. The development of a 
nation requires increasing amounts of energy. Sustainable 
economic growth entails both supply-side and demand-side 
action. An energy planning strategy that can reconcile 
increasing internal energy demands and reduction in the 
costs and impacts caused by various energy generation and 

utilization processes is required. 
Energy planning consists of the undertaking of studies 

and analyses to ensure that energy generation and utilization 
projects are technically and financially viable. One energy 
planning problem is decision making under uncertainty. A 
variety of techniques can help to deal with uncertainty, such 
as scenario planning by means of computer simulation. 
Scenario planning bridges a gap in strategic information, 
facilitating the understanding of this complex sector by 
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stakeholders and bringing benefit to clients, companies, 
organizations, and stakeholders themselves. 

The need to increase energy supply and diversify the 
energy matrix without additional impact on the environment 
has encouraged the development of sustainable 
technologies. Among the sustainable technologies mature 
enough to be used commercially, only biomass uses modern 
technological processes with high efficiency and flexibility 
to supply energy for electricity production and to move the 
transportation sector [1]. Biomass is a renewable energy 
source that provides flexibility due to its wide range of 
applications and can be used in the production of several 
fuels [2]. 

The Amazon region is a major biomass producer. 
Among its biomass-yielding crops, one stands out: the 
African oil palm (Elaeis guineensis). An oleaginous palm 
species of African origin, it was introduced to Brazil circa 
the 16th century, as a result of the slave trade. Commercial-
scale growing of the palm began in 1967, but by the late 
1980s, there was no longer any political interest in funding 
palm oil production, and the allocation of funds to this 
activity was ceased [3]. In 2010, the federal government 
resumed its investment in policies to support palm oil 
production, through the Sustainable Palm Oil Production 
Program (Programa de Produção Sustentável de Óleo de 
Palma) and the Low-Carbon Agriculture (Agricultura de 
Baixo Carbono, ABC) Program, which support the crop 
husbandry of oil palm groves, predominantly in degraded 
land. 

In Colombia, the commercial cultivation of oil palms 
began in 1945 and has experienced sustained growth ever 
since. By 2010, there were over 400,000 ha of cultivated 
lands across 108 municipalities, up from 18,000 ha in the 
mid-1960s [4]. Colombia is currently the 5th leading 
producer of palm oil, accounting for 2% of the worldwide 
output. 

According to the U.S. Department of Agriculture 
(USDA) [5], Indonesia is the world’s leading producer of 
palm oil, with an output of 28.5 million tons in 2012/2013, 
followed by Malaysia with 19.32 million tons. Brazil, which 
had no palm oil output of any significance only 4 years ago, 
had risen to no. 10 on the world ranking by 2012/2013. 
According to the Brazilian Institute of Geography and 
Statistics (Instituto Brasileiro de Geografia e Estatística, 
IBGE) [6], in the year 2012, Brazil had a total output of 
1,240,992 tons of fresh fruit bunches (FFB), worth 
$153.474,29 million. The state of Pará is the country’s top 
producer, with an output of 1,034,361 tons FFB in 2012 [6]. 
Specifically, the Northeast Pará (Nordeste Paraense) 
mesoregion has the appropriate soil and climate factors for 
cultivation and accounts for the largest output. 

Palm oil extraction produces biomass wastes, which can 
be used to generate power. The biomass produced in the 
state of Pará in 2012 could have generated 546,137 
MWh/year. Companies involved in palm oil production 
intend to double their output by 2018. Hence, the potential 
for power generation from palm oil biomass wastes will also 
tend to double by 2018. 

According to Duarte et al. [7], of all the potential 
renewable energy sources available in the Amazon region,  

 
Figure 1. Oil palm production chain in the Amazon.  
Source: Elaborated 

 
 

palm oil biomass unquestionably has the greatest potential 
for electrical power generation. Biomass is expected to play 
an increasingly significant role in the “greening” of energy 
supply. However, concerns are rising as to the sustainability 
of large-scale energy crop production [8]. 

The electricity produced during the process can be used 
by the industry itself, with any surplus sold to the local 
distribution network operator through electricity auctions 
coordinated by the Brazilian Electricity Regulatory Agency 
(Agência Nacional de Energia Elétrica, ANEEL). 
According to Bazmi et al. [9], decentralized power 
generation from biomass could be an alternative for 
communities in remote areas, and could help transform the 
local economy and the activities and lifestyle of local 
populations. Fig. 1 shows a proposal developed by the 
authors to provide an overview of the oil palm production 
chain in the Amazon, highlighting the use of biomass 
wastes for thermal energy and/or electricity generation. 

The present study proposes a methodology for energy 
efficiency analysis of oil palm biomass-fired power plant 
projects, aiming to contribute to the sustainable 
development of the Amazon. 

 
2.  Computer-based simulation as a tool for decision-
making under uncertainty 

 
2.1.  Development of the research problem and definition 

of the research objective 
 
According to Schubert [10], the circumstances that 

prevail in decision-making can be divided into three 
categories: certainty, uncertainty, and risk. The difference 
between uncertainty and risk depends on whether the 
probability of a given outcome is known (risk) or unknown 
(uncertainty). 

Risk can be defined as an uncertainty that has been 
identified, prioritized, and quantified. On 14 February 2014, 
the Brazilian Minister for Mines and Energy, Edison Lobão, 
recognized the existence of a risk of power outages in Brazil 
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in the event of “absolutely adverse” climate conditions. The 
Brazilian energy matrix is 81.9% hydroelectric [11], which 
makes it largely renewable, but susceptible to rationing and 
outages during droughts. 

In Brazil, thermal power stations are usually activated 
only when hydroelectric reservoir levels are low. However, 
at least between October and December of the past two 
years, the country has been forced to activate all available 
thermal plants to meet power demands and help recover 
reservoir levels. This reveals a massive demand for thermal 
power stations to supply the national grid (Sistema 
Integrado Nacional, SIN). The sale of energy on the so-
called Free Contracting Environment (Ambiente de 
Contratação Livre, ACL) takes place through auctions, 
where the winner is defined as the seller offering the lowest 
rate. According to the Ministry of Mines and Energy [12], 
of all electricity traded at auction from 2005 to 2013, 
44.74% originated from hydroelectric sources and 24.76% 
from coal-fired or diesel-fired thermal power stations. In 
other words, the Brazilian energy matrix is becoming less 
renewable. 

On the basis of this scenario, we defined the following 
research problem: can computer simulation be used as a 
decision support tool for energy planning by means of 
energy efficiency project analysis? 

From this research problem, we then defined the 
following objectives: 

First, to develop a methodology for the analysis of 
cogeneration projects; to collect data in the field and in the 
literature to identify the main sustainability criteria and 
indicators (C&I); to develop the model in the RETScreen® 
International software environment; and to analyze the 
proposed model, including cost analysis, greenhouse gas 
(GHG) analysis, sensitivity analysis, and risk analysis. 

 
2.2.  Development of methodology and data collection 

 
The World Commission on Environment and 

Development, in 1987, defined sustainability or sustainable 
development as “forms of progress that meet the needs of the 
present without compromising the ability of future generations 
to meet their needs.” The methodology developed considers 
criteria and indicators of sustainability in building a computer 
simulation model resulting in scenarios to support decision 
making in energy planning. The computer simulation 
development was carried out in the RETScreen® software 
suite. This paper applied the methodology proposal to analyze 
the potential using of oil palm biomass wastes as energy 
through a case study at a municipality Northeast of Pará that 
shows great expression of palm oil production.  

The methodology was based on the work of Kurka and 
Blackwood [13], who presented a generic approach for the 
selection of sustainability criteria and indicators (C&I) 
using a participative methodology. We considered the work 
of Evans et al. [14], which identified the price of producing 
electricity, the efficiency of energy conversion, total carbon 
dioxide emissions, availability, limitations, water use, and 
social issues as key indicators of sustainability, and the 
principles of the Roundtable on Sustainable Palm Oil 
(RSPO) [15], a nonprofit organization that standardizes C&I 

 
Figure 2. Methodology to assess the sustainability of cogeneration projects.  
Source: Elaborated 

 
 

for sustainable palm oil production from an economic, 
social, and environmental standpoint. 

The methodology developed is shown in Fig. 2 and 
began by formulating a research problem to originate 
research objectives. The results of this stage were shown in 
section 2.1. For the data collection step, we identified 
selection requirements of projects by means of a review of 
the literature and field survey. The main sources consulted 
in the data collection stage can be seen in Table 1. For our 
field survey, we visited a series of farms in the Tomé-Açu 
microregion and interviewed stakeholders, namely small 
and medium farmers and experts in the area. 

The sustainability C&I identified in the next step of the 
methodology, from data collection, notes the concept of 
triple bottom line. The C&I were clustered into three 
categories: environmental, economic and social, by 
analyzing the scenario of cogeneration in the Amazon. They 
reflect the main questions of the stakeholders and can be 
used both to measure and to report on the sustainability of 
projects or progress of sustainable development. Table 1 
lists the sustainability C&I identified. 

Simulation is a powerful tool for the development of 
more efficient systems and to support decision making [16]. 
Simulation consists of an experimentation process based on 
the development of a model that replicates the workings of a 
real or idealized system to determine how this system will 
respond to changes in structure, environment, or 
surrounding conditions [17]. A model is a representation of 
a real system containing the information necessary for the 
purposes of simulation. The Model development step was 
carried out in the RETScreen® software suite. The energy 
model will be described in greater detail in section 2.3, the 
Cost Analysis, GHS Emissions Analysis and Sensitivity 
Analysis and Risk will be described in section 2.4 
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Table 1. 
Sustainability criteria and indicators. 

Criterion Indicator Description Source: 

Environmental 

Areas Suitable for 
Oil Palm 
Cultivation 

The main area in Brazil is located in the Northeast mesoregion of the state of Pará, with 
approximately 5.5 million ha suited to oil palm cultivation 

[18-22] 

Carbon 
Sequestration 

Oil palm is considered a carbon pool, estimated to be around 35 t C ha and up to 55 t C ha 
[13,20,23,24] 

Economic 

Productivity  
The Brazilian output has increased from 522,883 t in 1990 to 1,240,992 t in 2012, with 
Northeast Pará accounting for most production. The mean yield of oil palm plantations is 
25 to 28 tons of fruit bunches/ha/year. 

[6,9,13,14,18] 

Production Costs  

- Machinery and equipment;  
- Construction of outbuildings, warehouses, other civil engineering works; 
- Labor and social costs; 
- Equipment depreciation;  
- Plant/mill operation and maintenance. 

The use of wastes and byproducts in agriculture and agro-industry contributes to the 
reduction of environmental costs. 

[9,14,18,25,29, 
30] 

Sale Price 

Sale prices in Brazil, stimulated by PROINFA - Alternative Energy Source Incentive 
Program (Programa de Incentivo às Fontes Alternativas de Energia Elétrica) - and 
defined at energy auctions, may be affected by production of corn ethanol in the U.S., 
biodiesel in the European Union, and palm biodiesel in Southeast Asia. The overall output 
of palm oil in Brazil in 2013 was valued at $146.498,18 million. 

[6,25,26,29,30] 

Diseases and Pests 

The main disease of oil palms in the Amazon is lethal yellowing (LY). 

In 2010, Embrapa launched the BRS Manicoré cultivar, a hybrid of the American oil palm 
(Elaeis oleifera), native to the Brazilian Amazon, and the African oil palm (Elaeis 
guineensis), which is more resistant to LY; 

Biodiversified agricultural systems having the oil palm as their main crop provide specific 
resources (food and shelter) to various groups of natural enemies that may act as 
biological pest control agents. 

[19- 21] 

Social 

Income Generation 

Under the aegis of the Brazilian Oil Palm Family Agriculture Program, which provides for 
areas of up to 10 ha grown in a family agriculture setting, small farmers may obtain a 
monthly income of approximately $833,34 during peak production, which takes place 
between the 5th and 18th years of life of the oil palm. 

[20,25] 

In Colombia, approximately 48,000 workers have ties to the oil palm sector, of whom 
59% work at plants or plantations, 34% work through cooperatives, and the remaining 7% 
hold temporary jobs. The oil palm sector is the second leading activity by number of 
workers. 

[4] 

Replacement of 
Other Crops 

A field survey conducted in the Tomé-Açu microregion of Pará, Brazil (municipalities of 
Acará, Concórdia do Pará, Moju, Tailândia, and Tomé-Açu), revealed large-scale oil palm 
monoculture to the detriment of certain traditional local agricultural practices, such as 
yucca, fruit growing, and cattle ranching. 

[13,26] 

Source: Elaborated 
 
 

2.3.  Model development 
 
Despite the potential for electricity generation from oil 

palm biomass wastes, according to ANEEL [27], as of 
2013, only two agro-industrial operations used this 
renewable fuel source in the state of Pará: Indústria 
Palmares, with a 1,640-kW plant, and Agropalma, with a 
2,710.40-kW plant. 

Seeking to assess the sustainability of combined heat 
and power (CHP) cogeneration from oil palm biomass 
wastes in Northeast Pará, this section presents the 
development of a cogeneration model to evaluate the 
technical, economic, environmental, and social viability of 
the implementation of such a plant in three different 
scenarios. 

A scenario is a prospective study of the future combined 
with an organization of obtained information so as to 
provide a coherent, systematic, comprehensive, and 
plausible story, with the purpose of describing a given 

event, instructing and supporting decision making [28]. 
This case study considered a 14-MW thermal power 

plant operating 24 hours a day, 365 days a year, and 
requiring 0.85 tons of dry biomass wastes per megawatt-
hour (MWh) generated. The sale price was set at 
US$65.91/MWh, which is the average price at electricity 
auctions [12]. The project is located in the municipality of 
Thailand because it produced 33% of palm oil produced in 
Brazil in 2012, and as emphasized in the economic criterion, 
production costs indicator, the use of wastes and byproducts 
in agriculture contributes to the reduction of costs. 

Considering the economic sustainability C&I identified, 
using Favaro [29], Oddone [30], and Monteiro [31], as well 
as current market parameters as sources for acquisition of 
the 14-MW plant and cogeneration equipment, Table 2 
shows the main initial investment costs, including operation 
and maintenance (O&M) costs, which cover parts and labor 
for 12 months of operation. 
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Table 2. 
Main investment costs. 
 Initial Costs Unit Value 
  Viability study US$ 11,250.62 
  Development US$ 11,250.62 
  Engineering US$ 67,503.71 
  Electricity generation system US$ 6,003,575.45 
  Heating system US$ 1,350,074.25 
 Working capital US$ 1,667,670.22 
 Total investment cost US$ 9,111,516.89 
 O&M (annual costs) US$ 468,025.74 

Source: Adapted from [29-31] 
 
 

Table 3. 
Scenarios of Brazilian economic growth 

Brazilian GDP Average annual growth, 2005 – 2035 (%) 

Scenario 1 5.0% 

Scenario 2 3.4% 

Scenario 3 2.5% 

Source: Adapted from [32] 
 
 
Three economic growth scenarios were simulated for the 

Amazon region, using as a basis the scenarios presented in 
the National Energy Plan – 2030 devised by Empresa de 
Pesquisa Energética (EPE). Table 3 provides an overview 
of macroeconomic outcomes in Brazil for the 2005–2035 
period in each of the scenarios.  

Scenario 1: optimistic scenario, which presumes that 
current trends in international integration will remain and 
advances will be made on measures that will speed up the 
process of convergence of the Brazilian economy toward 
developed-nation standards. 

Scenario 2: less favorable scenario regarding the world 
economy. The Brazilian economy will grow at rates similar 
to or just below the world average. 

Scenario 3: pessimistic scenario. The world economy 

will exhibit little growth or even a retraction, with growth 
rates similar to those now seen in developed nations, and 
Brazil will continue its participatory role in the world 
economy. 

 
Model data 

 
 Project location: Tailândia; 
 Seasonal efficiency: oil palm is productive year-round. 

For the purposes of the model, peak yield was defined 
as occurring between years 7 and 12; 

 Other model data are shown in Table 4 
 

Table 4.  
Model simulation parameters  

Parameter 
Brazil 

(hydroelectric) 
Unit 

Cultivated area 30,000 Hectare 

Dry biomass output 150,000 Tons 

Processing capacity 20 Tons* FFB / h 

Installed capacity 14,000 KW 

Heating load 39,972.7 KW 

Sale price of electricity 0.07/kwh US$ 
Source: Elaborated 

 
2.4.  Analysis of energy efficiency project 

 
On environmental analysis, we compared the 

performance of oil palm biomass-fired thermal power 
stations to that of coal- and diesel-fired plants and to the 
national grid (SIN), which is predominantly hydroelectric. 

Regarding the environmental aspects of the project, 
considering line losses of 5%, Table 5 presents a 
comparison of greenhouse gas (GHG) emissions by energy 
source. The crude annual reduction in GHG emissions is in 
relation to biomass. 

 
 

Table 5.  
Environmental aspects – GHG emissions (tCO2/MW) 

Energy source GHG emission factor (tCO2/MWh) GHG emissions (tCO2) 
Crude annual GHG 

emissions (tCO2) 
Equivalent to 

SIN 0.091 9,586.9 2,048.5 188-ha forest carbon sink 
Coal-fired thermal plant 1.645 160,385.7 153,122.5 11,695-ha forest carbon sink 
Diesel 0.757 74,183.5 66,920.3 5,117-ha forest carbon sink 
Oil palm-fired thermal plant 0.013 7,263.2 - - 

Source: Elaborated 
 
 
Regarding the financial viability of the project, Table 6 

provides a comparison of the three scenarios, taking into 
account different inputs for the following variables: 
inflation rate, discount rate, and debt interest rate. 

Financial viability analysis revealed an internal rate of 
return (IRR) of 29% in the pessimistic scenario and 30.4% 
in the optimistic scenario – rates in excess of those provided 
by traditional investments such as the interbank certificate 
of deposit (CDI), which had a cumulative return of 18.5% 
over the last few years. In all three scenarios, the time to 
simple payback was 4.5 years, with a project life of 20 
years. 

The cost-benefit (C-B) ratio is an indicator of the 
benefits of a project. Once C-B ratios have been calculated 
for each project, the decision criterion consists of investing 
in the considered projects in decreasing merit order, i.e., 
from the lowest to the highest C-B ratio. Therefore, the C-B 
ratio (US$/MWh) of each generation project is defined as 
the ratio of its total cost to the energy benefit provided [33]. 
The amount of electricity that can be generated by biomass-
fired power plants depends on the amount of biomass 
available during the harvest period – which, for the oil 
palm, occurs year-round – and on the conversion coefficient 
of each machine.  
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Table 6. 
Results of the simulation 
General Unit Scenario 1 Scenario 2 Scenario 3 
Fuel cost escalation rate % 10.0% 10.0% 10.0% 
Inflation rate % 5.0% 6.0% 7.0% 
Discount rate % 10.0% 8.0% 8.0% 
Project life years 20 20 20 
Finance     
Debt ratio % 60.0% 60.0% 60.0% 
Debt US$ 5,466,794.92 5,466,794.92 5,466,794.92 
Equity US$ 3,644,529.95 3,644,529.95 3,644,529.95 
Debt interest rate % 4.00% 6.00% 8.00% 
Debt term years 10 10 10 
Debt payments US$/year 674,006.12 742,762.25 814,713.56 
Financial viability     
After-tax IRR – equity % 58.4% 56.6% 54.8% 
After-tax IRR – assets % 30.4% 29.7% 29.0% 
Simple payback years 4.5 4.5 4.5 
Equity payback years 2.1 2.2 2.3 
Net Present Value (NPV) US$ 36,480,200.71 44,862,265.42 43,614,950.27 
Annual life cycle savings US$/year 4,284,950.72 4,569,320.91 4,442,278.93 
Cost-Benefit (C-B) ratio US$/MWh 11.01 13.31 12.97 
Debt interest rate % 3.37 3.05 2.78 
Source: Elaborated 

 
 

 
Figure 3. Relative impact (standard deviation) of the variables in Table 6 on the Net Present Value (NPV).  
Source: Elaborated 

 
 

 
 
Figure 4. Probability distribution of net present value (NPV) with a median of $ 44,931,009 and risk level of 10%.  
Source: Elaborated 

 
 
In the energy market, investment risk analysis is 

absolutely essential given the complexity of the market. 
According to ANEEL [27], the long-term balance between 
energy supply and demand depends on new energy supply 
and, therefore, on the decision to invest in expanding energy 
generation capabilities. 

On sensitivity analysis of the variable “Net Present 

Value (NPV)” in scenario 2, varying the electricity export 
rate (i.e., the price of electricity exported to grid) over a 
30% sensitivity range, the NPV ranged from 
US$44,848,228.7 when the electricity export rate was 
US$0.05/MWh to US$44,876,302.6 with an electricity 
export rate of US$0.09/MWh. In other words, even with 
variations in the energy market, the investment remains 

39,308,937 40,433,351 41,557,766 42,682,180 43,806,595 44,931,009 46,055,424 47,179,839 48,304,253 49,428,668 
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financially appealing. Fig. 3 shows, with a margin of ±10%, 
which variable had the greatest impact on performance 
analysis of Net Present Value (NPV). In this case, the 
variable is “Fuel cost – base case”, which is the oil palm 
biomass waste that was previously discarded and is now 
reused by the company at no added cost. The variable with 
the greatest negative impact was the initial cost of 
investment. The results of the analysis of the other two 
scenarios were similar to those of scenario 2, i.e., the NPV 
of an oil palm biomass cogeneration plant is not too 
sensitive to minor variations in the financial scenario. 

Fig. 4 shows, with a risk level of 10%, the probability 
distribution of the NPV variable yielded a confidence 
interval of US$41,892,761.8to US$48,265,011.93. 

 
3.  Conclusion 

 
Regarding environmental and social sustainability, based 

on the C&I identified, oil palm has the potential to generate 
income with sustained and eco-friendly, clean production; 
protect soils from the effects of erosion and prevent land 
degradation; provide a high rate of carbon sequestration; 
and provide an option for reforestation of deforested areas. 
However, this only holds true if oil palm, which is 
considered a carbon sink, is being grown in previously 
deforested areas. If native forest areas are clear-cut to make 
way for oil palm monoculture, oil palm biomass will cease 
to be a sustainable energy source. 

Regarding social impacts, we observed the development 
of new partnerships between companies, the State, and local 
elites for legitimization of the agro-industrial use of lands 
classified as “degraded”, to the detriment of traditional 
communities. Therefore, socioeconomic analyses of this 
activity must consider the following aspects: a new order in 
land ownership relations; uncertainties as to land ownership; 
and contracts between companies and family farmers. 

Once the viability of the use of oil palm biomass 
cogeneration systems has been demonstrated, the 
government may create public policies to encourage 
sustainable development practices, diversifying the energy 
matrices of Brazil and Colombia. Nevertheless, we 
recommend that additional protections be implemented for 
small farmers and traditional communities in the form of 
financial incentives and financial support. 

 
References 
 
[1]   Cortez, L.A.B. e Lora, E.O.G., Biomassa para energia. Campinas, 

SP: Editora Unicamp, 2008. 
[2]   Rosillo-calle, F., Bajay, S.V. e Rothman, H., Uso da biomassa para a 

produção de energia na indústria brasileira. Campinas, SP: Unicamp, 
2005. 

[3]   Santos, M.A.S., D’Ávila, J.L., Costa, R.M.Q., Costa, D.L.M., 
Rebello, F.K. e Lopes, M.L., O comportamento do mercado do óleo 
de palma no Brasil e na Amazônia Estudos Setoriais 11. Belém, 
Pará: BASA, 1998. 

[4]   García-Cáceres, R., Núñez-Moreno, A., Ramírez- Ortiz T and 
Jaimes-Suárez, S., Characterization of the upstream phase of the 
Colombian oil palm agribusiness value and supply chain, DYNA [on 
line], 80 (179), pp. 79-89, Jun, 2013. [date of reference January 20th 
of 2014]. Available at: 
http://www.scielo.org.co/pdf/dyna/v80n179/v80n179a09.pdf 

[5]   USDA., United States Department of Agriculture. [on line]. [date of 
reference January 10th of 2014]. Available at: 
http://apps.fas.usda.gov/psdonline/ 

[6]   IBGE., Instituto Brasileiro de Geografia e Estatística. [on line]. [date 
of reference January 10th of 2014]. Available at: 
http://www.sidra.ibge.gov.br/ 

[7]   Duarte, A.L.M., Bezerra, U.H., Tostes M.E.L. and Rocha, G.N.F., 
Alternative energy sources in the Amazon. Power and Energy 
Magazine, IEEE Journals & Magazines, 5 (1), pp. 51-57, 2007. 
http://doi: 10.1109/MPAE.2007.264870 

[8]   Buytaert, V., Muys, B., Devriendt, N., Pelkmans, L., Kretzschmar, 
J.G. and Samson, R., Towards integrated sustainability assessment 
for energetic use of biomass: A state of the art evaluation of 
assessment tools. Renewable and Sustainable Energy Reviews 15 
88), pp. 3918-3933, 2011. http://doi: 10.1016/j.rser.2011.07.036 

[9]   Bazmi, A.A., Zahedi, G. and Hashim, H., Progress and challenges in 
utilization of palm oil biomass as fuel for decentralized electricity 
generation. Renewable and Sustainable Energy Reviews, 15 (1), pp. 
574-583, 2011. http:// doi:10.1016/j.rser.2010.09.031.  

[10]   Schubert, P., Análise de investimentos e taxa de retorno. São Paulo: 
Ática, 1989. 

[11]   BEN., Balanço Energético Nacional 2012: Ano base 2011 / Empresa 
de Pesquisa Energética. Rio de Janeiro: EPE, 2012. 

[12]   MME., Ministério de Minas e Energia. [on line]. Gestão da 
Comercialização de Energia – Leilões de Energia. [date of reference 
February 14th of 2014] Available at: 
http://www.mme.gov.br/mme/galerias/arquivos/acoes/Energia/Quad
ro_Leiloes_Boletim_Tarifxrio_1-14.pdf. 

[13]   Kurka, T. and Blackwood, D., Participatory selection of 
sustainability criteria and indicators for bioenergy developments. 
Renewable and Sustainable Energy Reviews 24, pp. 92-102, 2013. 
http://doi:10.1016/j.rser.2013.03.062 

[14]   Evans, A., Strezov, V. and Evans, T.J., Sustainability considerations 
for electricity generation from biomass. Renewable and Sustainable 
Energy Reviews 14 (5), pp. 1419-1427, 2010. http:// 
doi:10.1016/j.rser.2010.01.010 

[15]   RSPO., Roundtable Sustainable Palm Oil. [on line]. [date of 
reference January 14th of 2014].Available at: http://www.rspo.org/. 

[16]   Saliby, E. and Medina, A., Modelagem e simulação de eventos 
discretos. Rio de Janeiro: COPPEAD/UFRJ, 2004. 

[17]   Harrell, C., Ghosh, B.K. and Bowden, R., Simulation using 
ProModel. Edition: 2, McGraw-Hill Professional, 2003. 

[18]   Lora, E.S. and Andrade, R.V., Biomass as energy source in Brazil. 
Renewable and Sustainable Energy Reviews 13 (4), pp. 777-788, 
2009. http://doi:10.1016/j.rser.2007.12.004 

[19]   Furlan, J.J., Biodiesel: Porque tem que ser dendê. Belém: 
EMBRAPA Amazônia Oriental, PALMASA, 2006. 

[20]   Kato, O.R., Vasconcelos, S.S., Capela, C.J., Miranda, I.S., Lemos, 
W.P., Maues, M.M., Azevedo, R., Castellan, D.C e Thom, G., 
Projeto Dendê em sistemas agroflorestais na agricultura familiar. In: 
congresso brasileiro de sistemas agroflorestais, 8, Belém, PA, [on 
line] 2011. [date of reference November 05th of 2013] Available at: 
http://www.alice.cnptia.embrapa.br/handle/dc/910652. 

[21]   Gan J.B. and Smith, C.T., A comparative analysis of woody biomass 
and coal for electricity generation under various CO2 emission 
reductions and taxes. Biomass Bioenergy 30 (4), pp. 296-303, 2006. 
http://doi:10.1016/j.biombioe.2005.07.006 

[22]   Bastos, T.X., Muller, A.A., Pacheco, N.A., Sampaio, S.M.N., Assad, 
E.D. e Marques, A.F.S., Zoneamento de riscos climáticos para a 
cultura do dendezeiro no Estado do Pará. Revista Brasileira de 
Agrometeorologia, [on line]. 9 (3), pp. 564-570, 2001. [date of 
reference November 10th of 2013] Available at: 
http://www.alice.cnptia.embrapa.br/handle/doc/403766. 

[23]   Dornburg, V., Van Dam, J. and Faaij, A., Estimating GHG emission 
mitigation supply curves of large-scale biomass use on a country 
level. Biomass Bioenergy 31 (1), pp. 46-65, 2007. http:// 
doi:10.1016/j.biombioe.2006.04.006 

[24]   Yui, S. and Yeh, S., Land use change emissions from oil palm 
expansion in Pará, Brazil depend on proper policy enforcement on 
deforested lands. IOP Publishing Environmental Research Letters. 
Environ. Res. Lett. 8 (4) pp. 1-9, 2013. http:// doi:10.1088/1748-
9326/8/4/044031. 

(US$) 



Cavalcante de Oliveira et al / DYNA 82 (190), pp. 105-112. April, 2015. 

112 

[25]   Alves, S.A.O., Sustentabilidade da agroindústria de palma no Estado 
do Pará. PhD. Thesis, Department of forestry research, 
ESALQ/USP, Piracicaba, Brasil, 2011. 

[26]   Silva, F.L., Homma, A.K.O. and Pena, H.W.A., O cultivo do 
dendezeiro na Amazônia: promessa de um novo ciclo econômico na 
região. Observatorio de la Economía Latinoamericana, [on line]. 
158, 2011. [date of reference December 10th of 2013]. Available at: 
http://www.alice.cnptia.embrapa.br/handle/doc/950874. 

[27]   ANEEL. Agência Nacional de Energia Elétrica. Banco de 
Informações de Geração – BIG. [on line]. [date of reference 
December 10th of 2013].Available at: 
http://www.aneel.gov.br/area.cfm?idArea=15.  

[28]   Coates, J.F., Scenario planning. Technological Forecasting and 
Social Change, 5, pp.115-123, 2000. 

[29]   Favaro, F.T., Desenvolvimento sustentável na Amazônia: Uma nova 
abordagem do dendê com o aproveitamento da biomassa residual 
para a geração de energia, MSc. Thesis, University of São Paulo, 
São Paulo, Brazil, 2011. 

[30]   Oddone, D.C., Cogeração: Uma Alternativa para Produção de 
Eletricidade, MSc. Thesis, University of São Paulo, São Paulo, 
Brazil, 2001. 

[31]   Monteiro, K.G., Análise de indicadores de sustentabilidade 
socioambiental em diferentes sistemas produtivos com palma de 
óleo no Estado do Pará, PhD. Thesis., Federal University of Rural 
Amazona, Belém, Brazil, 2013. 

[32]   Plano Nacional de Energia – PNE 2030, [on line]. [date of reference 
February 14th of 2014] Available at: 
http://www.epe.gov.br/Estudos/Paginas/Plano%20Nacional%20de%
20Energia%20%E2%80%93%20PNE/Estudos_12.aspx?CategoriaI
D=346. 

[33]   EPE., Índice de Custo Benefício (ICB) de Empreendimentos de 
Geração Termelétrica, [on line]. 2011. [date of reference February 
14th of 2014] Available: 
http://www.aneel.gov.br/aplicacoes/editais_geracao/documentos/AN
EXO%20XIV%20-
%20Metodologia%20do%20C%C3%A1lculo%20do%20%C3%8Dn
dice%20de%20Custo%20Benef%C3%ADcio%20-%20ICB.pdf. 

 
R.C. de Oliveira, received a BSc Eng. in Production Engineering in 2005 
from the University of State of Pará, Brasil, received a BSc Eng. in 
Computing Engineering in 2006 from the Federal University of Pará, 
Brasil, received the MSc in Operational Research in 2008 from the Federal 
University of Pernambuco, Brasil and a Sp degree in Mining and 
Metallurgical Systems in 2009 from the Federal University of Ouro Preto, 
Brasil. Professor at the University of Amazonia, 2008 to 2011. She was a 
professor at the Pará State University from 2010 to 2011. Currently, she is 
an analyst at the Brazilian Agricultural Research Corporation (Embrapa). 
Her research interests include: simulation, modeling and forecasting in 
energy markets; risk analysis and computational intelligence techniques; 
and optimization using metaheuristics. 
ORCID: https://orcid.org/0000-0003-0336-6780. 
CV: http://lattes.cnpq.br/8651693673302935 
 
R.D.S. Silva, received a BSc Eng. and MSc in in Eletrical Engineering 
from the Federal University of Pará, Brasil, a MBA in Management and 
Environmental Technologies from University of São Paulo, Brasil. He is 
member of Industry Applications Society and Power and Energy Society 
do IEEE (Institute of Electrical and Electronics Engineers). Currently, he is 
a professor and researcher in the area of power systems, focusing on the 
theme Energy and the Environment. He teaches energy conversion, energy 
efficiency, and electricity applied, works in the development of solutions in 
energy efficiency, power quality and energy integrated planning. 
CV: http://lattes.cnpq.br/7704979218417437 
 
M.E.L. Tostes, received a BSc Eng in Electrical and Computer in 1987 
from the Federal University of Pará, Brasil, has a MSc in 1992,in Electrical 
Engineering from the Federal University of Pará, Brasil, and PhD in 2003, 
in Electrical Engineering from the Federal University of Pará, Brasil. She is 
currently Director of the Institute of Technology and associate professor I 
of the Federal University of Pará, Brasil. She has experience in electrical 
engineering with emphasis on power quality and energy efficiency. 
CV: http://lattes.cnpq.br/4197618044519148 

 
 

 

Área Curricular de Ingeniería Administrativa e 
Ingeniería Industrial 

Oferta de Posgrados 

 

Especialización en Gestión Empresarial 
Especialización en Ingeniería Financiera 

Maestría en Ingeniería Administrativa 
Maestría en Ingeniería Industrial 

Doctorado en Ingeniería - Industria y Organizaciones 
 

Mayor información: 
 

E-mail: acia_med@unal.edu.co 
Teléfono: (57-4) 425 52 02 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   

 

© The author; licensee Universidad Nacional de Colombia.  
DYNA 82 (190), pp. 113-120. April, 2015 Medellín. ISSN 0012-7353 Printed, ISSN 2346-2183 Online 

DOI: http://dx.doi.org/10.15446/dyna.v82n190.43486 

Application architecture to efficiently manage formal and informal 
m-learning. A case study to motivate computer engineering students 

 
José Antonio Álvarez-Bermejo a, Antonio Codina-Sánchez b & Luis Jesús Belmonte-Ureña c 

 
a Departamento de Informática, Universidad de Almería, Almería, España. jaberme@ual.es 
b Departamento de Educación, Universidad de Almería, Almería, España. acodina@ual.es 

c Departamento de Economía y Empresa, Universidad de Almería, Almería, España. lbelmont@ual.es 
 

Received: May 15th, de 2014. Received in revised form: July 30th, 2014. Accepted: August 5th, 2014 
 

Abstract 
Recent research is focusing on methods that enable effective consumption of digital content. Students are continually exposed to streams 
of digital content. An information system for learning was designed. Such a tool intends to connect learning in formal channels with the 
ability to learn in informal channels. The proposed methodology built upon the application was tested through a quasi-experimental 
research, implementing and evaluating its influence on how engineering students learnt in an advanced engineering course where 
concepts are complex. The sample is of fifty-eight students enrolled in Computer Engineering at Universidad de Almería. Their 
knowledge was evaluated using a specifically designed exam. Results suggest that the effectiveness of the methodology used and the 
learning tool itself were both robust and fulfilled the hypothesis. The contrast tests Snedecor F for ANOVA two tail and two-sample T-
student test suggested the effectiveness of the learning tool proposed. 
 
Keywords: Mobile learning; conceptual map; informal learning; social networking; engineering learning tool. 
 

 

Sistema para gestionar eficientemente el aprendizaje formal e 
informal en m-learning. Aplicación a estudios de ingeniería 

 
Resumen 
El consumo efectivo y eficiente de contenido digital es un tema de ardua investigación. Gran parte de la población está expuesta al 
streaming digital, especialmente los estudiantes. En este sentido se ha construido un sistema de información para conectar el aprendizaje 
formal e informal con alumnos de ingeniería. La metodología ha sido probada con investigación de corte quasi-experimental sobre una 
muestra de cincuenta estudiantes matriculados en cursos de ingeniería avanzada. Para evaluar su aprendizaje se diseño una prueba 
especial. Los resultados obtenidos sugieren que la metodología es efectiva en relación al sistema implementado. Los test de contraste 
prueban la efectividad del sistema propuesto. 
 
Palabras clave: m-learning, mapas conceptuales, aprendizaje informal, social networking, sistema de aprendizaje en ingeniería. 

 
 
 

1.  Introduction 
 
Resources, spaces, timing and expressive ways of 

communicating have shifted somewhat vertiginously over 
the last decade and this fact has influenced the new rising 
profiles of university students. In the context of the era of 
mobile communications, they are active users with 
increasing self-learning capabilities, whether or not they are 
under the supervision of a faculty. The main professional 
cross-skill of any university degree, is the ability to digital 
technologies and to transform the knowledge (the ability to 
learn is considered as a generic skill at the University of 

Almería) by gathering and considering all the perspectives 
together with those that build their own thinking [1]. At the 
same time, [2] state that current university students are 
prepared for the potential of digital technologies and 
especially mobile technologies in which the main type of 
learning is visual learning as it was referred to by Halsne 
2002, cited in [3] or what [4] called the innate ability to 
learn by observing. In this sense, m-learning becomes an 
alternative way of encouraging visual learning and 
concurrently provides an open space for the critical analysis 
of knowledge and different points of view. At the same 
time, faculty members have found conceptual maps to be 
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key for creating a connection between visual learning, 
technological skills and critical thinking. 

Although mobile technologies have an important 
presence in our students’ day-to-day lives, m-learning is an 
unexplored field [1], and above all, the role of learning 
related to visual aspects and to the receipt-delivery of 
information within different contexts and situations [5]. 
There is no doubt that for current university students, the 
use of mobile technologies in their day-to-day lives has an 
important social value. This is why it is necessary to design 
different teaching resources based on m-learning that 
consider the strategy of instruction, design, accessibility and 
usability [6, 7] that take into account students and their way 
of interacting with them (mobile resources) in different 
spaces/locations and situations [8]. Although the cited 
characteristics are required and ideal, they are not enough 
because as declared in [5]: “Isolated use of mobile resources 
does not develop cognitive skills, only teacher’s activities in 
the classroom, supervision, a correct schedule of activities 
that smoothly integrate supervised activities with m-
learning resources, and the union of both formal and 
informal learning schemes is a path to achieve students 
outperformance and their achievement of high cognitive 
skills.” 

Concurrently, [9] state that several research studies show 
how students get organized (as a football team) in order to 
carry out working collaborative activities within virtual 
communities or social networks such as Facebook, Twitter, 
etc. So, if social networks are employed in a convenient 
way, faculties can enhance students’ motivation and, 
therefore, improve their cultural perspective as a 
consequence [10-12]. Several authors indicate the 
appropriateness of the new communication channels to 
motivate learning [13-16]. This can be a good method to 
help the success of the student, given that failure, as pointed 
by authors in [17], is a reason why students abandon 
university.    

This paper intends to follow this hypothesis by merging 
both approaches: formal networks where students are given 
supervised content and informal networks where the content 
is selected by themselves, this leads them to select the 
information sources and to create their own digital identity. 
Authors highlight that such a process of enhancement lies in 
how the management of knowledge and sharing of 
knowledge is accomplished, in how students deal with the 
loss of privileged positions related to direct influence on 
their peers by achieving global social consideration within 
their group or community (a student might find it useful to 
share that piece of knowledge that makes him/her unique, as 
the social recognition is a worthy income). In this sense, 
[18] and [19] state that the use of social networks as a 
Personal Learning Environment (PLE) improves 
collaborative and learning capabilities.  

Note that under the worthy perspective of the distributed 
cognition theory, the environment and specifically PLEs are 
considered part of a cognitive processing system in a way 
that cognition is mediated and distributed by the agents (in 
this particular case, the students), by the artifacts (mobile 
devices and applications) and by the environment (students’ 
formal network which is made up by their classmates and 

teachers and other informal networks made up by social 
networks). Therefore cognition is fully embedded and/or 
extended by themselves and by the resulting interaction 
between one another [20,21]. 

Furthermore, social networks can also be considered 
repositories of pills of learning (defined as pieces of reusable 
and interconnected content designed to cover a certain 
concept) and in this way, faculties can take advantage of this 
fact in order to fulfill a double target:  making students realize 
their own digital identity and as a second target, let them build 
their own repository of learning pills, which, whether shared 
or not in informal networks, can be used as a merit when 
seeking a position or job interview [22]. These students’ work 
contributes to focusing their attention on the main contents 
explained by the teacher [14].  

The above creates a framework in which the research 
objectives developed in this paper are justified; objectives 
that can be, briefly, enumerated as designing and 
implementing a tool that the student can use when working 
autonomously and that allows the creation of a PLE based 
on the visual learning through the creation of conceptual 
maps; and on the other hand, being able to evaluate the 
tool’s impact on learning when used in advanced 
engineering courses. 

 
2.  Materials and methods 

 
2.1.  Materials 

 
The work presented is being carried out in a university 

classroom along with the Computing Architecture course, 
which is part of a university degree in Computer 
Engineering at Universidad de Almería. The tool developed 
is ready to be tested in the course under study (which is 
divided into two sections (a) smartphone application and (b) 
Web application to edit maps, connecting them, in a 
repository, with other conceptual maps) and an exam 
designed to measure the tool’s impact on learning. This is a 
methodology already applied in other cases, as in the study 
of older people and the use of mobile devices [23].  

 
2.1.1.  Description of Mindmaps. 

 
MindMaps is a tool with two clearly separated roles. The 

tool can be used for teaching as well as for learning. The 
application has two main components, which are well 
differentiated as depicted in Fig. 1. As the tool aims to create 
(and populate) a repository of pills for learning, a website 
application was developed to this end, for the creation and 
edition of conceptual maps which are later stored in (public or 
private) repositories. In this scenario, maps can be accessed 
from any computer that has a browser and a working Internet 
connection to download maps and navigate (edit / discover 
new connections and so on) through them. In order to exploit 
the pocket-size devices and to unlock learning at any location, 
an application has been created for Android devices, which is 
also able to access the repositories using them for 
downloading and navigating conceptual maps at any time. 
This application is designed to comfortably access light 
content so learning is favored. 
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Figure 1. MindMaps: general overview 
Source: own elaboration. 

 
 

 
Figure 2. Web application to create and edit conceptual maps 
Source: own elaboration. 

 
 
The main function of the Web application is to allow 

faculties and students to visually create maps using different 
concepts related to the subject. In terms of maps creation, 
the application allows users to: a) connect to the repositories 
(private or general) in order to enrich already existing maps 
or to set up links between them, b) connect to existing maps 
within physical storage elements (computer hard disc, flash 
memories (usb), etc. or virtual ones (Dropbox, Box, etc.), c) 
incorporate lightweight multimedia material (lightweight 
videos, voice memos, etc.), d) create hyperlinks to contents 
that are on social networks, e) publish the map in the 
repositories or linking to them on different social networks 
(providing an URL to retrieve them), f) export data to 
external storage elements, and g) send them to the faculty in 
order to be evaluated or to request for advice or guidance 
(Fig. 2). 

Concerning the mobile application for Android devices 
(Fig. 3), it is able to access the repositories (either general or 
private) in order to download maps and to navigate them 
worldwide and at any time. Students and faculties are given 
the opportunity to review, modify, enrich, their course 
materials in a context where their location is not significative 
as long as they are provided with a smartphone or tablet. In 
this sense, the student can download conceptual maps by 
using his / her mobile technology and can also navigate 
through them in a way that each concept is addressed 

 
Figure 3. MindMaps, mobile application for Android devices. 
Source: own elaboration. 

 
 

Figure 4. Distribution, interaction and navigation on social networks. 
Source: own elaboration. 

 
 

either in formal information networks such as the university 
Learning Management Servers (blackboard systems, 
moodle) or in informal information networks such as 
Twitter or Facebook. It is worth noting that the role adopted 
by the faculty varies depending on the sort of network used. 
While in formal networks the faculty is identified by the 
students as a source of content and is provided with a role of 
authority. In informal networks, the faculty is a member 
with a common role like the rest of the network’s members 
(and it is even possible that the faculty is not present in a 
certain network), his role, therefore, is much closer to the 
rest of the members (students or people not enrolled on the 
course). In these informal networks, the authority and the 
importance of the content generated depends on the social 
value of the individual regardless of his/her role.  
Concerning the conceptual maps created by the Web 
application, they are interactive which means that when 
selecting a concept, a contextual menu is shown to the user 
and it allows further concept exploration through related 
conceptual maps, or by information related to social 
networks, multimedia elements, etc. (Fig. 3). 

Finally, we can state that the tool as it is designed now is 
an educational tool (see Fig. 4), that allows the faculty 
member to mark a connection point between he/she and the 
students, as well as among the students themselves and 
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between them and informal networks of knowledge, in a 
visual environment that should be leveraged as the primary 
communicative modality for mobile interfaces [24]. 

 
2.1.2.  Impact on learning: description of the test used. 

 
To assess the degree of learning achievement, students 

have to fill in a questionnaire at the end of the learning 
period. This exam is the same for all the students, and it 
consist of eleven questions where ten questions are typical 
exercises that can include theoretical or practical aspects 
with an increasing level of complexity (question number 
one is the least complex and question number ten is the 
most complex). This test has an additional open question 
that is to be freely chosen and answered by the student 
(question number eleven is named Q11 in the statistical 
table shown in the Results section). This question weights 
the whole exam qualification as it multiplies the score of the 
ten questions with the interval [0.7, 1.3]. 

Throughout the course, both groups (control and 
experimental) have received the same training and shared 
lectures and the classroom. The methodological design 
follows a mixed model that combines master classes with 
activities based on collaborative learning. A conventional 
lecture was designed to take thirty-five minutes of pure 
master class where concepts were presented and developed 
by the faculty, the remaining twenty five minutes were 
devoted to collaborative activities such as discussions with 
the students, brainstorming about the concept or small 
groups that worked on tasks related to the concept. For 
example, let’s think about a complex concept in 
engineering: the  evaluation of a processor’s workload then, 
each part of the mathematical expression will be analyzed 
and during the last twenty five minutes, the faculty would 
propose some changes to the expression depending on 
theoretical scenarios proposed either by the faculty or by the 
students. Finally, activities (such as exercises, readings, 
etc.) will be proposed in order to fix and/or to go into more 
in-depth detail about the recently studied concepts. The 
evaluation test was designed to evaluate the knowledge of 
the students and their abilities to interrelate it (which is the 
main concern). As mentioned above, each question has a 
different and increasing level of complexity. Questions with 
a basic level are designed to evaluate the degree of 
understanding of core concepts shown by students within 
different scenarios treated during the lectures. These 
questions are related to different situations studied in the 
last twenty-five minutes of each session. Finally, more 
complex questions are designed to evaluate students’ ability 
to deal with situations and scenarios that are not prepared 
during the lectures and that interconnect concepts with 
knowledge that students must have previously. These 
questions are related to activities that fix concepts, that go 
into detail about the subject and that are proposed at the end 
of each session. 

Concerning the number and distribution of the questions 
in the evaluation test, these have to be agreed upon by 
faculty members and students at the beginning of the 
course. Also, when the course ends, a final session is 
devoted to study the key concepts that will be eligible as 

questions, so students do not leave anything out. Following, 
a couple of questions, one of each type, are presented. The 
former is an example of a question ranked as ‘basic level’. 
In it, the concept of efficiency (which is key for the course) 
is presented, it also includes the context (scenario) where 
students must deal with the concept (Gustafson’s Law). The 
latter, is an example of a complex question, which expects 
students to use critical thinking and apply what they are 
supposed to know to a concrete field or problem. So this 
question shows one new mathematical expression which has 
not been explained before and which is based on a complex 
scenario. In this case, it is a problem based on the average 
harmonic throughput in which students must apply their 
knowledge about the performance concept studied in the 
classroom: 

Basic level questions: 
Explain how to calculate the increase of throughput (Sn

’) 
supposing that the enhanced system needs the same time but 
it does much more work than the initial system, which was 
not improved (Gustafson’s Law). The result must be applied 
to the case, which has a sequential part α. When is it (cite 
the cases) interesting to apply this law? Please explain your 
answers. 

Advanced level questions: 
Consider the use of a shared memory computer, which 

has 4 processors for the execution of a mixed program. The 
multiprocessor can be used in 4 different execution modes, 
which correspond to the active use of one, two, three and 
four processors, respectively. It assumes that each processor 
has an execution peak rate of 5 MIPS. 

fi, being the percentage of time that the computer will be 
using i processors on the previous program and 
f1+f2+f3+f4=1. We can assume the following execution 
speeds R1,R2,R3 and R4, which correspond to the distribution 
(f1, f2, f3, f4) respectively.  

(a) Obtain one expression to show the average harmonic 
throughput R of the multiprocessor in terms of fi and Ri for 
i=1,2,3,4. Write an expression that depicts the average 
harmonic throughput  of T in function of R.  

(b) Which is it the average harmonic throughput T for 
the previous program given  f1=0,1,  f2=0,2,  f3=0,3,  f4=0,4 
and R1=4MIPS, R2=8MIPS, R3=11MIPS and R4=15MIPS? 

 
2.2.  Method 

 
Although the method has been presented in two well-

differentiated sections, in order to facilitate the reading, they 
should not be conceived as separated elements. We 
described the tool (how it is made) and how we used it. 
However, the tool had to be built in conjunction with 
didactical and educational assessment as it is a tool for 
teaching (so faculty members should be involved) and for 
students (so they must evaluate its usage). Results obtained 
can only be correctly interpreted (and understood) if both, 
faculty members and students review them. All such 
reviews were incorporated into the building of the tool, 
implying many changes to the original concept, which did 
not really fully-observe the roles of faculty members and 
students correctly. Thus, two phases were required: (1) the 
design and implementation of the tool and its evolution to 
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fit the roles, and (2) the use of the tool in class and during 
study sessions, where results can now be interpreted. 

Concerning our first objective, i.e., the design and 
development of the educational tool MindMaps (Web 
application and mobile application), the tool has been 
developed by computing experts, a specialist in didactical 
issues and an expert in applied economy who acted as 
external evaluator. Due to his experience as a faculty 
member and his non technical profile, his reviews of the 
tool were truly useful. The process followed to create this 
tool was based on a collaborative work methodology using 
loops, where each loop consisted in: (1) Computing 
specialists dealing with programming aspects and with 
developing the applications, (2) educational expert studying 
the aspects related to didactical issues, (3) meetings held in 
order to tune prototypes that (4) were tested under external 
experimentation taking into account his observations and 
proposals on how to improve the methodology. Finally, 
after several cycles, and before starting the experimentation 
with students, a consensus was reached. 

Throughout the development of the application, the 
established and required rules related to the users’ 
experience (UX) were observed in-depth and considered. 
The Web application was developed according to the 
suggestions cited in [6]. On the other hand, the mobile 
application was implemented with all the UX/UI (User 
Experience and User Interface) patterns stated in Mendoza’s 
manual [25], given that it proposes several design patterns 
which mean that the application can be used transparently 
when compared to the daily use that students experience 
with their devices. A design requisite was that the students 
should not have to exert extra effort in using the application,  
but that it should build on their skills in terms of using 
mobile devices [26]. Some of the patterns introduced were: 
the advanced rotate (to spin the maps around easily) or log-
in pattern (log-in screens intuitive with easy navigation). 

In a previous phase, the prototype of the application was 
created by using the tool for fast prototyping called Balsamiq 
[27]. This allowed the evaluation of the theoretical model, 
which, once approved started the  implementation process. 
Before the implementation phase and following current trends 
[28], JustInMind Prototyper was used to evaluate the model 
of interaction. Once the first version of the application was 
completed, it was distributed to the students so we could get 
useful feedback, and also so that they could evaluate being 
part of the experimental group that would use the application 
as a tool for autonomous work. Those who wanted to be part 
of this group, also participated in the feedback process of the 
definitive design of the application.  As a result of this 
evaluation, a need was clearly identified: light content 
(especially designed for mobile devices) was appreciated and 
necessary. Being able to quickly download and consume 
content is a must if we aspire to use the Internet as a source. 
Even though a high percentage of the students are connected 
to the Internet at home using high speed links, light content 
was widely demanded as the real scenario where students 
wanted to extend their learning included; i.e. outdoors where 
Internet connection is restrictive. It is a must for the content 
to be light (all documents must be optimized before being 
integrated into the platform). The students revealed that the 

tool was perfect for their commutes where they use cellular 
connection. This change was implemented through the ‘maps 
and location pattern’ [25]. 

The second aim of this paper was treated from a quasi-
experimental research point of view, and it consisted in the 
evaluation of the impact on learning of MindMaps as a 
complementary tool for autonomous work, by means of a 
specially designed examination that took place at the end of 
the term.  The sample that was part of the research consisted 
in fifty-eight students of the computer engineering track, 
enrolled in the Computing Architecture course that takes 
place during their fourth year at University of Almeria. The 
experimental group was made up by volunteers, with a 
result of 22 students interested. The remaining students 
were part of the control group. All of them dealt with the 
same activities and the faculty used the same methodology 
during the master classes, except that the experimental 
group worked in the creation and discussion of conceptual 
maps through MindMaps. 

As both groups were not created randomly, the initial 
equivalence between groups is not assured, so the quasi-
experimental design seems appropriate to our purposes [29]. 
To proceed, a descriptive statistical analysis of the grades 
for the final exam was carried out together with the 
following hypothesis tests: Snedecor F used for the 
ANOVA of two samples and the T-Student for averages 
considering different variances. One where key question 
No. 11 is considered and the other where it is excluded.  

 
3.  Results 

 
Concerning the application’s usability, the suggestions 

of [30] which are available online at url: 
http://www.measuringux.com/ were followed. From a real 
usage scenario of MindMaps, firstly, it is the faculty that 
creates an initial conceptual map that is later linked to other 
maps on the general repository. Once the seed map is 
created by the faculty members, students can proceed and 
make it grow by incorporating their personal repositories, 
and creating a separate instance that they now own. The 
cited enrichment of the map usually involved the inclusion 
of short videos, images, links to pdf archives, etc. 
(incorporation of contents) and links to social networks such 
as Twitter and so on (contents enrichment). Being able to 
link concepts with social networks provided an interesting 
tool to evolve contents by their own original conception (as 
conceived by the student, let’s ignore the correction of the 
conception) to a more adequate content, by means of 1) how 
the concept was initially designed and evolved during the 
lectures, i.e., how the faculty related the concept with other 
concepts that will be learnt later or that have already been 
learnt; 2) how this concept is used in real world scenarios by 
the selected people to follow  in social networks; 3) how the 
attached media (light content) associated to each concept 
varies and how this media finally conforms very selected 
and filtered working documents; and 4) maps can be sent to 
the faculty members for evaluation but focusing the 
discussion not on explaining the concept, but on improving 
the exploration of the concept and student’s conception. 
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Table 1. Descriptive statistics. Q11 is the control question.  

Source: own elaboration. 
 
 

Table 2. Snedecor F proof variances comparison between control and 
experimental groups   

 d.f. F 
Without Q11 35 1,9* 
With Q11 21 1,05* 
*<,05 Fα=1,98     

Source: own elaboration. 
 
 

Table 3. Proof t for two samples supposing different variances 
  Without Q11 With Q11 
  N Avg sd df t N Avg sd df t 
Experimental 22 5,82 1,18 54 4,07* 22 5,95 2,23 45 4,25* 
Control 36 2,67 1,63     36 8,54 2,29     
*<,01                     
Source: own elaboration. 

 
 
Focusing on our second objective, impact on learning, the 

results show that the control group (n=36, average=5.82, 
standard deviation=1.63) obtains on average, less score than 
the experimental group (n=22, average=7.33, standard 
deviation=1.18), question number eleven (Q11 in results 
tables) not being so relevant for the control group and very 
relevant for the experimental group. The rank and variability 
of maximum and minimum scores show that the experimental 
group is more homogeneous in terms of the obtained score in 
the exam, than the control group (Table 1). 

On the other hand, as results show, the samples are not 
homogeneous regarding variances equality (Table 1) and 
that the scores T-Student (Table 2) for the two groups are 
significantly different in level α<.05, in both cases, (see 
Table 3) both considering question number eleven 
(t(54)=4.07, p<.001) or not (T(45)=4.25, p<.001). Results 
suggest that those who used the tool showed a better 
academic performance than those who didn’t. 

 
4.  Discussions and conclusions 

 
It is common that during the early courses in 

engineering degrees, students have to deal with complex 
foundational concepts that help them assimilate more 
complex concepts upcoming in advanced courses. 
Frequently these concepts are hard to define, design and 
interconnect. However, the early courses provide students 
with a means to do this, allowing them to build much more 
solid links that ease the task when dealing with more 

advanced concepts during later courses. It is, therefore, 
disappointing to see that key concepts are often incorrectly 
assimilated and that sometimes such concepts are simply 
memorized resulting in an insufficient learning process 
which may hinder the understanding of conceptual relations 
with other courses and interfere with students’ future 
professional careers. Adapting to the target population is 
key when trying to create educational tools that may 
enhance the comprehension of concepts. In particular, we 
are referring to a technology-centered, very dynamic and 
deeply interconnected part of the population, the 
university/college students. People belonging to such groups 
are able to query a myriad of information sources, and are 
capable to deal with them by means of digital tools. 

Nowadays, virtual systems to promote unlimited 
resources for education are already installed at educational 
centers (especially at Universities), which means that the 
student can access information, peers, and faculty members 
asynchronously without time restrictions. This positively 
favors education. Although these virtual education 
mechanisms have promoted new paradigms for 
teaching/learning, it is already integrated into formal 
education methods and, therefore, does not usually allow 
students to get connected dynamically with informal 
learning scenarios such as Facebook or Twitter. In this 
paper, we have tried to create a link between both learning 
scenarios through the educational tool MindMaps based on 
visual learning [2], increasing the educational effectiveness 
of student learning [32]. Now, students can seek out 
valuated professionals who give their own view of the 
concepts which are being studied at each moment, therefore, 
allowing students to create and share their, what some 
authors refer to as, Personal Learning Environment (PLE). 
MindMaps helps the student to go further and to use the 
information to construct and improve her or his own digital 
identity. 

MindMaps allows faculties to elaborate a way to 
navigate through their course contents, creating a logical 
and reasonable path concerning key concepts for the course 
by using conceptual maps which can be interconnected with 
other courses, all this within the formal network / scenario 
of the university. At the same time, MindMaps allows 
students to feel as if the maps and logical paths through 
contents are their own and lets them enrich the maps by 
integrating knowledge extracted from social networks 
allowing them to create contacts (followers) with important 
and valuated professionals. Thus, the student benefits by 
enriching and enhancing the perspective (on a certain 
concept) provided by the faculty, and to accommodate such 
a perspective to his particular interests so the learning is 
directly put into value, transforming knowledge, as 
mentioned by [1]. MindMaps enforces students’ self-
learning during autonomous work sessions (non educational 
period) and throughout their lives after graduating, 
efficiently developing the generic competence of learning 
skills. 

The research conducted has highlighted that students 
who decided to participate in the experimental group, had to 
undertake a greater quantity of work, which was also more 
complex. Consequently, they obtained greater reflection and 

 Without Q11   With Q11 
 Control Experimental   Control Experimental 
N 36 22   36 22 
Average  5,82 7,33   5,95 8,55 
Standard error 0,27 0,25   0,38 0,48 
Median 6,01 7,58   5,87 8,48 
Standard deviation 1,63 1,18   2,29 2,23 
Sample’s Variance  2,67 1,40   5,25 4,98 
Kurtosis -0,06 -0,56   -0,20 -0,58 
Skewness -0,46 -0,50   0,07 -0,29 
Rank 6,88 4,2   9,281 7,68 
Minimum 2,07 5,1   1,554 4,56 
Maximum 8,95 9,3   10,835 12,24 
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meta-search skills by creating cognitive structures for 
establishing their knowledge about key concepts. We found 
proof of this assertion in question number eleven, where 
these students outperformed their peers in the control group, 
as they created questions (and answers) that were much 
more advanced and applied than those based on concepts 
studied during the course. They were able to drift from 
classic scenarios, shifting to other scenarios where they 
could apply more particularized and advanced topics.  

To that end, the mobile application should be designed 
in a way that will not break with their digital habits. In this 
sense, UX (user experience) methodology was applied and 
tuned considering all the interesting feedback that came 
from experts and students that tested the application before 
it was put into practice.  The results allow the validation of 
the methodology used during the creation of MindMaps as 
well as the positive evaluation of the influence on the 
impact on learning. 

Finally, although our results agree with those obtained 
by other authors such as [31], one limitation of our study is 
that samples are not homogeneous and although the design 
of the research conducted is appropriate, we have not 
guaranteed the randomness. The main concern that may 
arise is the existence of some correlation or dependence of 
results on the students’ characteristics of experimental 
group, i.e., students were volunteers and therefore somehow 
more concerned with improving their learning and results.  
It is our future goal, to carry out the same experience with 
random samples and increasing the statistical population 
observed by taking into account other degrees and courses. 
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Abstract 
Washing machine manufacturers are working towards producing quieter appliances as many people consider noise emission a key factor 
when buying. Although the spinning cycle is the noisiest, the amount of noise the pump makes is the cause for many users’ complaints. In an 
attempt to reduce the noise emitted when a washing machine is pumping out, an experimental study was performed. First, the measurement 
of the sound pressure allowed us to identify the main sources of noise as the electric motor and the vibration of the cabinet. Next, a detailed 
analysis based on the measurement of the vibration of the cabinet provided information about the predominant radiating panels. It was also 
inferred that the electromagnetic noise is drowned out by the structure-borne noise. Finally, several proposals to diminish the sound power 
were analyzed, and a reduction of 3 dBA was achieved by decreasing the contact zone of the pump with the kick plate. 
 
Keywords: pump; drainage; structure-borne sound power 
 

 

Análisis acústico del ciclo de desagüe de una lavadora 
 

Resumen 
El objetivo de los fabricantes de lavadoras es obtener máquinas más silenciosas porque los usuarios consideran la emisión de ruido un 
factor clave a la hora de comprar. A pesar de que el ciclo de centrifugado es el más ruidoso, el nivel sonoro producido por la bomba 
también es causa de reclamación por muchos usuarios. Para reducir el ruido emitido durante el desagüe de una lavadora se ha realizado 
un estudio experimental. Primero la medida de la presión sonora permitió identificar como fuentes principales el motor eléctrico y la 
vibración del mueble. Posteriormente, un análisis detallado basado en la medida de la vibración del mueble proporcionó información 
sobre los paneles predominantes en la radiación, apreciándose también que el ruido estructural enmascara al electromagnético. 
Finalmente, se analizaron diversas propuestas para reducir la potencia sonora, consiguiéndose 3 dBA menos, al disminuir la zona de 
contacto entre la bomba y el zócalo. 
 
Palabras clave: bomba; desagüe; potencia sonora estructural 

 
 
 

1.  Introduction 
 
The constantly increasing requirements for home 

appliance industry to be better and cheaper are resulting in 
unavoidable changes in the development process as 
dictated by the demands of the market. Many of these 
changes are designed to affect the acceptability of a home 
appliance in the eyes of the user [1]. For example, in 
recent years, sound has become a much more important 
feature to consider in the design process because users 
make judgments regarding both the machine’s 
functionality and aesthetics based on the sound. 
Additionally, the sound power value included in the EU 
energy label [2], although not mandatory, adds extra 
information to the energy rating that can influence 
consumers’ purchasing decisions. 

Out of all home appliances, a washing machine is one of 
the noisiest, especially during the spin cycle. Several phases 
can be distinguished during the operation of a washing 
machine, including wash, rinse, drainage and spin. Although 
the highest acoustic emission corresponds to spin, the 
drainage phase, which is noisier than the wash cycle, is 
characterized by a non-stationary noise that seems to bother 
consumers as much as the spin sounds.  

The competition between different manufacturers, 
together with the increasing quality demanded by the 
customers, justifies the assumption that quality control of 
the washing machine during drainage is an essential part of 
the manufacturing process [3]. Since pump suppliers are 
committed to producing pumps whose sound power level is 
within a given limit, knowledge of the noise sources during 
the drainage process is essential. 
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Figure 1. Pump components.  
Source: The authors 

 
 
The main element of the drainage system is a 

synchronous pump that is installed and enclosed in a 
washing machine. It consists of a permanent magnetic 
electric motor running at the mains voltage and a plastic 
housing unit containing a centrifugal impeller working on a 
common shaft (Fig.1). The pump sucks water from the 
bottom of the wash tub through the inlet hose and when 
water enters the pump, the impeller creates the vortex 
required to force it out through the drain hose to the waste 
water pipe. The pump is fastened to the kick plate of the 
washing machine with a screw and a lid (Fig. 2). 

During the operation of the pump, vibrations are 
transmitted to the cabinet through their common fastening. 
It is important to take this into account since some authors 
[4, 5] pay special attention to the structure-borne noise of 
home appliances, which is mainly caused by the vibration of 
the cabinet. 

Although a great number of washing machines are 
manufactured each year, detailed studies of the noise 
sources during the drainage of a washing machine have not 
yet been found in the available literature. Only Park et al. 
[6] stated that one of the main failures of a washing 
machine’s drain pump is noise. However, they focused on 
an accelerated test to evaluate the reliability of the pump 
assembly without analyzing the possible noise sources. 

Consequently, there is a need for an improved 
understanding of the general noise and vibration 
characteristics of drain pumps in order to develop quieter 
washing machines. To reduce the noise produced by pump 
operation, it is necessary to rate the noise produced by the 
pump itself as well as the acoustic radiation from the 
vibrating cabinet during the drainage cycle. This analysis 
will deliver insight into which changes to the pump can be 
performed and tested to prove their effectiveness. For this 
reason, an experimental approach was performed to 
calculate the sound power during drainage and to obtain the 
structural noise based on measurements of surface vibration. 

The procedure is summarized as follows:  
(1) Analysis of the evolution of the sound pressure during 

drainage to determine which acoustic pressure interval is the 
most relevant and must be considered on all tests carried out. 
Set up of the experimental study to calculate the sound power 
during this phase drainage, based on ISO 3744 [7]. (2) 
Identification of the potential noise sources and experimental 

 
Figure 2. Location of the pump. 
Source: The authors 

 
 

determination of the structural sound power for different 
fastening conditions between the cabinet and the pump in 
order to rate the noise sources. The velocity vibration 
distributions will provide guidance for design modifications. 

(3) Proposal of design modifications of the pump system 
and evaluation of their effectiveness. 

 
2.  Acoustic investigation of the drainage phase 

 
2.1.  Noise measurement setup 

 
During drainage, different noises can be perceived 

depending on the conditions of the process. Therefore, the 
condition of drainage during which noise measurements will 
be performed has to be selected. To define which state of 
the drainage phase is the most significant, an A-weighted 
sound pressure level (Fig. 3) was recorded with a 
microphone placed in front of the washing machine, at a 
horizontal distance of 1 m and a height of 1 m.  

Following this analysis, the three following phases were 
observed: (1) when only water is pumped, (2) when the 
pump is working at full load; and (3) following the peak that 
indicates the transition to the partial load when air and water 
are pumped. The highest acoustic level was obtained at the 
peak, but due to the peak level’s variability and short 
duration, the partial load phase, which lasts longer, was 
chosen as the state of drainage to analyze. 

 

 
Figure 3. Sound pressure level during drainage.  
Source: The authors 
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Once the measurement phase was established, the sound 
power was chosen as the parameter used to objectively 
quantify the noise emissions of the different tests. Sound 
power is a measure of the amount of sound energy a noise 
source produces per unit time, independent of its 
surroundings. It is an important absolute parameter that is 
widely used for rating and comparing sound sources. 
Calculation of this value was based on sound pressure 
measurements as applied to home appliances according to 
the specifications of ISO 3744. Measurements were 
performed in a semianechoic room with a reflecting wall 
and floor. The washing machine was located against the 
reflecting wall for normal usage. A parallelepiped reference 
box enclosing the washing machine was delineated to define 
the measurement surface’s dimensions, where the A-
weighted sound pressure level was measured, during a 20 s 
interval, by six microphones 4189 B&K, that surrounded 
the washing machine at different positions as specified by 
ISO 3744. A B&K Pulse multianalyzer was also used. In 
addition to sound pressure time records, FFT spectra were 
also computed to find out the noise contribution of different 
sources within drainage. The frequency range of the FFT 
spectra extended from 0 Hz to 3,2 KHz as values above this 
limit were considered negligible. Thirty pumps were used in 
the different tests carried out. 

 
2.2.  Noise sources 

 
For most acoustic sources, the sound emission is a 

consequence of complex internal mechanisms which force 
machine parts to vibrate, causing the vibrations to radiate 
into the ambient air (airborne sound); pass through liquid-
filled systems such as pipes (fluid-borne sound); or re-excite 
connected and supporting structures (structure-borne sound) 
[8]. Concerning the pump of a washing machine, the noise 
flow diagram depicted in Fig. 4 was developed to illustrate 
the noise generation and transmission process within the 
pump unit.  

Noise and vibrations are generated within the electric 
motor, the impeller, and the water-air pulsations through the 
system. The motor vibrations and the water-air impulsion 
are transmitted to the pump housing and inlet/drain hoses, 
and may be radiated from the housing as airborne noise or 
retransmitted as vibration from the housing to the cabinet 
via the pump fixation or the hose attachments. Other noise 
sources include electromagnetic motor noise produced by 
the magnetic forces generated in the gap between the rotor 
and stator and fluid-borne noise provoked by randomly 
excited forces caused by interaction of the turbulent flow, 
the impeller and the drain hose. Mechanical noise due to the 
bearings and any imbalances of the rotor are considered less 
important because the system is well lubricated and 
balanced. 

 
2.3.  Experimental evaluation 

 
In order to evaluate the noise transmitted through each 

path, several tests examining the way the pumping system is 
fastened to the cabinet were performed. The first test was 
undertaken to determine the sound power during drainage at  

 
Figure 4. Noise sources during drainage: structure-borne sound 
transmission shown as solid lines, and electromagnetic and fluid-borne 
sound as dashed lines.  
Source: The authors 

 
 

Table 1. 
Sound power level at different conditions  

Test (dBA) 

1. Standard 60 

2. Unclipped drain hose 60 

3. Unfastened pump 51 

Source: The authors 
 
 

standard conditions. The objective of the second and third 
tests was to understand the influence of the vibrations 
induced by the drain hose and the pump housing. The drain 
hose and then the pump were unfastened from the cabinet in 
the second and third tests, respectively. For each case, Table 
1 shows the sound power obtained out of an average of 40 
tests in order to reduce the influence of random noise. The 
sound power level obtained at standard conditions did not 
differ from the case when the drain hose was not attached to 
the cabinet; therefore, the vibrations of the cabinet due to 
the water-air impulsion through the drain hose were 
negligible. 

However, when the pump was not fixed to the cabinet, 
the sound power decreased by about 9 dBA. In order to 
identify the main noise sources of each case, standard 
operation and unfastened pump, the narrowband spectra 
between 0 and 3200Hz was recorded with a microphone in 
front of the washing machine, placed at position 1 according 
to ISO 3744, and shown in Fig. 5. 

All noise generating mechanisms combined to produce a 
noise spectrum characterized by broadband noise with 
pronounced discrete frequency tones. At standard operation, 
the total emitted noise was generated partially by the cabinet 
and partially by the electric motor and consisted of 
structural and electromagnetic noise origins. The broadband 
noise was produced by the vibration of the cabinet 
(generated by the pump) and the discrete frequency tones 
were mainly created by the electric motor at multiples of 
twice the drive frequency [9]. When the pump was not 
fastened to the cabinet, the broadband noise was practically 
reduced to below 10 dBA and discrete frequency tones were 
maintained.  
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Figure 5. Sound pressure FFT spectra.  
Source: The authors 

 
 
In order to know the relevance of both noise origins, a 

detailed analysis of the noise radiated by the cabinet was 
performed to obtain the structure-borne sound power and 
information about the predominant radiating panels of the 
cabinet. 

 
2.4.  Experimental evaluation 

 
The characterization was based on the application of the 

ISO/TR 7849 standard [10]. This is an experimental 
approach to calculate the structure-borne sound power level 
LWS of a structure eq. (1) from the mean vibratory velocity 
level, the reference velocity being vo = 5.10-8 m/s. 

 

ௐௌ ௩


ௌ 
(1) 

 
Where, the mathematical symbols of ௩ ௌ   and 
 denote mean vibratory velocity level, area of the 

radiating structure, area of reference equal to 1 m2, radiation 
factor [11], impedance of the air, and impedance of the air 
at 20ºC and atmospheric pressure of 105 Pa, respectively. 
The value of the mean vibratory velocity level was obtained 
by measuring the normal vibratory velocity at n points of 
each radiating surface considered, and the radiation factor 
was calculated according to eq. (2): 

 

 
ଵ ଶ⁄  (2) 

 
Where, P and A are the perimeter and area of the 

surface, respectively; K=0.3h, h being the thickness of the 

plate;  ெ
ଵ ଶ⁄  being the velocity of the waves in a 

plate, with E, the elastic modulus and M, the main density 
of the material; c, the sound velocity; f, the wave frequency; 
and 

ଶ
, the critical frequency of a plate. 

 
2.4.1.  Calculation of the mean vibratory velocity level 

 
The cabinet of the washing machine was subdivided into 

the following five radiating surfaces: the two side panels, 
the rear panel, the front plate and the kick plate where the 
pump is linked. Each panel was divided into a number of 
areas having similar geometric and transverse vibratory 
response characteristics.  

The right, left and rear panels were divided into twelve 
parts of equal area. According to their natural boundaries, 
the front and kick plates were partitioned in six and four 
areas, respectively, defining its center position for vibration 
measurement. For example, Fig. 6 shows the six 
measurement points at the front plate.  

 

Figure 6. Measurement points at front plate.  
Source: The authors 

 
 

 
Figure 7. Front plate. Velocity at standard operation.  
Source: The authors 
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The measurement of the vibratory velocity using 
Deltatron 4397 B&K accelerometers and a B&K Pulse 
multianalyzer was performed, at any of the defined points, 
during standard operation and when the pump was not 
attached to the kick plate. Measurements were repeated five 
times for each case. As an example, Fig. 7 shows the FFT 
spectra of the vibratory velocity at the six points of the front 
plate during standard operation. The behavior of all points is 
similar, but the vibration level decreases as the 
measurement points are farther from the pump, with a 
difference of 4 dBA between the maximum level, at point 2, 
and minimum level at point 6. 

For each plate, the mean vibratory velocity level, ௩ , 
was calculated from the vibration velocity measured at each 
point, Lvi, according to eq. (3). The right, left and rear panels 
were divided into N=12 parts of equal area, and the front 
and kick plates into N=6 and N=4 parts of different area Si, 
respectively: 

 

௩ 
ೡ ଵ⁄

ே

ୀଵ



ே

ୀଵ

 (3) 

 
Fig. 8 shows the results for the standard operation and the 

unfastened pump. Maximum velocity values extended up to 
400 Hz, as is also reflected in the noise spectra of Fig. 5. 
When the pump was not attached, the vibration velocity level 
dramatically decreased since the vibrations induced by the 
pump were not directly applied to the cabinet. The discrete 

 

 
Figure 8. Mean velocity.  
Source: The authors 

frequency tones, multiples of 50 Hz, also appeared up to 
600 Hz, as the motor aerodynamically excited the cabinet. 

 
2.4.2.  Numerical results and discussion  

 
The average results of the structural sound power level, 

eq. (1), emitted by the cabinet panels of the five washing 
machines analyzed are shown in Table 2. During standard 
operation, the noisiest elements were the kick and front 
plates, followed by the left and right sides. The rear panel 
barely contributed to the noise. Additionally, it was 
demonstrated that the contribution of the kick plate to the 
structure-borne noise was great despite the fact that the kick 
plate is smaller than the other panels. When the pump was 
not fixed to the kick plate, this relationship was inverted 
because the pump was not directly connected to the cabinet 
and the contribution of the kick plate was not significant. 
The pump was attached to the tub of the oscillating group 
(Fig. 9) by the inlet hose and the cabinet was excited 
through the springs and shock absorbers closest to the side 
panels. Since the pump was not directly joined to any panel, 
the vibration transmitted was dampened through the 
oscillating group and the sound power level caused by 
structural radiation decreased 20 dBA. In this case, the main 
source was the electromagnetic noise as can be seen by the 
comparison of the total and structural sound power. 

The subtraction of the sound power level—caused 
mainly by the motor—obtained when the pump was 
loosened (see Table 1), leaves 59 dBA that corresponded to 
the structure-borne noise of the cabinet which matched the 
results obtained for the structure-borne sound power (see 
Table 2). 

At standard operating conditions, it was inferred from the 
tests that the total sound power was mainly structure- borne, 

 

 
Fig. 9 Oscillating group.  
Source: The authors 

 
 

Table 2. 
Structure-borne sound power: standard and unfastened pump. 

Panel Standard (dBA) Unfastened (dBA) 

Kick plate 56 27 

Front plate 53 31 

Right panel 50 37 

Left panel 51 35 

Rear panel 43 26 

Total 59 40 
Source: The authors 
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as a result of the interaction between the pump and the 
cabinet. This depends on the design, mass, rigidity and 
damping of the washing machine elements and the vibration 
magnitude depends on the excitation force [12]. 

According to eq. (1), control of sound radiation from a 
vibrating structure can be achieved by reducing either the 
vibration level of the structure or the radiation ratio. This 
study, primarily focused on the pump system, eliminates the 
option of the radiation factor given that it is inherent to the 
cabinet. The control of the sound during drainage will be 
guided by the reduction of the vibration level of the cabinet. 
Following, several modifications of the pump system are 
analyzed. 

 
3.  Analysis of proposals for noise reduction 

 
The modifications to the pump system must be capable 

of being put into practice in a short time to reduce the sound 
power without adding too much cost. As discussed in the 
preceding section, the force transmitted by the water 
pulsations and the electric motor vibrations to the cabinet 
through their common fastening is the main noise source, 
and the vibration magnitude of the cabinet depends on the 
level of this excitation force. 

This can either be reduced directly at the source or the 
energy transmission path can be broken. 

Flow in centrifugal pumps produces turbulence, 
unsteadiness, etc. [13]. The relative movement between the 
impeller and housing generates an unsteady interaction 
which affects not only the overall pump performance but is 
also responsible for pressure fluctuations that interact with 
the housing or circuit and give rise to unsteady forces over 
the mechanical parts [14]. These are the most important 
sources of vibration. Increasing the clearance between the 
impeller and the housing is a widely used method for noise 
control. The flow resistance can be reduced by broadening 
the flow channel. Changes in the geometry or configuration 
of the impeller or the housing such as a decrease in the 
diameter of the impeller, the number of blades and the blade 
width of the impeller broaden flow passage or channel, and 
lead to the reduction of flow resistance. However, pump 
performance and efficiency are normally adversely affected 
by such changes. Finding a good match between the 
impeller and pump housing to reduce the noise without 
decreasing efficiency requires an exhaustive analysis to 
understand the highly complex flow interactions that occur 
in the pump and control the fluctuating pressure field that 
gives rise to dynamic forces. These investigations are 
beyond the scope of this study. 

The preferred method chosen to reduce the noise during 
drainage has been directed towards the transmission path. 
One option could be to use an elastic or transmission 
element at the interface between the pump and cabinet to 
effectively damp the level of the transmitted force. 
However, this becomes very expensive because the 
damping devices have to be applied to every single product. 
Another way to damp the excitation force is to reduce the 
contact pressure between the pump and the cabinet. This 
can be achieved by decreasing the thickness of the zone of 
the pump housing unit that is in contact with the cabinet. 

 
 
Figure 10. Pump fastening modification.  
Source: The authors 

 
 
The only cost is the modification of the die, and this 

solution can be quickly implemented. In the following 
section, the results of such a modification are presented.  

 
3.1.  Modification of the pump fastening 

 
The pump housing area that is in contact with the kick 

plate is a ring area with a top lid, and a lower hole to screw 
the pump into the cabinet, as illustrated by Fig. 10.  

The modification of this fastening zone includes 
reducing the thickness of the ring area by 0,6 mm to 
diminish the pressure between the pump and the kick plate.  

Ten prototypes were manufactured, and the average 
sound power, calculated according to ISO 3744, was equal 
to 57 dBA. A reduction of the total sound power level of 3 
dBA was achieved with this easy to implement solution that 
barely increases the production cost, because it only 
requires the modification of the mold of the housing. To 
analyze the influence of this change on the noise radiated by 
the cabinet, the structure-borne sound power was also 
computed. The kick and the front plates reduced the 
radiated sound power up to 4 dBA. However, this does not 
deal with the panels that contribute the most to the 
structure-borne noise.  

 

 
 
Figure 11. Structure-borne sound power comparison.  
Source: The authors 
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Table 3. 
Structure-borne sound power: modified pump.  

Panel (dBA) 
Kick plate 52 
Front plate 50 
Right panel 48 
Left panel 49 
Rear panel 42 
Total 56 

Source: The authors 
 
 
As it was expected, the broadband noise produced by the 

vibration of the cabinet is reduced (See Fig 11), achieving a 
3 dBA decrement of the total radiated sound power, as 
shown in Table 3. 

 
4.  Conclusions 

 
Pump manufacturers have to face the ever stricter sound 

quality controls of home appliances companies. This means 
that the sound power levels during drainage must be within 
a specified limit. To easily meet this specification, the 
analysis of the noise sources during drainage was performed 
to control noise emission. During the operation of the pump, 
the total emitted noise was partially electromagnetic, 
generated by the motor, and partially structure-borne, due to 
the vibration of the cabinet induced by the pump. The 
analysis of the measurements and results showed that the 
radiated noise prevailed over the electromagnetic noise. 
This structure-borne noise cannot be controlled through the 
pump production process, but efforts have been made to 
reduce the interaction between the pump and cabinet of the 
home appliance. The reduction in the thickness of the 
pump-cabinet contact surface served to diminish the contact 
pressure between both elements, achieving a drop in the 
structure-borne sound power of 3 dBA. 

At first, experiments were carried out to determine the 
noise sources during the drainage, and to analyze the 
contribution of each element toward the total noise 
emission. Further studies to reduce the noise emitted during 
drainage must consider design modifications on both the 
pump system and the cabinet. The modification of the pump 
should be aimed at minimizing the forces caused during its 
operation without decreasing its efficiency. Initially, the 
flow field should be studied to introduce the design 
modifications of the impeller and pump housing that 
decrease the flow resistance. To reduce structure-borne 
noise, the cabinet plates should be stiffened and the viability 
of the attachment of the pump to other areas, such as the 
base of the cabinet, to absorb the transmitted forces should 
be analyzed. 
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Abstract 
This paper presents the first systematic atmospheric corrosion assessment in Bogota. Main facts about the study are related with special 
characteristics of the City, such as population (more than eight million inhabitants), and altitude (2600 m over the sea level). Relative 
humidity, temperature, and sulphate dioxide (SO2) concentration were measured. Simultaneously, corrosion rate of AISI-SAE 1006 plain 
steel was measured throughout a year. Results show that atmospheric corrosion is between low and medium levels, C2–C3, according to 
the ISO 9223 standard. Nevertheless, estimations from meteorological parameters produce lower corrosivity and, taking into account 
SO2 concentrations, corrosivity in places with higher relative humidity, are higher than corrosivity measured on steel coupons. In 
general, the main pollution problem is particulate matter, but higher corrosion rates were directly associated with SO2 levels. Gaps 
between found results and international estimation methodologies are evident. Some relative explanations are proposed. 
 
Keywords: Brook’s Index; ISO 9223 Standard; relative humidity (Rh); time of wetness (TOW); plain carbon steel; atmospheric 
pollutants. 
 

 

Corrosividad atmosférica en Bogotá como metrópolis a una gran 
altitud, inquietudes a normas internacionales 

 
Resumen 
Se presentan resultados del primer estudio sistemático sobre la corrosividad atmosférica de Bogotá, donde se tienen características 
especiales como una población superior a ocho millones de personas y 2600 m sobre el nivel del mar. Se midieron humedad relativa, 
temperatura, concentración de dióxido de azufre (SO2) y velocidad de corrosión de acero al carbono AISI/SAE 1006. La corrosividad 
encontrada se ubica entre los niveles bajo y medio, C2–C3, según la norma ISO 9223. No obstante, los valores estimados a partir de los 
parámetros meteorológicos dan resultados menores y, de acuerdo a la concentración del SO2, las corrosividades en los sitios con mayor 
humedad relativa son mayores que las medidas en platinas de acero. El principal problema de contaminación es material particulado, 
pero las mayores tasas de corrosión estuvieron asociadas con los niveles de SO2. Diferencias entre los valores medidos y estimados son 
evidentes, proponiendo algunas explicaciones acerca de ello. 
 
Palabras claves: Índice de Brooks; norma ISO 9223; humedad relativa; tiempo de humectación; acero de bajo carbono; contaminantes 
atmosféricos. 

 
 
 

1.  Introduction 
 
The stability of materials used in building the 

infrastructure that supports the development of society is 
one of the big challenges of engineering since aspects such 
as health and people’s safety need to be assured. Also 
necessary is the optimization of the use of resources (their 

quantity, costs, maintenance requirements and necessary 
replacements). In this sense, one the most significant 
problems is the stability of materials exposed to the 
atmosphere of big cities, where pollutants are normally 
found. Pollutants tend to accelerate the deterioration of 
different types of materials used to build cities, such as 
metals, ceramics, polymers or combinations of these 
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materials. In this respect, each city and each place has 
particular characteristics that can influence the loss of 
material properties. Studies on atmospheric corrosion 
performed in many cities have allowed for the conclusion 
that the nature of atmospheric pollutants and their level of 
concentration play an important role in the service life of 
different engineering materials [1-3]. 

Bogota’s natural barriers are the mountains in the east of 
the City and the Bogota River in the west. Bogota is 
characterized by having a bimodal rainfall and a 
temperature range of between 7 and 18°C [4]. The city 
extends around 380 km2 and hosts a population estimated at 
more than eight million inhabitants, with a growth rate that 
places it in sixth place among the big cities in the world. 
The greatest growth rate is estimated for between 2010 and 
2025 [5]. The average elevation of the city is 2600 meters 
above sea level. Such elevation provides the city with some 
particular characteristics compared to previous studies in 
other latitudes. Additionally, no systematic studies on loss 
of integrity of the materials exposed to the atmosphere have 
been undertaken in Bogota. The quantity of structural 
materials used in urban infrastructure and their direct 
interaction with the atmosphere that may cause significant 
aggresivity (average temperature values (T) and relative 
humidity (Rh) are 14°C and 70%, respectively; along with 
the concerning atmospheric pollution) lead to one thinking 
beforehand that there is significant deterioration of the 
materials used to build the City. 

To make it clear, costs caused by corrosion, including 
material deterioration, maintenance, replacement, problems 
generated because of outages and delays, penalties, as well 
as prevention and control measures are really significant. It 
has been established that direct costs generated by corrosion 
in a country, account for five percent of the GDP. 
Additionally, due to the fact that around 80 per cent of the 
materials are exposed to the atmosphere, costs of 
atmospheric corrosion can be 30 to 50 percent of the total 
costs of corrosion. As a consequence, in the case of Bogota, 
with a high urban concentration, it can be estimated that 
direct costs annually generated by atmospheric corrosion 
can be around two to three percent of its GDP (It was USD 
$92.917 million in 2012 - [6]), which would mean costs 
generated by atmospheric corrosion, for the same year, were 
USD $1.858 and USD $2.788 million). 

Weather plays an important role when assessing 
atmospheric aggression in a particular area. Factors such as T, 
Rh, precipitation and air pollution, among others, can 
determine the magnitude of atmospheric corrosion of metallic 
elements exposed to such conditions [7]. The meteorological 
parameters that are most associated with atmospheric 
corrosion are T and Rh. Based on chemistry principles, it is 
known that an increase in T tends to stimulate the attack since 
there is a speedy increase of electrochemical reactions and 
diffusion processes. However, taking into account the 
electrochemical mechanisms of atmospheric corrosion, the 
same increase of T can contribute to the reduction of the 
humidity layer on the surface of the material. As a 
consequence, there is a reduction in the attack; thus, the 
process turns into something very complex since many 
factors—which act simultaneously, sometimes stimulating, 

sometimes inhibiting the attack process—can be identified. 
Among those factors, some pollutants, which tend to 
significantly accelerate the attack, and thus, have led to several 
studies, can be highlighted; in particular, the presence of sulfur 
dioxide (SO2) in urban and industrial atmospheres and 
chlorides in areas influenced by the sea [8]. 

A great number of variables that intervene in weather 
conditions make corrosive assessment of the atmosphere a 
complex issue, which is difficult to measure. In real life, 
different approaches have been used to estimate the behavior 
of a material in a given atmosphere. These include: a) direct 
measurement of atmospheric corrosion through detailed 
follow up of simple behaviors of materials of interest; b) 
estimation of atmospheric corrosion from environmental data 
and corrosivity experimentation; and c) application of dose-
response functions or damage function, which have been 
found to be associated with the degree of deterioration of 
similar materials in equivalent microclimates [9,10]. 

To this end, some methodologies have been developed; 
they aim at facilitating estimations, and, as a consequence, 
foreseeing behaviors. These are: i) calculation of Brooks’ 
index, which estimates the degree of deterioration taken 
from the Rh and T average annual values [11]; ii) the 
application of the ISO 9223 standard, based on 
environmental parameters and field sample exposure (ISO 
9223) and, iii) through the application of a function to 
predict annual damage caused by atmospheric corrosion. 
Details of these methodologies will be presented below. 

 
1.1.  Brooks’ Index of atmospheric aggressiveness 

 
The equation that allows for the determination of the 

Brooks’ Deterioration index relates the potential risk of 
atmospheric corrosion correlated to the deterioration index 
(I), which is determined through the eq. (1) [11]: 

 

ܫ  ൌ
ோିହ

ଵ
∗ ௩ܲ     (1) 

 
Rh is the average relative humidity and Pv is the 

saturation pressure of vapor at average temperature 
expressed in mbar, given that Rh is the quotient between the 
quantity of water vapor present in the air and the maximum 
quantity of vapor that may be present in air for specific T 
and pressure (P). 

Once the average annual values of Rh and T are 
obtained, the Pv values are estimated to determine the 
deterioration index (I) through eq. (1). The values obtained 
allow us to make approximations of the corrosion rate of 
metallic materials exposed to such conditions and, 
additionally, scoring the degree of corrosion in the 
atmosphere assessed, as shown in Table 1. 

Without a doubt, this methodology aims at indirectly 
estimating the impact of the thickness of the electrolyte 
layer built on the surface of the material. There, the 
electrochemical phenomenon of metal atmospheric 
corrosion is developed to a greater or lesser extent. Effects 
such as those held by microclimatic factors, i.e. atmospheric 
pollutant concentration with potential impact on nature and 
the extension of reactions happening within the electrolyte 
are not being taken into consideration.  
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Table 1. 
Classification of atmospheric aggressiveness, according to Brooks’ 
Deterioration Index (I) 

I Corrosion Rate Index Range Corrosivity 

I <1 Very low 0 – 1 No corrosive 

1 < I < 2 Low 1 – 2 Very low corrosive 

2 < I < 5 Medium 2 – 4 A bit corrosive 

I > 5 High 4 – 5 Corrosive 

  5 – 10 High corrosive 

Source:  Adapted from [11] 
 
 

Table 2.  
Classification of the environment in terms of TOW, sulfur dioxide and 
airborne salinity 
Category TOW () SO2 (P) Cl- (S) 

 (h/year) (%) (μg/m3) (mg / m2.day) (mg / m2.day) 

1; P0; S0 ≤ 10 ≤ 0,1 ≤ 12 ≤ 10 ≤ 3 

2; P1; S1 10–250 0,1–3 12–40 10–35 3–60 

3; P2; S2 250–2500 3–30 40–90 35–80 60–300 

4; P3; S3 2500–5500 30–60 90–250 80–200 300–1500 

5 > 5500 > 60    

Source: Adapted from standard ISO 9223 [12] 
 
 

1.2.  Atmospheric corrosivity according to ISO 9223 
 
The international standard ISO 9223 [12] is a more 

realistic approximation, which takes into account the presence 
of the most relevant atmospheric pollutants, and uses 
meteorological and environmental parameters, as well as 
direct measurement of the corrosion rate of test specimens. 
Thus, it is possible to determine atmospheric corrosion in a 
specific place by calculating the time of wetness (TOW), and 
level of deposition of SO2 and chlorides (Cl-).  TOW refers to 
the time in which a metallic surface presents a water layer 
sufficiently thick for the electrolyte to act, thus, corrosion 
takes place. Such time is estimated as the yearly number of 
hours in which Rh exceeds 80% and T has been above 0°C. 
The categories presented in Table 2 are established using 
TOW and average levels of SO2 and Cl. 

Once time of wetness and pollutant categorization has 
been performed, atmosphere is classified from the point of 
view of corrosiveness, based on the tables available in the 
ISO 9223 standard for some base materials. It is then 
associated to the five attack rate categories. Regarding steel, 
for instance, the corrosion rate range is shown in Table 3.  

 
Table 3. 
Categorization of atmospheric corrosion and corrosion rate range of carbon 
steel, accordingly 

Category Corrosivity 
Corrosion Rate: Vcorr  

(µm/year, for the first year) 
C1 Very Low Vcorr ≤ 1.3 

C2 Low 1.3 ˂ Vcorr ≤ 25 

C3 Medium 25 ˂ Vcorr ≤ 50 

C4 High 50 ˂ Vcorr ≤ 80 

C5 Very High 80 ˂ Vcorr ≤ 200 
Source: Adapted from standard ISO 9223 [12] 

When one has corrosion rate values, directly measured 
on carbon steel specimens, categorization of atmospheric 
corrosion is established from the range where the data 
obtained is located.  

 
1.3. Estimations according to a corrosion damage function  

 
A great number of damage functions or dose-response 

equations, which are compared to the corrosion of some 
materials with environmental parameters, have been 
determined in several studies. Among some of the most 
significant results worth mentioning is the establishment of 
an equation from data resulting from corrosion of carbon 
steel, obtained in a great number of areas, which are 
distributed in different countries in order to apply it globally 
[13]; or dose-response functions that are aimed at collecting 
the impact of a significant number of pollutants 
simultaneously [14], and dose-response functions that have 
been established to set international standards such as ISO. 

One of the most widely recognized results is eq. (2) [1], 
 
ܥ  ൌ 33  ௌைమܦ	0.266     (2)ܦ	0.574
 
Where: C stands for the corrosion rate for carbon steel, 

in μm.yr-1. DSO2 is the annual average SO2 deposition in mg 
SO2.m-2.d-1 and DCl is the annual average of chloride 
deposition in mg Cl.m-2.d-1. In this sense, the attack rate of 
metal in the atmosphere can be determined by knowing the 
pollutant concentration. This equation is similar to others 
that have been developed to achieve global validity. [13]. 

On the other hand, the dose-response function presented 
as eq. (3) compares the annual corrosion rate of carbon steel 
in μm.yr-1, using values of T, Rh, SO2 and Cl-, without 
taking into account TOW, and it was developed to improve 
the ISO classification system [15]: 

 
C=1.77DSO2

0.52e[0.020Rh+.ହସሺିଵሻሿ+0.102Dେ୪
.ଶeሾ0.033Rh+0.040Tሿ 

       (3) 
 

1.4.  Field tests 
 
Determination of the corrosion rate of carbon steel can 

be carried out directly through exposure of samples of such 
material in the specific points of interest.  In order to carry 
this out, structures called exposure racks are located 
according to the ASTM G-50 [16] standard, which specifies 
position, and height for locating the test specimens and 
other details related to the location of samples. 
Subsequently, the structures are removed after certain 
exposure times, with differences of months in the beginning 
and normally years at the end. 

As far as we know, no research has been undertaken that 
performs a systematic analysis of the atmospheric corrosion 
problems in Bogota and, even less so to analyze different 
behavior in different parts of the city which can be 
classified according to microclimates identified based on 
meteorological and pollutant concentration data that have 
been collected over several years. Obviously, it was of  
great importance to collect relevant information and analyze 
it according to internationally recommended procedures to 
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identify how atmospheric corrosion is distributed 
throughout the City. Subsequently, such information can be 
used for design, where it is very important to estimate the 
life service of structures, optimize the choice of materials to 
use or in decision making when a specific material requires 
protection from a corrosive attack. 

Therefore, the current study was aimed at assessing 
general atmospheric corrosion conditions for Bogota city, 
applying Brooks’ indexes methodology and determining 
risk of metallic material deterioration, following the 
methodology established by ISO 9223 standard, through 
application of damage expressions of annual atmospheric 
corrosion and, determination of corrosion rated of standard 
specimens. 

 
2.  Methods and materials 

 
2.1.  Meteorological and atmospheric pollution data 

 
Average data for Rh, T and [SO2] were taken from the 

records captured every hour in different network stations 
monitoring the quality of air in the city from 2008 to 2012. 
Fig. 1 shows the locations of monitoring stations distributed 
throughout Bogota, according to the recommendations of 
international standards on the subject [17]. Two stations 
only worked half the time, and others did not record all 
parameters. 

SO2 average annual concentration values received as ppb 
were converted into µg/m3, using the eq. (4): 

 

ܲ ൌ
್

భబబబ
∗ெ

ଷଵ.ଽ଼
∗ 1000    (4) 

 

 
Figure 1. Monitoring Network Stations of air quality in Bogota and 
associated atmospheric corrosion stations. 
Source: The authors 

Where ppb corresponds to the [SO2] value reported by 
the network, PM is SO2 molecular weight, and the constant 
31.98 corresponds to molar volume of an ideal gas for T and 
P average conditions in Bogota.  

Since Bogota is a completely Mediterranean city, more 
than 1000 km away from any sea, Cl- concentration data is 
not usually recorded.  Nevertheless, there are recent reports 
that present a deposition of less than 3 mg.m-2.d-1 [10,8]; 
therefore, in this paper, it is assumed that chloride 
concentration does not represent a significant value. 

 
2.2.  Materials 

 
AISI/SAE 1006 Carbon steel plates (0.061% C, 0.008% 

S, 0.180% Mn, 0.019% Cu, 0.040% Al), of 100 mm x 150 
mm, previously degreased, rinsed with alcohol, dried with 
hot air and weighed, were exposed in triplicate in each site 
for a year beginning in the first six months of 2012 and 
ending in the first six months of 2013. Samples were 
exposed at atmospheric corrosion stations, which were built 
following the guidelines of ASTM G50 standard and 
located in different sites of the city.  Location of the test 
specimens was defined following recommendations of 
standards for sampling of total sulfating activity, as well as 
criteria of network design for monitoring air quality. 
[17,19]. Subsequently, after exposure, samples were taken 
to the laboratory to determine loss of mass, after chemical 
cleaning procedure. [20] 

 
2.3.  Exposure sites 

 
Exposure sites were chosen taking into account 

climatological data reported by the City’s monitoring 
network. In general, it was sought to install corrosive 
stations near the environmental network stations, which 
were characteristic of microclimates of interest. Distribution 
of measurement corrosion sites was: two stations in the 
north (N), one in the Northwest (NW), two in the Eastern 
Center (EC), three in the Southwest (SW) and three in the 
South (S). Location sites of these atmospheric corrosion 
stations are shown in Fig. 1. 

 
3.  Results and discussion 

 
Table 4 presents a list of environmental monitoring 

network stations, which were used as reference for locating 
corrosion stations and, therefore, provided sources for 
climatological data, associable to corrosion data. Parameters 
recorded and periods in which those parameters were 
measured are detailed in the Table as well.  

 
3.1.  Climatological data of reference 

 
Annual average T and Rh measured in reference stations 

are detailed in Figs. 2a, 2b. Annual average T observed in 
different sites of the city is between 11 and 16°C, presenting 
the lowest values in the south of the city. Correspondingly, 
Rh is higher in these zones; a similar situation is shown with 
this latter variable, in the Northern zone (Guaymaral 
Station), during 2008 and 2009. 
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Table 4. 
Sources of climatological data 

Station Location 
Environmental 

Parameter 
Period 

  T Rh SO2  

Guaymaral North X X  2008-2012 

Suba (Corpas) Northwest X  X 2008-2012 

Las Ferias Northwest X Xa X 2008-2012 

Parque Simón  
Bolivar (IDRD)  

Center X X Xb 2008-2012 

Fontibón Southwest   X 2008-2012 

Kennedy Southwest X X X 2008-2012 

Sony (Carvajal) Southwest X  X 2008-2012 

Tunal Southwest X X X 2008-2012 

Usme South Xa X  2008-2010 

Vitelma Southeast X X  2008-2010 

San Cristóbal Southeast X  X 2009-2012 
a No reported data for 2009 
b No available data for 2012 
Source: The authors 

 
 
The SO2 average annual concentration is shown in Fig. 2c, 

which indicates that values have been declining substantially 
during the last few years in almost all of the sites (global trend 
in most cities thanks to worldwide efforts to minimize 
emission of pollutants from fossil fuels).  Additionally, the 
highest pollution was present in the Southwest zone (Carvajal 
station, followed by Kennedy station). The other stations 
report very low [SO2] over the last few years. Thus, SO2 

volumetric concentration in Bogota corresponds to low or 
minimum levels, which would allow for classifying its 
atmosphere in categories ISO P0 and P1. 

Fig. 2d is a histogram of TOW evolution estimated for 
each station, per year. In general, this parameter is located 
in category ISO 3, except for Parque Simón Bolívar station 
(great green lung in the central area of the city) located in 
category ISO 4, and stations Usme and Vitelma located in 
category ISO 5, both associated to rural or semirural 
microclimates. There are still no satisfactory explanations 
about time of wetness reduction in Guaymaral station. 

 
3.2.  Relationship between Rh and TOW 

 
Average annual Rh and annual hours in which the value 

of said parameter was higher than 80% (which allows for 
deducting TOW indirectly)—obtained in an established 
time window (2008-2012)—present good lineal correlation. 
Fig. 3 illustrates this relation. It can be said, and suggested 
in the literature [21], that in Bogota for instance, TOW can 
be deduced directly from average annual Rh. 

The model proposed to estimate the relation is 
represented in Eq. (5): 

 
ܱܶ ܹ ൌ ଵߚ  ଶܴ݄ߚ      (5)ߤ
 
According with the model, eq. (6) and (7) were 

estimated for determining the relationship between the Time 
Of Wetness and Humidity Relative in Bogota: 

 
Figure 2. Average value of meteorological parameters in Bogota, between 
2008 and 2012. a) T, b) Rh, c) [SO2], d) TOW. 
Source: The authors 

 
 
ܱܹܶሺ݄. ଵሻିݎݕ ൌ െ16,625  268.5	ܴ݄  (6) 
 
ܱܹܶሺ%ሻ ൌ െ188.6  3.1	ܴ݄   (7) 
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Figure 3. Relationship between yearly average Rh and TOW in Bogota. 
Source: The authors 

 
It is important to point out that there is an optimum fit for 

both models. In both cases, R2 is approximately equal to 95%. 
Both the model and individual parameters are globally relevant 
for any level of significance. This means that the null 
hypothesis, when the coefficients are statistically equal to zero, 
are rejected and therefore the estimated model is good [22]. 

 
3.3. Corrosivity estimation from meteorological 

parameters: Brooks Index 
 
Deterioration indexes in eight stations are obtained by 

taking data from Fig. 3 and using eq. (1): Guaymaral, Las 
Ferias, Parque Simón Bolívar, Kennedy, Tunal, Usme and 
Vitelma. Deterioration indexes obtained for each station and 
for each study period, as well as corresponding 
classification are shown in Fig. 4. 

Results obtained according to Brooks’ equation become 
the first approximation of potential risks of atmospheric 
corrosion in Bogota city, compared to weather conditions 
described exclusively through Rh and Pv variables assuming 
a corrosive pollutant free atmosphere. 

 

 
Figure 4. Classification of Atmospheric Aggressiveness years 2008-2012. 
Source: The authors. 

 
Figure 5. Deterioration index for Bogota city for 2008. 
Source: The authors. 

 
 
It can be said, according to the values obtained (Fig. 4) 

that in 2008 conditions of higher aggressiveness took place 
since, in general, Rh values were higher. 

The Map in Fig. 5 presents, comprehensively and 
synthetically, all the data associated to aggressiveness of 
different microclimates according to Brooks Indexes for 
2008. The building of the map as well as management and 
handling of geographic data was performed using Arcmap 
10 tool of the Geoestatistical Analyst software.  

The map allows us to score the Usme, Ciudad Bolívar, 
Suba and Usaquén microclimates as the most aggressive. 
Nevertheless, Usme along with Guaymaral and Vitelma can 
be identified as little aggressive while Tunal and Las Ferias 
can be identified as non-aggressive.  

In the subsequent years (Fig. 4), Vitelma and Usme 
stations kept their little aggressive nature while the rest have 
shown a tendency to become non-aggressive. 

Finally, it can be said that Brooks’ Indexes associated to 
corrosive and high corrosive categories were not present in 
any of the cases. Therefore, it can be deduced that from an 
Rh perspective, Bogota’s atmosphere does not present 
conditions that can be considered highly corrosive.  

 
3.4. Atmospheric corrosivity according to pollutant 

concentrations: ISO standard 9223 
 
As it has already been stated, a way to estimate 

atmospheric aggressiveness takes into account TOW and 
SO2 and Cl- concentrations; the latter is not significant in the 
case of Bogota. Likewise, it is reiterated that the average 
concentration of SO2 in Bogota is low since it has always 
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shown annual values lower than 40 μg.m-3. On the other 
hand, according to Table 2, it can be inferred that wetting 
percentage can be associated principally to categories 3 and 
4. Therefore, and taking into account the ISO 9223 
standard, it can be concluded that Bogota’s atmosphere 
exhibits corrosivity of carbon steel which can be classified 
between low and average (C2 – C3). In other words, typical 
corrosion rates fluctuate between 1.3 and 50 μm.yr-1. 
Additionally, particularly in the Usme and Vitelma stations, 
with higher Rh values and, therefore higher values in TOW,  

 
Table 5. 
Corrosivity of microclimates analyzed in Bogota between 2008 – 2012, 
according to ISO 9223 standard. 

Station 
2008 2009 2010 2011 2012 

 Cat.  Cat.  Cat.  Cat.  Cat. 

Guaymaral* 4 C3 4 C3 4 C3 3 C2-C3 3 C2-C3 

Suba-Corpas           

Las Ferias 3 C2-C3 3  3 C2-C3 3 C2-C3 3 C2-C3 

Parque Simón 
Bolivar (IDRD) 4 C3 3 C2-C3 4 C3 4 C3   

Fontibón           

Kennedy 4 C3 3 C2-C3 3 C2-C3 3 C2-C3 3 C2-C3 

Sony (Carvajal)           

Tunal 3 C2-C3 3 C2-C3 3 C2-C3 3 C2-C3 3 C2-C3 

Usme* 5 C3-C4 5 C3-C4 5 C3-C4     

Vitelma* 5 C3-C4 4 C3-C4 5 C3-C4     

Source: The authors 
 
 
 

 
Figure 6. Map of atmospheric corrosion of carbon steel in Bogota, year 
2011, according to ISO 9223 standard. 
Source: The authors 

greater corrosion is determined associated to categories C3–
C4, which, according to Table 2, correspond to corrosion 
rates of between 25 and 80 μm.yr-1. A set of results from the 
different stations taken into account is collected in Table 5. 

A map of atmospheric corrosion in Bogota, shown in 
Fig. 6, was built using the same data estimated by the 
application of the ISO 9223 standard for 2011. 

The following fact is reconfirmed: in general, 
aggressiveness is classified as mild—in the C2-C3 range, 
with some emphasis on the upper limit in the center of the 
City—and it can be associated to higher TOW. 

 
3.5.  Corrosion rates according to dose-response functions.  

 
The SO2 Volumetric concentration data (μg.m-3) 

reported by the monitoring network was converted to 
deposition rates (mg of SO2.m-2.d-1), in such a way that the 
carbon steel corrosion rate could be estimated through eq. 
(2).  Such conversion was undertaken using eq. (8) [12]: 

 
ௌைమܦ ൌ 0.8	ሾܱܵଶሿ    (8) 
 
As it has already been stated, given the atmospheric 

conditions being studied, reconfirmed with some previous 
baseline data, it was feasible to disregard any possible 
impacts of chloride ions. 

 

 
Figure 7. Annual corrosion rate of carbon steel exposed to atmosphere in 
Bogota, a) estimation from eq. (2), b) estimation from eq. (3). 
Source: The authors 
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In Fig. 7a, corrosion rates estimated during the years 
taken into account were compensated. In Fig. 7a, a tendency 
of reduction in corrosion rate is shown between 2008 and 
2010, followed by relative stabilization. Obviously, since 
these rates depend directly on [SO2], Fig. 7a and 2c are 
analog. Regarding the significance of the corrosion rate, 
always above 33 μm.yr-1, it is important to remember a 
constant impact in eq. (2), which does not allow for 
observing direct proportionality between pollutant 
concentration and deterioration grade at low [SO2]. 

As an alternative, eq. (3) can be applied. In the cases 
where actual Rh data was not available, 70% was assumed 
to make the calculations, since that is the average recorded 
value with high frequency during the last few years in 
several zones of the City. Resulting corrosion rates were 
compensated in time and represented in Fig. 7b. 

These last calculations support the trend of a reduction 
in aggressiveness in the 2008-2010 triennium, and the 
relative stabilization in the subsequent period. Additionally, 
Carvajal and Kennedy Southwestern stations, which 
correspond to microclimates of high industrial activity, 
stand out due to their higher corrosion rates. In any case, 
corrosion rates can still be classified as mild, in category C2 
to C3, according to ISO classification. As a consequence, it 
can be stated that in measuring aggressiveness in Bogota’s 
atmosphere, the Brooks Index methodology and ISO 
methodology give equivalent results and suggest that, in 
general, there are microclimates with corrosion that goes 
from low to medium. 

 
3.6.  Direct corrosion rate measurements 

 
The corrosion rate values of carbon steel test specimens 

which were exposed in the different study sites for a year 
are presented in Table 6. The map of the atmospheric 
corrosion of carbon steel in Bogota derived from these data 
is shown in Fig. 8. 

 
Table 6. 
Corrosion rate of carbon steel and classification of stations 

Atmospheric 
corrosion 

station 

Station  
 near RMCAB 

Average 
Annual 

Temperature 
(°C) 

Average 
Relative 
Humidity 

(%) 

Corrosion 
Rate 

Cat. 
Corr. 

Calle 170 - 14.7 75.4 19.5 ± 1.9 C2 

Guaymaral Guaymaral 15.6 74.7 19.0 ± 0.1 C2 

Suba-Corpas Suba-Corpas 15.3 74.6 24.0 ± 0.1 C2 

Pardo Rubio - 13.9 67.9 9.2 ± 0.6 C2 

Candelaria - 14.9 72.9 5.7 ± 2.0 C2 

Fontibón Fontibón 15.2 66.1 20.8 ± 0.9 C2 

Salitre - 16.0 71.7 12.7 ± 2.8 C2 

Federmán 
Parque Simón 
Bolívar(IDRD) 

17.3 63.4 14.4 ± 1.0 C2 

Autopista Sur 
Sony 
(Carvajal) 

14.9 68.8 30.8 ± 0.9 C3 

Restrepo 
Vitelma/San 
Cristobal 

15.3 68.0 14.4 ± 0.9 C2 

Usme Usme 12.9 81.9 9.6 ± 0.4 C2 

Source: The authors 

 
Figure 8. Map of atmospheric corrosion of carbon steel in Bogota, field test 
2012-2013. 
Source: The authors 

 
 
As we can see in Table 6, the corrosion rates of carbon 

steel, during the first year of exposure in different 
microclimates in Bogota, are lower than 32 μm.yr-1. This 
proves that, in fact, aggressiveness in the city’s atmosphere 
is low or medium. Only Carvajal station, with an industrial 
microclimate and evidently higher [SO2], presents corrosion 
rates associated to category C3. The predominant role of 
SO2 as the main atmospheric pollutant is reconfirmed from 
the point of view of material stability, in non-marine 
environments [23]. 

In the case of Suba, Fontibón and Autopista Sur stations, 
it is interesting to observe that the annual rates of 
atmospheric corrosion differ only between 25 and 40 
percent compared to values estimated when applying eq. 
(3). However, corrosion rates measured in Federmán and 
Restrepo stations show differences lower than 15 percent 
compared to rates calculated with the same eq. (3). A 
striking difference between the two groups of stations is 
associated to the strong differences in the homogeneity of 
the environment of the first three stations because of the 
assumed value Rh for the first three stations and the 
homogeneity of the environment in climatological and 
corrosion stations of the last two stations. 

On the other hand, Usme and Pardo Rubio stations, with 
the lowest pollution levels, show very low corrosion rates. 
In the first station, the rural nature of the area is reaffirmed. 
In the case of Pardo Rubio, the impact of a particular 
topography is clear. Despite being inside the city, the station 
is located on top of a mountain, delimiting its Eastern edge 
and 150m above the rest of the city. In those stations, their 
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corrosivity, type C2, is lower than the corrosivity estimated 
from environmental parameters. Therefore, the limitation of 
ISO 9223 standard, which has been also identified by other 
authors [13, 24], is reaffirmed in cases whereby even if 
there are high Rh and high TOW, pollution levels are low. 

To conclude, atmospheric corrosion of carbon steel in 
the city corresponds to low-to-medium corrosivity, 
according to the results presented above and listed in table 7 
using three different methodologies. 

Estimations made using Brooks aggressiveness index 
and ISO standard, in terms of wetting and pollutant levels, 
allow us to obtain approximations of corrosiveness. 
However, estimations can be undervalued when they are 
performed in areas of high relative humidity, such as in the 
case of Usme and Vitelma stations. This was stated above. 

 
4.  Conclusions 

 
The reported results correspond to the first systematic 

study about atmospheric deterioration of materials exposed 
in Bogota’s atmosphere. Some of the combined 
peculiarities, mainly high anthropogenic activity, plus high 
altitude (closely related with meteorological parameters 
such as solar radiation and relative humidity) influence the 
behavior of materials and, consequently, expected standard 
deterioration rates are not obtained. 

In this sense, corrosion rates estimated according to 
Brooks’ Index are lower than field measurements. 
Furthermore, atmospheric corrosivity estimated according 
to the ISO 9223 standard, in sites with low pollution levels 
and high relative humidity, are higher than the measured 
ones. Both cases could be related to the deviation of the 
standards, due to the atmospheric peculiarities. 

An average atmospheric corrosivity on plain carbon 
steel, in Bogota, could range between low and medium 
levels. The highest values are usually associated with higher 
SO2 levels, and closely to the higher population and 
industrial plant concentrations. However, factors such as the 
city’s geometry could be another influencing factor. 

There is a good correlation between the measured 
corrosion rates and the dose-response function proposed by 
Mikhailov. Consequently, this equation is proposed as a first  

 
Table 7. 
Classification of atmospheric corrosion in sites around Bogota 

Station Id ISO 9223 Test Sample 

Guaymaral 
Very low 
corrosive 

C2-C3 C2 

Suba-Corpas  C2-C3** C2 

Parque Simón Bolivar 
(IDRD) 

Very low 
corrosive 

C3 C2 

Fontibón  C2-C3** C2 

Sony (Carvajal)  C2-C3** C3 

Usme Low corrosive C3-C4* C2 

Vitelma Low corrosive C3-C4* C2 

* A low concentration of SO2 is assumed. 
** Average annual Rh of 70% is assumed, therefore TOW is 3. 
Source: The authors 

step to approach any estimation about life expectation on 
plain carbon steel structures used in Bogota. 

Low concentrations of well-known pollutants such as 
SO2 are not sufficient guarantee of stability for steel or any 
other material exposed to an atmosphere like the one studied 
here. Many other negligible pollutants could be taking part 
in complex chemical reactions happening on material 
surfaces. 

 
Acknowledgements 

 
The authors acknowledge Antonio Nariño University for 

the support given for the development of project No. 
2010257. Likewise, the authors express their gratitude to 
Secretaría de Ambiente de Bogota (Bogota Environmental 
Protection Agency) for providing meteorological data and 
pollution levels used in this paper. The authors also 
acknowledge the following institutions and companies for 
allowing them to locate stations in their facilities: 
Hilandería Fontibón, Almacenes MAKRO, Hyundai de 
Colombia, Museo Interactivo MALOKA and CIEDI 
School. 

 
References 

 
[1]   Feliu, S., Morcillo, M. and Feliu Jr, S. The prediction of atmospheric 

corrosion from meteorological and pollution parameters - I. Annual 
corrosion. Corrosion Science, 34 (3), pp. 403-414, 1993. 
http://dx.doi.org/10.1016/0010-938X(93)90112-T 

[2]   Kucera, V. Reduction of air pollutants - A tool for control of 
atmospheric corrosion. Revista de Metalurgia (Madrid), 
(SPEC.VOLUME), pp. 55-61, 2003. 
http://dx.doi.org/10.3989/revmetalm.2003.v39.iExtra.1097 

[3]   De la Fuente, D., Vega, J.M., Viejo, F., Díaz, I. and Morcillo, M. 
Mapping air pollution effects on atmospheric degradation of cultural 
heritage. Journal of Cultural Heritage, 14 (2), pp. 138-145, 2013. 
http://dx.doi.org/10.1016/j.culher.2012.05.002 

[4]   Vargas, A., Santos, A., Cárdenas, E. and Obregón N. Análisis de la 
distribución e interpolación espacial de las lluvias en Bogotá, 
Colombia. Revista DYNA, 78 (167), pp. 151-159. 2011. 

[5]   N.A. The century of the city. Nature, 467, pp. 900-901, 2010. 
http://doi:10.1038/467900a 

[6]   Pineda, S., et. al. Ranking de Ciudades Latinoamericanas para la 
Atracción de Inversiones, Informe Oficial. Bogotá, Universidad del 
Rosario – Inteligencia de Negocios, 2012, 49 pp. 

[7]   Oesch, S. The effect of SO2, NO2, NO and O3 on the corrosion of 
unalloyed carbon steel and weathering steel - the results of 
laboratory exposures. Corrosion Science, 38, pp. 1357-1368, 1996. 
http://dx.doi.org/10.1016/0010-938X(96)00025-X 

[8]   Mendoza, A.R. and Corvo, F., Outdoor and indoor atmospheric 
corrosion of carbon steel. Corrosion Science, 41 (1), pp. 75-86, 
1999. http://dx.doi.org/10.1016/S0010-938X(98)00081-X 

[9]   Johan Tidblad, Vladimir Kucera, Alexandre A. Mikhailov, Jan 
Henriksen, Katerina Kreislova, Tim Yates, Bruno Stöckle and 
Manfred Schreiner. UN ECE ICP Materials: Dose-response 
functions on dry and wet acid deposition effects after 8 years of 
exposure. Water, Air, and Soil Pollution, 130(1-4), pp. 1457-1462, 
2001. http://dx.doi.org/10.1023/a:1013965030909 

[10]   Botero Vega, C.A. Evaluación de la corrosividad de atmósferas 
colombianas y su impacto sobre el deterioro de algunos materiales 
empleados en el sector eléctrico, Medellin, Universidad de 
Antioquia, 2008, pp. 166. 

[11]   Brooks, C.E.P., Climate in everyday life, Dent, Londres, 1950.  
[12]   ISO 9223, Corrosion of metals and alloys, Corrosivity of 

atmospheres, Classification, ISO, Geneve, Switzerland, pp. 14, 
1992. 



Ríos-Rojas et al / DYNA 82 (190), pp. 128-137. April, 2015. 

137 

[13]   Morcillo, M., Almeida, M.E., M., R.B., Uruchurtu, J. and Marrocos, 
M., Corrosión y Protección de Metales en las Atmósferas de 
Iberoamérica. Parte I: Mapa Iberoamericano de Corrosividad 
Atmosférica, Madrid, 1999.  

[14]   Tidblad, J., Kucera, V. and Mikhailov, A.A., Statistical analysis of 8 
year materials exposure and acceptable deterioration and pollution 
levels, INSTITUTE, S.C., 1998, pp. 49. 

[15]   Mikhailov, A.A., Tidblad, J. and Kucera, V. The classification 
system of ISO 9223 standard and the dose-response functions 
assessing the corrosivity of outdoor atmospheres. Protection of 
Metals, 40 pp. 541-550, 2004. 
http://dx.doi.org/10.1023/B:PROM.0000049517.14101.68 

[16]   ASTM G50, Standard Practice for Conducting Atmospheric 
Corrosion Tests on Metals, American Society for Testing and 
Materials, West Conshohocken, United States, pp. 5, 2003. 

[17]   EPA. Revisions to Ambient Air Monitoring Regulations, Final rule. 
Environmental Protection Agency, Federal Register, 71 (200) pp. 
61236-61328, 2006. [Consulta, march 21 of 2011]. Available at: 
http://www.gpo.gov/fdsys/pkg/FR-2006-10-17/pdf/06-8478.pdf 

[18]   Castaño, J.G., Botero, C.A., Restrepo, A.H., Agudelo, E.A., Correa, 
E. and Echeverría, F. Atmospheric corrosion of carbon steel in 
Colombia. Corrosion Science, 52 (1), pp. 216-223, 2010. 
http://dx.doi.org/ 10.1016/j.corsci.2009.09.006 

[19]   ASTM D2010, Standard Test Methods for Evaluation of Total 
Sulfation Activity in the Atmosphere by the Lead Dioxide 
Technique, American Society for Testing and Materials, 
Pensylvania, United States, pp. 2004. 

[20]   ASTM G1, Standard Practice for Preparing, Cleaning, and 
Evaluation Corrosion Test Specimens, American Society for Testing 
and Materials, Pensylvania, United States, pp. 5, 1999. 

[21]   Feliu, S. and Morcillo, M. La meteorología en España. Análisis de 
los principales parámetros meteorológicos con influencia en los 
fenómenos de corrosión, en Feliu, S. y Morcillo, M., Mapas de 
España de corrosividad atmosférica, Madrid, Morcillo, M y Feliu, S, 
1993, pp. 11-30. 

[22]   Gujarati, D.N. and Porter, D.C., Basic econometrics, Fifth edition, 
McGraw-Hill, 2009, pp. 946. 

[23]   Matsushima, I. Carbon Steel - Atmospheric Corrosion, in R. 
Winston Revie (Editor), Uhlig's Corrosion Handbook, 2nd edition, 
New Jersey, John Wiley & Sons, Inc., 2000, pp. 515-528. 

[24]   Santana Rodríguez, J.J., Santana Hernández, F.J. and González 
González, J.E. The effect of environmental and meteorological 
variables on atmospheric corrosion of carbon steel, copper, zinc and 
aluminium in a limited geographic zone with different types of 
environment. Corrosion Science, 45, pp. 799-815, 2003. 
http://dx.doi.org/10.1016/S0010-938X(02)00081-1 

 
J. F. Ríos-Rojas graduated as a Chemical Engineer in 2004 and completed 
his PhD degree in Engineering in 2012, both from the Universidad de 
Antioquia, in Medellín - Colombia. Currently, he is an Assistant Professor 
in the Mechanical Engineering School and researcher in the Group of 
Research in Energy and Materials at Universidad Antonio Nariño (Bogotá 
– Colombia). His main subjects of interests in R&D are atmospheric 
corrosion, aqueous corrosion and protective coatings. 
  
D. Escobar-Ocampo, Environmental and Sanitary Engineer from La Salle 
University, Specialist in Geographic Information Systems from the 
Francisco José de Caldas University and candidate to a master in 
Engineering from the National University of Colombia. Currently serves as 
a specialized professional with the chemicals, hazardous waste and ozone 
technical unit (OTU) at the Environment and Development Ministry in 
Colombia.  
 
E. A. Hernández-Garcia,  graduated as an Economist and is candidate to a 
Master of Science Applied Mathematics, both from the National University 
in Bogotá - Colombia. Since 2010, he has been an Assistant Professor and 
researcher at the Universidad Antonio Nariño.  
 
C. Arroyave graduated as a Metallurgical Engineer from the Universidad 
de Antioquia, in Medellin (Colombia, 1979). He obtained a M.Sc. in 
Metallurgical Engineering and Materials Science (1989) from the 
Universidade Federal do Rio de Janeiro (Brazil); and has a Ph.D. in 

Chemical Science (1995) from the Universidad Complutense de Madrid 
(Spain). He spent a postdoctoral stay from 2001 to 2002 at the Swedish 
Corrosion Institute. He was member of the faculty of the Department of 
Metallurgical Engineering from 1979 to 2008, and Dean of the School of 
Engineering of the Universidad de Antioquia, from 2004 to 2007. He was 
distinguished as Titular and Emeritus Professor of the Universidad de 
Antioquia. Since 2010, he has been the Vice-Chancellor for Science, 
Technology and Innovation of the Antonio Nariño University. His main 
subjects of interests in R&D are atmospheric corrosion, protective coatings, 
weathering steels, and iron oxides. 
 

 
 

 

 
Área Curricular de Medio Ambiente 

Oferta de Posgrados 

Especialización en Aprovechamiento de  
Recursos Hidráulicos 

Especialización en Gestión Ambiental 
Maestría en Ingeniería Recursos Hidráulicos 

Maestría en Medio Ambiente y Desarrollo 
Doctorado en Ingeniería - Recursos Hidráulicos 
Doctorado Interinstitucional en Ciencias del Mar 

Mayor información: 
 

E-mail: acia_med@unal.edu.co 
Teléfono: (57-4) 425 5105 

 



© The author; licensee Universidad Nacional de Colombia. 
DYNA 82 (190), pp. 138-146. April, 2015 Medellín. ISSN 0012-7353 Printed, ISSN 2346-2183 Online 

DOI: http://dx.doi.org/10.15446/dyna.v82n190.43652 

Electricity consumption forecasting using singular spectrum analysis 

Moisés Lima de Menezes a, Reinaldo Castro Souza b & José Francisco Moreira Pessanha c 

a Statistics Dept, Fluminense Federal University, Niterói, Brazil. moises_lima@msn.com 
b Electrical Engineering Dept, Pontifical Catholic University of Rio de Janeiro, Rio de Janeiro, Brazil. Reinaldo@ele.puc-rio.br 
c Institute of Mathematics and Statistics, State University of Rio de Janeiro, Rio de Janeiro, Brazil. professorjfmp@hotmail.com 

Received: May 24th, 2014. Received in revised form: December 1st, 2014. Accepted: December 12th, 2014. 

Abstract 
Singular Spectrum Analysis (SSA) is a non-parametric technique that allows the decomposition of a time series into signal and noise. Thus, it is a 
useful technique to trend extraction, smooth and filter a time series. The effect on performance of both Box and Jenkins' and Holt-Winters 
models when applied to the time series filtered by SSA is investigated in this paper. Three different methodologies are evaluated in the SSA 
approach: Principal Component Analysis (PCA), Cluster Analysis and Graphical Analysis of Singular Vectors. In order to illustrate and compare 
the methodologies, in this paper, we also present the main results of a computational experiment with the monthly residential consumption of 
electricity in Brazil. 

Keywords: electricity consumption forecasting, singular spectrum analysis, time series, power system planning. 

Previsión del consumo de electricidad mediante análisis espectral 
singular 

Resumen 
El Análisis Espectral Singular (AES) es una técnica no paramétrica que permite la descomposición de una serie de tiempo en una componente de 
señal y otra de ruido. De este modo, AES es una técnica útil para la extracción de la tendencia, la suavización y el filtro una serie de tiempo. En 
este artículo se investiga el efecto sobre el desempeño los modelos de Holt-Winters y de Box & Jenkins al ser aplicados a una serie de tiempo 
filtrada por AES. Tres diferentes metodologías son evaluadas con el enfoque de AES: Análisis de Componentes Principales (ACP), análisis de 
conglomerados y análisis gráfico de vectores singulares. Con el fin de ilustrar y comparar dichas metodologías, en este trabajo también se 
presentaron los principales resultados de un experimento computacional para el consumo residencial mensual de electricidad en Brasil. 

Palabras clave: pronóstico del consumo de electricidad, análisis espectral singular, serie de tiempo, planeamiento del sistema eléctrico. 

1. Introduction

Load forecast is a requisite to all decision-making
processes in the power systems operation and planning [1]. 
Traditionally, the load forecasts are classified in three time 
periods: short-term (usually half-hourly, hourly and daily 
forecasts up to 1 month ahead), mid-term (1 month – 5 years 
ahead) and long-term (5 years onwards). The short-term load 
forecasting [2,3] is important for the daily operation (unit 
commitment). The mid-term load forecasting is essential to 
the maintenance scheduling, hydro resources management, 
schedule fuel purchases, tariff setting and energy trading [4]. 
The long-term load forecasting signals the need to expand the 
capacity of the generation and transmission systems [1].  

In the Brazilian electricity market, energy trading is realized 
through auctions where the generators compete in order to meet 

the demand growth at the lowest price. The auctions procedure 
starts with the mid/long-term monthly demand forecasts 
provided by the distribution utilities and ends with the energy 
contracts agreed between all distributors and each generator that 
wins the auction [5]. The energy contracting occurs one, three or 
five years before supply starts with contracts lasting from five to 
thirty years [6]. Therefore, the mid-term electricity consumption 
forecasts play a fundamental role in the energy auctions. The 
demand for electricity can be divided into several groups: 
residential, commercial, industrial, rural and miscellaneous. 
These groups grow at different rates, thus each group must be 
forecast separately [1]. 

Traditionally, Box & Jenkins and the multiple linear 
regression models have been considered in mid-term 
electricity consumption forecasting [1,4,7]. Despite the 
good results obtained by these methods, efforts have been 
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made to improve them [4,8, 9]. One way to improve the 
performance of the mid-term forecasting methods consists 
in filtering the time series data [4,10]. Among the available 
methods able to extract the signal component from a time 
series, the Singular Spectrum Analysis (SSA) has been 
successfully applied in several scientific fields [11,12]. 

SSA decomposes a time series into a sum of a small 
number of independent components interpretable as trend, 
oscillatory components and noise. SSA is a method for 
signal processing that can be used, among other 
applications, for example, in smoothing and filtering 
[12,13]. One of the advantages of SSA is its nonparametric 
nature, i.e., it is not necessary to know or specify a 
parametric model for the time series under study. A detailed 
description of the theoretical and practical foundations of 
the SSA technique can be found in [11,12]. 

A good example of the benefits provided by SSA 
filtering can be found in [14], where forecasts are provided 
for the industrial production in Europe. In the context of the 
electric power system, [15] presents the use of SSA in the 
monthly affluent flow forecast, essential information to the 
hydropower system operation and [16] presents a geometric 
combination approach to forecasting residential electricity 
consumption. In another example, [17] proposes a model-
free approach for day-ahead electricity price forecasting 
based on SSA and [18] presents a hybrid model combining 
periodic autoregressive models (PAR(p)) and SSA. 

In [4] the Spanish peninsular monthly electric 
consumption time series is split into two components: the 
trend and the fluctuation around it. After that, a neural 
network is trained to forecast each component separately. 
These predictions are added up to obtain an overall 
forecasting. The authors show that the results obtained are 
better than those reached when only one neural network was 
used to forecast the original consumption series. 

This paper investigates the use of SSA in mid-term 
forecasting of the monthly electricity consumption for the 
residential class. In Brazil, the residential class is 
responsible for approximately 26% of the total electricity 
consumption and represents 85% of the consumers. This 
paper shows similar results related to [14], but considering 
three approaches in SSA before fitting the ARIMA and 
Holt-Winters models. Both results confirm that SSA 
improves the accuracy of forecasting.  

The remainder of this article is organized as follows: 
Section 2 has a description of the SSA methods, while the 
traditional predictive methods are presented in Section 3. 
The computational experiment is presented in Section 4 and 
the results and discussion are reported in Section 5. Finally, 
in section 6 the main conclusions are drawn. 

 
2.  Singular spectrum analysis 

 
The basic version of the SSA method has two steps: 

decomposition and reconstruction. 
 

2.1.  Decomposition  
 
The decomposition step involves two stages: embedding 

and singular value decomposition (SVD). 

Embedding is a procedure in which a time series 
்

் is mapped into a sequence of lagged vectors 
ଵ  ൈ

ൈ, in which   ାିଵ
ᇱ

, for all , where  and L takes 
any integer value in the range . 

The matrix  is known as trajectory matrix [14] and the 
parameter L is the window length of the trajectory matrix 
[11].  

The trajectory matrix X can be expanded via singular 
value decomposition as (1): 

 



ୀଵ   

 
where  

ଵ/ଶ
 

ᇱ, and the set  ୀଵ
  correspond to 

the eigenvalues of the positive semidefinite matrix ᇱ 
taken in order of magnitude and  ୀଵ

  denotes the 
respective eigenvectors. According to [12], 

ᇱ
 . 

Let d be the rank of the trajectory matrix X (i.e., the 
number of nonzero eigenvalues), then the identity described 
in (1) can be rewritten as: 

 


ௗ
ୀଵ   

 
where  
The collection     is called eigentriple of SVD of 

the trajectory matrix X. The contribution of each component 
in (1) can be measured by the ratio of singular values, given 

by ୪
ଵ/ଶ

୪
ଵ/ଶ

ୀଵ  for each l.  
 

2.2.  Reconstruction 
 
The reconstruction step also has two stages: grouping 

and diagonal averaging. 
Grouping is a procedure that groups the elementary 

matrices into  disjoint groups and adding the 
matrices within each group. Let  ଵ   be the set 
of indices of the  elementary matrices classified in a same 
group i. Then the matrix corresponding to the group i is 
defined as: ூ ூೕ


ୀଵ  , so  the identity (2) can be 

rewritten as: 
 

ூ



ୀଵ

 

 
The contribution of the component ூ can be measured 

by the ratio of singular values given by:   
 

ூೕ

ଵ/ଶ
ୀଵ ୪

ଵ/ଶௗ
ୀଵ   

 
Consider the trajectory matrix  and assume that ∗

 and ∗ . Consider that ,
ሺሻ is an 

element in the line  and column  of matrix ூ. The element 

௧
ሺሻ of SSA component ௧

ሺሻ
ଵൈ்

 is computed by the 

Diagonal Averaging procedure applied to the matrix ூ. 
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௧
ሺሻ

,௧ିାଵ
ሺሻ௧

ୀଵ ∗

,௧ିାଵ
ሺሻ∗

ୀଵ
∗

∗ ∗

,௧ିାଵ
ሺሻ்ି∗ାଵ

ୀ௧ି∗ାଵ
∗

∗

 

 

Each SSA component ௧
ሺሻ

ଵൈ்
 concentrates part of the 

energy of the original series ௧ ଵൈ் which can be measured 
by the ratio of singular values (4). According to [12], the SSA 

component ௧
ሺሻ

ଵൈ்
 can be classified into three categories: 

trend, harmonic components (cycle and seasonality) and noise. 
 

2.3.  Separability 
 
Separability is one of the leading concepts in SSA [20]. 

This property characterizes how well the different 
components are separated from each other. A good measure 
of separability is the weighted correlation (w-correlation), a 
function that quantifies the linear dependence between two 
SSA components ்

ሺଵሻ and ்
ሺଶሻ: 

 

ଵଶ
ሺ௪ሻ ்

ሺଵሻ
்
ሺଶሻ

௪

்
ሺଵሻ

௪ ்
ሺଶሻ

௪

 

 
Where 
 

 ்
ሺሻ

௪ ்
ሺሻ

்
ሺሻ

௪
, 

 ்
ሺሻ

்
ሺሻ

௪
 

ሺሻ்
ୀଵ 

ሺሻ, 

 , 
 

  (once  ). 
 
The separability allows for a statistical check of whether  

two SSA components are well separated in terms of linear 
dependence. The matrix containing the absolute values of 
the w-correlations corresponding to the full decomposition 
can provide useful information for grouping the eigentriples 
[17]. If the absolute value of w-correlation is small, so the 
SSA components are classified as w-orthogonal (or quasi w-
orthogonal) otherwise, they are said to be poorly separated. 
It is a useful concept in the SSA grouping stage [17]. 

 
2.4.  Choice of optimal value of L  

 
The question of the optimal value of  remains open. 

[19], illustrates a long discussion about the ideal value of 
window length assuming that this value can be fixed or 
variable. In several cases, the general recommendation is to 
choose the window length at slightly less than half the size 
of the series: . In [20], the suitable value of 
L is   According to [21], the choice of  
depends on several criteria including complexity of the data, 

the aim of the analysis and the forecasting horizon. In [21], 
the authors show a new bound of  for the multivariate case 
and study the optimum value for the number of eigenvalues 

 to choose. By selecting  smaller than the true number of 
eigenvalues, some parts of the signal(s) will be lost, and 
then the reconstructed series becomes less accurate. 
However, if one takes  greater than the value that it should 
be, then noise is included in the reconstructed series. 
Although, considerable attempts have been made and 
various techniques considered for selecting the optimal 
values of  and  in SSA, there is not enough theoretical 
justification for choosing these parameters. In addition, if 
the series has a seasonal behavior with monthly periodicity, 
it is advisable to choose reasonably large values of  (but 
smaller than . In this paper the optimum value of  is 
obtained by testing values from  to  
and performing the BDS test [22] applied to the noise series 
after decomposition. 

 
3.  Predictive methods 

 
This section presents the Holt-Winters and ARIMA 

models; both traditionally used in mid-term consumption 
prediction. 

 
3.1.  Holt-Winters models 

 
According to [23], exponential smoothing methods are 

based on the assumption that the data are weighted 
differently. Usually, recent observations contain more 
relevant information than older ones, so that the weighting 
of the data (time series) decreases exponentially as the 
observation becomes older. A particular case of exponential 
smoothing method is the multiplicative Holt-Winters 
method, which performs modeling dynamically (i.e. with 
time-varying parameters) its components: level ଵ,ఛ , 
trend ଶ,ఛ) and seasonality ሺఛሻ : 

 

ఛ ଵ,ఛ ଶ,ఛ ሺఛሻ ఛ  
 
where ఛ is a stochastic error, ఛ is the observed value at 

time    and ሺఛሻ is the seasonal factor in  relative to month 

m. The family ൫	⋅൯ ∈
 of seasonal factors, where  is the 

set of months of the year that satisfy the 
constraint ሺ⋅ሻ∈ , where  is the size of the 
seasonal cycle. In the process of estimating the parameters of 
equation (7), three hyperparameters (time invariant 
quantities) are used, denoted by α, β and λ which are 
associated, respectively, to the estimates of level, trend and 
seasonality and whose optimal values are in the cube ଷ. 
Recently, [24] has compared the forecasts for the exponential 
smoothing and neural networks and removed trend and 
seasonality using seasonal differentiation. 

 
3.2.  Box-Jenkins models 

 
A second order stationary stochastic process is defined 

as a family ௧ ௧ୀଵ
்  of random variables whose moments 
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(mean, variance and covariance) are time invariants for all t. 
Consider the sequence ௧ ௧ୀଵ

்  as a realization of ௧ ௧ୀଵ
் . 

Box & Jenkins [23] proposes the following linear equation 
for ௧ ௧ୀଵ

் . 
 
௧ ଵ ௧ିଵ  ௧ି ௧ ଵ ௧ିଵ ௧ି        (8)  
 
where ௧ is a stochastic error and ௧ is the observed 

value in . For seasonal time series, the following 
formulation is used: 

 
ௌ  

 
The fitting of such SARIMA model to monthly seasonal 

time series is carried out in four stages; structural 
identification, parameters estimation, goodness of fit tests 
and forecasting. For details, see [23]. 

 
4.  Case study 

 
For the computational experiment, we considered the 

monthly time series of the residential electricity 
consumption in Brazil shown in Fig. 1. The time series 
covers the period from July 2001 to March 2013 (141 
observations). In this period, the series experienced an 
average growth of approximately 5%. The length of the in 
sample period is 129 and the out of sample is 12. The 
computational implementation was carried out with 
different software: MATLAB, for the SSA approach via 
principal component analysis in the SVD; Caterpillar SSA 
[25], for detailed verification of SSA filtering via graphical 
analysis of singular vectors via their scatter plots and the 
periodogram analysis; E-Views, for the analyzes of BDS 
tests (independence) [26] and ARIMA models [27]; 
Forecast Pro for Windows for Holt-Winters modeling; R, to 
apply SSA using hierarchical clustering [28], and Microsoft 
Excel to generate graphs. 

 
5.  Results and discussions 

 
In this study, three SSA filtering approaches were 

applied: principal component analysis under SVD (PCA-
SVD) [28], cluster analysis integrated with PCA-SVD [29] 
and graphical analysis of singular vectors of SVD [30]. 
Each filtering approach generated a smoothed time series of 

 
Figure 1.  Residential monthly electricity consumption in Brazil, covering 
the period from 2001/7 to 2013/3. (Average annual growth of 5%).  
Source: ANEEL - Brazilian Electricity Regulatory Agency. 

 
Figure 2.  Optimum value of N. Beyond this value (N=40) , the logarithm 
of eigenvalues are negative. 
Source: own elaboration. 
 
 
the monthly residential electricity consumption which was 
modeled by two predictive methods: ARIMA and 
Multiplicative Holt-Winters. 

 
5.1.  Principal component analysis under SVD (PCA-SVD) 

 
In the PCA-SVD approach, an optimal window length L 

is defined for trajectory matrix X and an integer N such that 
the SVD can be rewritten as: 

 

 ୀଵ

ே
 ୀேାଵ


 

 
Through diagonal averaging procedure, these sequences 

of elementary matrices in (10) generate ் (less noisy than 
the original series ்) and ் (the noise), respectively, such 
that the original time series ் can be written as:  

 
் ் ்  

 
The goal of this approach is to obtain a smoothed time 

series ் less noisy than the original time series ் [23]. 
In [31], the best values of L and N using this approach 

were obtained following the completion of many rounds of 
BDS testing for several values of these parameter. In this 
paper, the optimum values using the same procedure are 71 
and 40 respectively. Fig. 2 shows the logarithm of the 71 
eigenvalues arranged in a decreasing partial order and the 
point defined by the optimal value of N. 

In the PCA-SVD, the first 40 eigenvectors cover the 
signal ் and the last 31 remaining eigenvectors, the 
noise ். Removing ் in (11), one obtains the filtered 
series ் generated by the approach PCA-SVD such 
that ் ். Table 1 shows the results of the BDS test 
applied to ்.  

 
Table 1. 
The BDS test results for residual series ்.  

Approach Dim.  BDS Statistics Z-score p-value. 
 2 0.003570 0.802060 0.4225 
 3 0.001377 0.343034 0.7316 

PCA – SVD 4 0.001996 0.734919 0.4624 
 5 0.001245 0.773227 0.4394 
 6 0.001139 1.288628 0.1975 

Source: own elaboration. 
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Table 2 
SSA components obtained through hierarchical cluster analysis 
Component Singular Vectors 
SSA 1 1,2,3 
SSA 2 4-18, 21-24, 27, 28 
SSA 3 19, 20, 25, 26, 29-40 

Source: own elaboration. 
 
 
In Table 1, one can see that the null hypothesis of 

independence of the BDS test is not rejected at the 5% level. 
So there is no empirical evidence that the time series noise 
் has any structure of temporal dependence. Based on the 

BDS test, one can see that the Brazilian residential 
electricity consumption time series can be smoothed by ். 

 
5.2.  Cluster Analysis  

 
As before, in the first step, the trajectory matrix X is 

obtained from ் through embedding with optimum window 
length equal to 71. In this way, 71 singular vectors are 
obtained and the 31 less significant singular vectors were 
classified as noise, based on the BDS test using a 5% 
significance level, and were removed. Next, the 40 remaining 
singular vectors were grouped into 3 SSA components by 
hierarchical clustering analysis, as seen in Table 2. The 
implementation of this method was carried out by the general 
agglomerative hierarchical clustering in a R package called 
RSSA [32]. Initially, a matrix of dissimilarities for the  
eigentriples of SVD was generated. Next, each object was 
assigned to its own cluster and then the algorithm proceeded 
iteratively, joining, at each stage, the two most similar clusters, 
continuing until three clusters were obtained. At each stage, 
Euclidean distances between clusters were recomputed using 
the Lance–Williams dissimilarity update formula [33]. 

Fig. 3 shows the plot of three SSA components obtained 
from the three clusters. The BDS test is applied to each SSA 
component in order to identify the noisy component. The 
aim of this approach is to obtain a less noisy time series ், 
by removing the noisy component. 

According to the BDS test in Table 3, the SSA 
component 3 is classified as a noisy component.  

 
5.3.  Graphical analysis of singular vectors  

 
Analysis of time series coordinates on the basis defined 

by the singular vectors resulting from SVD identifies the 
components of trend, seasonality and noise present in a time 
series ். The general problem consists in identifying and 
separating the oscillatory components from those that are 
part of the trend. According to [12], the graphical analysis 

 
Table 3 
The BDS test results for residual SSA component 3 
Approach Dim.  BDS 

Statistics 
Z-score p-value. 

 2 -0,006979 -1.283821 0,1992 
 3 -0.003929 -0.454503 0,6495 
Cluster Analysis 4 -0,003973 -0.385826 0,6996 
 5 -0,001168 -0.108811 0.9134 
 6  0,001095  0.105725 0.9158 

Source: own elaboration. 

 
 

 
 

 
 
Figure 3.   Three SSA components from hierarchical cluster analysis.  
Source: own elaboration. 

 
 

of such coordinates in pairs allows us to visually identify 
the harmonic components of the series. 

Similarly to the computational experiments above, the 
optimal window length was considered as , but with 
an optimal truncation , generating 50 singular 
vectors. The software used for this approach was Caterpillar 
SSA [25]. Through graphical analysis of pairs of singular 
vectors it is possible to classify them according to their 
behavior. Consider a pure harmonic with frequency equal to 

, phase equal to , amplitude equal to  and period 
 defined as a divisor of window length L and K. If the 

parameter  assumes an integer value, then  is classified as 
a harmonic period [14]. The sine and cosine functions 
having equal frequencies, amplitudes and phases generate a 
scatter plot, which displays a circular pattern [12]. Thus, the 
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scatter diagram shows a regular polygon with  vertices. 
For a frequency 




with m and n integers and 

primes, the points are vertices of a regular polygon of n 
vertices [12]. Thus, the identification of components that are 
generated by a harmonic analysis can be performed by the 
pictorial analysis of the patterns determined by different 
pairs of components. 

Fig. 4 shows the ten first singular vectors. One can see 
that components 1, 4, 5 and 10 correspond to the trend. It is 
possible to identify that components 2, 3, 6 - 9 are harmonic 
components.  

For the other components in Fig. 4, there is no need for a 
deeper analysis. The first component (trend) accounts for 
nearly all the variability present in the time series. The 
domain of the trend component can be explained by the 
growth of the Brazilian population and the respective 
growth of the number of households [34]. Additionally, 
Brazil has experienced an improvement in income 
distribution, which allowed greater diffusion of home 
appliances, as well as the efforts to meet the universal 
access to electricity, expected for the year 2015. The result 
of classical decomposition of this series presents similar 
values of trend (95.83%), seasonal (2.77%) and noise 
(1.40%). 

Fig. 5 shows three pairs of singular vectors, it is found 
that the singular vectors 2 and 3 are harmonic components 
with period equal to 12 months, while the singular vectors 8 
and 9 are harmonic components with period equal to 6 
months. In turn, the singular vectors 19 and 20 are harmonic 
components with period equal to 3 months. 

 

  

  

  

  

  
 
Figure 4.   The 10 more significant singular vectors in SVD.  
Source: own elaboration. 

  

 
Figure. 5. Scatterplots of three pairs of singular vectors harmonics.  
Source: own elaboration. 

 
 
The periodogram analysis helps in the identification of a 

general harmonic component. The periodogram of the singular 
vector of each eigentriple provides information about the 
periodic behavior of the component and frequency (period) of 
the oscillations. Therefore, proper grouping can be made with 
the help of the periodogram analysis. For the series ்

ଵ ் , the periodogram 
்  is defined as 

 


் ିଶగఠ௧

௧ାଵ

்ିଵ

௧ୀ

 

 
where . 
For the periodic components, the periodogram has sharp 

spikes around the component’s frequency (period). Hence 
the visual identification is straightforward. Fig. 6 shows the 
respective periodogram associated to scatterplots of Fig. 5: 

By exclusion, the singular vectors that are not classified 
as trend component or harmonic component via graphical 
analysis are classified as noise. After graphical analysis of 
the 50 singular vectors of the SVD, the classification shown 
in Table 4 was obtained. 

Fig. 7 shows the plot of the three SSA components 
obtained by graphical analysis in the reconstruction phase 
where the elementary matrices are grouped into three 
groups generating the components in SVD. Note that the 
trend component captures a slight change in trend after 15 
months and the noisy component captures the highest 
difference between the original time series and the 
smoothed times series at the 57th month.  

 
Table 4 
Grouping of singular vectors via graphical analysis. 

COMPONENT SINGULAR VECTORS 
TREND 1, 4, 5, 10 
HARMONIC 2, 3, 6-9, 19,20 
NOISE 11-18, 21-50 

Source: own elaboration 

55

75

1 71

1(99.893%)

‐2

1 71

2(0.028%)

‐2

2

1 71

3(0.027%)

‐0,7

1

1 71

4(0.006%)

‐1,4

0,7

1 71

5(0.004%)

‐0,7

0,7

1 71

6(0.003%)

‐0,6

0,7

1 71

7(0.003%)

‐0,6

0,6

1 71

8(0.003%)

‐0,6

0,7

1 71

9(0.002%)

‐0,7

0,6

1 71

10(0.002%)

‐2

2

‐2 2

2(0.028%) ‐ 3(0.027%)

‐0,7

0,7

‐0,7 0,7

8(0.003%) ‐ 9(0.002%)

‐0,4

0,4

‐0,5 0,4

19(0.001%) ‐ 20(0.001%)



Lima de Menezes et al / DYNA 82 (190), pp. 138-146. April, 2015. 

144 

 

 

 
Figure 6.  Periodogram of the paired singular vectors (2 and 3), (8 and 9) 
and (19 and 20). The periods confirm the findings in the scatter plots.  
Source: own elaboration. 

 
 

 
 

 

 
 
Figure 7.  Plot of the three SSA components: trend, harmonic and noise via 
graphical analysis approach of singular vectors.  
Source: own elaboration. 

 
 

Table 5. 
Weighted correlation between three components 

COMPONENT TREND HARMONIC NOISE 
TREND 1 0 0.001 

HARMONIC 0 1 0,062 
NOISE 0.001 0,062 1 

Source: own elaboration 
 
 

Table 6. 
The BDS test results for component noise. 

Approach Dim.  BDS Statistics Z-score p-value. 
 2 -0,001141 -0.214661 0,8300 

Graphical  3 -0.000761 -0.090085 0,9282 
Analysis 4 -0,004814 -0.478405 0,6324 

 5 -0,004648 -0.443188 0.6576 
 6 -0.010205 -0.009020 0.3130 

Source: own elaboration. 
 
 
Table 5 shows the weighted correlation matrix among 

the three components identified by graphical analysis of the 
singular vectors. According to the figures presented in Table 
5, the three components look well separable. 

According to the BDS test in Table 6, one can see that 
the noisy component does not present time dependence 
structure. Therefore, this component can be classified as a 
noise. 

In the PCA-SVD method (equation 11), the components 
aren’t separated in trend, harmonic and noise, but rather in 
signal and noise. In this approach many noisy components 
are still part of the signal. In Table 2 obtained by the cluster 
analysis, one can see that the eigentriples 2 and 3 are added 
to the trend component, but the periodogram analysis (Fig. 
6) shows that these eigentriples are part of a harmonic 
component. Similarly, the cluster analysis classifies the 
eigenvectors 11 – 18 as harmonic component, but they are 
noise components (see Table 4) obtained by graphical 
analysis of the singular vectors. The results above show that 
the graphical analysis of a singular vector is a more 
effective method to classify SSA eigentriples. 

 
5.4. Forecasting models  

 
After identifying the noisy components by the three 

methods under study (PCA-SVD, Cluster Analysis and 
Graphical Analysis of Singular Vectors), these components 
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are extracted from the original time series resulting in 
smoothed time series. Thus, there are four time series to be 
modeled: the original and three filtered time series via SSA.  

In the specification of the 
ௌ model with , it is necessary to choose the 

lags  the degree of differencing d and D. It is 
considered that the best SARIMA model minimizes the 
Bayesian Information Criterion (BIC) [35]. The best Holt-
Winters’ model (HW) also minimizes the BIC with linear 
trend and multiplicative seasonality. The models are shown 
in Table 7.  

To check the predictive power of the SSA approach 
applied to the electricity consumption time series, Table 8 
shows the in sample results of the goodness of fit statistics: 
ଶ, mean absolute percentage error (MAPE), mean absolute 

deviation (MAD), and root-mean-square error (RMSE). One 
can see that the values of MAPE, MAD, and RMSE using the 
SSA approach are lesser than these values for the original 
time series.  

The out of sample 1-step ahead error statistics are shown 
in Table 9. Note that the graphic analysis is also the best 
approach of SSA filtering. 

 
Table 7. 
Models fitted to the four time series. 

  SARIMA HOLT-WINTERS 
  LEVEL TREND SEASONAL 

ORIGINAL 
 

0.339 0.014 0.248 

S
M

O
O

T
H

E
D

 

(S
S

A
) 

PCA-SVD 
 

0.348 0.014 0.255 

CLUSTER 

ANALYSIS  
0.474 0.013 0.499 

GRAPHICAL 

ANALYSIS  
0.439 0.104 0.997 

Source: own elaboration. 
 
 

Table 8. 
In sample goodness of fit statistics of the models tested 

 MODEL ଶ MAPE MAD RMSE 

ORIGINAL TIME SERIES 
HW 0.982 0.0163 0.121 0.163 

ARIMA 0.983 0.0157 0.117 0.157 

S
M

O
O

T
H

E
D

 

(S
S

A
) 

PCA-SVD 
HW 0.982 0.0163 0.121 0.160 

ARIMA 0.984 0.0152 0.114 0.152 
CLUSTER 

ANALYSIS 
HW 0.989 0.0137 0.101 0.128 

ARIMA 0.996 0.0079 0.059 0.080 
GRAPHICAL 

ANALYSIS 
HW 0.998 0.0058 0.040 0.055 

ARIMA 0.999 0.0028 0.020 0.025 
Source: own elaboration. 

 
 

Table 9. 
Adherence statistics of models tested out of sample. 

 MODEL MAPE MAD RMSE 

ORIGINAL TIME SERIES 
HW 0.014 0.141 0.182 

ARIMA 0.015 0.151 0.171 

S
S

A
 

PCA-SVD 
HW 0.014 0.160 0.181 

ARIMA 0.015 0.152 0.176 

CLUSTER ANALYSIS 
HW 0.011 0.128 0.147 

ARIMA 0.016 0.080 0.102 

GRAPHICAL ANALYSIS 
HW 0.007 0.055 0.065 

ARIMA 0.008 0.025 0.045 
Source: own elaboration. 

6.  Conclusions 
 
Three alternatives to remove the noisy component of a 

time series by SSA method were proposed in this paper. The 
method was applied to a real time series corresponding to 
monthly residential electricity consumption in Brazil. 
Among the three alternatives evaluated the graphical 
analysis of singular vector is the more effective method to 
remove the noisy component. In the sequence, the Holt-
Winters and Box- Jenkins were applied to the original and 
filtered time series obtained by SSA. The in-sample and 
out-of-sample goodness of fit statistics (MAPE, MAD and 
RMSE) obtained for the eight fitted models, show that the 
SSA method with graphical analysis of singular vectors also 
provided the more accurate forecasts. This approach 
provides a more detailed analysis of the components, thus, 
the results tend to be better. In addition, the best value of  
corresponds to  and the BDS test proved effective 
in identifying the noise components. 
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Abstract  
A diesel generator was simulated operating with palm oil as fuel and hydrogen doping the inlet air. The objective was to investigate how 
the addition of hydrogen can accelerate the end of vegetable oil combustion, and consequently improve the electrical efficiency of the 
generator set up, for the same mass flow rate of fuel. The simulations were performed using AVL BOOST software and validated with 
experimental data. The generator was simulated operating with 75%, 80% and 100% of the nominal load using palm oil in nature, and 
hydrogen being injected at the intake manifold in parcels of 5% to a maximum of 20% in energy content by replacing the main fuel. The 
simulations showed increase in electrical power, reduction in specific fuel consumption, improving the overall efficiency of the generator 
set with 100% load. Good results were obtained with operation at 75% of the nominal load. 
 
Keywords: Combustion; Palm Oil; Hydrogen; Diesel Generator; AVL BOOST.  
 

 

Simulación de un grupo generador diesel consumiendo aceite 
vegetal “in natura” y aire enriquecido con hidrógeno 

 
Resumen  
Simulamos un generador diesel para operar con aceite de palma e hidrógeno como combustibles. El objetivo era investigar cómo la 
adición de hidrógeno puede acelerar el final de la combustión de aceite vegetal, y en consecuencia mejorar la eficiencia eléctrica del 
generador, para la misma tasa de flujo de masa de combustible. Las simulaciones fueron realizadas utilizando el software AVL BOOST y 
validadas con datos experimentales. El generador fue simulado para operar con 75%, 80% y 100% de la carga utilizando aceite de palma  
natural, y el hidrógeno comenzó a ser inyectado en el colector de admisión en porciones de 5% a 20% que substituían el combustible 
principal. Las simulaciones mostraron aumento de la potencia eléctrica,  reducción en el consumo específico de combustible y  mejora de 
la eficiencia global de la operación del conjunto generador a una carga de 100%. Resultados satisfactorios de funcionamiento se 
obtuvieron con  carga  del 75%. 
 
Palabras clave: Combustión; Aceite de Palma; Hidrógeno; Generador Diesel; AVL BOOST. 

 
 
 

1.  Introduction 
 
The regions of the humid tropics, especially the Amazon, 

are rich in oil palms that produce vegetable oils, many without 
a commercial value. These same regions are dependent on 
petroleum for their energy supply, either to generate 
electricity, heat or land and fluvial transportation, where the 
logistics to guarantee the supply of fossil fuels are complex 
and expensive. According to [1], "the challenge for any 
country or region is the implementation of processes of 

production based on feedstock, with local availability." For the 
author, "these processes should be optimized with the goal of 
getting biofuels with competitive production costs and an 
appropriate quality." An example of this is that vegetable oils 
are capable of being used as hydrocarbon fuel with the 
advantage of being renewable and promote local economies. 
Research with this focus is required as an alternative to 
decreasing dependence on fossil fuels, mainly oil, natural gas 
and coal, whose total primary energy consumption grew by 
1.8% in 2012 relative to 2011 [2]. In this context, the use of 



Seawright-de Campos et al / DYNA 82 (190), pp. 147-152. April, 2015. 

148 

vegetable oil in natura (VO), that is filtered and degummed 
only, in internal combustion engines (ICE) as a viable 
alternative in complete or partial replacement to fossil fuels 
has been investigated. However, the use of VO in unmodified 
diesel engines leads to a reduction of thermal efficiency and 
increased levels of soot [3]. As a proposal to make the use of 
VO feasible, researchers are introducing other types of fuels as 
an additive to vegetable oil. [3] carried out performance 
experiments in a compression ignition engine using vegetable 
oil from Jatropha plus small quantities of hydrogen (H2) as the 
main fuel, which led to an improvement in the performance of 
this engine. One of the major advantages to using H2 as fuel is 
the absence of carbon in its chemical composition, which 
means that it has a very high burning rate and, thus, 
combustion is very fast and its wide range of flammable limits 
allows use equivalence ratio in the range of 0.1 to 7.1 [4]. The 
wide flammability of H2 allows the engines that use it as a fuel 
to operate with very lean mixtures resulting in greater fuel 
savings and more complete combustion [5]. Variations in both 
the injected amount of H2 as the types of vegetable oil used 
has been studied. [6] investigated the use of rubber seed oil, 
methyl-ester rubber seed oil and diesel as main fuels, and H2 
as an inductor, and concluded that there was a decrease in 
peak pressure in the cylinder with the addition of H2, in 
addition to an increase in the rate of combustion due to an 
improvement in the rate of heat release. Following this line of 
research, this study aimed to simulate the operation of a diesel 
generator, which occurred without changes in the ICE 
geometry, and only varying their operational parameters, 
using palm oil in natura as the main fuel and the addition of 
small amounts H2 by the intake manifold. The commercial 
software used was the AVL BOOST, employed by several 
authors such as [7], [8], [9] and [10], which confers reliability 
and speed and guarantees that results are achieved. 

 
2.  Numerical Methodology 

 
The software adopted for the simulation was the AVL 

BOOST version 2011.2, which provides a graphical user 
interface (GUI) composed of icons that represent 
components of ICE. Once selected and interconnected, the 
icons allow to open windows through which the geometrical 
and operational data of the engine, as well as the 
mathematical models that make up the simulation are 
inserted [11]. The numerical model created to represent the 
ICE is shown in Fig. 1. 

Table 1 shows the nomenclature of the majors elements 
used in the computational model and identified in Fig. 1. 

 
Table 1.  
Nomenclature of the majors elements used in the computational model and 
identified in Figure 1. 

Element Symbol Quantity 

Engine E 1 
System Boundary SB 2 
Measuring Point MP 7 
Air Cleaner CL 1 
Injector I 1 
Plenum PL 2 
Cylinder C 4 

Source: The authors. 
 

 
Figure 1. Graphical representation of the model of the internal combustion 
engine. 
Source: The authors. 

 
Geometric and operational parameters used to create the 

computational model were obtained from a Hyundai, Model 
D4BB-G1 generator, with maximum power of 20kVA, 
consisting of a diesel internal combustion engine, naturally 
aspirated, four-cylinder and indirect injection. The main 
characteristics of the engine and generator are shown in Table 
2. 

 
2.1.  Combustion Model 

 
The combustion model considered was Vibe 2 Zone, 

which specifies the rate of heat release, considering the 
burned and unburned mass fractions. Thus, the calculation 
of the thermodynamic state of the cylinder is based on the 
1st Law of Thermodynamics, as shown below: 

 
ௗ್௨್
ௗఈ 

ௗ್
ௗఈ

ௗொಷ
ௗఈ

ௗொೈ್

ௗఈ ௨
ௗ್
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ಳಳ,್

ഀ

  (1) 

 
ௗೠ௨ೠ
ௗఈ 

ௗೠ
ௗఈ

ௗொೈೠ

ௗఈ ௨
ௗ್

ௗఈ ,௨	
ಳಳ,ೠ

ഀ
	
     (2) 

 
where:  
index b: burned zone  
index u: unburned zone  
 

Table 2.  
Main features of generator set Hyundai D4BB-G1. 

Parameters Value 
Bore and stroke of engine 0,911m x 0,100m 

Total displacement 2.607 x 10-3 m³ 
Nominal power at 1800 rev/min 18kVA 

Compression ratio 22:1 
Fuel injection timing 5º ATDC 

Firing order 1-3-4-2 
Voltage of Electric Generator 220V 
Current of Electric Generator 47A 

Frequency 60Hz 
Number of phases 3 

Source: The authors. 
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ௗሺ.௨ሻ

ௗఈ
 change on the internal energy in the cylinder; 

 


ௗ

ௗఈ
 piston work; 

 
ௗொಷ
ௗఈ

 fuel heat input; 

 
ௗொೈ
ௗఈ

 wall heat losses; 

 

.
ಳಳ
ഀ

 enthalpy flow due to blow-by. 

 
and the term ௨

ௗಳ

ௗఈ
  covers the enthalpy flow from the 

unburned to the burned zone due to the conversion of a 
fresh charge to combustion products [12]. 

 
2.2.  Scavenging Model 

 
The scavenging model considers the scavenging efficiency 

which is defined as the volume of fresh air in the cylinder 
related to the total cylinder volume, and the delivery ratio 
which is defined as the total volume of air which entered the 
cylinder related to the total cylinder volume. In choosing this 
model, data were entered as shown in Table 3. 

For the scavenging model the standard adopted by AVL 
BOOST for four-stroke engines was maintained, which is 
Perfect Mixing model, which considers that the gas entering 
into a cylinder is immediately mixed with the contents of 
the cylinder, and the gas leaving a cylinder has the same 
composition as the mixture of the cylinder [11]. 

 
2.3.  Heat Transfer Model 

 
The model chosen for heat transfer from the cylinder to 

walls of the combustion chamber was Woschni (1978), 
represented by the following equation [12]: 

 

௪
ି.ଶ


.଼


ି.ହଷ

ଵ  ଶ
ವ. ்,భ
,భ.,భ

 ,

.଼

   (3) 

 
where 
C1 = 2.28 + 0.308. cu/cm; 
C2 = 0.00622 for IDI engines; 
D = cylinder bore; 
cm = mean piston speed; 
cu = circumferential velocity; 
VD = displacement per cylinder; 
pc,o = cylinder pressure of the motored engine; 
Tc,1 = temperature in the cylinder at intake valve closing 

(IVC); 
pc,1 = pressure in the cylinder at IVC. 
 

Table 3.  
General input data in the model of the cylinder. 

Parameters Value 
Connecting rod length 0.160m 
Piston pin offset 0.0m 
Effective blow by gap 8x10-8 m 
Mean crankcase pressure 1x105 Pa 
Scavenge Model Perfect Mixing 

Source: The authors. 

2.4.  Pollutants Models 
 
For the calculation of NOx, CO and soot formation 

standard models were used implemented in AVL BOOST 
[12]. The NOx formation model is based on Pattas and 
Häfner model and takes into account 6 elementary reactions 
based on the Zeldovich mechanism, utilizing 8 species. The 
CO formation model is based on the Onorati et al. model 
and takes into account 2 elementary reactions, utilizing 6 
species. The soot formation model is based on the 
Schubiger et al. model and taken into account 2 elementary 
reactions: one of formation and another of oxidation. 

 
2.5.  Validation and Simulation Methodology 

 
After creating the model in AVL BOOST, it was 

validated with the experimental work [13], with some 
validation data presented in Table 4.  

Table 4 shows that in the validation between simulation 
and experimental works [13], no significant differences 
were obtained for Electric Power, Electric Performance and 
mass flow. Thus, loads were adopted in a generator similar 
to those used by [13]; that is, 75%, 80% and 100% of full 
load capacity of the generator. As the combustion in diesel 
engines occurs by diffuse flame, the combustion occurs at 
stoichiometric condition. The values adopted for the fuel 
Lower Heating Value were 38,085 kJ/kg for the VO and 
120,043 kJ/kg for the H2. At first, the simulation occurred 
only with vegetable oil in natura (VO100) as fuel being 
kept constant its inlet mass flow rate at 1.558 g/s that means 
genset operating at its full load. After that, the addition of 
H2 at the entrance of the intake manifold through an injector 
was simulated. 

Similar to [14],  this simulation varied the H2 
concentration from zero to 20% with steps of 5%. This 
implies VO reduction of the same amount (in energy basis). 
As a Lower Heating Value of H2 is greater than the one for 
VO, the amount of VO energy replaced for H2 was the  

 
Table 4.  
Data validation of the computational model with the experimental work of 
[13]. 

Parameters Value of [13] Simulation 
value 

Diference 
(%) 

Electric Power (kW) 14.82 14.79 0.002 
Electric Performance 

(%) 
24.95 24.92 0.001 

Mass flow  
(g/s) 

1.5589 1.5588 0.00 

Source: The authors. 
 
 

Table 5.  
Variation of H2 injection replacing the vegetable oil with the load. 
Variation of VO 

and H2 (x10-2 

g/s) 

 
 

75% 

Load 
 

80% 

 
 

100% 
 VO H2 VO H2 VO H2 

VO100 116.9 0.0 124.7 0.0 155.8 0.0 
VO95H5 115.1 1.8 122.8 1.9 153.4 2.4 
VO90H10 113.2 3.7 120.8 3.9 150.9 4.9 
VO85H15 111.4 5.5 118.8 5.9 148.4 7.4 
VO80H20 109.5 7.4 116.8 7.9 145.9 9.9 
Source: The authors. 
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Figure 2. Variation of power with load for the addition of H2 in vegetable 
oil. Source: The authors. 

 
 

same, but the amount of mass of H2 that replaced the mass 
of VO was obviously smaller for each of the simulated 
cases, as shown in Table 5. The notation adopted for each 
amount of H2 injected replacing VO were VO95H5 (5% 
H2), VO90H10 (10% H2), VO85H15 (15% H2) and 
VO80H20 (20% H2). 

 
3.  results and Discussion 

 
Fig. 2 shows variations of the genset output electric 

power varying the generator load and H2/VO ratio. The 
simulation showed that there was a linear increase in 
electrical power provided by the generator, when the H2 
content was increased. The output increased 16% at 75% of 
the nominal load and 14% at full load. 

 
 
Fig. 3 shows the variation of brake specific fuel 

consumption (BSFC) with the generator load and H2 
concentration. Increasing H2 content, BSFC decreased by 
14.2% for operation for full load and decreased by 16.1% 
with the genset operating with 75% of the generator 
nominal load. The simulation suggested that the lowest 
value for the BSFC occurs when the genset run with 20% of 
H2 and full load. In this case, the specific consumption is 
309.13 g/kWh. 

 

 
Figure 3. Variation of break specific fuel consumption with load for 
different H2 content in vegetable oil. 
Source: The authors. 

 
Figure 4. Variation of NOx with load for the addition of H2 in vegetable oil. 
Source: The authors. 

 
 

 
Figure 5. Variation of CO with load for the addition of H2 in vegetable oil.  
Source: The authors. 

 
 
Fig. 4 shows NOx concentration in the eluded gases 

changing the generator load for a different H2/VO ratio. As 
expected, there was a significant increase in NOx 
concentration with increasing H2/VO ratio. At full load and 
20% H2, the NOx concentration increased 58%. Running 
under full load and 20% of H2, genset electric power 
increased from 14.8kW to 17.2kW. This is a consequence of 
replacing the vegetable oil-air mixture causing a reduction 
in the amount of air and, therefore, on the amount of N2 
raising the mixture’s adiabatic flame temperature. As the 
Zeldovich mechanism is very sensitive to the reactant 
temperature, the rate of NOx production increases 
exponentially with gas elevation. As the combustion 
chamber has excess oxygen and plenty of nitrogen, it results 
in a greater concentration of NOx on the exhaustion gases in 
the case of H2 doping. 

Fig. 5 shows the variation of CO concentration varying 
the generator load and H2/VO ratio. 

Increasing H2 content raised the CO concentration in 
exhaust gas by 28.3% when operating at 75% of the 
nominal load. However, if the H2 content is 20%, the CO 
concentration stays almost constant independently of the 
generator load. This fact is very positive, mainly for genset 
operating in off-grid conditions and required to follow the 
load. In this case, doping the inlet air with 20% of H2 will  



Seawright-de Campos et al / DYNA 82 (190), pp. 147-152. April, 2015. 

151 

 
Figure 6. Variation of soot production with load for the addition of H2 in 
vegetable oil.  
Source: The authors. 

 
 

 
Figure 7. Variation of volumetric efficiency versus load and H2 content in 
vegetable oil.  
Source: The authors. 

 
 

cause the CO concentration in the exhaustion gases to be 
kept constant and independent of the fuel flow rate. 

Fig. 6 shows how soot formation varies with the 
generator load and H2/VO ratio. Raising the load increases 
soot concentration. At 75% of the nominal load, the amount 
of soot doubles if the H2 varies from 0 to 20%. On the other 
hand, at full load the amount of soot produced was almost 
constant and nearby 0.24 g/kWh. The minimum amounts of 
soot obtained was for VO100 and reached 0.051 g/kWh. 
Hydrogen competes for oxygen with carbon. At high load, 
much more carbon is injected for the same available amount 
of oxygen, therefore more soot is formed. At 75% load, the 
competition between carbon and hydrogen is more visible. 
Once more hydrogen is added, there is an oxygen shortage 
that promotes soot formation. Fig. 7 shows the volumetric 
efficiency versus load and H2/VO ratio. 

Increasing the generator load and H2 content, the 
simulation showed a decrease in engine volumetric 
efficiency of 1.4% at generator load of 75% of the nominal 
load, and 1.7% when operating at full load. The simulation 
showed that for full load and 20% in H2 content, volumetric 
efficiency can fall to 82.6%. This can happen because larger  

 
 
Figure 8. Variation of the genset electrical efficiency with load and H2/VO 
ratio.  
Source: The authors. 

 
 

loads will require higher power (Fig. 2), which will increase 
the average temperature in the combustion chamber and 
increase the engine wall temperature. Then, engine walls 
will transfer heat to air in the intake system, reducing the air 
density, thereby reducing volumetric efficiency.  

Fig. 8 shows the genset electrical performance versus 
load and H2/VO ratio.  

At the lowest load, there was a gain of nearly 5% in 
performance, and a 2.5% gain operating at full load. The 
simulation showed that the generator can reach values 
above 25.5% in performance with 20% H2 in vegetable oil. 

 
4.  conclusions  

 
The results showed significant improvements in the 

genset electric power and a decrease in brake specific fuel 
consumption with increasing hydrogen doping. The overall 
genset electrical efficiency improved as the hydrogen 
concentration was raised. The CO production remained 
constant with the maximum amount of simulated hydrogen 
for demanded medium and high loads on equipment. The 
values of NOx and volumetric efficiency show the best 
levels with the use of vegetable oil in nature than with the 
introduction of hydrogen, while soot formation was 
increased but remained at a level close to 0.24 g/kWh, for 
any amount of tested hydrogen concentration when the 
genset operates at 100% load. The simulation showed that 
with the generator operating at medium load (75%), good 
results were achieved for the brake specific fuel 
consumption, which remained close to 329 g/kWh. The 
electrical efficiency of the genset at 75% load was 24%, 
close to the operation at full load, which was 25.5%. The 
general conclusion obtained from this simulation is that 
using hydrogen doping promotes a faster combustion of 
palm oil, improving its performance and CO emissions 
remain constant. These findings deserve to be investigated 
experimentally in gensets operating at medium loads or 
high loads, especially in regions with complex and 
expensive logistics, from the point of view of petroleum 
based fuels supply, such as the Amazon region. 
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Abstract 
A method to extract 3D information using a white light interferometer without using PZT is presented. Instead a positioning system that 
uses the phase sensitivity of a target periodic is employed.  The image treatment realized on the periodic target permits to calculate the 
relative distance between Mirau objective and object surface. Topographic reconstructions of objects with dimensions of some tenths of 
millimeters were calculated with an accuracy of approximately 28 nanometers.  Theoretical analysis and experimental results are shown.  
 
Keywords: profilometry, optical metrology, surface topography, Mirau interferometer. 
 

 

Reconstrucción de objetos por perfilometría interferométrica con 
sistema de posicionamiento de mira periódica 

 
Resumen 
En este trabajo se presenta un método para extraer información 3D usando un microscopio interferométrico, sin la necesidad de utilizar 
un dispositivo transductor piezoeléctrico (PZT, por su siglas en inglés). En lugar de ello se utiliza un sistema de posicionamiento que 
aprovecha la sensibilidad a la fase de una mira periódica, que es registrada mediante el uso de un sistema de visión. El procesamiento de 
la mira permite calcular la distancia relativa entre el objetivo Mirau y el objeto. Reconstrucciones topográficas de algunas décimas de 
milímetros fueron calculadas con una precisión de aproximadamente 28 nanómetros. Se presenta un análisis teórico y algunos resultados 
experimentales.  
 
Palabras clave: Perfilometría, metrología, óptica, topografía de superficie, interferometro Mirau. 

 
 
 

1  Introducción 
 

La interferometría con luz blanca es una técnica 
ampliamente utilizada para medidas topográficas de alta 
resolución axial, sin contacto [1-5,14]. La técnica 
básicamente divide un rayo de luz de una fuente de luz 
blanca en dos haces separados. Un rayo es reflejado por la 
superficie del objeto a medirse (Brazo muestra) mientras 
que el otro sigue un trayecto conocido de distancia óptica 
constante (Brazo de referencia).  Debido al ancho de banda 
espectral extendido de la fuente y la longitud de coherencia 
corta, franjas de buen contraste se obtendrán únicamente 
cuando los dos brazos del interferómetro estén próximos en 
longitud, cuya diferencia sea menor a la longitud de 
coherencia de la fuente. Usualmente se utiliza un PZT para 
variar la distancia óptica del brazo muestra del 

interferómetro. Las variaciones de altura a través de la 
muestra pueden ser determinadas buscando la posición que 
tiene el PZT cuando se obtiene el máximo contraste de 
franjas.  Este modo de operación es conocido como modo de 
sensado del pico de coherencia por barrido vertical.  En 
esta situación, el rango máximo axial de distancias para el 
análisis topográfico es determinado  por el máximo 
desplazamiento del PZT.  Un esquema experimental 
tradicional puede incluir un objetivo tipo Mirau de 10X y un 
PZT con desplazamiento máximo de 40 . Si se desea 
incrementar el máximo desplazamiento, los dispositivos 
PZT presentan algunos inconvenientes, dentro de estos se 
puede mencionar: alto costo y presencia de histeresis.  

En publicaciones anteriores se ha demostrado la alta 
precisión y resolución de un sistema de posicionamiento 
que se obtiene al emplear una mira periódica [11,13]. La  
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(a) 

(b) 
Figura 1. (a) Esquema de un sistema interferométrico y cámara de 
posicionamiento utilizada. (b) Esquema de un interferómetro Mirau y la 
Mira de posicionamiento. 
Fuente: propia 

alta sensibilidad se obtiene al utilizar  la información de fase 
espacial como elemento codificador de la posición espacial 
de la mira periódica. En el presente artículo se propone  
reemplazar el PZT  utilizado para realizar el barrido axial en 
un microscopio interferométrico tipo Mirau del 
interferómetro. 

En el presente trabajo se realiza inicialmente una 
descripción de la microscopía interferencial tipo Mirau, en 
donde se detalla el principio de funcionamiento del 
interferómetro. De igual forma se explica la metodología 
tradicional para el análisis de franjas interferométrica de luz 
policromática, utilizando como sistema de codificación de 
altura un sistema de posicionamiento basado en el rastreo de 
una mira periódica con un sistema de visión apropiado. 

2. Sistema de microscopía interferencial tipo Mirau

Un sistema de microscopía interferencial tipo Mirau está
compuesto por un microscopio de reflexión, el cual tiene un 
objetivo interferométrico tipo Mirau, Fig. 1(a) y (b).  El 
objetivo interferométrico Mirau está compuesto de una 
lámina semitransparente  entre el  objetivo y la muestra 
(lámina separatríz), y un espejo de referencia  sobre el 
centro de su cara frontal. El funcionamiento del objetivo 
interferométrico es similar al de un interferómetro 
Michelson, con la diferencia que los dos brazos por donde la 
luz realiza su recorrido están en un mismo eje.  De esta 

manera, cuando el haz atraviesa el objetivo, la lámina 
separatríz divide el frente de onda en dos: uno que se 
transmite hacia la muestra y el otro que es reflejado. El haz 
reflejado va al espejo de referencia, regresa a la lamina 
separatríz y se superpone con el reflejado por el objeto. Así, 
la correlación de los dos haces es vista por el objetivo. El 
contacto óptico se obtiene cuando la diferencia de camino 
óptico entre la lámina separatríz-espejo y la lámina 
semitransparente-objeto, es cero. 

3. Análisis de franjas de interferencia de luz
policromática

Al utilizar el sistema mostrado de la Fig. 1(a) y (b) con
luz policromática, las reflexiones sobre la muestra, ubicada 
en el portaobjeto, son combinadas con las reflexiones 
provenientes del espejo de referencia, localizado en el 
objetivo Mirau. El campo eléctrico  que llega al 
detector es la superposición de la luz que proviene de la 
muestra y el espejo de referencia, 

௦  (1) 

Donde ୱ y ୰ son respectivamente las amplitudes 
ópticas del haz señal y del haz referencia. Mientras que,  es 
el tiempo de retraso debido a la diferencia de longitud en los 
caminos ópticos de los dos haces. La intensidad registrada 
por el detector está dada por, 

ௗ ௦  ௦ 
భ
మ             (2)  

donde  es el grado complejo de coherencia mutua, que se 
expresa como, 

〈ாೞ∗ሺఛሻாೝሺ௧ାఛሻ〉

ሺூೞூೝሻ
భ
మ

(3) 

En general, el grado complejo de coherencia mutua 
incluye los efectos de coherencia espacial y temporal.  Para 
un interferómetro de división de amplitud con el 
microscopio interferométrico Mirau en iluminación de 
Köhler, la coherencia espacial se puede despreciar. Así la 
coherencia mutua se reduce a la auto-coherencia o 
coherencia temporal, en este caso, 

ௗ ௦  ௦ 
భ
మ ௧         (4) 

Donde, ୲ୡ  es la parte real del grado complejo 
de coherencia temporal de la fuente de luz. Su forma 
normalizada está dada por ଵଵ , 

ଵଵ
భభሺఛሻ

భభሺሻ
(5) 

Donde ଵଵ
∗ y el subíndice 11, 

corresponde a un único punto de la fuente incoherente.  El 
grado complejo de coherencia normalizado de la fuente de 
luz es dado por la transformada de Fourier de la densidad 
espectral de energía.  Si la fuente de luz es policromática y 
se asume una densidad espectral de energía gaussiana con 
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ancho  espectral  y frecuencia media , el grado complejo 
de coherencia temporal ଵଵ estará dado por, 

ଵଵ ܗ
ି̅

௱

ଶஶ
ିஶ         (6) 

Donde ୭ es una constante. Teniendo en cuenta que 
ଵଵ , se tiene que: 

௧
ଶ (7) 

Así la ec. 4, se puede escribir como, 

ௗ ௦  ௦ 
భ
మ ଶ     (8) 

O 

ௗ  (9) 

Donde ୭ es la intensidad de fondo,   es la función de 
contraste de las franjas o envolvente del patrón de franjas 
observado.  Esta función  está dada por, 

ଶሺூೞூሻ

ூೞାூ
ଶ (10) 

(a) 

(b) 

Figura 2. (a) Perfil del interferograma. (b) Representación de las vistas de 
interferograma en tres pixeles arbitrarios y la localización de los picos de 
los inteferogramas que determinan  las medidas de alturas relativas. 
Fuente: propia 

Si en el sistema de la Fig. 2(a) y 2(b) el origen de 
coordenadas es tomado sobre un punto  en particular en la 
dirección axial, donde los dos caminos ópticos son iguales, 
y la superficie de prueba es movida a lo largo del eje  en 
una serie de pasos de tamaño , entonces la intensidad 
sobre un punto  en el plano de la imagen que 
corresponde a un punto del objeto de altura , se puede 
escribir como, 

ௗ ௦  ௦ 
భ
మ





ଶగ

ఒഥ          (11) 

donde ௦ e  son las intensidades de los dos haces que 

actúan independientemente, 



 es el grado complejo de 

coherencia, la cual corresponde a la visibilidad de la 

envolvente de la franjas de interferencia, y 
ଶగ

ఒഥ

  es la modulación cosenoidal donde  corresponde a la 

longitud de onda media de la fuente,  es la 
diferencia de longitud de los caminos ópticos atravesados 
por los dos haces y  es la diferencia del corrimiento de 
fase debido a las reflexiones sobre el divisor de haz, los 
espejos y posiblemente el material de prueba.  La Fig. 2(a), 
muestra las variaciones de intensidad sobre el punto de la 
imagen cuando el objeto es barrido axialmente. 

Se utiliza una cámara (CCD2 en la Fig. 1(a)), ubicada en 
el plano imagen del sistema óptico del microscopio, como 
mecanismo de registro del interferográma. Cada pixel de la 
cámara tiene la posibilidad de registrar patrones de 
interferencia similares a los de la Fig. 2(a) en la medida que 
el objeto es desplazado en la dirección . Estos patrones de 
interferencia tienen la posición del máximo de la envolvente 
en posiciones de barrido que depende de la topografía de la 
superficie del objeto. De esta manera, de las posiciones del 
máximo de la envolvente sobre el eje de barrido se obtiene 
la topografía del objeto, ver Fig. 2(b). 

4. Detección de máximos

La detección de máximos es una técnica que aprovecha
la propiedad de los interferogramas producidos por una 
fuente policromática. Según la ec. 9, las franjas se 
encuentran moduladas por una envolvente , 
presentando un máximo de intensidad en puntos donde la 
diferencia de camino óptico es cero. Como se menciona en 
la sección anterior, determinar la forma del objeto consiste 
en localizar la posición del máximo de la envolvente del 
interferograma para cada punto del objeto. Esto se realiza 
desplazando uno de los brazos del interferómetro Mirau, de 
tal manera, que cada punto pase por el plano de contacto 
óptico. Este desplazamiento se puede realizar moviendo el 
porta-objeto o moviendo el objetivo y dejando fijo el porta-
objeto. En el presente trabajo se deja fijo el objetivo de 
microscopio y se desplaza el porta-objeto, sobre el cual se  
ha adherido una mira periódica para determinar su posición 
axial, como se  muestra en la sección siguiente.  

La cámara CCD2 registra los valores de la intensidad del 
interferograma, almacenando tanto el máximo del 
interferograma como el desplazamiento del portaobjeto, 
asociado al valor de intensidad máximo. Así se obtienen dos 
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matrices: una con la información de los máximos de 
intensidad del interferograma y otra con las posiciones de 
desplazamiento del portaobjeto. La primera da una imagen 
en niveles de grises de los puntos del objeto focalizados y 
con la mayor reflectividad y la segunda brinda la 
información de altura del objeto discretizada en un número 
de niveles de grises, propio de la cámara utilizada.  

5. Dispositivo experimental

La Fig. 1(a y b) muestra como está conformado el
sistema de microscopía interferencial Mirau, utilizado en el 
presente artículo. Este está constituído por un microscopio 
de reflexión metalográfico Eclipse 600, marca Nikon y un 
objetivo interferométrico tipo Mirau de 10X de apertura 
numérica (NA) de 0.3 y de distancia de trabajo (WD) de 
7.4mm, la cual está sincronizado a dos cámaras CCD 
monocromáticas de 640x480 pixeles  de conexión USB, 
marca . Una de estas cámaras tiene como propósito 
registrar el interferograma (CCD2) y la otra registrar la mira 
que está adherida al porta-objeto del microscopio (CCD1), 
ver Fig. 1(a) . Tradicionalmente la muestra se ubica sobre 
un PZT y este sobre el porta-objeto.  

La propuesta implementada en el presente artículo 
remplaza el PZT por la mira periódica que se ubica 
verticalmente sobre el porta-objeto, ver Fig. 1(a). La mira 

(a) 

(b) 
Figura 3. (a) Imagen de la mira capturada por la CCD1. (b) Dispersión de 
la medida de 100 posiciones sin desplazamiento. 
Fuente: propia 

está constituída por un arreglo periódico de 15x15  cuadros 
de 5   cada uno y de período 10 , constituyendo así una 
mira de , ver Fig. 3(a). 

6. Calibración del sistema

Inicialmente se realiza la calibración del sistema de
posicionamiento, es decir, obtener la resolución y rango de 
desplazamiento de la  mira, la cual es observada por una 
cámara  monocromática de 640x480 pixeles(CCD1). 
Para obtener una imagen ampliada de la mira se utiliza un 
objetivo de microscopio de 50mm de distancia focal, junto 
con un tubo extensor de 10cm aproximadamente. Para 
evaluar la influencia del ruido y vibraciones del sistema se 
adquirieron 100 imágenes de la mira para una posición fija 
axial. Se calcularon las 100 posiciones del centro de la mira 
utilizando el método de codificación de fase. Este método 
aprovecha la información de fase debido a la distribución 
regular de los puntos para calcular el centro de cada uno. 
Como el centro de cada punto debe tener una fase igual a un 
número entero de 2π, la posición se obtiene con precisión 
subpixel al interpolar la fase. Este método es presentado en 
detalle en [11].  

La desviación estándar de las coordenadas del centro los 
eje X y Y determinan la influencia del ruido en el cálculo de 
la posición axial usando la mira. De igual forma, se puede 
determinar el tamaño del pixel de la CCD1 en el plano de la 
mira, valor importante para calcular las coordenadas axiales 
en unidades métricas. Al desplazar el porta-objeto en 
dirección vertical y al usar el factor de conversión pixeles a 
milímetros sobre el plano de la mira, se puede establecer la 
dirección del eje de barrido. La Fig. 5(a) muestra los datos 
obtenidos para un desplazamiento vertical de 5.3 μm de la 
mira. De esta serie de datos se determina el eje de barrido, 
al realizar un ajuste por mínimos cuadrados, y el vector 
unitario del eje de barrido. Con el vector unitario se puede 
determinar la posición de cualquier posición de la mira al 
proyectar las coordenadas del centro sobre el eje de barrido, 
ver Fig. 5(b).   

Del análisis de los datos se obtuvo una desviación 
estándar de  en X y  en Y, como se 
puede observar en la Fig. 3(b) y el tamaño de pixel 
calculado es de  en X y  en 
Y, ver en la Fig. 3(a).  Esto implica que el sistema es 
bastante estable, pudiéndose resolver dos posiciones axiales 
consecutivos igual al doble de la desviación estándar, 
empleando la mira. Como el sensor es de 640x480 pixeles, 
el campo de observación es de . 

Para el cálculo del centro de la mira empleando la 
información de fase se requiere que la imagen de la mira en 
la CCD1 se observe completamente. Esto implica que la 
imagen de la mira ocupa una fracción de la superficie del 
sensor de la cámara CCD1,  obteniéndose regiones libres en 
los extremos de la mira, como se observa en la Fig. 3(a). 
Esta región libre define el rango de traslación de la mira en 
los ejes X y Y. Debido a la disposición de la cámara CCD1, 
el rango de traslación en X define el rango de 
desplazamiento máximo del sistema de perfilometría, que 
corresponde a 0.449 mm. Para aplicaciones en donde sea 
necesario un mayor rango de desplazamiento es conveniente  
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(a) 

 

 (b) 

  
   
(c)

 

 (d) 

 

(e) 

 

 (f) 

  
Figura 4. Resultados de algunas reconstrucciones  realizadas por el sistema inteferométrico sin la utilización de un PZT: (a), (b) Imagen de intensidad 
focalizadas de la lente de Fresnel y parte de una moneda de 500 pesos. (c),(d) Reconstrucción 3D de la lente de Fresnel y Moneda. (e),(f) Perfil de la lente 
de fresnel y de la Moneda. 
Fuente: propia 

 
 

orientar la cámara, de tal forma, que la dirección de mayor 
número de pixeles coincida con la dirección de barrido. De 
esta manera, el uso de la mira permite un rango de 
desplazamiento o tamaño máximo del objeto de 449 micras 
con desplazamiento mínimo de 2.2 nm. 

Por otro lado, para determinar el campo de observación 

de la cámara colocada en el interferómetro (CCD2), es decir 
el tamaño de la región transversal al eje óptico observada 
sobre el objeto, se realiza un procedimiento clásico de 
calibración. Este procedimiento consiste en realizar 
desplazamientos conocidos, empleando tornillos 
micrométricos, de un objeto que está siendo observado por 
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el sistema de visión del interferómetro, al cual se facilite 
hacer el seguimiento de un punto particular de su superficie.  

Esto permite obtener una función de asociación entre los 
pixeles en el plano imagen y milímetros en el plano del 
objeto. En este caso como el desplazamiento realizado es 
lineal, se encontró una recta de ajuste por mínimos 
cuadrados, D , donde 
Dp es la distancia recorrida en pixeles y Dm la distancia 
recorrida en mm. Esta ecuación permite determinar el 
tamaño del pixel de observación de la cámara en el 
interferómetro (CCD2), bajo la suposición de que el pixel 
posee una razón de aspecto 1. El tamaño del pixel obtenido 
es ିସ , y el campo de observación es  

, ver Fig. 5 (a) y (b). 
 

7.  Resultados 
 

La perfilometría con luz policromática fue implementada 
con base en la detección de máximos de intensidad 
explicada en las secciones 3 y 4. El método se implementó 
utilizando un sistema sincronizado de dos cámaras, una que 
registra las intensidades del interferograma y otra que 
registra la mira de posicionamiento. La imagen registrada de 
la mira permite obtener la posición en pixeles del centro de 
la mira, la cual es posteriormente convertida a mm mediante 
el proceso de calibración [11]. Mientras se realiza el barrido 
vertical, se almacenan dos matrices de igual tamaño en 
memoria (dimensiones que son determinadas por el sensor 
de la cámara que registra el interferograma): la matriz de los 
valores de intensidades máximas del interferograma y la 
matriz de posiciones de los máximos, las cuales son 
calculadas por el método de posicionamiento de la mira. Al 
realizarse el barrido completo, la matriz de intensidades 
máximas almacena el valor del máximo de intensidad 
obtenido en todo el recorrido y su correspondiente  posición 
del centro de la mira, para cada posición en la imagen de la 
CCD2. La matriz de intensidades máximas brinda 
información de reflectividad de la superficie del objeto. La 
matriz de las posiciones de los máximos corresponde a la 
topografía de la superficie del objeto. 

Utilizando como fuente de iluminación la lámpara 
halógena y aplicando el algoritmo de detección de máximos 
de intensidad sobre dos muestras (lente de Fresnel y una 
moneda de 500 COP), se obtuvieron la reconstrucción 3D de 
sus superficies. Las Figs 4 (a) y (b) muestra las matrices de 
máximos de intensidad y las Figs 4 (c) y (d) las matrices de 
las posiciones de los máximos en micras para las dos 
muestras analizadas. Para cada posición del centro de la mira 
se calcula la posición sobre el eje de barrido al realizar la 
proyección, ver Fig. 5(b). Para la lente de fresnel se realizó un 
barrido de 2 micras y para la moneda de 24 micras. 

 
8.  Conclusiones 

 
Se implementó un sistema de microscopía interferencial 

Mirau, que permite obtener la topografía de un objeto, con 
una resolución axial de 0.028  (tres desviaciones 
estandar) y una resolución transversal de 5.45X10-4mm; sin 
la necesidad de utilizar un dispositivo de posicionamiento 
piezoelectrico (PZT) para obtener las posiciones o medida 

(a) 

(b) 
Figura 5 (a). Cálculo de posiciones y trayectoria del barrido. (b). 
Determinación de desplazamientos. 
Fuente: propia 
 

 
de las alturas. El posicionamiento se logra utilizando el 
método de posicionamiento de alta resolución basado en la 
recuperación de la fase [11].  Para este esquema 
experimental, se hace un análisis de franjas de interferencia 
de luz blanca. El nuevo esquema implementado abre la 
posibilidad de ampliar el rango de desplazamiento, 
permitiendo reconstruír objetos de dimensiones mayores 
que las permitidas por un dispositivo piezoeléctrico 
convencional. En este caso, se utilizó una cámara 
monocromática de 640X480 pixeles, un objetivo de 
microscopio de 50mm de distancia focal, un tubo extensor 
de 10cm y una mira de 15x15 cuadros de 5  y 10  de 
período. Se logra un desplazamiento de barrido máximo de 
0.468mm, con posibilidad de aumentar su rango de trabajo a 
1.0858mm. 
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Abstract 
This research deals with the use of a calculus method in multi-criteria optimization. A modification do the algorithm of variable 
integration was carried out, in order to establish a terminal criterion during the multi-objective optimization of the reactive power 
compensation, in electric supply nets.  It demanded the use of heuristic techniques, where the existence of high number of nodes, guided 
the research towards methods able to minimize the required processing time to find a solution, without affecting the quality of the results, 
and the convergence of the process, in spite of the high number of present members within the total population to be evaluated. 
 
Key words: Heuristic optimization, evolutionary algorithms, power factor. 

 
 

Análisis de la convergencia del método de integración de variables 
aplicado en la optimización multiobjetivos de la compensación de 

potencia reactiva en redes de suministro eléctrico 
 
Resumen 
La investigación trata sobre el uso de un método de cálculo en la optimización multicriterial. Se llevó a cabo una modificación al 
algoritmo de integración de variables, para establecer un criterio de parada durante la optimización multiobjetivo en la compensación de 
potencia reactiva en redes de suministro eléctrico.  Se requirió el uso de técnicas heurísticas, donde la existencia de un elevado número de 
nodos, condujo la investigación hacia métodos capaces de minimizar el tiempo de proceso requerido, para encontrar una solución, sin 
afectar la calidad de los resultados y la convergencia de los procesos, a pesar del elevado número de miembros presentes en la población 
total a ser evaluada 
 
Palabras clave: Optimización heurística, algoritmo evolutivo, factor de potencia. 

 
 
 

1.  Introducción 
 
Los problemas de optimización pueden ser formulados 

en términos de encontrar el valor de un conjunto de 
variables de decisión, para lo cual una función objetivo o un 
conjunto de ellas pueden alcanzar un valor mínimo o 
máximo, considerando restricciones. Estos problemas, en un 
número considerable suelen ser no linealizables, lo que 
dificulta la obtención de un óptimo global. Ello ha exigido 
la creación de procedimientos que permitan lidiar con estas 
dificultades durante la búsqueda de buenas soluciones que 

pueden ser no óptimas pero si satisfactorias.  
La solución a los problemas de optimización 

combinatoria multiobjetivo se aplica hoy en diferentes 
campos de los sistemas energéticos donde la inteligencia 
artificial permite superar las dificultades de la programación 
matemática clásica a través de técnicas como la 
optimización difusa por enjambre de partículas con factor 
de constricción –χ (EPSO- χ) donde se integran elementos 
de la optimización difusa, inteligencia de grupo y estrategias 
evolutivas [14,15].  

Las técnicas heurísticas cada vez tienen mayor 
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aplicación en los estudios de calidad de energía como se 
muestra en [6], el pronóstico de demanda a través de 
modelos no lineales [13] y en balance de cargas para la 
eficiencia energética [15] 

Entre los métodos heurísticos más utilizados hoy para 
los problemas relacionados con la compensación de la 
potencia reactiva, se encuentran los Algoritmos Genéticos 
(AG), donde se destacan autores como Aydogan [3], Furong 
[4], y Hernández [12]. Esta técnica utiliza como 
procedimiento general, un primer paso que consiste en la 
búsqueda de una población inicial que cumpla con las 
restricciones del problema (individuos admisibles) y la 
evaluación de la función objetivo en cada individuo de esta 
población. 

Durante el segundo paso, se efectúa la generación de 
nuevos individuos, evaluación de la función objetivo y las 
restricciones, donde se sustituyen los “peores” individuos de 
la población por los “mejores” (entre los nuevos individuos 
generados). Estos dos pasos se repiten hasta que se 
encuentra una población final. 

Es importante aclarar que en los Algoritmos Genéticos 
no se obtiene una solución óptima, sino que se busca un 
conjunto de soluciones próximas al óptimo o soluciones 
eficientes. 

El problema que será abordado, surge cuando se tienen 
múltiples capacitores para ser situados en un conjunto de 
nodos candidatos de un sistema de suministro eléctrico y se 
requieren encontrar soluciones óptimas con técnicas 
heurísticas para su distribución en el menor tiempo posible 
de búsqueda, empleando una función objetivo multicriterial 
[7,16]. Esta tarea puede ser tratada como minimizar la 
distancia de Tchevichef (que existe entre un valor calculado 
y el valor deseado) para un conjunto de indicadores técnico 
económico seleccionados dentro de la función objetivo [10], 
lo que facilita la mejora selectiva de los parámetros de 
explotación y permite maximizar el valor actual neto 
(VAN), a través de la reducción de las pérdidas. 

 
2.  Materiales y métodos 

 
Las técnicas metaheurísticas hoy se perfilan como una 

buena alternativa para resolver el problema de gestión 
óptima de la potencia reactiva, entendido como operación, 
localización y dimensionado óptimo del banco de 
compensación. Entre ellas, los algoritmos genéticos se 
destacan por su rapidez de cálculo y su sencillez. 

La gestión de potencia reactiva en el sistema de 
suministro eléctrico, es una de las estrategias que 
incrementa la seguridad del sistema mediante la 
disminución de las pérdidas y la mejora de la estabilidad de 
tensión. Entre las acciones que esto exige se encuentran: 
seleccionar la ubicación de las fuentes de generación de 
potencia reactiva (etapa de planificación) y decidir la 
asignación de la inyección de potencia reactiva en función 
de la demanda en la red (etapa de operación). 

Durante la planificación de potencia reactiva así como 
en la asignación por nodos, es necesario emplear métodos 
de optimización con distintos objetivos y restricciones. Los 
objetivos comprenden, el uso de funciones de coste, que 
pueden ser asociadas a costes fijos y variables derivados del 

funcionamiento, la dimensión del banco de compensación 
de reactivo, así como de los costes asociados a las pérdidas 
en el sistema y su relación con del combustible. Otros 
objetivos se pueden relacionar con las desviaciones de las 
consignas de tensión en los nodos del sistema, los márgenes 
de estabilidad de tensión [1], o incluso se puede emplear 
una función multiobjetivo como combinación de varios 
objetivos. 

Para resolver el problema expuesto anteriormente en 
presencia de una red eléctrica de gran dimensión, se 
necesita la utilización de un algoritmo que permita la 
búsqueda de la población y su mejora en el menor tiempo 
posible de convergencia,  sin tener que recurrir a la 
búsqueda exhaustiva o al análisis de un volumen elevado de 
la población [9, 10], a partir de un criterio de parada que 
garantice una población final de soluciones eficientes y 
satisfaga las exigencias del evaluador y las restricciones. 
Este problema, en la actualidad también ha sido abordado 
por el método de colonia de hormigas [17,18] con 
resultados satisfactorios en la convergencia.  

 
2.1. Optimización multiobjetivo de la compensación de 

potencia reactiva en redes industriales  
 
Como función objetivo (FO) para la compensación de la 

potencia reactiva [7, 10] en cada nodo mi ,...,1  del 
sistema, se utiliza: 
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Dónde: 
Zi - Valor de la función parcial del nodo i, donde se 
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ijW - Coeficiente de peso en el nodo i  para cada 

indicador  j, 10  ijW ,  donde 

 

1
1




m

j
ijW       (3) 

 
Zci,j , Zdi,j  - Valor calculado y deseado en el nodo i para 

el indicador  j. 
Dentro de los  posibles indicadores j a utilizar, se 

encuentran la tensión en los nodos, el factor de potencia en 
los nodos, total de distorsión armónica de tensión, total de 
distorsión armónica de corriente, las pérdidas activas totales 
de la red (PT) y el valor actualizado neto (VAN), entre otros. 

En este sentido, es necesario aclarar que la función 
implementada permite reducir el número de indicadores a 
criterio del evaluador, utilizando el coeficiente de peso wij 
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que al tener el valor de cero, anula el indicador j ó permite 
dar mayor o menor prioridad a este, en la búsqueda de las 
soluciones.  

 
2.2.  Método de integración de variables  

 
Con frecuencia surgen dificultades en la aplicación de 

los algoritmos genéticos a los problemas de optimización, 
donde en dependencia de la naturaleza de la función 
objetivo, pueden ser generados códigos de solución muy 
malos, combinando bloques de códigos buenos y se produce 
una pérdida de diversidad genética de la población.  

Con el propósito de superar las deficiencias antes 
señaladas, se han desarrollado métodos heurísticos que 
mantienen algunas características comunes con los 
Algoritmos Genéticos y evitan sus deficiencias como se 
muestra en Arzola [2], con el método de integración de 
variables (MIV), que constituye una generalización de los 
AG y aporta toda una familia de algoritmos heurísticos de 
carácter evolutivo, donde no necesariamente se debe utilizar 
un solo código variable  para describir las posibles 
soluciones, sino cualquier cantidad de ellos y cualquier 
conjunto de operadores para actualizar los miembros de la 
población. El algoritmo general del MIV aparece en la Fig. 1.  

Los rasgos generales de este método consisten en: las 
posibles variantes de solución son codificadas en uno o más 
códigos variables, según un procedimiento característico 
para cada aplicación particular del método, se genera un 
juego de n soluciones próximas al óptimo y  la selección del 
criterio de parada obedece en el caso general, a las 
particularidades de cada aplicación concreta, donde 
predominan las condiciones para lograr una cantidad dada 
de iteraciones sin modificaciones de la población, la 
diferencia entre la peor y la mejor solución de la población, 
inferior a un valor preestablecido, así como  la generación 
de un número predeterminado de opciones de soluciones y 
condiciones mixtas.  

 

 
Figura 1 Algoritmo general del Método de Integración de Variables. 
Fuente: Arzola 2003, [2] 

Para la aplicación del Método de Integración de 
Variables se requiere de la definición de los siguientes 
problemas:  
1. Un sistema de codificaciones para la representación de 

las posibles soluciones del problema estudiado. Esta es 
una de las tareas más importantes y complejas del 
método.  

2. Creación de la población inicial.  
3. Una función de calidad (fitness) que permita ordenar 

los códigos, de acuerdo a los valores de la función  
objetivo.  

4. Operadores que permiten alterar la composición de los 
códigos de las soluciones en las poblaciones sucesivas.  

5. Valores de los parámetros requeridos por el algoritmo 
utilizado (tamaño de la población, probabilidades 
asociadas con la aplicación de ciertos operadores, etc.)  

6. Atendiendo a las características del problema 
planteado, donde el carácter discreto, no lineal y la 
dimensión del sistema a analizar, limita el empleo de 
otras técnicas clásicas de optimización. Por ello se 
plantea: 

Minimizar la función objetivo   DXXfZ  ,  con 

las restricciones   0Xg i
, i = 1, 2,... n 

El problema a resolver lo podemos enunciar de la 
siguiente forma: 

Donde D es el conjunto finito de las posibles T 
configuraciones del sistema eléctrico que se estudia, 
considerándose éste, un ejemplo del llamado Problema 
General de Optimización Discreta. 

Como se ha definido, D es finito, entonces siempre se 
podrá aplicar el Método de Búsqueda Exhaustiva para 
encontrar las mejores configuraciones X.  

Si T no es pequeño, entonces este método no 
proporciona la solución buscada (deseada) en un límite de 
tiempo adecuado. Sin embargo, podemos asegurar que la 
solución del problema existe y que debemos proponer un 
método de optimización que nos proporcione una solución 
factible en un periódo de tiempo conveniente. 

A pesar de las aplicaciones ya existentes del MIV, este 
puede ver limitada su aplicación debido a la no 
convergencia cuando la cantidad de posibles soluciones es 
elevada y esto exige su combinación con otros algoritmos 
que faciliten la búsqueda y reduzcan el tiempo de cálculo. 
Por ello se propone desarrollar una modificación del MIV 
que denominaremos Búsqueda Aleatoria Condicionada 
(BAC) y responde a las particularidades de la función 
objetivo  y las restricciones del  problema.  

El método BAC sigue las ideas básicas del Método de 
Integración de Variables descrito en la Fig. 1 y en particular, 
reúne características del Método de Búsqueda Aleatoria del 
Extremo de una Función de un Código Variable. Este método 
esta compuesto por una serie de algoritmos con los cuales se 
realiza la búsqueda de la población inicial, su mejoramiento y 
reducción selectiva. En todos los casos se ha contemplado 
que esta operación de mejorar la población pueda ejecutarse 
tantas veces como se quiera con las siguientes estrategias: 

Mejoramiento de la población por subintervalos. Esto se 
realiza con el objetivo de lograr una mayor diversidad en la 
población a todo lo largo del intervalo de existencia de 
soluciones.  
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Búsqueda en el entorno de las soluciones eficientes 
calculadas con el objetivo de encontrar otro miembro con 
mejor desempeño que la obtenida.  

Búsqueda de una muestra de población favorable. A 
partir de las mejores características encontradas en la 
población ya calculada, se selecciona en dependencia de sus 
códigos, una subpoblación en el resto de la población aún 
no calculada para priorizar su evaluación.   

La estructura de este algoritmo se presenta en la Fig. 2 y 
para su validación, se realizó el cálculo automatizado de las 
corridas de los flujos de potencia durante la optimización 
con el software DYCSE versión 1.0, [9] desarrollado en el 
Instituto Superior Minero Metalúrgico de Moa  para el 
diseño y cálculo de sistemas eléctricos que utiliza la 
modelación del sistema propuesta en [11], donde se puede 
comprobar a través de un conjunto de simulaciones, como 
ocurre la convergencia del método propuesto al incorporar 
el algoritmo BAC a esta herramienta informática.  

 
3.  Caso de estudio 

 
3.1.  Sistema de suministro eléctrico de un taller mecánico  

 
En el sistema de suministro de la Fig. 3, compuesto por 

tres nodos de carga, es necesario seleccionar de forma 
óptima los valores de los bancos de capacitores para reducir 
las pérdidas, considerando restricciones en las variaciones 
de voltaje (V 5%), valor del VAN positivo, los límites 
del cos φ  0.9 en el nodo de entrada y cos φ  0.75 en lo 
nodos de carga, partiendo de una variante base para el 
cálculo de la optimización, donde los valores del factor de  
potencia en los nodos de carga 3, 4 y 5 fueron elevados 
hasta 0.9 (ver Tabla 1). Para el cálculo económico se 
consideró el costo del Kvar = 15 CUC, el tiempo del 
proyecto de 10 años y la tasa de descuento 15%. El valor del 
VAN obtenido en la variante base es de 10000 CUC. 

 

 
Figura. 2 Algoritmo de búsqueda aleatoria condicionada (BAC).   
Fuente: Autores 

 
Figura.3 Esquema monolineal del sistema de suministro eléctrico. 
Fuente: Autores  

 
 

Tabla 1. Carga instalada en cada nodo y valores de Qc seleccionados antes 
de la optimización  

Nodos 
Potencia 

activa, kW 
Potencia 

reactiva, kVAr 
Potencia capacitiva, 

kVAr 

3 1053 390 450 

4 81 34 34 

5 2050 874 460 

Fuente: Autores 
 
 
Para la validación del algoritmo durante la optimización, 

se realizaron las simulaciones del sistema, efectuándose 
primeramente una búsqueda exhaustiva en la población para 
obtener el patrón de calidad que permitiera evaluar 
soluciones con respecto al mejor valor encontrado en la 
misma, representada a través de Zexa que representa el mejor 
(mínimo) valor encontrado. 

Luego se procedió a realizar experimentos con más de 
40 muestras. Los resultados para cinco de estos ensayos 
aparecen en la Fig. 4, donde se observa el comportamiento 
de la relación Z/Zexa (relación del valor de Z calculada y el 
menor valor de Zexa = 0.728x10- 2 encontrado en la búsqueda 
exhaustiva para diferentes % de población evaluada, con 
respecto al total de individuos existentes. 

En los experimento se le asignó un coeficiente de peso 
mayor (wi) a los indicadores factor de potencia y pérdidas 
totales en la función objetivo, como resultado se observó 
que al calcular el 5% de las configuraciones posibles, el 
error siempre era menor de un 2%.  

En la Fig. 4 se puede observar que a pesar de iniciarse el 
proceso con individuos que tiene  valores iniciales de Z 
diferentes en cada experimento, debido al grado de 
aleatoriedad que existe en el comienzo del proceso de 
búsqueda, siempre se alcanzó valores de buenas soluciones 
a partir de un 7%,  lo cual se corrobora en la gráfica de la 
Fig. 5 realizada con los valores promedios obtenidos 
durante los 40 experimentos. De esto se puede deducir, que 
al arribar a la  búsqueda en el entorno del 10 % de la 
población para este sistema, es posible obtener soluciones 
que garantizan las exigencias del proceso de mejora, al 
lograr valores cercanos al óptimo (soluciones eficientes o de 
Pareto), esto coincide con lo planteado  por Arzola en [2]. 
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Figura. 4. Caso 1. Mayor peso (wi) para el factor de potencia, pérdidas 
totales y nodos de cargas. 
Fuente: Autores 

 
 

 
 
Figura 5. Relación promedio de la Z/Zexa calculada con el por ciento de 
población evaluada. 
Fuente: Autores 

 
 
Es necesario señalar que en las simulaciones efectuadas, 

la aparición de soluciones eficientes cercanas a la mejor 
solución hallada en la búsqueda exhaustiva, superaron en la 
mayoría de los casos la cifra de cuatro (Fig. 6).  

En la Tabla 2 se ofrecen valores de las soluciones 
encontradas en la población inicial para valores diferentes y 
alejados entre sí (con valores de Z alto, medios y bajos) que 
al ser comparados con la población final (Tabla 3) se puede 
observar, la mejora del factor de potencia en los nodos de 
carga y la reducción de las pérdidas en el sistema para tres 
de las mejores soluciones que garantizan en el nodo de 
entrada valores del factor de potencia entre 0.9 y 0.91, la 
reducción de pérdidas en valores superiores al 20%  e 
incrementos del VAN en mas del 30% en comparación con 
la variante de base. 
 

 
Figura. 6: Cantidad de soluciones eficientes para diferentes experimentos. 
Fuente: Autores  

 
 

Tabla 2.  
Pérdidas y cos φ para diferentes soluciones encontradas en la población 
inicial  
No 
 

Valores 
Calculados de 
Z 

Pérdidas Activas ΔE 
(MWh) 

Cos φ en los 
nodos 
3 4 5 

1 0.025 298.01 0.90 0.76 0.92 
2 0.019 283. 82 0.94 0.89 0.92 
3 0.009 276. 73 0.93 0.92 0.93 
Fuente: Autores 

 
 

Tabla 3.  
Valores de pérdidas y cos φ para tres de las soluciones eficientes 

encontradas. 

S
ol

uc
io

n
es

 Valor.  
de (Z) 
Calcul. 

Pérdidas 
ΔE 

(MWh) 

Cos φ en  los 
nodos de carga 

Qc en los bancos 
capacitores en kVAr 

4 5 6 C1 C2 C3 
1 0.00736 272.47 0.96 0.94 0.94 472 27 375 
2 0.00762  274.60 0.95 0.95 0.94 450 34 375 
3 0.00771 270.34 0.95 0.95 0.95 450 34 469 

Fuentes: Autores 
 
 

3.2.  Análisis de resultados 
 
Si bien los resultados obtenidos corresponden a este caso 

particular, la tendencia observada constituye una muestra de 
que es posible encontrar soluciones eficientes con el empleo 
de este algoritmo para volúmenes de población analizados, 
cercanos al 10%. También se debe señalar, que al combinar 
este resultado con los criterios de calidad preestablecidos 
para las soluciones eficientes y el comportamiento 
invariable del valor de Z en las iteraciones consecutivas 
cercanas a este %, se puede argumentar un criterio de 
parada efectivo. Entonces podemos afirmar que existe una 
vía eficaz para detener la búsqueda con una economía de 
tiempo importante. 

En la Tabla 2 se muestra la evolución del algoritmo 
propuesto (BAC) para 3 valores de Z pertenecientes a la 
población inicial, aplicado para el ejemplo de la Fig. 3, 
donde existe un total de 8600 posibles configuraciones. De 
ellas, en la población inicial (PI) solo una tiene un valor 
bajo de Z = 0.009, que es el valor más cercano al mínimo 
valor de Z = 0.00728 encontrado en la búsqueda exhaustiva.  
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4.  Conclusiones 
 
En la estimación del error del algoritmo de optimización 

empleado, se realizaron experimentos de convergencia para 
la determinación del número de iteraciones necesarias, con 
vista a lograr soluciones óptimas en la población final. 

Se observó en todos los casos, la obtención de 
soluciones eficientes al evaluar un número de población 
cercano al 10% del total de posibles soluciones. Sin bien, no 
se puede afirmar categóricamente que para cualquier caso 
tiene vigencia esta regularidad, en los experimentos 
realizados es posible considerar que transcurrido el número 
de iteraciones señalado en el análisis de poblaciones 
cercanas al 10%, se pueden alcanzar soluciones eficientes a 
pesar de la aleatoriedad presente en la búsqueda de los 
códigos de soluciones. También se evidenció que en un 
número considerable de los experimentos, al arribar al 
análisis del 10% de la población total, existían más de tres 
soluciones cercanas a los valores de la mejor solución 
encontrada en la búsqueda exhaustiva, además de 
observarse poca variabilidad de Z en este entorno, lo que 
permite establecer la parada en la búsqueda de soluciones 
eficientes. 

El empleo del método de Búsqueda Aleatoria 
Condicionada permite generar poblaciones de soluciones y 
obtener convergencia en el problema de optimización de 
forma relativamente rápida y efectiva, lo que facilita evaluar 
diferentes opciones de conexión de los elementos 
correctores (secciones del banco de compensación y tap de 
trabajo en el transformador), para la selección de la variante 
más adecuada en la compensación de reactivo.  

 
Bibliografía  

 
[1]   Alonso M.M., Gestión óptima de potencia reactiva en sistemas 

eléctricos con generación eólica. Tesis de PhD, Universidad Carlos 
III de Madrid. Madrid, España, 2010 

[2]   Arzola R.J., Simeon R.M. and Maceo, A., The integration of 
variables method: a generalization of genetic algorithm. Intensive 
workshop on optimal design of method. Paris. Francia. 2003. 

[3]   Aydogan, O., Jae Y.L. and Chanan, S., Post-outage reactive power 
flow calculations by genetic algorithms: Constrained optimization 
approach. IEEE Transactions on Power Systems, 20 (3), pp. 1226-
1272, 2005. 

[4]   Li, F., Pilgrim, D.J. and Dabeedin, C., Genetic algorithms for 
optimal reactive power compensation on the national grid system. 
IEEE. Transactions On Power Systems, 20 (1), pp. 493-500, 2005.  
http://dx.doi.org/10.1109/TPWRS.2004.841236 

[5]   García C., García E. y Villada F., Algoritmo evolutivo eficiente 
aplicado a la planeación de la expansión de sistemas de distribución. 
Revista Información Tecnológica, 23 (4), pp. 3-10, 2012.  
http://dx.doi.org/10.4067/S0718-07642012000400002 

[6]   Gil, M.F., Manzano, A.F., Gómez, L.J. y Sánchez, A.P., Técnicas de 
investigación en calidad eléctrica: Ventajas e inconvenientes. 
DYNA, 79 (173), pp. 66-74, 2012. 

[7]   González, P.I., Legra, L.A., Marrero, R.S. y Arzola, R.J., 
Optimización de la compensación de potencia reactiva en redes de 
suministro eléctrico industrial con el empleo de de un algoritmo de 
criterios múltiples. Parte I Revista Energética [on line]. XXVII (2), 
pp. 40-44. 2006. Disponible en: 
http://revistascientificas.cujae.edu.cu/Revistas/Energetica/Vol-
XXVII/2-3-2006/40-44Optimización  

[8]   González, P.I., Legra, L.A. y Marrero, R.S., Diseño y desarrollo del 
software DYCSE. Versión 1.0. Simposio Internacional Eléctrica. - 
SIE, Villa Clara, Cuba, 2003 

[9]   González, P.I., Выбор параметров экономически выгодной 
компенсации реактивной мощности // Записки Горного 
института. РИЦ СПГГУ. CПб, 2011г Том. 194, pp. С 125-130. 
Pocиа 

[10]   González P. I; Я.Э. Шклярский. Оптимизация компенсации 
реактивной мощности в сложных электрических сетях / // 
Записки Горного института. РИЦ СПГГУ. CПб, 2011г Том. 194, 
pp. С 130-135. Pocиа 

[11]   González, P.I., Моделирование электрической сети и расчет ее 
режимов при наличии нелинейных искажений // Научно-
технические ведомости СПбГПУ. CПб, 2011г. N 4, pp. С. 162-
170. Pocиа  

[12]   Hernández, G., Julio, A. y Nieva, G.J., Planificación de la 
compensación reactiva mediante programación evolutiva, Reunión 
de Verano de Potencia 2000, IEEE Sección México, Acapulco, 
México, 2000.  

[13]   Rueda, V.M., Velázquez, J.D, Franco, C.J., Avances recientes en la 
predicción de la demanda eléctrica usando modelos no lineales. 
DYNA, 78 (167), pp. 36-43, 2011. 

[14]   Schweickardt, G.A., Metaheurística FPSO- χ. Multiobjetivo. Una 
aplicación para la planeación de expansión de mediano/largo plazo 
de un sistema de distribución eléctrica. Energética. (42) pp. 73-88. 
2009. DOI: 10.15446/energética. 

[15]   Schweickardt, G.A., Eficiencia energética mediante el balance de 
fases en sistemas de distribución en baja tensión. Solución desde un 
enfoque metaheurístico. Energética (44) pp. 5-17, 2014. DOI: 
10.15446/energética 

[16]   Sharaf, A.M. and El-Gammal, A.A.A., A novel discrete multi- 
objective particle swarm optimization (MOPSO) of optimal shunt 
power filter, IEEE/PES Power Systems Conference and Exposition, 
PSCE '09. pp. 1-7, 2009. DOI: 10.1109/PSCE.2009.4839957 

[17]   Stützle, T., Dorigo, M., A short convergence proof for a class of Ant 
Colony Optimization algorithms. IEEE Transactions on 
Evolutionary Computation, 6 (4), pp. 358-365, 2002.  
http://dx.doi.org/10.1109/TEVC.2002.802444 

[18]   Gutjahr, W.J., ACO algorithms with guaranteed convergence to the 
optimal solution. Information Processing Letters, 82 (3), pp. 145-
153, 2002. DOI: 10.1016/S0020-0190(01)00258-7 

 
S. Marrero-Ramírez, graduado de Ing. Electrónica Industrial en 1983, del 
Instituto Politécnico de Kiev, Universidad Técnica de Ucrania, Ucrania, es 
Dr. en automatización en 1989 de la Universidad Estatal de Minas de Sant 
Petersburgo, Rusia. Es profesor principal de la carrera de Ingeniería 
Eléctrica y profesor de ingeniería de sistemas y automatización del 
Instituto Superior Minero Metalúrgico de Moa (ISMMM), Cuba. Su área 
de interés incluye eficiencia y calidad de la energía eléctrica y la 
automatización industrial. 
 
I. González-Palau, graduada de Ing. Electricista del Instituto en 1983 de 
Minas de Moscu. Es Dra. en Ing. Eléctrica en 2011 de la Universidad 
Estatal de Minas de Sant Petersburgo, Rusia. Es coordinadora de la Carrera 
de Ing. Eléctrica y profesora de suministro eléctrico y calidad de energía 
eléctrica del ISMMM, Cuba. Su área de interés incluye optimización de 
sistemas eléctricos y calidad de la energía eléctrica. 
 
A.A. Legra-Lobaina, graduado de Lic. en Educación Especialidad 
Matemática en 1981 del Instituto Superior Pedagógico Frank Pais de 
Santiago de Cuba. Dr. en Ciencias Técnicas del Instituto Superior Minero 
Metalúrgico de Moa, Cuba. Es Director del Centro de Estudios de Energía 
y Tecnología Avanzada de Moa y profesor en el Dpto. de Matemática del 
ISMMM, Cuba. Su área de interés incluye técnicas de optimización y 
sistemas computacionales. 



  

 

© The author; licensee Universidad Nacional de Colombia.  
DYNA 82 (190), pp. 166-172. April, 2015 Medellín. ISSN 0012-7353 Printed, ISSN 2346-2183 Online 

DOI: http://dx.doi.org/10.15446/dyna.v82n190.43723 

Lossless compression of hyperspectral images with pre-byte 
processing and intra-bands correlation 

 
Assiya Sarinova a, Alexander Zamyatin b & Pedro Cabral c 

 
a Department of University Management Informatization, S.Toraighyrov Pavlodar State University, Kazakhstan. assiya_prog@mail.ru 

b Optimization and Control dept. Tomsk Polytechnic University, Geoinformatics and Remote Sensing lab. Tomsk State University, Russia 
alexander.zamyatin 1978@gmail.com 

с Institute of Statistics and Information Management New University of Lisbon, Portugal, pcabral@isegi.unl.pt 
 

Received: May 27th, 2014. Received in revised form: July 23th, 2014. Accepted: July 23th, 2014. 
 

Abstract 
This paper considers an approach to the compression of hyperspectral remote sensing data by an original multistage algorithm to increase 
the compression ratio using auxiliary data processing with its byte representation as well as with its intra-bands correlation. A set of the 
experimental results for the proposed approach of effectiveness estimation and its comparison with the well-known universal and 
specialized compression algorithms is presented. 
 
Keywords: remote sensing; hyperspectral images; lossless compression; intra-bands correlation; byte representation of data. 
 

 

Lossless compresión de imágenes hiperespectrales con tratamiento 
pre-byte e intra-bandas de correspondencias 

 
Resumen 
Este documento se refiere a la compresión de datos hiperespectrales de teleobservación de la tierra mediante la sugerencia de un 
algoritmo de múltiples etapas para aumentar la relación de compresión, utilizando una formación de datos auxiliares de gran redundancia 
en su presentación de bytes y teniendo en cuenta la correlación intra-bandas. Aquí se presentan los resultados de los estudios sobre la 
eficacia de la compresión de imágenes hiperespectrales espaciales realizadas por el algoritmo de compresión propuesto con software de 
compresión universal y especializado. 
 
Palabras clave: la teledetección; imágenes hiperespectrales, sin pérdida de compresión; intra-bandas de correlación; representación de 
bytes de datos. 

 
 
 

1.  Introduction 
 
Modern centers for space monitoring and systems for 

remote sensing (RS) continually process, archive and 
distribute data, which constitute tens or hundreds of 
gigabytes [1-11]. A key problem in the process is 
compressing RS data to increase effectiveness of a data 
transfer via connection channels of limited carrying capacity 
and archiving in RS storage subsystems of a limited 
capacity. The necessary classification of this data must be of 
the highest value. That is why lossless compression which is 
free of any distortions of statistic brightness characteristics 
of restored data is more appropriate.  

The solution of the compression problem, which is the 
most accessible for practical implementation presupposes 

the usage of universal and widely-known algorithms and 
means of compression, for instance, in the archival software 
WinRar, WinZip or compressor Lossless JPEG (JPEG-LS) 
on the base of JPEG [12-17] image compression standard. 
However, RS data is classified by various characteristics – 
spectral, radiometric, spatial resolutions and by geometrical 
size of the scene. The above-mentioned universal means of 
compression fail to consistently consider the variable 
differences [18-21]. Thus, there are multispectral and 
hyperspectral aerospace images (АI), which have essentially 
different parameters of spectral resolution and are 
characterized by high dependence (correlation) between 
data of different bands [22]. If for multispectral aerospace 
images the coefficient of mutual correlation of bands is R
(0.3; 0.8), then for hyperspectral AI representing values of 
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brightness which are received in various spectral bands with 
the high spectral resolution, the correlation of neighboring 
bands is R ≈ 1.0. This shows the high redundancy of data 
and the pertinence of applying this feature during 
compression [23,24].  

Besides, knowing the correlation value (intra-bands 
correlation) between bands of hyperspectral AI, it is 
expedient to operate values of deviations (difference) 
between it and actual reference values, and that will allow 
the reduction of the range of data change and hence demand 
a smaller number of categories for their storage. The 
effective usage of specialized means of the compression is 
possible, considering the above-stated features of 
hyperspectral AI. 

The software intended for the analysis of spatial data 
and processing of АI are ERDAS Imagine, ERDAS ER 
Mapper, ArcView GIS, GeoExpress and others often dispose 
of specific modules for compression of АI. Thus, the 
ERDAS Imagine package utilizes the compression tool for 
images in the MrSID format (IMAGINE MrSID Desktop 
Encoder and IMAGINE MrSID Workstation Encoder), 
based on wavelets and intended for lossy compression of 
large RS images. The ERDAS ER Mapper system has 
modules of loss compression on the basis of the standards 
JPEG2000 and ECW [25]. In the ArcView GIS package 
there is a MrSID module which compresses raster image 
files with loss [26]. The software product GeoExpress is 
intended for compressing raster data with the use of the 
popular formats MrSID and JPEG2000 [27]. Thus, all 
commercial systems of RS data processing have the means 
of loss compression on the basis of well-known standards. 

Recent hyperspectral RS images lossless compression 
research attempts to apply various approaches and methods 
[28-33]. The separate stages of transforming data while 
compressing АI and the possibility of decreasing power 
inputs and algorithmic complexity are discussed. 
Additionally, there are various attempts at adapting 
standards, which have proven successful for compressing 
hyperspectral AI. 

 
2.  Description of the algorithm 

 
Not all details of the original algorithms of compression 

are clear. Their numbers exceed the possibilities of most 
widespread means of compression when application to 
hyperspectral АI with various characteristics is uncertain.  

It is our purpose to promote further search for 
approaches to lossless compression of hyperspectral RS 
images, substantially free from the disadvantages of existing 
universal and specialized facilities of compression.  

Considering the features of hyperspectral АI and some 
details of existing analogues, the most expedient solution of 
the problem of compressing hyperspectral АI is by multi-
stage transformations: first the advantages of universal 
traditional approaches for data compression, and secondly 
to consider the specificity of hyperspectral data. The 
algorithm embodying this approach and some of its results 
are discussed below [31]. 

Considering the specificity of compressing hyperspectral 
AI, the proposed algorithm has the following stages:  

1. To consider the functional dependence of values of 
brightness (albedo) between various bands of images, by 
calculating the correlation and of deviations 
(differences) of initial data and the values of those found 
for functional dependence. 

2. Creation of auxiliary structure of data on the basis of the 
initial hyperspectral АI, storing the unique pair groups 
of values of elements in a byte representation, and 
addressing   references on   these unique pair groups as 
well. 

3. Compression of received data transformations with 
standard entropy algorithm by processing the generated 
auxiliary structures of the data. 
Let us consider the details of the above-mentioned 

stages. 
In the first stage, the value of deviations of the linear 

dependence on the matrix of values I[m,n,k]. 
For step-by-step description of the first stage consisting 

in searching correlation and deviations, it is necessary to 
take into account the following objects: 
 an initial image – the matrix of values of the image 

I[m,n,k],  where m,n,k – are indices of the lines, columns 
and bands of the initial image, m = 1,2,…,M, n = 
1,2,…,N, k = 1,2,…,K; 

 R[k] – a  file for "level-by-level" preservation  values of 
correlation  R   between  the   neighboring  bands 
(layers);  

 Q[k] – a file for placing values of the mathematical 
expectation for each band I[m,n,k]; 

 L[k] – a file for preserving the linear dependence; 
 I'[m,n,k] – a file for placing values of differences 

(deviations) between L[k]  and  I[m,n,k]. 
 Step 1. To calculate a mathematical expectation mk  of 

each band of the initial image I[m,n,k] and to place 
values to the file Q[k], as in (eq.1): 
 



ୀଵ
۷
 (1) 

 
where

 
۷
 – relative frequency of occurrence of values of 

the image I, k=1,2,…, K.
 Step 2. To calculate (on the base of  Q[k] and I[m,n,k]) 

correlation R for each pair of all available K bands of the 
initial image I[m,n,k], as  in (eq.2): 

 
,

,
ଶ
 (2) 

 
To place the result to R[k], k=1,2,…, K-1. 
Step 3. To calculate (on the base of Q[k] and R[k]) a 

linear dependence of the kind L = mk × R for each pair of 
the available K bands of the initial image I[m,n,k]. Result 
should be placed to L[k], L[k] = Q[k] × R[k], k=1,2,…,K-1. 

Step 4. To calculate (on the base of R[k] and L[k]) the 
difference between elements L[k] and corresponding values 
of the initial image I[m,n,k] in each of K bands, as in (eq.3): 

 
ᇱ  (3) 
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Figure 1. Procedure of forming auxiliary structure of data. 
Source: Authors' own elaboration. 

 
 
for m = 1..M, n = 1..N. The result is placed to I'[m,n,k].  
Step 5. To transform the negative values I'[m,n,k] to 

positive ones in the byte representation as numbers with a 
sign demand more bytes than those without a sign (4): 

 
ᇱ  (4) 

 
The result is the file I'[m,n,k] considering values of 

intra-bands correlation R[k]. 
The essence of the second stage consists of forming a 

file of unique pair groups of values that represent the initial 
image in the byte representation. Then, the file is formed 
containing references to the same pair group of values.  

The algorithm proceeds with two additional objects: 
 M[j,k] – a file of unique pair groups of values of the 

initial image in the byte representation; 
 D[j,k] – a file for entering references (to unique pair 

groups of values). 
The step-by-step elaboration for the second stage of 

transformation is shown in Fig.1: 
Step 1. To form (on the base of I'[m,n,k]) a file M[j,k] 

for each band K adding unique pair groups of values in the 
byte representation from the file  I'[m,n,k]. To place the 
result to M[j,k], j= 1,2,..,J. If repeated pair groups of values 
are absent, then J = (M×N×K)/2, k= 1,2,..,K. 

Step 2. To form (on the base of M[j,k]) a file D[j,k], 
putting down references to unique pair groups of values 
from the file M[j,k] to D[j,k]. To place the result to D[j,k], j 
< J as j = M×N×K, k= 1,2,..,K. 

At the end of the second stage, context modeling was 
used with the known arithmetic coding for compressing data 
of the file D[j,k] to the archival software D'[j,k]. 

In order to form an initial hyperspectral AI I[m,n,k] from 
D'[j,k] it is necessary to make a number of transformations 
opposed to the above-mentioned: 
 to make arithmetic decoding of the file  D'[j,k] restoring 

the file  D[j,k]; 
 to find in the file D[j,k] the corresponding references to 

unique pair groups from the formed structure of the data 
M[j,k]; 

 to restore the file I'[m,n,k] containing a file of 

dependencies L[k] having counted the absolute values of 
the file I'[m,n,k] and having restored the initial image 
I[m,n,k]. 
 

3.  Experimental study 
 
In order to access the effectiveness of the proposed 

algorithm in what concerns both the point compression ratio 
as the limits of its application, a number of experiments 
were performed using hyperspectral AI of the system RS 
AVIRIS (table 1) in data format of raster geoinformation 
system Idrisi Kilimanjaro. The AVIRIS (Airborne 
Visible/Infrared Imaging Spectrometer) system provides 
224 spectral images with the wavelength of the band from 
400 nanometers to 2500 nanometers.  Also, the proposed 
algorithm was compared with the results of experiments 
received for universal archivers compression algorithms 
WinRar, WinZip and Lossles JPEG which applies the 
resolution of compression standard JPEG widely used in 
commercial compression systems.  

The experiments were undertaken using a computer with 
the Intel Core i5 processor, 2,5 GigaHerz and RAM 4 
Gigabit under operating system Windows 7 (updating 
package 3). 

To estimate the robustness of the proposed algorithm 
another hyperspectral remote sensing (RS) data system 
HYPERION was also used (table 2). Hyperion 
hyperspectral sensor apparatus Earth Observing-1 is able to 
record 220 spectral images from 0.4 to 2.5 microns, with a 
spectral resolution of 0.1 to 0.11 micron. 

A sequence of stages was then performed to find the 
most effective:   

Sequence I – Consideration of correlation (1)  forming 
auxiliary data with unique pair groups and references to 
them (2)  arithmetic coding (3).  

Sequence II – Forming auxiliary data with unique pair 
groups and references to them (1)   arithmetic coding (2).  

Sequence III – Consideration of correlation (1)   
arithmetic coding (2).  

 
Table 1. 
Examples of characteristics of test data (RS system AVIRIS)  

Name of hyperspectral AI K M N, pixels File size, bytes 

f970619t01p02_r07_sc01 224 100 100 6140096 

f970619t01p02_r07_sc02 224 200 200 36199296 

f970619t01p02_r07_sc03 224 300 300 81178496 

f970619t01p02_r07_sc04 224 400 400 144077196 

f970619t01p02_r07_sc05 224 500 500 210746396 

f970619t01p02_r07_sc06 224 624 512 281673728 

Source: Authors' own elaboration.. 
 
 

Table 2. 
Examples of characteristics of test data (RS system HYPERION)  

Name of hyperspectral AI K M N, pixels File size, bytes 

EO1H0750222014K5 224 600 600 43502310 
EO1H0750222014KA 224 700 700 58914561 
EO1H0750222014K3 224 800 800 77556164 
EO1H0750222014K7 224 900 900 97807349 
EO1H0750222014K1 224 1000 1000 112478451 

Source: Authors' own elaboration. 
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Sequence IV – Forming auxiliary data with unique pair 
groups and references to them (1)  consideration the 
correlation (2)   arithmetic coding (3). 

In order to evaluate the most productive sequence 
considering the contribution of each of these stages, a 
number of experiments with the different variants was 
conducted (Figure 2). 

A fragment of the results of this experiment is displayed 
in Figure 2. This shows that various stages of the algorithm 
have different levels of importance while forming a result. 
In the 1st, 2nd and 4th variants of the stage sequences, the 
results surpass Losless JPEG indifferent degrees (from 25% 
to 46%).  

The best result is achieved by sequence I with the 
highest compression ratio. The results of undertaking 
sequence II show that the absence of the stage of intra-
bands correlation leads to an insignificant exponent of 
compression in comparison with Losless JPEG.  

Realization of the stages sequence in accordance with 
sequence III leads to the most insignificant result as there is 
no powerful formation of unique pair groups and references 
to them with creation of corresponding auxiliary structures 
of data. 

In Figure 3, the results of comparative experiments 
demonstrate  the superiority of the proposed algorithm over 
analogues in exponent of compression Dсs at the varied 
geometrical sizes of RS hyperspectral data of AVIRIS (I) 

 

 
а) 

 

 
b) 

Figure 2. Comparison of indicators of variants of realizing a compression 
algorithm: а) by exponent of compression Dcs; b) by time of calculation 
tcalc. 
Source: Authors' own elaboration.  

 
 

Figure 3. Comparative effectiveness of compression algorithms for 
different geometrical sizes of scene. 
Source: Authors' own elaboration. 

 
 

 
Figure 4. Dependence of compression exponent Dсs  of algorithms on the 
number of bands K. 
Source: Authors' own elaboration. 

 
 

and HYPERION (II) systems. At increasing the geometrical 
size of the scenes, all the investigated algorithms show a 
steady result which exhibits little to no change. 

Research was conducted to explore the dependence of 
compression exponent Dсs on the number of bands of AI K 
(Figure 4). Results show that compression exponent Dсs is 
increasing proportionally to the number of bands Kas and 
that the redundancy of the data of RS hyperspectral data of 
AVIRIS (I) and HYPERION (II) systems raises. 

 

 
Figure 5. Computational performance of compression algorithms. 
Source: Authors' own elaboration. 
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a) 

   b) 

 
c) 

 
d) 

Figure 6. Comparative effectiveness of compression algorithms a) for 224 
K; b) for 50 K; c) for 100 K; d) for 10 K. 
Source: Authors' own elaboration. 

In conducting comparative research of compression 
exponents it is necessary to pay attention to calculating 
expenses of compression algorithms for AVIRIS (I) and 
HYPERION (II) RS systems (Figure 5). 

 

 
a) 
 

 
b)  

 
c) 
 

 
d) 

 
Figure 7. Comparative effectiveness of compression algorithms a) for 224 
K; b) for 50 K; c) for 100 K; d) for 10 K. 
Source: Authors' own elaboration. 
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As seen in Figure 5, in the proposed algorithm, the 
calculated effectiveness in comparison with analogues 
increased 3 fold. This is explained by an improved multi-
stage algorithm which is provided to form auxiliary 
structures of data on AI considering the correlation and the 
following arithmetic coding.  

Universal archival software does not take into account 
the specificity of the data being compressed and does not 
account for such operations. 

A large number of studies in different dimensions and 
number of bands were conducted. The compression ratios 
results are presented in Figure 6 (AVIRIS) and Figure 7 
(HYPERION). 

 
4.  Conclusion 

 
1. A multi-stage algorithm for compressing 

hyperspectral АI was developed. This algorithm considers 
intra-bands correlation and the preliminary byte data 
processing, allowing an increase of up to 46% in data 
compression systems AVIRIS and HYPERION (up to 52%) 
when compared with other algorithms. 

2. The analysis of the importance of stages has shown 
that the stage of preliminary byte processing with formation 
of auxiliary structures of data allows to improve the result 
considerably – by up to 45% and 52%. The stage of 
considering intra-bands correlation is less significant. 
However, it allows to lower a range of varied values for 
operating by smaller spacing, allowing to increase the 
compression ratio considerably – up to 26 %. 

3. The analysis of computing efficiency has shown, that 
in order to achieve significant results of compression in 
applying a multi-stage algorithm, high computing expenses 
are required, conceding to the nearest analogue Lossless 
JPEG up to 3 fold. 

This work has been supported by the Russian 
Foundation for Basic Research (grant № 14-07-00027а). 

 

References 
 

[1]   Bondur, V., Modern approaches to processing of hyperspectral space 
images. Research Institute of space monitoring “Aerospace”. 
Moscow, 2013, 4 P.  

[2]   Popov, M. and Stankevich, S., Optimization methods of spectral 
bands number in tasks of processing and data analysis of distance 
remote sensing of the earth. Scientific center of aerospace earth 
research, 1, pp. 106-112, 2003.  

[3]   Wang, H., Babacan, S. and Sayood, K., Lossless hyperspectral-
image compression using context-based conditional average, 45 
(12), pp. 4187-4193, 2007 

[4]   Chengfu, H., Zhang, R. and Tianxiang, P., Lossless compression of 
hyperspectral images based on searching optimal multibands for 
prediction,6 (2), рр. 339-343, 2009. 

[5]   Liang, Y., Jianping, L. and Ke, G., Lossless compression of 
hyperspectral images using hybrid context prediction, 20 (7), рр. 
199-206, 2012,  

[6]   Aiazzi, B, Alparone, L., Baronti, S., Lastri, C. and Selva, M., 
Spectral distortion in lossy compression of hyperspectral data. 
Journal of Electrical and Computer Engineering, (2012), 8 P, 2012. 
Doi:10. 1155/ 2012/ 850637 

[7]   Cheng-Chen, L. and Yin-Tsung, H., Lossless compression of 
hyperspectral images using adaptive prediction and backward search 
schemes. Journal of Information Science and Engineering, (27), рр. 
419-435, 2011. 

[8]   Aiazzi, B., Alparone, L. and Baronti S., Near-lossless image 
compression by relaxation-labeled prediction. Signal Process, 82 
(11), рр. 1619-1631, 2002. 

[9]   Magli, E., Olmo, G. and Quacchio, E., Optimized onboard lossless 
and near-lossless compression of hyperspectral data using CALIC. 
IEEE Geoscience and remote sensing letters, 1 (1), рр. 21-25, 2004. 

[10]   Zamyatin, A. and Cabral P., Markov processes in modeling land use 
and land cover changes in sintra-cascais, Portugal. DYNA, 76 (158), 
pp. 191-198, 2009. 

[11]   Zamyatin, A. and Cabral P., Advanced spatial metrics analysis in 
cellular automata land use and cover change modelingdyna. DYNA, 
78 (170), pp. 42-50., 2011. 

[12]   Aiazzi, B., Baronti, S. and Alparone, L., Lossless compression of 
hyperspectral images using multiband lookup tables. IEEE Signal 
Process. Letters, 6 (16), рр. 481-484, 2009. 

[13]   Penna, B., Tillo, T., Magli, E. and Olmo, G., Transform coding 
techniques for lossy hyperspectral data compression. IEEE 
Geoscience and remote sensing letters, 45 (5), рр.1408-1420, 2007. 

[14]   RarLab. WinRar software system for compress files. [on line] [Date 
of reference: May 22th of 2014]. Available at: http://www.win-
rar.com/rarproducts.html 

[15]   WinZip. Program of compression for Windows [on line] [Date of 
reference: May 22th of 2014]. Available at: http://www.winzip. 
com/ru/prodpagewz.htm 

[16]   Tang, X., Pearlman, W. and Modestino, J., Hyperspectral image 
compression using three-dimensional wavelet coding. Proc. SPIE 
IS&T, (1), pp. 1037-1047, 2003. 

[17]   Penna, B., Tillo, T., Magli, E. and Olmo, G., Progressive 3-D coding 
of hyperspectral images based on JPEG 2000. IEEE Geoscience and 
remote sensing letters,1 (3), pp. 125-129, 2006.  
http://dx.doi.org/10.1109/LGRS.2005.859942 

[18]   Zhang, J. and Liu, G., An efficient reordering prediction-based 
lossless compression algorithm for hyperspectral images. IEEE 
Geoscience and remote sensing letters, 2 (4), pp. 283-287, 2007. 
http://dx.doi.org/10.1109/LGRS.2007.890546 

[19]   Mielikainen, J., Kaarna, A. and Toivanen, P., Lossless hyperspectral 
image compression via linear prediction. Proc. SPIE 4725, (8), pp. 
600-608, 2002.  http://dx.doi.org/10.1117/12.478794 

[20]   Rizzo, F., Carpentieri, B., Motta, G. and Storer, J., A. Low-
complexity lossless compression of hyperspectral imagery via linear 
prediction. IEEE Signal Process. Lett, 2 (12), pp. 138-141, 2005.  
http://dx.doi.org/10.1109/LSP.2004.840907 

[21]   ISO/IEC 15444-1. JPEG2000 Image Coding System [on line] [Date 
of reference: May 22th of 2014]. Available at: http:/www. 
jpeg.org/public/15444-1annexi.pdf 

[22]   Kiely, A., Klimesh, M., Xie, H. and Aranki, N., Icer–3D: A 
progressive wavelet-based compressor for hyperspectral images, JPL 
IPN Progress Report, 42 (164), 2006. 

[23]   Gueguen, L., Trocan M., Pesquet-Popescu B., Giros, A. and Datcu, 
M., A comparison of multispectral satellite sequence compression 
approaches. Signals, Circuits and Systems, 1, pp. 87-90, 2005. 

[24]   Zamyatin, A. and Chung T.D., Compression of multispectral space 
images using wavelet transform and intra-bands correlation. Journal 
of Tomsk Polytechnic University, 313 (5), pp. 20-24, 2008.  

[25]   Interregional public organization promoting the market development 
of geographic information technologies and services “GIS-
Association”, [on line] [Date of reference: May 22th of 2014]. 
Available at:  http://www.gisa.ru/1489.html 

[26]   Arc View GIS [on line] [Date of reference: May 22th of 2014]. 
Available at: http://gisa.ru/3577.html 

[27]   Geo-information systems [on line] [Date of reference: May 22th of 
2014]. Available at: http:/ /loi. sscc.ru /gis/ default.aspx 

[28]   Vatolin, D., Ratushnyak, A., Smirnov, M. and Yukin, V., Data 
compression methods. M.: Dialog-MIFI, 2003, 384P. 

[29]   Kopylov, V., Creation basics of aerospace environment monitoring. 
Yekaterinburg: PP “Kontur”, 2006 P.,  

[30]   Modern and perspective developments and technologies in a space 
instrumentation. Compression of multispectral images with out loss 
or limited losses. Moskva, IKI RAN, (1), 2004.  

[31]   Rizzo, F., Carpentieri, B. Motta, G. and Storer, J., Low-complexity 
lossless compression of hyperspectral imagery via linear prediction. 



Sarinova et al / DYNA 82 (190), pp. 166-172. April, 2015. 

172 

IEEE Signal Process. Letters, 2 (12), pp. 138-141, 2005.  
http://dx.doi.org/10.1109/LSP.2004.840907 

[32]   Motta, G., Rizzo, F. and Storer, J., Hyperspectral data compression. 
Berlin: Springer, 2006.  http://dx.doi.org/10.1007/0-387-28600-4 

[33]   Zamyatin, A., Sarinova, A. and Cabral, P., The compression 
algorithm of hyperspectral space images using pre-byte processing 
and intra-bands correlation. GEOProcessing 2014. The Sixth 
International Conference on Advanced Geographic Information 
Systems, Applications, and Services, pp.70-75, 2014 

 
A. Sarinova, completed a BSc. Eng in Computer Systems for Information 
Processing and Management in 2009, and a MSc in Information Science in 
2011. Graduate student in the area processing of aerospace images, Faculty 
of Informatics, Tomsk State University, Russia. She is Senior Lecturer 
(Dept."MIT", InEU) and a software engineer in the Dept. Informatization, 
in S.Toraighyrov Pavlodar State University, Kazakhstan. 
 
A. Zamyatin, received a BSc Eng and MSc Eng in Automatics and 
Computers in 1999 and 2001, PhD in 2005 and Habilitation in 2012. He 
has 10+ years’ experience in advanced remote sensing data processing – 
supervised and unsupervised multidimensional classification, parametric 
and non-parametric statistics, artificial neural networks, texture analysis, 
Markov chains, stochastic spatial modeling, time series analysis, models 
validation, loss and lossless data compression, high-performance 
computation, experimental design using existing and innovative algorithms 
and software. He is currently working at Tomsk Polytechnic University in 
the Optimization and Control dept. and in Tomsk State University in 
Geoinformatics and Remote Sensing lab, Russia. 
 
P. Cabral, graduated in Statistics and Information Management in 1997, in 
the ISEGI-NOVA, Portugal; earned a MSc in Geographical Information 
Systems in 2001, in the IST-UTL, Portugal and a PhD in Mathematics and 
Applications to Social Sciences in 2006, in the EHESS, France. He is 
Assistant Professor at ISEGI-NOVA in the area of GIS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Área Curricular de Ingeniería 
de Sistemas e Informática 

Oferta de Posgrados 

Especialización en Sistemas 
Especialización en Mercados de Energía 

Maestría en Ingeniería - Ingeniería de Sistemas 
Doctorado en Ingeniería- Sistema e Informática 
 

Mayor información: 
 

E-mail: acsei_med@unal.edu.co 
Teléfono: (57-4) 425 5365 

 



  

 

© The author; licensee Universidad Nacional de Colombia.  
DYNA 82 (190), pp. 173-181. April, 2015 Medellín. ISSN 0012-7353 Printed, ISSN 2346-2183 Online 

DOI: http://dx.doi.org/10.15446/dyna.v82n190.43725 

Study of land cover of Monte Forgoselo using Landsat Thematic 
Mapper 5 images (Galicia, NW Spain)  

 
Xana Álvarez-Bermúdez a, Enrique Valero-Gutiérrez del Olmo a, Juan Picos-Martín a & Luis Ortiz-Torres a 
 

a Departamento de Ingeniería de los Recursos Naturales y Medio Ambiente, Universidad de Vigo, Vigo, España. giaf4_5@uvigo.es 
 

Received: May 28th, 2014. Received in revised form: November 19th, 2014. Accepted: December 19th, 2014. 
 

Abstract 
The aim of this study was to carry out a land cover classification of Monte Forgoselo. Remote sensing as a planning tool has been used, 
specifically, a satellite image Landsat 5. We perform a supervised digital classification of the maximum likelihood, minimum distance 
and parallelepipeds. The result has been the division of Monte Forgoselo into categories of types of vegetation, particularly in pine forest, 
scrub and grassland, reaching a Kappa coefficient of 0.9762 and an overall accuracy of 98.3586%, which means good reliability. In 
addition, we found that the use of such techniques can get to make a planing of this small rural area, focusing on forestry management. 
Furthermore, the use of remote sensing is considered viable in the performance of work with more consideration. 
 
Keywords: forest remote sensing, land cover, land management. 
 

 

Estudio de la cubierta vegetal del Monte Forgoselo mediante 
imágenes de Landsat TM 5 (Galicia, NW España) 

 
Resumen 
En el estudio que a continuación se describe, se pretende realizar una clasificación de la cubierta vegetal del Monte Forgoselo. Para ello 
hemos utilizado la Teledetección como herramienta, concretamente una imagen del satélite Landsat 5. Hemos realizado una clasificación 
digital supervisada de máxima probabilidad, de mínima distancia y de paralelepípedos. El resultado ha sido la división del Monte 
Forgoselo en categorías de estratos de vegetación, concretamente en pinar, matorral y pradera, alcanzando un coeficiente Kappa del 
0,9762 y una precisión total del 98,3586%, lo que se traduce en una buena fiabilidad, Con nuestro estudio hemos comprobado que con el 
uso de dichas técnicas se puede llegar a realizar una ordenación de esta pequeña área rural, centrándose en el ámbito forestal. Así mismo, 
se concluye que el empleo de la Teledetección se considera factible en la realización de trabajos de mayor envergadura. 
 
Palabras clave: teledetección forestal, vegetación, ordenación del territorio. 

 
 
 

1.  Introducción 
 

1.1.  La teledetección y sus usos 
 
La posibilidad de la observación de la Tierra desde el 

espacio mediante el uso de satélites artificiales permite, en 
la actualidad nuevos enfoques en el estudio de los diferentes 
sistemas que forman el planeta [1]. 

Los comienzos de la Teledetección aplicada a la 
observación de la Tierra se pueden situar hacia la segunda 
mitad del siglo XIX, con la primera fotografía aérea tomada 
por Tournachon, en 1858 desde un globo aerostático, o la 
primera imagen multiespectral tomada por Du Hauron, en 
1862 [2]. Obviamente desde estos orígenes, los sistemas 

utilizados en teledetección han evolucionado en muy 
diversos sentidos. Pero es interesante destacar dos: la 
sistematización de las medidas y la capacidad de 
procesamiento. Actualmente en torno a medio centenar de 
satélites artificiales dedicados a la observación de la Tierra, 
recogen diariamente información de todos los puntos del 
planeta. Esta situación se ve acompañada por la potencia de 
cálculo actual que nos ofrecen los sistemas informáticos, 
con la continua aparición y mejora de los programas 
informáticos para el tratamiento de imágenes [3], así como 
para la interpretación visual de estas y la clasificación 
digital [4,5]. 

Desde hace años, la teledetección se ha venido 
utilizando como instrumento de para la planificación a nivel  
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Tabla 1.  
Áreas temáticas en las que es utilizada la Teledetección.  

Área Porcentaje 
Atmósfera 1 

Geología y suelo 2 
Urbano y suburbano 3 

Ambiente 9 
Hidrología y aguas dulces 3 
Recursos terrestres sólidos 9 
Programación territorial e 

infraestructuras 
10 

Riesgos naturales 11 
Cartografía 13 
Agricultura 12 

Océanos y costas 22 
Transporte y navegación 1 

Bosque y vegetación natural 4 
Fuente: Comisión Europea. 

 
 

urbano y ambiental, en la gestión de cultivos y recursos 
mineros, así como en la cartografía temática y topografía. 
[5-8]. En la actualidad, también sirve de herramienta en 
estudios arqueológicos, para el descubrimiento, 
conservación, y gestión de estos lugares [9]. 

Un estudio de la Comisión Europea de 1998 (programa 
del Center for Earth Observation), extrae como la 
Teledetección, debido a sus múltiples ventajas, es utilizada 
en diversos campos temáticos. En la Tabla 1, se muestran 
las aplicaciones civiles más comunes, teniendo en cuenta 
que también es un recurso ampliamente utilizado en el área 
militar y de la seguridad aquí no representado, pero de gran 
importancia. 

La posibilidad de llevar a cabo análisis lineales, de modo 
que se puedan realizar medidas de distintas variables físicas 
de grandes superficies a lo largo de diferentes años hace que 
la teledetección sea una herramienta ampliamente utilizada, 
reconocida y aplicable. Todo ello para la realización de 
análisis estadísticos con todas las variables posibles y 
recogidas, ya que el registro de datos es ampliamente 
posible gracias a su capacidad de almacenamiento. 
Resultando todo ello sin la necesidad de disponer de una 
cartografía detallada de la zona objeto de estudio, con 
múltiple información disponible que solo con una 
tecnología de este tipo puede ofrecer. Consecuentemente, 
algunas ventajas de esta tecnología resultan ser (1) la toma 
de datos no invasiva, (2) la posibilidad de realizar estudios 
de amplias zonas, (3) el análisis de zonas de difícil acceso, 
así como de aquellas áreas de las que no se dispone de 
cartografía, (4) el almacenamiento digital de los datos y su 
posterior tratamiento y procesado, (5) con amplia 
posibilidad de realización de análisis estadísticos, (6) y la 
posterior representación de una gran cantidad de 
información en una misma imagen, finalmente (7) la 
viabilidad para la realización de seguimientos lineales de las 
variables. 

 
1.2.  Imágenes Landsat 

 
El valor de la información generada a partir de medidas 

de Landsat es bien conocido y apoyado, Cohen y Goward 
[10] han hecho una crónica de la función de los datos de 
Landsat y de su importancia en aplicaciones ecológicas. 

El programa Landsat ha proporcionado datos para 
satisfacer una amplia gama de necesidades de información 
desde 1972 [11]. Lamentablemente, han ocurrido 
discontinuidades temporales y espaciales en la toma de 
datos. Por ejemplo, fallos tales como, la pérdida del Scan 
Line Corrector (SLC) a bordo del Landsat-7 en 2003 [12], 
razón por la cual no se utilizaron imágenes de dicho satélite 
en este estudio. 

A pesar del fracaso SLC, el United States Geological 
Survey (USGS) mantiene la entrega de datos de Landsat-7, 
en una forma que cumpla con los requisitos de observación 
de muchas aplicaciones [10]. 

Hoy en día, Landsat-5 continúa proporcionando datos de 
calidad, aunque se espera que se quede sin combustible 
antes de septiembre de 2010. 

 
1.3.  La Teledetección aplicada en la caracterización de los 

sistemas vegetales 
 
Centrándonos en el estudio de los ecosistemas terrestres, 

el principal reto que se presenta en la actualidad es 
comprender el papel que juegan estos ecosistemas dentro 
del sistema completo que forma la Tierra [1]. Para 
conseguir este objetivo es necesario caracterizar los 
sistemas vegetales a partir de la información que los 
satélites artificiales nos proporcionan. A nivel más local, 
existe gran interés por parte de administraciones y empresas 
en contar con sistemas que permitan automatizar la 
obtención de propiedades de la vegetación, incluidos 
bosques y cultivos, para una mejor gestión de los recursos 
[8]. 

Los estudios más recientes han diseñado diferentes 
métodos y técnicas para una gestión adecuada de los 
recursos naturales. Algunos de ellos consisten en protocolos 
y programas de seguimiento y monitoreo del estado 
ecológico de diferentes poblaciones, de modo que se han 
servido de las imágenes de satélites para poder hacer una 
estimación no solo de la cobertura del suelo, de su 
vegetación, de los cambios del uso del suelo que puedan 
haberse producido a lo largo de un periodo determinado, 
sino también de la detección de características concretas de 
la vegetación estudiada, como pueden ser la detección de 
enfermedades, la cobertura de las hojas u otras condiciones 
que solo se manifiestan en regiones del espectro 
electromagnético, por lo que no las detectaríamos sin el uso 
de esta tecnología. 

Existen diversos estudios al respecto, como por ejemplo 
“La utilización de imágenes Landsat para cuantificar áreas 
de deforestación en la región de Mato Grosso, Brasil”. Este 
proyecto está enfocado en monitorear la deforestación en el 
estado de Mato Grosso, en Brasil, utilizando imágenes de 
alta resolución de los satélites Landsat TM 4 y 5. Para ello 
se determinaron los Índices de Vegetación de la Diferencia 
Normalizada (NDVI), para calcular la distribución de 
biomasa [13]. 

Otro ejemplo es la “Inventariación de las masas de Pinus 
Radiata D. Don en el Bierzo (León) empleando 
teledetección con imágenes multiespectrales de resolución 
media”, en ella se realzan clasificaciones con diferentes 
algoritmos obteniendo los mejores resultados con 
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algoritmos de máxima probabilidad. Este trabajo sirvió para 
verificar que la superficie ocupada por la especie se 
aproxima a las estimaciones realizadas mediante 
estimaciones de campo [14]. 

“Monotoring land cover changes in a newly reclaimed 
area of Egypt using multi-temporal Landsat data”, es otro 
trabajo realizado en este mismo campo. El objetivo 
principal de este estudio ha sido monitorizar los cambios de 
usos en la cubierta vegetal en el área de estudio, utilizando 
imágenes multitemporales de Landsat [15]. Es por ello que 
los inventarios de la cobertura del suelo facilitan una 
información de partida esencial a la hora de una correcta 
planificación, ordenación, uso y gestión de cualquier 
espacio objeto de estudio. 

 
1.4. La Teledetección aplicada en la ordenación territorial 

 
La ordenación de montes ha sido el pilar fundamental en 

la planificación forestal de España, con la excepción de los 
últimos años en los que se ha venido desarrollando 
planificaciones a otros niveles de trabajo, como es el caso 
de los planes forestales autonómicos. A pesar de ello, no se 
han realizado trabajos a una escala menor. 
Consecuentemente, el objetivo de la presente investigación 
es proponer una metodología de trabajo para la ordenación 
de pequeñas áreas rurales con buenos recursos forestales y, 
aplicarla a este espacio concreto para una mejor gestión, 
para el diseño y desarrollo de las medidas adecuadas 
teniendo presente  la premisa de un desarrollo rural 
sostenible. 

Hay estudios al respecto que merecen ser considerados 
en este trabajo. Como en el caso del “Análisis mediante una 
imagen Landsat MSS de la diversidad espacial de los usos 
del suelo en el Parque Nacional de Doñana”, en el que se ha 
hecho un estudio de la diversidad espacial de los usos del 
suelo de dicho Parque, utilizando la información contenida 
en una imagen captada por el sensor MSS del satélite 
Landsat 4 [16]. 

Otro ejemplo ha sido el estudio realizado en la comarca 
del Bierzo, donde se ha utilizado la teledetección como 
herramienta para la ordenación rural sostenible de entidades 
locales menores [14]. 

Hay estudios al respecto que merecen ser considerados 
en este trabajo. Como en el caso del “Análisis mediante una 
imagen Landsat MSS de la diversidad espacial de los usos 
del suelo en el Parque Nacional de Doñana”, en el que se ha 
hecho un estudio de la diversidad espacial de los usos del 
suelo de dicho Parque, utilizando la información contenida 
en una imagen captada por el sensor MSS del satélite 
Landsat 4 [16]. 

El nivel de desarrollo de la Teledetección aplicada 
fundamentalmente al campo de la ordenación del territorio, 
así como a la determinación de la vegetación de los 
espacios, dos campos en los que se pretende realizar este 
estudio está desarrollado también se encuentra muy 
extendido en el ámbito internacional como en los estudios 
realizados por Jayaraju y Khan [17] en la India; Almeida et 
al. [18] en Brasil; y todos los estudios que se han analizados 
en la revisión de Vibhute y Gawali [19]. Por todo ello, se 
han definido los objetivos fundamentales del estudio que se  

Tabla 2. 
Coordenadas geográficas y UTM del área de estudio. 

Geográficas UTM (huso 29) en metros 
Long: 8°03´- 7°58.5´O X: 576.900-583.190 
Lat: 43°28,7´- 43°26,5´ Y:4.810.100-4.815.740 

Fuente: Elabaoración propia. 
 
 

presenta, y estos son: valorar la utilidad de la Teledetección en 
la determinación de la cubierta vegetal de un espacio, así como 
su uso en la fase de ordenación forestal en entidades rurales. 
Así mismo, se desarrolló una metodología para la clasificación 
digital de la imagen, utilizando tres métodos diferentes. Dichos 
métodos son comparados y analizados, de forma que 
obtenemos el método más preciso para dicha clasificación. 

Todo este proceso nos ha servido de introducción a la 
herramienta de la Teledetección, a lo que se entiende como 
estimación de la cubierta vegetal y ordenación del territorio 
mediante el uso de imágenes de satélites y de su 
clasificación digital. Por ello, también se establece un 
objetivo posterior a este trabajo, con el cual se pretende 
hacer un estudio de mayor profundidad, de mayor área de 
aplicación y con más “campos” a clasificar. Es decir, se 
pretende realizar un estudio de la vegetación y de las áreas 
rurales de toda la Red Natura 2000 de Galicia, para 
posteriormente realizar una ordenación de esta. 

 
2.  Metodología 

 
El área de estudio ha sido el Monte Forgoselo, tal y 

como se representa en la Fig 1. Se localiza al Noroeste de la 
provincia de A Coruña, a unos 10 km. del núcleo urbano de 
A Capela. La superficie está repartida entre los municipios 
de As Pontes de García Rodríguez, A Capela e San 
Saturnino, pertenecientes a Ferrol. Se localiza en las 
siguientes coordenadas. 

Parte de dicho monte está incluida dentro de la Red Natura 
2000, en el Espacio Protegido Xubia-Castro (Lugar de 
Importancia Comunitaria, LIC). Además se sitúa al Norte del 
Parque Natural de las Fraguas del Eume, tal y como queda 
representado en la Fig 1. La superficie total que ocupa el Monte 
Forgoselo es de 1.401,79 ha, de las cuales hay que destacar 
1.004,85 ha, declaradas como Zonas de Especial Protección de 
los Valores Naturales (dentro de la Red Natura 2000).  

La elección de este monte ha sido por varias razones. La 
primera, por la existencia de un Estudio de Vegetación del 
Monte Forgoselo realizado por IMEGA [20]. El cual facilita el 
trabajo, ya que es un estudio en detalle de la vegetación 
existente en el monte, teniendo además, planos para su mejor 
interpretación. Otra de las razones por la que optamos a su 
elección, la más importante, es debido a que se encuentra 
dentro de la Red Natura 2000 de Galicia (RN). Por lo que 
sirve de iniciación en la materia de Teledetección, para un 
futuro estudio que se pretende realizar en la RN. 

La vegetación del Monte Forgoselo es en gran medida 
un auténtico mosaico de comunidades vegetales. Como 
vegetación dominante pueden destacarse cinco grandes 
grupos: (1) pastos, (2) matorrales, (3) pinares, (4) 
comunidades hidrófilas y (5) roquedos. 

Otro tipo de vegetación tiene una representación 
insignificante frente a los grupos expuestos. 
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Figura 1. Área de estudio, el Monte Forgoselo junto al LIC Xubia-Castro y al Parque Natural de las Fraguas del Eume. 
Source: Elaboración propia. 

 
 

2.2.  Imagen 
 
El material básico que hemos seleccionado para la 

realización de esta investigación es una imagen tomada 
desde uno de los satélites de observación de la Tierra. 
Concretamente se ha utilizado una subescena del satélite 
Landsat 5 Thematic Mapper (sensor TM). Las coordenadas 
WRS (Worldwide Reference Systems) de la escena 
completa son Path/Row 205/30.  

De las siete bandas del espectro electromagnético, en las 
que el sensor TM registra información, solamente se han 
utilizado seis, tres en la zona del visible (banda del azul, del 
verde y del rojo), una en el infrarrojo cercano y las dos del 
infrarrojo medio; desestimándose, por tanto, la del térmico, 
por su bajo poder de resolución espacial (120 m) y 
espectral.  

Esta imagen se tomó el 4 de septiembre del año 2003. La 
imagen de Landsat proviene y la distribuye el Servicio 
Geológico de los EU (USGS) bajo el USGS Global 
Visualization Viewer (GloVis). El nivel de procesamiento 
en el que se encuentra la imagen es el “Level 1T” (Standard 
Terrain Correction). 

La selección de dicha imagen en el GloVis ha sido 
mediante una revisión de todas las imágenes que este 
servicio proporciona de forma gratuita. Las que se 
realizaron en fechas más recientes las hemos desestimado 
ya que estas tenían un coste asociado. Decidimos hacer una 
selección de años para que la imagen no fuese demasiado 

antigua y así evitar las posibles variaciones (incendios, 
cambios de uso, repoblaciones, etc.) que difieran del estudio 
de vegetación que se utiliza como referencia para su 
posterior comparación con los resultados obtenidos en este 
trabajo. Por todo ello el rango de años que hemos tenido en 
cuenta han sido desde el año 2000 al 2008. Además, se 
realizamos una consulta con el gestor del monte, para 
informarnos de las posibles variaciones nombradas 
anteriormente, que pudiesen tener lugar entre esas fechas, 
ya que el estudio de vegetación que disponemos es del año 
2008. Los datos que se nos facilitan son referentes a 
pequeños incendios no superiores a 20 hectáreas. Por lo que 
la decisión final que hemos tomado es que cualquier imagen 
entre eses años podrá servir para el presente estudio. 

Del rango de años que hemos seleccionado, también 
hicimos exclusiones según los meses de toma de la imagen. 
Decidimos analizar imágenes tomadas entre los meses de 
junio y septiembre, ambos incluidos, por varias razones. 
Principalmente porque esos meses coinciden con el verano, 
consecuentemente la probabilidad de que la fotografía se 
realizara en días sin cielos cubiertos de nubes es más 
elevada. Además de que en esos meses la incidencia del sol 
es más vertical. 

Finalmente, después de analizar todas las fotografías, 
descartando aquellas tomadas en días con nubosidad en la 
zona de estudio, seleccionamos 2 imágenes, una de julio y 
otra de septiembre, ambas del año 2003. Como en este 
estudio pretendemos realizar un análisis de la cubierta  
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Tabla 3.  
Características de la imagen del satélite. 

Fecha/hora 
04/09/2003 
10:56:49 

Satelite Landsat- 5 
Sensor Thematic Mapper (TM) 

Bandas/tamaño del pixel 1, 2, 3, 4, 5, 7 /30 m 
Resolución pixel 30 m 

Sun Acimut 141.7706861 
Sun elevacion 48.0556158 

Fuente: Elaboración propia. 
 
 

vegetal, con una imagen es suficiente. Finalmente 
seleccionamos la imagen de septiembre, cuyas 
características a destacar se reflejan en la Tabla 3. 

 
2.3.  Software 

 
Para este estudio empleamos diversos programas. En el 

tratamiento digital de la imagen utilizamos el programa 
Environmental Visualization Images (ENVI), 
concretamente la versión 4.5. Para la generación de  
cartografía, empleamos el ArcGis 9.3, tanto para realizar el 
plano de situación como para el de zonificación final. 

 
2.4.  Pasos seguidos para el procesado de la imagen. 

 
En la Fig 3 se esquematiza el procesado que hemos 

llevado a cabo. Por un lado el pre-procesado, con las 
correcciones correspondientes, y posteriormente, la 
clasificación digital de la imagen. 

 
2.4.1.  Pre-procesado de la imagen 

 
Una vez seleccionada la zona de estudio, iniciamos el 

tratamiento de la imagen, para así, posteriormente poder 
analizarla. El primer paso consiste en aplicar una serie de 
algoritmos que eliminan los errores del registro, debidos a las 
condiciones existentes en el momento de toma de la misma y a 
los errores de captación. Parte de estas anomalías ya han sido 
corregidas en los centros de recepción y distribución, como 
sucede con la imagen que se utiliza en este estudio, la cual la 
hemos descargado con la corrección geométrica. 

 

 
Figura 2. Esquema seguido para el procesado de la imagen. 
Fuente: elaboración propia. 

Correcciones geométricas 
Este proceso tiene como fin rectificar la imagen 

registrada por el satélite, ya que, debido a su órbita, la 
escena no coincide, normalmente, con la realidad 
geográfica, debiéndose transformar las coordenadas 
espaciales de cada punto que constituye la imagen a 
coordenadas de un sistema de referencia, sin modificar su 
intensidad radiométrica. De esta forma se realiza el ajuste 
de la imagen original a un sistema de coordenadas UTM, 
obteniéndose una nueva imagen que puede ser integrada, 
geométricamente, en un mapa. Esta corrección puede 
hacerse de varias formas, en este caso, el centro de 
recepción ofrece la imagen con las correcciones geométricas 
realizadas. Concretamente, el método que ha utilizado ha 
sido la corrección orbital. Este método aplica 
transformaciones inversas a las que realiza el sensor durante 
la adquisición de la imagen. Este tipo de corrección es 
posible siempre que la fuente de error sea conocida [21]. 

Correcciones radiométricas 
Este tipo de correcciones tienden a eliminar las 

alteraciones en el registro de la imagen como consecuencia 
de las condiciones atmosféricas existentes en el momento de 
su captación. La presencia de aerosoles, partículas en 
suspensión y vapor de agua, dispersa la radiación 
transmitida entre la superficie y el sensor. Esta se evidencia, 
en la imagen, por alteraciones del nivel digital, cuya 
distribución es heterogénea, pudiendo aparecer partes más 
afectadas que otras. La corrección atmosférica la hemos 
mediante la aplicación del ENVI “Landsat TM Calibration”. 
La cual elimina el efecto atmosférico por substracción del 
valor mínimo del nivel digital y transforma los niveles 
digitales a valores de reflectancia [22]. 

 
2.4.2.  Reconocimiento visual 

 
Antes de realizar la clasificación digital, ha sido 

necesario un estudio de la imagen real del espacio. En la Fig 
3 se refleja la imagen real del monte y de sus alrededores 
que hemos elaborado. 

 

Figura 3. Imagen real del Monte Forgoselo y de sus alrededores.  
Fuente: elaboración propia. 
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De esta forma hemos podido detectar aquellas zonas que 
ya vienen definidas y categorizadas en el estudio de 
vegetación del IMEGA [20], para así poder localizarlas en 
nuestra imagen. 

Hemos analizado toda la escena, especialmente el monte 
Forgoselo y sus alrededores. Hemos localizado las zonas de 
praderas, las zonas de matorral, ríos, canteras, minas, 
caminos, eólicos, etc. Realizamos un análisis en 
profundidad para familiarizarnos con el espacio y conocerlo 
al detalle para poder, posteriormente, trabajar en ella. 

En dicha figura se puede diferenciar claramente, 
elementos como pueden ser las zonas de agua, la mina, 
cantera, zonas con más vegetación que otras, etc. 

 
2.4.3.  Clasificación de la imagen 

 
Como en el caso anterior, hemos utilizado el ENVI para 

realizar la clasificación digital de la imagen. Para ello, 
partimos de unos niveles digitales continuos, medidos por 
los sensores, para obtener una escala nominal o categoría, 
de este modo se asigna una categoría definida a cada pixel. 
El nivel digital de un píxel clasificado es el identificador de 
la clase o categoría en la que se haya incluido. Estas clases 
pueden describir distintos tipos de cubiertas o bien 
intervalos de una misma categoría de interés. 

Partiendo de un conocimiento de la zona de esta 
exposición, a través del estudio de vegetación realizado por 
IMEGA [20], se ha realizado esta clasificación mediante el 
método supervisado, ya que éste parte de cierto conocimiento 
de la zona de interés. De esta forma es posible identificar 
sobre la imagen de satélite, áreas que puedan representar 
adecuadamente cada cubierta que vaya a ser incluida en la 
leyenda del trabajo. Hemos obtenido como resultado de la 
clasificación digital una cartografía e inventario de datos 
objeto de estudio. En este caso pretendemos realizar la 
categorización de la superficie en estratos homogéneos de 
vegetación. Para ello se hemos llevado a cabo diversas fases 
típicas de la clasificación digital de imágenes, estas son: (A) 
localización de las áreas de entrenamiento AE, (B) fase de 
entrenamiento, (C) fase de asignación y finalmente (D) 
comprobación y verificación de los resultados. 

A. Localización de las AE 
Para la localización de las AE, nos hemos ayudado del 

estudio de vegetación del IMEGA [20]. En su contenido 
existen planos de los cuales sacamos la información 
necesaria, para ver qué categorías serán necesarias definir, y 
dónde se sitúan. 

B. Fase de entrenamiento 
La clasificación digital la iniciamos definiendo la 

leyenda de trabajo; las clases o categorías que se pretenden 
discriminar en la imagen. El proceso de clasificación se 
basa en los valores numéricos que definen cada categoría, es 
decir, es necesario obtener el rango de niveles digitales que 
identifican cada categoría en cada banda de la imagen 
empleada en la clasificación. Para ello se emplean las AE. 

La eficacia del proceso y la calidad del resultado 
obtenido dependen directamente del rigor con que se hayan 
definido las categorías, de ahí la importancia y la 
complejidad de esta fase. Dicha leyenda consta de los 
siguientes elementos: pinar, matorral, pradera y agua. 

En una primera prueba hicimos este paso únicamente 
para la zona de estudio, pero se comprobamos que el 
resultado se podría mejorar si optabamos por la utilización 
de más territorio del que ocupa el monte, debido a que se 
obtenían pocas AE. Además, de esta manera consiguimos 
tener una AE más, al poder incluir el agua de los 
alrededores. Otra de las decisiones tomadas ha sido no crear 
AE para la cantera, la mina y la escombrera. Debido a que, 
principalmente este estudio se centra en la cubierta vegetal y 
zonas forestales. 

Una vez concluimos la selección de las AE mediante la 
digitalización de polígonos, el software procesa la 
información para el conjunto de las bandas y elabora las 
estadísticas correspondientes a cada categoría. 

C. Fase de asignación 
El objetivo que perseguimos en esta fase es asignar cada 

píxel de la imagen a una de las categorías de la leyenda de 
trabajo. Dicha asignación se basa en el valor de radiancia 
espectral del píxel a clasificar, es decir, su nivel digital, y la 
semejanza de dicho valor con los datos estadísticos que 
describen cada categoría de la leyenda. 

Existen diferentes formas de abordar esta fase. Las 
técnicas estadísticas corrientemente usadas para evaluar 
cómo de similares son unas signaturas respecto a otras, se 
denominan clasificadores. 

Todos los clasificadores se basan en el establecimiento 
de fronteras estadísticas que permitan establecer 
asignaciones. Los clasificadores seleccionados han sido los 
que a continuación se describen: 

Clasificador mínima distancia 
Consiste en asignar cada píxel a la categoría más 

cercana, es decir, a aquella que minimice la distancia 
geométrica entre el píxel y el centro de la clase. 

Primero se calculan las distancias a los centros de todas 
las categorías de la leyenda y finalmente se escoge la 
mínima. Para ello se calcula la distancia euclídia, cuya 
expresión es la siguiente: 

 
dx,A = {√∑i=1,m(Ndx,i – NdA,i)2}               (1) 

 
Donde dx,A = distancia entre el píxel y la categoría A; 

Ndx,i = nivel digital de la banda i del píxel a clasificar; NdA,i 

= media de la categoría en la banda i. 
Las principales ventajas del algoritmo de clasificación 

son su sencillez y la rapidez con que se ejecuta. La calidad 
de la imagen resultante depende en gran medida del solape 
entre clases, de forma que, en la medida en que el solape 
vaya disminuyendo, la clasificación irá mejorando. Por otra 
parte, y puesto que siempre existe una clase más cercana, no 
deja nunca píxeles sin clasificar. Esta circunstancia puede 
provocar errores de comisión importantes ya que, puede 
haber dejado de incluir en la leyenda categorías claramente 
presentes en la escena, categorías que quedarán confundidas 
con otra u otras de las propuestas inicialmente. 

Clasificador de paralelepípedos 
Este clasificador se basa en la creación de “cajas” (o 

paralelepípedos) usando para definir su tamaño alguna 
medida de la dispersión de los valores detectados, como la 
desviación típica o la diferencia normalizada de rangos de 
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reflectancia de las áreas de entrenamiento. 
El algoritmo de clasificación es en este caso todavía más 

rápido que en el caso anterior. La potencia de cálculo 
requerida es muy pequeña dado que se basa en operaciones 
matemáticas muy sencillas y rápidas de ejecutar. 

La sencillez de este método hace que efectivamente sea 
un clasificador muy rápido, pero también propenso a 
clasificaciones incorrectas. Debido a la correlación de 
información entre las distintas bandas espectrales, los 
píxeles tienden a agruparse de forma que las cajas capturan 
píxeles que deberían ser asignados a otras categorías. 

Otro de los problemas que surge es que las cajas tienden 
a solaparse. En este caso, el píxel cuyo valor cae en una 
zona de solape, es asignado a la última signatura, de 
acuerdo con el orden que fueron introducidas, sin realizar 
ningún otro tipo de comprobación. 

Clasificador máxima probabilidad 
En el caso de este clasificador, la distribución de valores 

de radiancia espectral de cada área de entrenamiento es 
descrita como una función de densidad, en base a la 
estadística Bayesiana. El clasificador calcula la probabilidad 
de que un determinado píxel pertenezca a una categoría y 
asigna el píxel a la categoría que proporciona la máxima 
probabilidad. 

Este clasificador es el más preciso de los métodos 
descritos anteriormente, pero también es el más complejo. 
Es el que ofrece mejores resultados, de hecho es el más 
empleado en teledetección por ajustarse con mayor 
precisión a los datos originales. Como desventaja de este 
método, necesita un gran volumen de cálculo y 
consecuentemente de tiempo para realizarse. 

D. Comprobación y verificación de resultados 
Como resultado de la clasificación digital supervisada 

hemos obtenido una división del territorio en categorías. El 
hecho de utilizar técnicas automáticas y procedimientos ya 
probados por otros autores, no debe hacer que se asuma la 
fiabilidad del producto. 

Toda clasificación lleva consigo un cierto margen de error 
en función de la metodología empleada y de la información de 
partida. Por esta razón, si se pretende dotar de validez el 
trabajo realizado, es necesario que apliquemos diversos 
procedimientos de verificación que permitan calcular el error 
cometido y, en función de él, evaluar la calidad del producto 
finalmente obtenido y su potencial de aplicabilidad. 

El método más inmediato para estimar la precisión 
conseguida, se basa en calcular las diferencias entre el 
inventario ofrecido por la clasificación y el ofrecido por 
otras fuentes que se consideren fiables, como puede ser 
cartografía previamente elaborada o por el propio trabajo de 
campo. Para ello se crean matrices de confusión a partir de 
la comparación píxel a píxel de la “imagen verdad” y las 
obtenidas por clasificación digital. Estas matrices dan 
información muy valiosa del error, de comisión y de 
omisión, existente entre ambas fuentes de información. 

 
2.5.  Zonificación del Monte Forgoselo 

 
A partir de esta categorización de la cubierta vegetal, 

hemos realizado una ordenación del territorio atendiendo al 
uso del suelo. Para ello utilizamos la herramienta ArcGis 9.3. 

Para realizar el plano definitivo de la categorización del 
suelo hemos tenido en cuenta la clasificación final obtenida 
en el tratamiento anterior. Se ha analizado la información 
emanada del proceso, y se ha tratado de forma que se 
obtengan tres categorías zonales atendiendo a los usos 
forestales. Estas categorías se han denominado como: (1) 
pinar, (2) matorral y (3) pradera. 

Hemos querido mantener la designación inicial ya que 
esta representa la realidad del territorio. La categoría de 
agua proviene de zonas cercanas al área de estudio, por eso 
en la zonificación final no la incluimos. 

 
3. Resultados 

 
Los resultados que hemos obtenido de la clasificación 

digital supervisada llevada a cabo, han sido la división del 
Monte Forgoselo y de las zonas cercanas a él, en categorías 
de estratos de vegetación. Según el clasificador utilizado, la 
clasificación de la imagen ha sido diferente. Dichas 
diferencias se muestran en las Figs. 4, 5 y 6. 

 

Figura 4. Clasificación del Monte Forgoselo y alrededores mediante el 
clasificador de mínima distancia.  
Fuente: elaboración propia. 

 
 

Figura 5. Clasificación del Monte Forgoselo y alrededores mediante el 
clasificador de paralelepípedos.  
Fuente: elaboración propia.  
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Figura 6. Clasificación del Monte Forgoselo y alrededores mediante el 
clasificador de máxima probabilidad.  
Fuente: elaboración propia. 

 
 

Tabla 4. 
Matriz de confusión de la verdad de campo (expresado en %). 

Clase Pinar Matorral Pradera Agua Total 
No 

clasificado 
0,24 0,02 0,00 0,34 0,30 

Pinar 99,71 0,00 0,00 0,00 18,91 
Matorral 0,02 98,81 2,69 0,00 11,80 
Pradera 0,03 1,17 97,31 1,43 24,05 
Agua 0,00 0,00 0,00 98,23 44,94 
Total 100,00 100,00 100,00 100.00 100,00 

Fuente: Elaboración propia. 

 
 
En dichas imágenes se puede observar el resultado de 

cada una de las clasificaciones que hemos realizado. Si se 
observan detenidamente, se puede hacer una valoración 
inicial de cada clasificador utilizado. En los dos primeros 
casos (mínima distancia y paralelepípedos), se puede ver a 
simple vista que los resultados obtenidos no son muy 
buenos, ya que hacen una clasificación en la que 
categorizan mayoritariamente el territorio en una única 
clase. Esto quiere decir que, en el caso del clasificador de 
mínima distancia la categoría mayoritaria corresponde a 
“Pradera”, representando un total del 76,09 %, mientras que 
la categoría “Matorral” solo está representada en un 12,88 
%. En el caso del clasificador mediante paralelepípedos 
sucede que, el porcentaje de pinar es muy elevado 
(83,05%), mientras que zonas categorizadas como praderas 
son inexistentes dentro del espacio, y poca representación 
tienen en toda la zona considerada (3,96%). 

Datos que no se corresponden con la realidad del 
territorio. Además, el coeficiente Kappa obtenido en estos 
casos es de 0.2921 (mínima distancia) y 0,2387 
(paralelepípedos). 

En cuanto al tercer clasificador utilizado (máxima 
probabilidad), hemos obtenido mejores datos. En relación a 
este último, en la Tabla 4 se presenta la matriz de confusión 
obtenida para esta clasificación concreta. 

En este caso, el mejor resultado ha sido para la clase 
Pinar, que obtiene un 99,71%, por lo que el 0,29% de los 
píxeles han sido mal clasificados. El peor resultado que  

 
 

Figura 7. Zonificación del Monte Forgoselo.  
Fuente: elaboración propia. 

 
 

hemos obtenido en esta clasificación ha sido para la clase de 
Pradera con un 97,31%, por lo que presenta un 2,69% de 
píxeles mal clasificado. 

El coeficiente Kappa obtenido ha sido del 0,9762 y la 
precisión total fue del 98,3586%. Resultados que se 
interpretan como fiables, por lo que la clasificación que 
hemos obtenido del espacio es realmente buena y muy 
cercana a la realidad del territorio. 

Por todo lo anterior, el paso final ha sido procesar esta 
clasificación para obtener una zonificación del territorio. 
Zonificación del Monte Forgoselo en la que se han obtenido 
tres unidades de zonificación: Pinar, Matorral y Pradera. El 
resultado final ha sido el que se muestra en la Fig 7. 

 
4.  Conclusiones 

 
Nuestra clasificación incurre en un error inferior al 2% y 

la concordancia del mapa con la realidad del territorio 
obtenido en el estudio del IMEGA [20] es superior al 95%. 
Mientras que si comparamos nuestro estudio con otros 
realizados, como la investigación realizada por DE 
MESA[23] con un error del 2% y una correspondencia con 
la realidad del 80%, valores claramente inferiores y menos 
precisos que los nuestros. Es por ello que nuestro método es 
perfectamente aplicable a la realidad del terreno.   

Las técnicas descritas a través de la manipulación de 
imágenes del satélite Landsat 5 han resultado ser viables y 
eficaces, para la determinación de la cubierta vegetal y para 
la posterior zonificación del espacio. 

La metodología seguida en este estudio, basada en el 
análisis digital de imágenes, permite ahorrar costes en la 
generación de cartografía temática. 

De los distintos clasificadores utilizados, para estudios 
semejantes a este, el que mejor resultados ofrece y de mayor 
fiabilidad es el clasificador de máxima probabilidad. 

Con este estudio lo que se ha pretendido es, 
principalmente, ver si la teledetección es una buena 
herramienta de trabajo para la estimación de la cubierta 
vegetal. Como el resultado ha sido positivo, y teniendo en 
cuenta que este estudio ha sido de un espacio concreto y ha 
servido como introducción a la metodología, lo que se 
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pretende es darle continuidad. De esta forma, en un futuro, 
será factible la realización de un trabajo de mayor 
envergadura. 

El aporte de nuestro trabajo consiste en la utilización de 
la Teledetección como herramienta de identificación de los 
diferentes usos del suelo, de modo que con la aplicación de 
la metodología que describimos en nuestro artículo se pueda 
realizar una zonificación de un espacio concreto y conocer 
cuál es su cobertura a partir de dicha tecnología. Sin 
estudios semejantes, y con la aplicación de esta tecnología 
para otros campos como puede ser la evaluación de la 
dinámica de cultivo de palma en distintas épocas [24] 
resulta extremadamente útil para los profesionales actuales. 
Todo ello con una componente innovadora la cual ahorrará 
numerosos costes y esfuerzos a la hora de realizar estos 
trabajos ya que no será necesario desplazarse hasta el lugar, 
ni recorrer toda la superficie que queremos estudiar. 
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Abstract 
Proper inventory planning should incorporate factors changing over time, since static factors are not robust to this apparent variability. In 
models of inventories is necessary to recognize the great demand uncertainty. This paper reviews the state of the art of the most 
significant developments related to inventory models, especially those who consider dynamic demands in time. In addition, demand 
forecasting models and some techniques for optimizing inventories are analyzed, considering costs and service levels, among others. In 
the literature review, gaps have been identified related to the treatment of multivariate inventories as well as the use of Bayesian statistics 
for the purpose of optimization and the development of demand forecasts. 
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Planeación de inventarios con demanda dinámica. Una revisión del 
estado del arte 

 
Resumen 
Una adecuada planeación de inventarios debe incorporar factores cambiantes en el tiempo, ya que los estáticos no son robustos ante esta 
evidente variabilidad. Además, en los modelos de inventarios es necesario reconocer la gran incertidumbre de la demanda. En este 
trabajo se revisa el Estado del Arte de los desarrollos más significativos relacionados con modelos de inventarios, especialmente los que 
consideran demanda dinámica. Se analizan métodos de pronóstico de demanda y algunas técnicas utilizadas para la optimización de 
inventarios, considerando costos y niveles de servicio, entre otros aspectos. En la revisión de literatura, se han detectado vacíos 
relacionados con el tratamiento de inventarios multiproducto, así como en el uso de la estadística bayesiana con el propósito de su 
optimización y del desarrollo de pronósticos de demanda. 
 
Palabras clave: Modelos Dinámicos Lineales, Modelos de Inventarios, Pronósticos. 

 
 
 

1.  Introduccion 
 
La planeación, evaluación y control de los inventarios son 

actividades de trascendental importancia para el cumplimiento 
de los objetivos de una empresa, especialmente en la industria de 
la manufactura. Por lo tanto, estas actividades deben estar 
soportadas por adecuados modelos de optimización y simulación 
que permitan la obtención de los mejores resultados. El futuro de 
una organización puede estar ligado a algunos problemas que se 
derivan de un manejo inadecuado de sus inventarios. Dichos 
problemas podrían perjudicar la rentabilidad, el buen servicio y 
los costos, entre otros aspectos, por malas prácticas o prácticas 
conflictivas como el sobre-ordenamiento o la disminución de 
existencias, quedando la organización poco preparada para 
responder a cambios abruptos externos, tales como alteraciones 

en la demanda y los precios [1-3].  
Actualmente los mercados son cada vez más exigentes 

con relación a procesos de alta calidad y buenos niveles de 
servicio, exigiendo a las empresas afrontar mejores 
estándares de calidad, tecnologías y competitividad. Un 
aporte en este sentido lo proporciona la existencia de 
métodos para la planificación operativa relacionados con la 
logística interna de una empresa. La optimización de 
inventarios ha tomado gran importancia durante los últimos 
años, dadas las tendencias del comportamiento del mercado, 
las ventas y la competitividad. La planificación de éstos es 
esencial, ya que puede ocasionar excesivas cantidades y 
costos, o por el contrario, inexistencias, lo que puede 
acarrear inesperados impactos operacionales [4].  

El entorno dinámico en estos modelos de inventarios se 
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refiere a que algunos cambios en la variabilidad, de manera 
inesperada en el tiempo, pueden deberse a la incertidumbre 
de factores como la demanda, tiempos de suministro, 
precios y costos, entre otros, asociados a la administración 
de dichos inventarios. 

Además, en la actualidad, las organizaciones enfrentan 
muchas dinámicas donde los modelos de inventarios estáticos 
parecen insuficientes para representar adecuadamente el sistema. 
Estos modelos que contemplan todos los factores fijos en el 
tiempo son poco robustos por su incapacidad de incorporar una 
gran variedad de fluctuaciones en la logística interna empresarial, 
así como por la falta de precisión en los pronósticos, el efecto 
látigo, que indica variaciones fuertes debidas a cambios drásticos 
o al supuesto de independencia de la demanda en relación a otras 
variables de estos procesos, o en políticas de inventario con 
pedidos constantes [2,3,5,6]. Por lo tanto, se considera que para 
el manejo de inventarios de esta naturaleza, la demanda fija para 
todos los períodos, o simplemente, un valor esperado constante, 
no es lo más adecuado. 

Uno de los aspectos más importantes de los modelos de 
inventarios es el tratamiento dado a la demanda [1,3], [6-11]. 
Precisamente, frente a la incertidumbre de la demanda, los 
pronósticos de ésta se han utilizado como: Insumos o entradas 
para optimizar los inventarios; o como parte del proceso de 
optimización, dentro del cual se estiman estocásticamente. 

En [3] se realiza una revisión de literatura resaltando la 
importancia de los modelos basados en la variabilidad de la 
demanda y los tiempo de suministro, y se afirma que no son 
muchos los trabajos en Colombia que lo hacen. En [2] se 
presenta una revisión de 187 referencias sobre modelos 
dinámicos alrededor de cadenas de suministro. En especial, 
se señalan diversos factores incluidos en modelos de 
optimización de inventarios, como la demanda aleatoria. 

A lo largo de este trabajo podrá verse que el tema de 
aleatoriedad de la demanda, su predicción o su dinamismo en el 
tiempo, no se encuentra desligado de la optimización de los 
inventarios, [11-15]. Varias son las referencias que muestran 
cómo se generan pronósticos en la demanda y luego, o 
simultáneamente, se utilizan para la optimización de 
inventarios. 

En este trabajo se presenta una revisión crítica de 
literatura existente sobre estas temáticas, buscando 
responder a las preguntas citadas a continuación.  

1. Cuáles son las características generales existentes de 
los modelos de optimización de inventarios que usan 
demandas dinámicas? 

2. Cuáles son las principales técnicas estadísticas 
utilizadas para enfrentar la dinámica de la demanda 
dentro del análisis de los inventarios? 

3. Qué alternativas son útiles y poco exploradas para 
predecir la incertidumbre de la demanda en dichos 
modelos? 

 
2.  Modelos de optimización de inventarios con demanda 
dinámica 

 
2.1.  Características de los modelos de inventarios 

 
La logística que involucra el suministro de una industria, 

integra algunas de sus actividades tanto internas como 

externas [16]. Como parte integral de dicha logística, los 
inventarios pueden ser administrados en una cadena 
productiva tanto a nivel interno como externo; además, se 
puede considerar la gestión de uno o múltiples productos 
con demanda dinámica. En este trabajo, se muestran las 
principales características de los modelos para la gestión de 
inventarios, a nivel interno de la empresa. Se hace 
referencia a diferentes tipos de funciones objetivo y 
metodologías de solución, entre otros aspectos, para dar 
respuesta a las hipótesis propuestas. 

A partir de una clara definición del problema a resolver, 
en la formulación del modelo matemático es necesario 
considerar unos criterios apropiados de optimización para su 
inclusión en la función objetivo, de tal manera que se pueda 
generar una solución que suministre información adecuada 
para la implementación de una política pertinente con los 
objetivos y metas de la empresa. 

Uno de los propósitos en la industria es sin duda 
minimizar el costo total de producción e inventarios durante 
todo el horizonte de programación, lo cual ha sido 
considerado en trabajos como [1,6,7,10,12,14], [17-23]. Los 
costos pueden ser considerados fijos o variables, según sean 
los procesos de la empresa, o los factores externos que la 
puedan afectar. En [24] se busca implementar un modelo de 
reducción de costos variables y determinar una política 
óptima de inventario que coordina la transferencia de 
materiales entre las etapas consecutivas de la cadena de un 
periodo a otro. En [12]  la minimización de los costos 
incluyen tanto los del productor como los del distribuidor y 
del detallista. 

El nivel de inventario, medido como la cantidad de 
unidades de uno o múltiples productos, es otra posible 
función objetivo que se desea minimizar [2, 25-27]. En 
otros casos relacionados, se busca lo contrario; por ejemplo, 
en [28] se maximiza el nivel de inventarios permitido, en 
[29] se busca el máximo cumplimiento de pedidos, y en [30-
32] se maximiza la ganancia esperada. 

Estas funciones objetivo no son los únicos aspectos que 
componen un modelo de inventarios; existen otros que 
deben considerarse. En [12] se resaltan varios aspectos 
importantes, que en general debe tener un modelo de 
inventario, tales como la cantidad a almacenar, el tiempo de 
re-orden, la cantidad de reaprovisionamiento y por supuesto, 
el comportamiento de la demanda, que en dicho trabajo se 
considera estocástica no estacionaria. 

 
2.2.  Algunas técnicas de solución 

 
Existen métodos analíticos clásicos como la 

Programación Lineal [33], o algoritmos de variables 
acotadas, o Descomposición de Benders como se muestra en 
[2], Programación Dinámica, Programación Entera Mixta y 
técnicas de Teoría de Control [25,34]. Sin embargo, también 
existen técnicas heurísticas y metaheurísticas que se 
combinan entre sí, e incluso, pueden usar la simulación [35-
37] para encontrar la mejor solución posible, no 
necesariamente el óptimo global. Algunas de estas se 
presentan a continuación. 
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2.2.1.  Programación Entera Mixta 
 
Para problemas de Programación Entera Mixta 

Estocástica, el procedimiento de solución del problema se 
puede proponer usando métodos como los de variables 
acotadas o Benders, entre otros. En [38] se propone un 
problema de Programación Entera Mixta Estocástica, pero 
se encuentra su solución aproximada mediante un algoritmo 
que resuelve un problema determinístico aproximado. El 
problema se caracteriza por una estructura de dos niveles 
jerárquicos definida por ítems y familias de productos. El 
procedimiento de solución que se propone es un algoritmo 
de tres etapas, así: primero se resuelve el dual por 
programación lineal generalizada, luego el problema de 
programación lineal basada en la información obtenida de la 
primera etapa, y finalmente, se determinan las soluciones a 
partir del segundo estado. 

 
2.2.2.  Teoría de Control  

 
Las técnicas de la Teoría de Control pueden permitir el 

cumplimiento de un objetivo, como la minimización del 
nivel de inventarios, lo cual es mostrado en [25], donde la 
variable controlada ym es el nivel de inventario medido, y se 
busca mantener un nivel de inventarios en un horizonte de 
planeación, en el cual se pronostica la demanda y se mide el 
error entre la anticipada y la real, acorde con la ecuación de 
balance de inventario evaluada para cada periodo t. Parece 
conveniente aclarar que en [25] puede apreciarse como este 
tipo de técnicas permiten hacer simultáneamente tanto 
pronósticos de variables con incertidumbre como 
optimización, lo cual resalta que puede explotarse aún más 
toda la línea de trabajo e investigación propuesta en el 
presente trabajo. 

En [2] se resalta que los fines principales de estas 
técnicas de Teoría de Control aplicadas a la producción o 
gestión de inventarios son reducir las fluctuaciones en la 
demanda y controlar el nivel de inventarios, y además, se 
establece que los sistemas de producción e inventario 
pueden ser tratados como programas dinámicos, por su 
naturaleza incierta y cambiante.  

Dentro de estas técnicas se encuentran los Modelos 
Predictivos de Control (MPC) [21,25,34,39]. En [34] se 
sostiene que los MPC han sido herramientas alternativas 
para controlar el inventario y la cadena de suministros, con 
menos complicaciones que otras técnicas de optimización 
estocástica donde se requiere la estimación de muchos casos 
condicionales. 

 
2.2.3.  Metodologías Heurísticas y Meta-heurísticas 

 
Las heurísticas son “procedimientos simples, a menudo 

basados en el sentido común, que se supone ofrecerán una 
buena solución (aunque no necesariamente la óptima) a 
problemas difíciles, de un modo fácil y rápido” [35]. Por lo 
tanto, es posible que se logren adaptar de manera adecuada 
a las condiciones de la empresa, y se puedan resolver de 
modo eficiente agilizando el proceso de toma de decisiones 
referentes a los niveles de inventarios óptimos. También, se 
cree que pueden permitir una menor necesidad de imponer 

restricciones, facilitando soluciones a modelos más 
representativos de la realidad [36]. 

Estas técnicas han sido exploradas por numerosos 
autores en relación a la optimización de inventarios 
[17,23,27,35-37,40,41], así como en [36], sobre el uso de 
heurísticas, sus ventajas y desventajas y sus aplicaciones. 
En [20] se presenta un algoritmo híbrido meta-heurístico, 
indicando las ventajas de trabajar con una demanda 
estocástica, en especial, cuando se considera de dos formas: 
estimación del valor esperado robusto y fuzzy. En [23] se 
aplica un algoritmo de búsqueda tabú para encontrar el nivel 
óptimo de pedidos y en [17] se usan algoritmos genéticos. 
Por su parte, en [18] se optimizan los costos totales de 
inventarios usando algoritmos genéticos, con base en 
predicciones de demanda y precios. En [42] se usa un 
algoritmo de Colonia de Hormigas para realizar una 
programación de producción. 

La simulación puede ser usada de diferentes maneras 
dentro de un modelo de optimización de inventarios, 
combinándola con técnicas meta-heurísticas, para ayudar a 
encontrar el punto o conjunto de puntos óptimos de una 
minimización de costos o de una maximización de 
beneficios [17,35,36]. Es posible que no siempre se 
encuentre un óptimo global; sin embargo, en las meta-
heurísticas se pueden crear estrategias de búsqueda basadas 
en la generación de variables aleatorias, con el objetivo de 
diseñar espacios de soluciones y aprendizaje que permitan 
llegar a la solución de una forma muy aproximada.  

 
2.3.  Algunos modelos de inventarios 

 
2.3.1.  Revisión Periódica 

 
Los modelos de Revisión Periódica son de uso común en 

la planeación de inventarios [1,4,23,27,28,43-46], en 
especial los que incluyen una componente estocástica. Sin 
embargo, las prácticas más usadas son la política (s,S) y la 
(R,Q); en la primera, al llegar al nivel s se ordena una 
determinada cantidad para llegar a S; en la segunda, cuando 
se alcanza el punto R se envía una orden de tamaño Q. En 
otros casos, se usa el análisis de stocks de seguridad [13], o 
un análisis de cotas máximas en  los periodos de tiempo 
necesarios para alcanzar dicho nivel [43]. 

 
2.3.2.  Modelo de la Cantidad Económica de Pedido  

 
Este modelo, formulado en 1915 [20], busca minimizar 

el costo total del inventario, considerando una cantidad fija 
a pedir cada periodo (determinística), conocida con 
antelación. Sin embargo, en [20] se muestra la evolución de 
este modelo, al incorporar variaciones en la forma de 
representar el tiempo de suministro y la demanda, lo cual 
hace que el modelo clásico ya poco se utilice en trabajos de 
investigación sobre inventarios. 

 
2.3.3.  Modelos de inventarios en múltiples instalaciones.  

 
En procesos de inventarios, es muy importante la gestión 

del producto terminado. Sin embargo, existen casos en que 
se controlan varios eslabones del proceso productivo 
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general. En [25] se controlan varios tipos de inventarios, de 
fabricación, de ensamble y final de producto terminado, y se 
realiza una optimización del nivel de inventarios de un 
producto en un horizonte de tiempo. 

Otros esquemas de múltiples instalaciones son el antes 
y el después de ocurrir la venta. Este es el caso de [30], 
donde se propone un modelo dinámico en dos estados, 
con incertidumbre en la demanda y costos en el segundo 
estado; se actualiza la demanda para el segundo, con 
estadística bayesiana y se formula una política de 
inventarios óptima. 

 
2.3.4.  Modelos de inventarios multi-producto 

 
Estos casos no son los más comunes, ya que las 

prácticas se vuelven más complejas al considerar varios 
productos. Estos modelos han sido explorados en: 
[2,17,20,22,28,29,32,38,47]. En algunos de éstos se 
consideran demandas de tipo multivariado [22,28,38,47]. En 
[28] se compara el tratamiento multivariado con el de 
demanda independiente. 

En casos como [29], se separa la demanda así:  del j-
ésimo producto para el i-ésimo cliente, considerándola 
como una distribución de probabilidad independiente con 
media y varianza conocidas para todos sus productos. En 
[32] se estructura un modelo de inventario con dos tipos de 
producto (software) compartiendo dos plataformas de 
hardware que asemejan al inventario en dos locaciones. Las 
demandas de los dos productos se asumen como variables 
aleatorias Dk. 

 
2.4.  Procesos colaborativos para la gestión de inventarios 

 
La práctica de compartir información sobre inventarios, 

en la cadena de suministro, entre productor y clientes, 
podría llevar a mejores resultados y a una significativa 
reducción de costos [48]. Tales prácticas pueden consistir en 
un sistema de compartir Información de Demanda 
Anticipada (Advance Demand Information, ADI, [49], o en 
un Inventario Administrado por el Vendedor (Vendor 
Management Inventory, VMI, [16], el cual es similar al 
modelo de Planeación Colaborativa con Reposición 
(Colaborative Planning Replenishment, CPR, [16,50]. 

El VMI puede tener ventajas y desventajas [16]. Entre 
las ventajas se encuentran la reducción de costos de 
transporte y el manejo eficiente del reaprovisionamiento; 
entre las desventajas aparecen la falta de confianza del 
comprador y la falta de sistemas de información suficientes 
para compartir tal información. Esta falta de confianza 
podría ser ocasionada por la posibilidad de que los clientes 
compren el mismo producto a varios productores sin 
conocimiento entre estos. Por lo tanto, el manejo del 
productor o proveedor podría causar malos pronósticos o 
excesos de costos por órdenes innecesarias. 

 
3.  Técnicas estadísticas para enfrentar la dinámica de la 

demanda 
 
Existen técnicas estadísticas clásicas y otras alternativas 

poco exploradas para enfrentar la dinámica de la demanda. 

3.1.  Técnicas estadísticas clásicas 
 
El uso de distribuciones de probabilidad para la 

demanda ha sido propuesto en [1,22,28,29,32,33,44,47]. 
Además, existen modelos de inventarios que se basan en las 
salidas de modelos de pronósticos de demanda 
[2,3,6,30,40,47,51]. A continuación se presenta una revisión 
de esquemas utilizados en pronósticos de demanda dentro 
de procesos de optimización de inventarios. 

En [44] se usa una distribución empírica de probabilidad 
y se afirma que el requerimiento de normalidad de los 
modelos ARIMA (Integrados Autorregresivos de Medias 
Móviles) [52,54] y de regresión no se cumple en muchos 
casos. Sin embargo, los autores no consideran posibles 
tendencias crecientes u ocurrencias de shocks o cambios 
repentinos aleatorios que pueden ocurrir en la variación de 
la demanda, haciendo dudar de un comportamiento con 
igual distribución probabilística, durante un tiempo 
prolongado. 

En [19] se usan medias móviles y se revisan otros 
métodos de pronóstico evaluando el costo mínimo y el 
indicador de nivel de servicio; se encuentra un modelo de 
pronóstico de la demanda con medias móviles que genera 
buenos indicadores en los niveles de costo y servicio en los 
inventarios. En [55] se propone el manejo de inventarios 
usando pronósticos de demanda basados en modelos de 
suavización exponencial y de medias móviles. En [15] se 
integran pronósticos de demanda fluctuante con modelos de 
medias móviles, para posteriormente realizar una 
optimización de inventarios, comparando los costos de 
inventarios obtenidos a raíz de esta demanda, mediante 
simulación.  

Otras técnicas estadísticas usadas para ajustar y predecir 
demandas son los modelos longitudinales, que consideran 
efectos fijos y aleatorios, a partir de la estructura 
correlacionada entre e intra ítem, que podrían ser una 
alternativa de modelación para varios productos o varios 
clientes simultáneamente [53-55]. Esta técnica considera en 
sus premisas teóricas, la existencia de una dependencia 
entre individuos, de manera multivariada, aspectos que 
pueden faltar al estimar modelos univariados, ya que quedan 
preguntas acerca de la creencia del comportamiento 
independiente de la demanda. Por su parte, las técnicas de 
Vectores Autorregresivos (VAR) [5], también permiten 
agrupar individuos. En [5] se logran ajustar adecuados 
niveles en el manejo de inventarios, luego de emplear dicha 
técnica para la demanda.  

Para determinar cuál puede ser el mejor tratamiento de 
demandas de múltiples productos, diversos autores han 
realizado comparaciones entre caso: 
univariado/multivariado [28,32,56]. 

Además de éstas, existen otras técnicas estadísticas que 
se basan en procesos de optimización para la predicción de 
variables inciertas, como los pronósticos de demanda. 
Alguna de estas técnicas son las Redes Neuronales usadas, 
por ejemplo, en el área de la demanda energética [60,61], 
así como la Lógica Difusa o los sistemas de inferencia 
difuso neuronal, como se muestra en [62]. 

En la Tabla 1, se presenta un resumen de algunas 
técnicas cuantitativas para pronosticar. 
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Tabla 1.  
Algunas técnicas cuantitativas para pronosticar. 

Caso univariado Caso multivariado 
Regresión en series temporales y 
modelos dinámicos con retardos en las 
variables endógenas y exógenas [52-54]. 

Modelos ARMA multivariados 
[5,63] 

Suavización exponencial simple [52,53] Regresión dinámica [53,59,64] 
Suavización de Holt Winters [52,53] Modelos jerárquicos  [64-66] 
ARIMA: Integrados Autoregresivos de 
medias móviles. SARIMA, Estacionales 
[37,54] 

VAR: Vector Autorregresivo.  
[5,67,68] 

Modelos ARMAX [54]  BVAR: Vector autorregresivo  
Bayesiano. [5,67]  

Modelos ARCH, GARCH. [69] Modelos lineales longitudinales 
[64-66] 

Redes Neuronales [60,61] 
Fuente: Elaboración propia. 

 
Para la correcta estimación de los modelos de regresión 

y para garantizar que sus inferencias sean adecuadas, es 
necesario validar la estructuras que deben cumplir ciertos 
supuestos subyacentes en las series de tiempo, o incluso en 
los modelos ARIMA, en general, tales como: 1) 
Distribución normal para los residuales; 2) Varianza 
constante para los residuales, 3) Incorrelación en los 
residuales, cuando los datos son cronológicos. 

El cumplimiento de los supuestos de la mayoría de los 
modelos de pronósticos puede verificarse mediante métodos 
gráficos o analíticos. Los métodos gráficos muestran el 
comportamiento de los residuales vs los valores ajustados 
como el de Cuantiles Cuantiles normales (QQ-norm) para 
determinar el ajuste a una distribución normal. Dentro de 
los métodos analíticos están la prueba de normalidad de 
Shapiro Wilks, que contrasta hipótesis sobre el ajuste de los 
residuales a dicha distribución, y la de homogeneidad de 
varianza para los residuales, que puede probarse por medio 
del test de Bartlett o Levene [52]. Sin embargo, en algunos 
casos, realizar transformaciones sobre variables del modelo 
no conducen a su cumplimiento; por lo tanto, disminuye la 
confiabilidad sobre la validez de los resultados obtenidos 
[52,58].  Además de la validación de los supuestos, existen 
criterios de evaluación final de la capacidad de predicción 
del modelo, tales como la Media del Error Absoluto 
Porcentual (MAPE: Mean Absolute Percentage Error), la 
MAPE simétrica (SMAPE), o el Error Cuadrático Medio 
(MSE) y su raíz cuadrada, los cuales se encuentran en 
diferentes textos de Estadística [54,70]. 

 
3.2. Otras Técnicas Estadísticas Promisorias para 

pronósticos de demanda  
 
Los modelos de pronósticos requieren muchos datos 

históricos para verificar el cumplimiento de los supuestos 
teóricos subyacentes sobre la estructura de los modelos y 
para garantizar una buena confiabilidad de los resultados. 
Estos supuestos, en muchos casos no se cumplen y en otros 
puede ser difícil, si no imposible, o muy complejo o costoso 
conseguir la suficiente información requerida para el 
adecuado modelamiento. Adicionalmente, las distribuciones 
de probabilidad usadas para pronosticar, a menudo no 
contemplan otras fuentes de variación, inclusive ni el propio 
pasado de la serie. Además de lo anterior, para la industria, 
puede ser necesario encontrar modelos de inventarios donde 

no se requieran demasiados datos históricos para poder 
realizar pronósticos de demanda. Estas necesidades de 
técnicas promisorias podrían ser cubiertas quizá mediante el 
uso de métodos bayesianos, explorados desde hace algún 
tiempo, para elaborar pronósticos en numerosas 
investigaciones [17,71-83]. Estas técnicas se basan en 
información a priori para los parámetros y para los datos, 
donde puede intervenir el conocimiento de los expertos. 

 
3.2.1.  Teoría bayesiana 

 
En [30] se menciona que las técnicas bayesianas han 

sido usada de diferentes formas para el problema de 
inventarios y se indica que “el uso de información para las 
decisiones en inventarios, es importante tanto para la 
academia como para la industria”. En dicho trabajo se 
utiliza información a priori y a posteriori de la demanda 
para definir una política de pedidos en dos estados: antes de 
que ocurra la demanda, y después, para actualizar la 
planificación y cuantificar mejor las órdenes de manera que 
se pueda garantizar adecuadamente el servicio. Esta es una 
aplicación importante que permite ver cómo estas técnicas 
estadísticas facilitan el manejo óptimo de los inventarios en 
la industria, considerando la incertidumbre de la demanda 
implícita en el mismo proceso de solución. 

En [84] se muestra una aproximación bayesiana para 
pronosticar ventas y probar, con varias heurísticas, la 
optimización de costos de producción en una programación 
multi-estados, donde se asume que la capacidad de 
producción es muy grande, así que ésta puede llegar a 
incorporar todas las demandas de un lapso de tiempo con 
varios periodos. Como éste, existen trabajos [30,85], que 
contemplan modelos bayesianos relacionados con 
programación de operaciones y en especial, con inventarios. 

 
3.2.2.  Procesos adaptativos bayesianos 

 
Estas técnicas parten de supuestos que difieren sólo un 

poco con respecto a los modelos clásicos. Por ejemplo, 
consideran parámetros de distribuciones de probabilidad o 
coeficientes específicos de modelos como variables 
aleatorias, con una distribución de probabilidad llamada a 
priori [86,87]. Se considera también una distribución 
de los datos, para la función de verosimilitud, que a su vez 
permite la estimación de la función a posteriori , 
asociada al (los) parámetro (s) de la distribución de los 
datos. 

Una de las estrategias de estimación de los valores 
esperados para modelos bayesianos es el muestreo 
estocástico Monte Carlo por Cadenas de Markov (MCMC). 
Dichas cadenas describen un patrón idealizado de 
movimientos de transiciones a través de un conjunto de 
estados [87]. Estos métodos proveen utilidad para simular 
las distribuciones posteriores donde es imposible resolverlas 
analíticamente. Mediante la simulación de Monte Carlo se 
realiza una elección aleatoria de muestras para reducir un 
problema combinatorio complejo a uno más simple [88]. La 
simulación de Monte Carlo por Cadenas de Markov 
(MCMC) consiste en generar un muestreo a partir de 
distribuciones de probabilidad basadas en la construcción de 
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cadenas de Markov, donde cada valor simulado tiene 
dependencia con el dato anterior, llegando, en convergencia, 
a la distribución deseada [77]. Después de una gran cantidad 
de corridas, estos resultados constituyen una muestra 
estacionaria de la distribución deseada. En algunas 
ocasiones, la generación de variables aleatorias bajo una 
distribución de probabilidad compleja, se hace muy difícil; 
para ello, puede recurrirse a algoritmos de apoyo basados en 
MCMC como el de Gibbs o el de Metropolis Hastings 
[77,89]. 

El muestreador Gibbs es un algoritmo iterativo de Monte 
Carlo por Cadenas de Markov diseñado para extraer 
muestras de los parámetros bajo la distribución a posteriori 
de cada uno, a partir de una cadena estocástica. Este 
algoritmo es flexible y confiable para generar cadenas de 
valores. 

Estas técnicas son aplicables al Modelo Lineal Dinámico 
bayesiano (DLM), que ha sido usado para pronósticos en 
general en diferentes materias, pero conservando una 
representación lineal en espacio-estado [71,75,78,82,87], 
[90-95]; sin embargo, no son numerosas sus aplicaciones en 
optimización de inventarios [25,30]. El DLM explicado en 
[78], constituye un sistema de pronóstico que tiene 
cualidades como facilidad de respuesta cuando ocurren 
perturbaciones, sin producir fluctuaciones violentas en los 
periodos de calma y cuando no se tienen datos históricos. 
Tiene aplicaciones industriales y comerciales, además, es 
posible su estimación por medio de las relaciones del filtro 
de Kalman, aplicable a ecuaciones de modelos dinámicos 
multi-ecuacionales. 

 
4.  Conclusiones 

 
En general se encuentra un amplio uso de modelos y 

técnicas que buscan pronosticar la demanda aleatoria para 
incorporarlas en una planeación óptima de inventarios, pero 
no muchas en el ámbito multivariado de manera que 
incorporen procesos estocásticos o de dependencia con el 
pasado, y que a su vez, involucren la optimización de 
inventarios. 

Para la modelación dinámica de inventarios podría 
utilizarse una gran variedad de técnicas como la teoría de 
control, el control predictivo, o algoritmos meta-heurísticos. 
El estimador de Kalman para la incertidumbre de la 
demanda en estos modelos se encuentra en un sólo trabajo, 
aplicado a la optimización del nivel, en un horizonte de 
predicción. 

 
5.  Discusión 

 
El uso de estadística bayesiana aplicada para el 

pronóstico de demanda univariada dentro de un modelo de 
inventarios ha sido más explorado que en el campo 
multivariado.  Estas técnicas han cobrado gran importancia 
por tener ventajas frente a estimación, por ejemplo, en 
ausencia de datos, usando procesos basados en 
distribuciones de probabilidad y, en muchos casos, 
simulación basada en Monte Carlo por Cadenas de Markov. 

Si bien, de la revisión del estado del arte fue posible 
inferir la existencia de algunas técnicas que combinan el 

pronóstico de la demanda y simultáneamente la 
optimización de inventarios, en ninguna de las 
investigaciones encontradas en la revisión de literatura se 
han aplicado modelos dinámicos bayesianos incorporando 
predicciones de demanda multivariada para la optimización 
de inventarios, resaltando que puede explotarse más toda 
una línea de trabajo e investigación en estos temas. 

Frente a las tendencias que proponen compartir 
información en la cadena de suministro entre productor y 
clientes, los sistemas de Información Administrada por el 
Vendedor (VMI) presentan ventajas como la reducción de 
costos de transporte, entre otras, pero desventajas como la 
falta de confianza del comprador y la falta de sistemas de 
información suficientes para compartir tal información.  
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Abstract 
This paper introduces the analysis of a trailer structure made of 6063-T5 aluminum alloy using the Friction Stir-Welding process.  The 
base material and the welded joint were characterized by tension tests.  The loads for the structural analysis were obtained from field tests 
where stresses were measured on critical points at a 2.73 m long 0.95 m width trailer while it was driven on an unpaved road.  The 
stresses on the whole trailer were found by using a finite element model, where the joint with the maximum stresses was identified.  This 
joint was constructed with a tubular structural element using Friction Stir Welding and was evaluated by bending tests.  Using the impact 
factor obtained from the field test, fatigue analysis was performed on the welded joint.  It was found that the strength of the joint was 
sufficient to carry the loads on the trailer. 
 
Keywords: trailer, friction stir welding, impact factor, 6063-T5 aluminum alloy. 
 

 

Análisis estructural de un pequeño remolque unido con soldadura 
por fricción agitación 

 
Resumen 
En este artículo se analiza  una estructura de remolque construida utilizando aleación de aluminio 6063-T5 y soldadura por fricción-
agitación. El material base y la junta soldada fueron caracterizados mediante pruebas de tracción. Las cargas para el análisis estructural 
fueron obtenidas con pruebas de campo donde se midieron esfuerzos en puntos considerados críticos, en un remolque de 2.73 m de largo 
por 0.95 m de ancho mientras era conducido sobre una carretera irregular. Los esfuerzos en el remolque completo se obtuvieron 
utilizando un modelo de elementos finitos donde la junta con máximos esfuerzos fue identificada. Esta junta fue construida con un 
elemento tubular utilizando soldadura por fricción - agitación y posteriormente fue evaluada con pruebas de flexión. Utilizando el factor 
de impacto obtenido de las pruebas de campo, se realizó un análisis a fatiga de la junta. Se encontró que la resistencia de la junta es 
suficiente para soportar las cargas de operación del remolque. 
 
Palabras clave: remolque, soldadura por fricción agitación, factor de impacto, aleación de aluminio 6063-T5. 

 
 
 

1.  Introduction 
 
Modern industry faces the important challenge of reducing 

its contaminating emissions to decrease global warming.  The 
transport industry is one of the most fossil fuel consuming 
entities and the trend is clearly toward higher traffic volumes 
around the world. Vehicular fuel consumption can be decreased 
by reducing the weight of the vehicle by using materials like 
aluminum and magnesium alloys which have a specific stiffness 
and strength [1], high enough to make them suitable for 
structural vehicle applications [2]. However, some disadvantages 
such as poor weldability with conventional techniques hinder 
their use in structural applications; fortunately, Friction Stir 

Welding (FSW) emerged as an adequate joining technique to be 
used in high-strength alloys [3]. 

An adjusted design is another important factor in 
decreasing structural weight and fuel consumption.  Load 
uncertainty is frequently the reason why designers select 
too-high safety factors resulting in non-optimal heavy 
structures. Dynamic loads produced during accelerations, 
curve taking, or when the vehicle moves over rough 
surfaces, are important parameters for the design of vehicles 
because of the fluctuating stresses and the fatigue failures 
they may produce.  These dynamic loads are strongly 
dependent on vehicle type, speed and road roughness [4]. 

Dynamic loads due to the road-tire interaction have been 



Bermúdez-Parra et al / DYNA 82 (190), pp. 192-197. April, 2015. 

193 

extensively studied as a tool for the design of bridges [4-6].  
The impact factor (I), has frequently been used to evaluate 
the increase of load due to the roughness of the road.  The 
impact factor is defined as [4]: 

 

ܫ   ൌ 	 ቀ
ோ

ோೞ
െ 1ቁ ∗ 100  (1) 

 
where ܴௗ and ܴ௦ are the dynamic and static responses, 

respectively.  Liu et al. [5] reported maximum impact 
factors of 34%; however, the roughness amplitude they 
considered (~2 cm) is not as severe as a road in bad-
condition on which many vehicles frequently travel.  Impact 
factors in the same order were calculated from the results 
reported by Kim et al. [4], but the roughness studied is still 
low.  A higher impact factor (80%) was reported by 
Kwasniewski et al. [6].  Using field tests, Moreno et al. [7] 
found that the impact factor depends on road roughness.  
They found impact factors of 28.5, 50.4 and 80.5% for 
smooth, average, and highly rough roads, respectively.  

This paper shows the design and analysis of a trailer 
structure used to transport a watercraft. This structure was 
chosen because it is small enough to make its construction 
affordable in a later stage of the study affordable. Also, 
these kinds of structures are relevant for some local 
manufactures. The material selected is a 6063-T5 aluminum 
alloy in rectangular tubular sections.  The joints were 
designed to be welded by using FSW.  To perform an 
adjusted design reducing the uncertainty of the actual loads, 
field tests were conducted on an existing trailer made of 
steel. The field tests revealed the impact factor, which was 
then used for undertaking a fatigue analysis.  Bending tests 
were carried out on sections joined with the selected profiles 
to determine the strength of the FSW. The main 
contribution of this work was to show that FSW can be used 
to develop structures with practical applications and with 
advantages with respect to the traditional steel structures. 

 
2.  Methodology 

 
For an efficient design, actual loads were measured by 

using strain gages on an existing trailer (Fig. 1) made of 
low-carbon steel, which is used to transport a 350 kg 
watercraft.  The shaft and the lateral beam of the trailer 
were instrumented.  A strain gage (FLA-3-11 TML strain 
gage) was installed on the top of the shaft using quarter 
Wheatstone bridge configuration.  With this configuration, 
the total stresses were detected, but these stresses are mainly 
due to bending caused by the vertical load on the tire.  On 
the beam, a three-strain gage rosette (FRA-3-11 TML) was 
bound; each strain gage was installed in quarter bridge 
configuration.  With these three strain gages, the normal 
stresses in longitudinal direction, the normal stresses in 
transversal direction and the shear stresses can be 
determined.  The four signals (Fig. 2) were collected by 
using a DC-104R TML dynamic strain recorder with a 
sampling rate of 100 data per second.  The data acquisition 
system was set at zero while the vehicle was unloaded.  

A finite element model (FEM) was made to calculate 
stresses at every point of the real trailer.  The FEM was 
calibrated by comparing the results of the model with the 

measured stress obtained with a known load.  Once 
instrumented, the vehicle was loaded with a 50-kg weight on 
each point where the watercraft is supported.  Fig. 3 shows a 
scheme of the trailer with the known load.  With strain, 
stresses were calculated using the plane stress equations.  

After the calibration, the trailer was loaded with the 
watercraft and driven over an unpaved road where these 
vehicles usually have to travel.  The impact factor was 
calculated using the measured stresses.  

 

 
Figure 1. Strain gauge instrumented trailer 
Source: The authors  

 
 

 
Figure 2. Strain gauge location and orientation 
Source: The authors 

 
 

  
Figure 3. Scheme of the trailer with the loads used for the calibration tests 
Source: The authors 
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Figure 4. Geometry of the tool (pin diameter 3.38 mm, shoulder diameter 
10.14 mm). 
Source: The authors 

 
 
The new trailer was designed using 6063-T5 aluminum 

alloy.  A finite element model using Ansys software with 
solid 187 tetrahedral structural elements was run to find the 
critical joints. The loads on the model were applied as 
shown in Fig. 3. Restrictions on vertical direction were 
applied on the joints of the trailer with the suspension. The 
maximum stresses on those joints calculated from the model 
and the impact factor obtained from the field tests were used 
to check their fatigue life.  The joints on the trailer were 
designed to be made using FSW. Tension tests according 
the ASTM-E8-00b standard were conducted on a plate of 
6063-T5 alloy with and without FSW to find the efficiency 
of the welding.  The critical joints found with the finite 
elements model were assembled using FSW and bending 
tests were performed on them to determine the failure stress.  
The FSW process was performed on a conventional milling 
machine using a 3.35 mm diameter cylindrical tool (Fig. 4) 
made of H13 quenched and tempered steel with a hardness 
of 55 HRC. The tool rotational speed was 1800 rpm and the 
welding speed was 252 mm/min.  

 
3.  Results and discussion 
 

When the trailer was loaded with 200 kg, the measured 
strains on the beam were: ߝଵଵ ൌ ସହߝ ,(0º) ߝߤ	80 ൌ  ߝߤ	11
(45º), and     ߝଶଶ ൌ 	െ13	ߝߤ	(90º).  With these values, 
stresses were calculated using the plain stress equations; 
then, the von-Mises stress value obtained was 16.8 MPa.   

 
Figure 5. Simulated von-Mises stress on the beam of the trailer 
Source: The authors 

 
 

The von-Mises stress obtained with FEM on the zone where 
the stress was experimentally measured was 17.7 MPa (Fig. 
5); therefore, the error obtained on the model was 5.35%.  

The impact factor was calculated using the stresses 
measured with the watercraft on the trailer under static and 
dynamic conditions.  The dynamic stresses where obtained 
with the road test, whose results are shown in Fig. 6.  As 
expected, longitudinal stress (0º stress) on the beam was higher 
than shear and 90º stress.  High variation on the stress on the 
shaft and the 0º stress on the beam were observed; less 
important variations were obtained in the shear and 90º stresses 
on the beam.  Table 1 shows the static stresses, the maximum 
stresses obtained during the dynamic test, and the calculated 
impact factor.  On the beam, the impact factor was maximum 
for the axial stress (0°) and lower impact factors were detected 
on the 90º and the shear stresses.  To counter this impact factor 
variability on the beam, the impact factor calculated with the 
von-Mises stress was used for the fatigue analysis.  The impact 
factor on the shaft is higher than that reported in the literature 
[4-7], which is due to the high roughness of the road where the 
trailer had to travel.  Surprisingly, the impact factor on the 
beam was higher than that on the shaft; this is probably due to 
the lack of a damping system on the trailer.  

 

  
Figure 6. Experimental stresses on the shaft and the beam of the trailer  
Source: The authors 
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Table 1.   
Static and maximum stresses (MPa), and impact factor 

Stress Shaft 0º  90º  Shear von-
Mises 

Static -14.46 14.24 5.97 -5.00 15.12 
Max -35.11 46.79 10.80 -13.71 44.16 

I 142.85 228.53 80.90 173.91 192.04 
Source: The authors 

 
 

Table 2.   
Mechanical properties of the base material (BM) and friction stir welded 
(FSW) material: Ultimate strength ሺܵ௨௧ሻ , Yield strength ൫ܵ௬൯, Elongation  
ሺܧሻ 

Material 
utS (MPa) yS  (MPa)  ࡱ(%)  

BM 194.4 ± 12 115.5 ± 2.8 9.2 ± 0.5 
FSW 113.3 ± 29 95.8 ± 18 2.51 ± 0.8 

Source: The authors 
 
 
The results of the tension tests on the base material 

(BM) and the friction stir-welded material are shown in 
Table 2.  Friction stir-welded specimens presented lower 
yield and ultimate tensile strength than those of base 
material.  The ductility for the FSW was also lower than 
that of the base material.  These results agree with the 
results of Sato & Kokawa [8] who reported lower properties 
for the material in the as-weld condition.  Rodriguez et al. 
[9] also reported decreased ductility for the welded material 
of a 6016 Aluminum alloy.  With respect to the yield 
strength, the average efficiency of the FSW joint calculated 
as the ratio between the yield strength of the FSW and the 
base material was 82.9 %.  

The aluminum trailer has the same general shape as the 
existing trailer, but it was designed with a 100x60x2.5 mm 
tubular section.  It was simulated with the load of the 
watercraft under static conditions.  The critical stress was 
found on the rear joint and the von-Mises stress is shown in 
Figure 7.  Approximately, the nominal stress can be taken as 
the stress at the center of the section (4.16 MPa) and the 
stress at the corner (7.09 MPa) are due to the stress 
concentration.  Therefore, a stress concentration factor of 
1.7 exists at the corner.  

The joint was designed to be welded at the top and the 
bottom surface.  Bending tests were conducted on six 
specimens to check whether these two beads were sufficient 
to carry out the working stress.  Fig. 8 schematically shows 
the beads that form the joint and Fig. 9 shows an actual 
joint.  The bending tests were performed by applying a load 
on the extreme of the welded segment using a hydraulic 
machine. The resulting average rupture stress on the 
bending test was 97.95 MPa with a standard deviation of 
8.22. 

The rupture strength obtained from the bending test is 
high enough to withstand the stress due to the watercraft 
weight under static conditions; however, a fatigue analysis 
should be performed because of the fluctuating stresses 
introduced on the trailer due to road roughness (Fig. 6).  The 
von-Mises stress was used to perform the fatigue analysis.  
The stress under static conditions obtained from the FEM 
model (Fig. 7) was used as the mean stress  

  
Figure 7. Finite element model shown the von-Mises stress on the rear joint 
under static conditions  
Source: The authors 

 
 

  
Figure 8. Schematic representation of the joint shown the tow tubular 
sections and the welding tool at the top and the bottom surfaces 
Source: The authors 

 
 

 
Figure 9. FSW joint tested under bending conditions formed with 
100x60x2.5 mm tubular sections. See magnification of weld bead. 
Source: The authors 

 
 
ሺߪ ൌ  ሻ, and the impact factor, found on theܽܲܯ	4.16

beam during the dynamic test, was used to calculate the 
maximum stresses ሺߪ௫ሻ.  Then the maximum stress is: 

 

௫ߪ     ൌ 	 ቀ
ூ

ଵ
 1ቁ    (2)ߪ

 
Replacing, the value obtained was  ߪ௫ ൌ  ܽܲܯ	12.15
The alternating equivalent stress ሺߪሻ is: 
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ߪ    ൌ ௫ߪ	 െ     (3)ߪ
 
Therefore, the alternating stress was: 7.98 MPa. 
The fatigue strength of the material was obtained with 

the approximated equation: 
 
    ܵ

ᇱ ൌ 0.5ܵ௨௧  (4) 
 
where ܵ௨௧ is the ultimate tensile strength, which, in this 

case, was taken from the bending tests (97.95 MPa).  
Factors due to surface roughness, size, and stress 
concentration were taken into account to calculate the 
fatigue strength of the joint.  

The roughness of the as-weld surface was considered 
similar to that of a forged surface.  Thus, the surface factor 
is: ܭ ൌ 0.9 . 

With the profile equivalent diameter (85.2 mm), the size 
factor is: ܭ ൌ 0.79 . 

The stress concentration factor ሺܭሻ was determined by 
using a FEM of the specimen under bending conditions 
(Fig. 7). The obtained value was 1.7.  

The fatigue strength of the piece was: 
 
ܵ ൌ

ೌ್


ܵ′     (5) 

 
The value obtained was ܵ ൌ  .ܽܲܯ	20.48
The safety factor ሺ݊ሻ, using the Goodman approach, is 

given by: 
 
     

ఙೌ

ௌ


ఙ

ௌೠ
ൌ

ଵ


  (6) 

 
The calculated safety factor was ݊ = 2.31.  This means 

that the joint will have a secure life until 10  cycles.  
Regardless of the high safety factor, the aluminum trailer is 
20% lighter than the steel trailer used for the tests. 

The latter was a simplified method for the design and 
analysis of the structure that showed that it is possible to get 
improved design by using stress measurements, a light 
material and a modern joining technique.  An improved 
analysis can be made by using Miner’s rule to calculate an 
equivalent stress from the measured stress and obtaining a 
more efficient structure designed for a determined period of 
time.  More advanced methodologies than that used herein 
can be found in the literature [10-12] and can be used to 
achieve a more adjusted and efficient design.  

A limitation of this work is the use of a steel structure to 
evaluate the aluminum structure. We have assumed that the 
behavior of both structures is similar considering the 
similarity in loads and road roughness, and considering that 
both materials are working in the linear elastic range. 
However for an actual validation of the structure, tests have 
to be performed on the aluminum structure, which is part of 
future work. Another important factor needing improvement 
to arrive at a better design is the knowledge of the fatigue 
properties of the friction stir-welded aluminum alloys.  S-N 
curves of the welded joints (with the actual geometry) are 
needed to make more accurate fatigue life calculations 
[13,14]. Finally, improvement of the strength of the joints 
could be achieved by using a specialized FSW machine 

rather than the tool machine used in the present study as 
shown by Zapata et al. [15].  

 
4.  Conclusions 

 
The impact factor found on the shaft of the trailer 

running on an unpaved road was greater than those reported 
in the literature.  The impact factor on the beam calculated 
with the static and maximum von-Mises stress was higher 
than that on the shaft. 

An efficiency of 82.9% with respect to the yield strength 
was obtained on the welded material by using tension tests.   

The designed joint assembled with FSW has fatigue 
strength to support the dynamic stress and to be secure from 
fatigue failure. Therefore, it is reliable to use FSW in these 
kinds of structures. With this joint, a 20% lighter prototype 
with respect to the steel trailer can be produced. 
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Abstract 
This paper addresses the Resource Constrained Project Scheduling Problem (RCPSP). For its solution, a hybrid methodology, which uses 
a Branch and Bound basic algorithm with dominance rules, is developed and implemented, and is combined with four deterministic 
heuristics whose objective is to prune the search tree branches, taking into account the iterations available and, at the same time, to 
minimize the probability of discarding branches that contain optimal solutions. Essentially, these strategies allow the allocation of most 
iterations to the most promissory regions in an organized manner using only subsets with similar or the same characteristics as those of 
the optimal solutions at each level of the tree, thus assuring a broad search within the feasible region and, simultaneously, a good 
exploitation by the selective use of the subsets by level. Finally, the developed algorithm performance is analyzed by solving some of the 
problems of the PSPLIB test library. 
 
Keywords: Project scheduling; resource constraints; deterministic heuristic methods; hybrid algorithm. 
 

 

Un algoritmo híbrido de ramificación y acotamiento con cuatro 
heurísticas determinísticas para el problema de programación de 

tareas con recursos restringidos (RCPSP) 
 

Resumen 
En este artículo se aborda el problema de Programación de Tareas con Recursos Restringidos (RCPSP). Para su solución, se desarrolla y 
se implementa una metodología híbrida que usa como base un algoritmo de Ramificación y Acotamiento con potentes reglas de 
dominancia, y se combina con cuatro heurísticas determinísticas cuyo objetivo es truncar ramas del árbol de búsqueda, pero, a su vez, 
minimizar la probabilidad de descartar ramales que contengan soluciones óptimas. En esencia, estas estrategias permiten la repartición de 
iteraciones en forma mayoritaria y organizada en las regiones más promisorias usando, únicamente, subconjuntos que tengan 
características similares o iguales a las de las soluciones óptimas en cada nivel del árbol, garantizando así una amplia exploración dentro 
de la región factible y al mismo tiempo una buena explotación. Finalmente se analiza el desempeño del algoritmo desarrollado mediante 
la solución de algunos problemas de la librería de prueba PSPLIB. 
 
Palabras clave: Programación de actividades; restricción de recursos; métodos heurísticos determinísticos; algoritmo híbrido. 

 
 
 

1.  Introduction 
 
In operations research, there is a specific area of study 

known as Scheduling that aims to sequence a series of 
activities in time to execute them by means of an optimal 
allocation of resources, which are generally scarce. One of 
the most widely studied problems in this area is the 

Resource Constrained Project Scheduling Problem 
(RCPSP). Given the difficulty to find an optimal solution, 
but at the same time because of the need to find alternatives 
that are close to the optimum in reasonable time, several 
universities and organizations, especially software 
development companies, are working on it in many 
countries around the world. 
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Finding the solution to the RCPSP is still a challenge of 
great interest in the academic and business fields due to its 
high applicability, as it is one of the central problems in the 
planning, scheduling, and implementation of any project 
that may be divided into smaller units called tasks or 
activities, which usually are subject to two types of 
constraints: precedence and resources. The former indicate 
that each activity cannot be started before all its immediate 
predecessors have been completed. The latter indicate that 
the total resource consumption of the activities that are 
active at any time cannot exceed the availability of any of 
the resources, considered renewable, i.e., when some 
resource is released due to the completion of any of the 
active activities, this resource can be used for others. 
However, if there is sufficient availability of resources, they 
can be used to perform simultaneous activities. 

Formally, the RCPSP can be defined as follows  [1]: It is 
given a project consisting of a set of ݊ activities  ܺ ൌ
ሺ1,… , ݊ሻ, each of which requires, for its execution, a 
quantity of resources ݎ where ݅ is the activity and ݇ the 
type of resource; ܾ is the total amount of resource type ݇ 
available and ݀ the duration of the activity ݅. Activities 1 
and ݊ are fictitious, with zero duration and zero resource 
consumption, which represent the start and completion of 
the project  [2]. 

Fig. 1 illustrates an example of the RCPSP taken from 
[1] that considers nine real and two fictitious activities, with 
three types of resources. The activity number is shown 
inside each node; the duration, at the top; and the 
consumption of each type of resource, at the bottom. 
Arrows indicate the precedence relations among the 
activities they connect; e.g., activity 3 is predecessor of 5 
and 6, and successor of 1. It is assumed, without loss of 
generality, that activities are ordered in such a way that each 
predecessor activity of ݆ is identified by a value ݅ 
numerically less than ݆. 

The RCPSP solution is given by the start time of each 
one of the activities in such a way that the overall duration 
of the project or makespan is minimized. This combinatorial 
problem has been shown to be NP-hard [3,4]. Therefore, it 
is not feasible to solve medium or large instances by exact 

 

 
Figure 1. An RCPSP with 11 tasks and 3 resources. 
Source: [1]. 

algorithms, which guarantee to find the optimal solution. 
There are two approaches for the RCPSP solution: exact 
algorithms [1,5] and heuristic ones [6]. New methods are 
permanently being designed, especially heuristic, attempting 
to find very close solutions to the optimal ones. 

Regardless of the method used to find the RCPSP 
solution, it is important to calculate upper and lower 
bounds, which can be used as a stop criterion of the 
algorithm [7,8]. Relaxation models of the original problem 
are often used to find lower bounds. Therefore, if a solution 
for the original problem that is identical to a known lower 
bound is found somehow, it is known then that the optimal 
solution was reached. A lower bound used regularly is the 
 defined as the length of the longest route, which can be ,0ܤܮ
calculated using the Critical Path Method (CPM). This 
critical path appears in bold in Fig. 1. Although it may not be 
very useful for practical purposes, a simple way to calculate 
an upper bound for the makespan is using the following 
expression: ܶ௫ ൌ ∑ ݀


ୀଵ , which considers sequential 

execution of all  activities. 
 

2.  State of the art review 
 
The origin of the RCPSP dates back to the late 50’s of 

last century when intense research was carried out regarding 
the project planning, scheduling, evaluation, and monitoring 
in the area of operations research. As a result of these 
studies, CPM and PERT (Program Evaluation and Review 
Technique) were developed.  

With these methodologies, more complex sequencing 
problems were tackled, which due to their combinatorial 
nature could not be solved in a reasonable time using 
traditional scheduling methods. As a result, some later 
studies were oriented to the development of heuristic 
algorithms for solving such types of problems. 

Later on, the RCPSP was defined and in order to find its 
solution, several methodologies have been developed using 
traditional optimization as well as heuristic methods [6,9]. 
In [10], a first branch and bound algorithm based on the 
methodology proposed in [11] is presented. However, this 
algorithm can only solve small problems. 

Subsequently, the efforts to solve the RCPSP were 
focused on the development of algorithms and 
methodologies that would determine the best lower and 
upper bounds in order to reduce the sample space and 
constraints. In [12], a lower bound based on Lagrangian 
simplifications of resource constraints is presented. In [13], 
lower bounds for the RCPSP based on the longest path of a 
model with minimization of the resource constraints are 
proposed. In [14] it is shown that Fisher's lower bounds and 
the like are better than those proposed by [13]. Also, in [14], 
two new lower bounds for the RCPSP are proposed. The 
first one is based on a relaxation of the classical integer 
programming. The second one is based on a disjunctive 
graph obtained from the precedence network adding arcs 
that partially represent resource constraints. 

In [15], a set of 110 problems of the RCPSP were 
generated and used as a starting point for benchmarking the 
algorithms developed to solve them. In [16], an exact 
branch and bound algorithm that significantly reduced the 
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solution time of this set of 110 problems is presented. 
The branch and bound approach combined with good 

lower bounds and appropriate dominance rules to remove 
the tree branches that do not contain the optimal solution is 
the best exact technique proposed for solving the RCPSP. In 
[17], three complexity indexes, Resource Factor (RF), 
Resource Strength (RS) and Complexity (C), which enable 
the  RCPSP to be identified as "easy" or “difficult", are 
presented. RF measures the average number of resources 
used per activity. RS measures, for each resource, the 
relation between the available total resource and the average 
consumption of this resource; values close to 0 or 1 
correspond to “easy” instances, and intermediate values 
correspond to difficult instances. The index C is a measure 
of network precedence complexity; the higher the value, the 
more complex the problem.  

In [18], a new set of problems, called Project Scheduling 
Problem Library (PSPLIB), that serve to perform a new 
benchmark of the algorithms is proposed. Results show that 
the branch and bound approach proposed in [16] failed to 
solve these new sets of “difficult” problems in spite of the 
large computational time used. 

In [1] a new mathematical formulation for the RCPSP is 
shown, based on the use of feasible subsets as decision 
variables, which had a good performance. In [19] a similar 
but more recent research is shown, using a new  formulation 
defining a time horizon for each activity with  new lower 
and upper bounds. Results achieved using CPLEX on 
PSPLIB library with a branch and bound scheme directly 
tailored for the new formulation are very good. In [20] an 
extensive study on the different new mathematical 
formulation is shown. Also, the event-based mixed integer 
linear programming is proposed. 

Currently, research on the RCPSP focuses on finding 
practical solutions to the industry. So, heuristic methods that 
produce satisfactory results are used in order to find good 
approximations to optimal solutions using a relatively small 
computational effort [21].  

Among the heuristics repeatedly mentioned in the 
literature are the population-based algorithms such as 
genetic and ant colony algorithms, which use random 
components as an escape strategy from local optimal 
solutions. In recent years, genetic algorithms have 
specialized in solving more complicated instances of the 
RCPSP, showing good results. Besides, there is a trend to 
use hybrid algorithms. For more information about this, 
refer to papers [22–29]. In [30] an experimental 
investigation of heuristics for the RCPSP is shown. 

 
3.  The proposed hybrid algorithm 

 
This paper fills a gap identified in the literature between 

the performance of exact and heuristic algorithms in solving 
the RCPSP. A deeper analysis of the most advantageous 
features of the branch and bound is made, and an algorithm 
of this type is proposed as a basic method to guide a 
deterministic heuristic search. 

This section consists of two sub-sections.  In the first 
one, the branch and bound algorithm taken from the 
literature is clearly explained; then, a description of the four 

exact dominance rules used to prune the tree follows; some 
of these taken from the literature and others proposed by the 
authors in this paper. 

The second sub-section contains the proposed heuristic, 
including the four heuristic strategies considered in the 
sequence generation scheme, the structure of the feasible 
solutions, and an illustration of the mechanisms, both exact 
and heuristic, incorporated in the algorithm to establish a 
balance between exploration and exploitation of the search 
in the feasible space. Finally three stopping criteria are 
shown. 

 
3.1.  Branch and bound algorithm 

 
An algorithm of this type performs a tree-like exhaustive 

and organized search, creating branches that build the 
solution, from the root to an end node. From the literature 
review, it can be argued that among the exact algorithms, 
the branch and bound, presented in [16], is the best 
performing algorithm for the RCPSP, although it can be 
only useful for small instances. To streamline the search, the 
algorithm prunes some branches using exact dominance 
rules. Moreover, several different ways to improve the 
algorithm, which cut through dominance rules, have been 
developed.  

The branch and bound algorithm operation in each of its 
stages is described below, differentiating the developments 
found in literature from contributions in this paper. For a 
better understanding some definitions are provided next. 
Level: the time at which a decision is made about which 
subset of activities is to be scheduled. Active task: a task 
that is executed in a time interval equal to its duration using 
the resources it requires. To release resources: to complete 
an active task, releasing the resources it requires. Eligible 
activity: an activity that satisfies all precedent constraints at 
a level. Power set of eligible activities: set of all subsets of 
eligible activities associated to a level, including the empty 
set and the set itself. Feasible subset: element of the power 
set that satisfies, along with the tasks that remain active, the 
resource constraints at a level; this element consists of 
eligible activities. 

 
3.1.1.  Steps of the algorithm 

 
0) Initialization. The algorithm starts at level zero, at 

time zero. The number of iterations is determined. 
1) Moving up to the next level. The algorithm 

determines the next time an activity is completed and 
releases a certain amount of resources, so that a subset of 
activities from the set of eligible activities can be scheduled. 
When the n activities of the project have been scheduled, a 
feasible solution is obtained, i.e., a complete sequence 
whose makespan value is used for comparing it with the 
best solution found so far, known as the incumbent solution.  

2) Determining the set of eligible activities, the power 
set, sorted from larger to smaller number of activities, 
and the feasible subsets at a given level. In case of a tie, 
they are sorted according to the numbering of the activities. 
It is then evaluated which of these subsets are resource-
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based feasible, considering the activities or active tasks. Fig. 
2 shows an example of the level 1 for the problem in Fig. 1. 

At levels where there are no active tasks, e.g. level 1, it 
makes no sense to schedule the empty set, as this would 
only result in a delay in the overall project execution. 
However, it is possible to find the optimal sequence by 
scheduling the empty set at levels where there are active 
tasks. Nevertheless, in the set of test instances, the 
probability of this situation is very low. 

3) Selecting the next feasible subset (per precedence 
and resources), for the current level in order to start its 
activities. If the level is explored for the first time, the first 
subset is chosen. When all the feasible subsets of the level 
have been scheduled, the algorithm moves to Step 4. 

4) Backtracking down one level. The level and all 
activities scheduled from that time on are removed and the 
algorithm backtracks down one level. It is verified if the 
level reached is 0. If so, the algorithm is completed, 
otherwise, it returns to Step 3. 

 
3.1.2.  Dominance rules 

 
Dominance rules are strategies based on mathematical 

reasoning developed to calculate exactly at which levels of 
the search tree it is no longer necessary to continue 
searching, as it is certain that a solution better than the 
incumbent one cannot be found. These rules enable regions 
of the feasible space where a search should no longer take 
place to be discarded, and thus allow greater efforts to be 
focused on performing iterations in other parts of the search 
space. Some of the dominance rules used in this paper, 
described below, were taken from the literature 
[13,14,16,31] and some others were prepared by the 
authors. 

 

 
 
Figure 2. Set of eligible activities, its power set, and the feasible subsets in 
level 1 for the RCPSP shown in Figure 1. 
Source: Prepared by the authors. 

 

Rule 1: Precedence-based and resource-based critical 
path. It is used to truncate tree branches and can also be 
used as a stop rule. The precedence-based critical path is the 
well-known project critical path that can be obtained from a 
forward and backward review of the project network, 
calculating the early and late start of each activity. This 
estimation of the overall duration of the project only 
considers the structure of precedence, ignoring the 
resources. 

The resource-based critical path (RCP) is a bound 
proposed by authors in this paper. It is calculated from a 
node to forward, only with activities that still remain to be 
scheduled ሺ߱ሻ based on the successor activities. Essentially, 
for each type of resource, the RCP is calculated with 
expression (1), choosing the longest duration. The minimum 
time the project would take to be completed is estimated if 
all activities were scheduled using all the available 
resources, i.e., with an efficiency of 100%. 

 

ܲܥܴ ൌ
∑ ሺ݅ሻܽݎݑ݀ ∗ ,ሺܴ݅݁ܥ ݇ሻఢఠ

ܴ݁݀݅ሺ݇ሻ
						݇ ൌ 1, 2, … ,  ሺ1ሻ			ܭ

 
Here, k represents the type of resource; duraሺiሻ,	the 

duration of activity i;	CoReሺi, kሻ, the consumption of 
resource type	k by activity i; Rediሺkሻ,	 the total available 
amount of the resource type	k. The critical path dominance 
is calculated from the precedence tree generated from each 
activity. The critical path by resources is calculated from the 
unscheduled activities in the partial solution. These two 
bounds can be calculated from any activity and are 
measured in time units. For any level, if the duration of the 
current partial solution plus the maximum between the RCP 
and the critical path is greater than or equal to the best 
stored time of a complete sequence, this branch of the tree 
should be pruned since a solution better than the current one 
will not be found. Thus, instead of scheduling the feasible 
subset of this level, the algorithm backtracks down one 
level. 

Rule 2: Activity at a previous level. At each level, in 
step 3, when a feasible subset is to be scheduled, it is 
verified if any of its activities can be performed at a 
previous level. If so, this subset is discarded and the 
algorithm continues with the next subset. This is because if 
any activity of the feasible subset can be performed at a 
previous level, the resulting sequence would already have 
been scheduled and verified at that previous level because 
the branch and bound algorithm goes through the tree in a 
descending order according to the number of activities that 
can be scheduled. In this way, the partial solution being 
evaluated and all those that are generated from it cannot be 
better than the partial solution that considers the inclusion, 
at the current level, of any activity that could have been 
scheduled at a previous level. If the completion time of an 
activity of this type is greater than the time of the current 
level, the algorithm moves on to the next feasible subset. 
Otherwise, the entire level is discarded and the algorithm 
backtracks down one level. 
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Figure 3. Rule 3: Activity with the shortest duration in the same level. a. 
The current dominated solution. b. The solution that was previously 
reviewed and dominates the current one.  
Source: Prepared by the authors. 

 
 
Rule 3: Activity with the shortest duration at the 

same level. Fig. 3 shows an example of a diagram of this 
dominance, where the last scheduled activity was 3. The 
eligible activities are 4, 7 and 10 and the selected feasible 
subset contains activities 7 and 10. This dominance rule 
checks if the activity 4, that has the shortest duration, can be 
started along with activities 7 and 10. If so, this partial 
solution containing only the feasible subset 7 and 10 will be 
dominated.  

Rule 4: Interchangeable activities. Successors of one 
activity are identified by a higher number. At each level, once 
a feasible subset is scheduled, the partial solution, i.e., the 
sequence of the scheduled activities, is analyzed, and it is 
verified if any activity can be interchanged with another 
scheduled one identified with a greater number, without 
violating the precedence and resource constraints. As this 
interchange can modify the start time of an entire set of 
activities, it is necessary to verify if the solution remains 
feasible. This test is performed for each pair of activities that 
do not share execution times and that, in the Gantt chart, the 
rightmost scheduled activity has a lower number than the 
activity to the left with which it is intended to be interchanged. 

If a pair of activities can be interchanged, taking into 
account the previous conditions, the search tree should be 
pruned, i.e., backtracking down one level and removing that 
branch, since the algorithm must have already searched all 
sequences that can be generated from the current level in the 
interchanged sequence. After truncating a branch, the 
algorithm should move on to step 4.  

In the literature reviewed, only two consecutive 
activities were interchanged. In this paper, we propose the 
general case where this verification is carried out with all 
previous candidate activities for exchange. 

 
3.2.  Proposed heuristic 

 
Considering the branch and bound is the exact method 

that has given the best results [16], the algorithm base 

provides a sign of efficiency, since the branch and bound 
guarantees optimality. Although the hybrid heuristic 
proposed in this paper does not guarantee the optimal 
solution, it aims at reducing the computational time 
drastically, possibly giving up some accuracy regarding the 
optimum.  

On the other hand, due to the way the algorithm is built, the 
search for sequences is carried out by considering only feasible 
solutions, using both precedence and resource constraints. This 
allows the heuristic not to worry about non-feasible solutions, 
unlike many other algorithms that must incorporate some 
mechanism to eliminate them or to penalize them. 

Finally, the algorithm expansion using branches is made 
in such a way that in the search tree it never returns to a 
solution already considered. Therefore, the search is never 
at a standstill, i.e., it never remains stuck in a local optimal 
solution nor does it fall into repetitive cycles. This attribute 
will become an escape strategy from local optima, which is 
the essence of the proposed algorithm since, while it is 
searching at a very high level of the tree (far from the root), 
if it cannot find any better sequence and a larger search is 
desired, it can implement a rule to force itself to backtrack 
down one level (to get close to the root) in order to continue 
searching in new zones of the feasible region.  

The proposed hybrid methodology, in this paper, 
incorporates four heuristic deterministic strategies that 
provide essential information and rules of movement, in 
order to achieve a guided and efficient search. Later, the 
best sequence found by the algorithm is adjusted by means 
of the Forward-Backward Improvement (FBI) method. A 
detailed explanation of each of the steps developed follows. 

 
3.2.1.  New sequence-generator scheme 
 
A parallel sequence-generator scheme is based on the power 
set of the eligible activities. In order to schedule first those 
with the highest possibility of containing the optimal 
solution, at each level, this set of eligible activities is 
ordered in a descending way by three criteria described later 
on in the text. Each criterion is weighed with a weight 
calculated by experimentation, as detailed later, in heuristic 
4. These criteria were chosen from the priority rules used to 
schedule activities [32], that in this research are extrapolated 
to be used in the scheduling of sets. After calculating such 
weights, the evaluation of each feasible subset is computed 
at each level according to the three criteria, to carry out later 
a descending ranking; in case of a tie, the set with the lowest 
activity number will be preferred.  

Efficiency in the use of resources. It is assumed that 
the optimal sequence of any RCPSP instance should try to 
maximize the use of resources for each unit of time, trying 
to schedule activities in the most efficient way, assuming 
that the higher the number of resources, possibly the higher 
the number of activities scheduled simultaneously, and 
therefore, a shorter project makespan.  

The total consumption of resources of each level is 
calculated by adding the consumption of each of its feasible 
subsets. Then, the proportion of resources used for each of 
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these feasible subsets with respect to the total for each level 
is calculated.  

To estimate the consumption of resources of each 
feasible subset it is assumed that there exists different types 
of resources and, therefore, for each one of these, a 
weighting is used to represent its importance, depending on 
how critical it is for the problem. The weighting of resource 
type ݇ is calculated by equation (2), where ݀ܽݎݑሺ݅ሻ is the 
time length of activity ݅; 	ܴ݁݀݅ሺ݇ሻ is the total availability of 
resource type k; and ܴ݁ܥሺ݅, ݇ሻ, the use of resource type k 
in activity ݅. 

 

ሺ݇ሻ݃݊݅ݐ݄݃݅݁ݓ ൌ 	
∑ ሺ݅ሻܽݎݑ݀	 ∗ ,ሺܴ݅݁ܥ ݇ሻ
ୀଵ

ሾ∑ ሺ݅ሻܽݎݑ݀
ୀଵ ሿ ∗ ܴ݁݀݅ሺ݇ሻ

				ሺ2ሻ 

 
Efficiency in releasing successor activities. The 

subsets of activities that release the largest number of 
successor activities are scheduled first, i.e., that after the 
first ones are finished, all the activities that had them as 
predecessors would satisfy the precedence constraints and 
would become eligible at the current level. At each level, 
after establishing the power set and verifying which the 
feasible subsets are, the total number of subsets that each 
feasible subset would release in the whole level is 
calculated, counting the repeated activities. Next, the 
proportion of activities released for each feasible subset is 
calculated, and results are ordered in a descending way 
according to this criterion. 

Sets that minimize the project delay. This criterion, 
based on the CPM, considers the largest LFT (Late Finish 
Time) of all activities in the subset. An LFT associated to 
each feasible subset is calculated, adding the corresponding 
LFT of each one of its activities. In the same way, an LFT 
of reference for the level is obtained by adding the 
associated one of each of its feasible subsets. Next, the 
corresponding ratio of LFT for each feasible subset is 
calculated in relation to the total for the level, and results 
are ranked in ascending order according to such a ratio.  

The purpose of this criterion is to schedule the lower 
LFT sets first to try to minimize the potential delay that may 
occur when an activity has been left out for later and 
scheduled at another level. 

 
3.2.2.  Allocation of iterations 

 
The basic idea of the proposed heuristic is to guarantee 

exploration in all areas of the feasible region, by distributing 
the iterations throughout all branches. The systematic 
expansion is used as a strategy to avoid standstill in local 
optima. For instance, when half of the predetermined 
iterations have been executed, it would be expected that half 
of the feasible region has been searched, i.e., the algorithm 
is in the middle of the feasible subsets at each level. This 
does not mean that the search is performed in all the feasible 
subsets, but that these can be forced to change depending on 
the amount of executed iterations. 

For each level, a counter of the number of iterations is 
restarted each time the algorithm moves up one level. This 
is because level 1 is actually the only one that keeps the 

total number of predetermined iterations for the algorithm. 
Each time that a feasible subset is scheduled at each level, 
the information related to the three criteria is updated, 
accumulating the amount of resources used, of successors 
released, and of minimal LFT's, which allows the update of 
the corresponding ratios applying heuristic 1 explained in 
subsection 3.2.1. The procedure used to implement this 
second heuristic, is synthesized in expression (3), valid for 
each level, as detailed next. 

 

ߙ ൬
ܴܷܣ

ܷܴܶ
൰  ߚ ൬

ܮܵܣ

ܮܵܶ
൰  ߛ ൬

ܶܨܮܣ

ܶܨܮܶ
൰ 	 	

ሻ݈݁ݒሺ݈݁ܽݎ݁ݐܫ

ܴ݁ሺ݈݈݁݁ݒሻ
			ሺ3ሻ 

 
The terms on the left of inequality (set relations) 

represent a weighted average of the three proportions, 
corresponding to the three criteria of heuristic 1, with 
weights ߙ,  associated to each criterion, as defined ,ߛ and ߚ
later in heuristic 4. Numerators AUR, ASL, and ALFT, for 
the current subset, measure the cumulative of the use of 
resources, successors released, and LFT, respectively. 
Denominators TUR, TSL, and TLFT, for the level, measure the 
total of resources used, successors released, and LFT, 
respectively. The term on the right (iterations relation) 
measures the proportion between the number of iterations 
carried out, Itera, and the number of remaining iterations, Re. 

If the member on the left is smaller than the term on the 
right, the scheduling of the corresponding level is delayed. 
Then, the algorithm cuts the tree at the highest level in 
which it is delayed to prevent stopping without exploring 
the whole feasible region, and to continue searching in the 
next feasible subset of that level. Depending on the way the 
feasible subsets are ordered and the set relations are 
computed, the hybrid algorithm makes the comparison 
regardless of the proportion of subsets run by level. 

 
3.2.3.  Pareto’s principle 

 
According to Pareto's principle, There are many causes 

or factors that contribute to the same effect, but only a small 
number contributes in a significant way to causing such an 
effect; that is, there are very few essential and many trivial 
causes; thus, a ratio of 80/20 is proposed, meaning that 80% 
of the effect is caused by 20% of the more important causes. 
To apply this principle, an experimentally computed 
proportion close to 60% (higher than 20% suggested by 
Pareto) of the eligible subsets is implemented at each level 
of the proposed algorithm. The computed proportion that 
varies depending on the problem complexity is calculated a 
priori for each case as shown below in strategy 4. The 
eligible subsets are ranked according to strategy 1, where 
the last ones on the list are the ones that have lower rank 
and therefore, have the least probability of containing the 
global optimum. 

 
3.2.4. Adaptive and self-adaptive parameters 

 
Self-adaptive parameters. Self-adaptive parameters are 
based on results of each of the iterations. As the branch and 
bound algorithm explores uniformly all the branches of the 
tree it is not possible, a priori, to obtain those branches that 
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will be pruned or the number of solutions that will not be 
necessary to build, since they correspond to sequences 
dominated by some of the rules previously explained.   

A heuristic pruning of branches can lead to the use of a 
smaller number of iterations than the one defined initially, 
ignoring thus part of the search in regions where better 
solutions could be found. To face this problem, a strategy is 
implemented so that after the branch and bound heuristic 
algorithm finishes, it verifies if the number of iterations 
executed is lower than the number established previously; if 
so, the algorithm restarts but searches only in regions within 
the feasible space with the pending iterations from the 
previous run.  

Adaptive parameters. Adaptive parameters are based 
on a priori information about each problem, taking specific 
values in order to improve the algorithm operation. The 
proposed heuristic algorithm in this paper uses four 
parameters, three of which intervene in expression (3), as 
the weights હ,  and . The fourth parameter is the Pareto’s 
ratio of the selected subsets.  

The goal of this heuristic is to use initial information 
about the problem to estimate, a priori, an indicator of the 
instance complexity, in order to adapt the values of the 
parameters, implementing a more aggressive strategy 
depending on how high the detected complexity or 
difficulty can be. Next the method of ranking of the 
instances and the complexity indices used are defined. 

In the process of parameter adaptation, in the proposed 
heuristic, the instances of the problem are sorted first, for 
which an analysis was made of the academic library PSPLIB 
(Project Scheduling Problem Library), [18], specializing in 
sequencing problems, as described in section 4.  

Of the complexity indices known in the literature, the 
inverse of the resources strength was chosen, defined as the 
average consumption of resources type k of all the activities 
divided by its total availability, R୩, according to (4), where 
r୧୩ is the consumption of resource type k by activity i, and n 
is the total number of activities. To compare the various 
instances of the problem, this value was averaged with the 
values computed for all the types of resources, defining RSI 
(Resource Strength Inverse), as shown in (5). 
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The RSI for the 480 problems of set j30 was calculated 

and each value obtained was matched with the computing 
time obtained by [18]. Results are shown in Fig. 4, where 
each point represents one of the 480 problems. It can be 
seen that in some cases, but not in others, as the RSI 
approaches 0.3, the computing time grows explosively; that 
is, if the computing time is high, an RSI close to 0.3 will be 
found, but a problem with an  RSI close to 0.3 does not 
necessarily entail a high computing time. However, only a 

few cases do not satisfy this condition. 
RSI values for which it was considered that a RCPSP 

instance has a high level of difficulty were computed 
experimentally, giving a range between 0.259 and 0.355. 
Instances with RSI values outside this range can be 
associated with a low complexity level. Then, also 
experimentally, the best values of the four parameters, ߙ, ,ߚ
 and the Pareto's proportion were determined, for both ,ߛ
difficult and easy instances. Results are shown in Table 1.  

Finally, the FBI method, [33], also known as double 
justification, is applied to the solution found. This method 
can be used as a complement of any other meta-heuristic 
since it is designed to improve a feasible solution previously 
found, using another algorithm. It is based on the 
backward/forward free space between activities, understood 
as its free time, in which it can be moved forward or 
backward, several times, with the purpose of scheduling the 
activities in the boundaries of their slack time, obtaining, in 
many cases, a decrease of the makespan. 

This FBI method consists in executing at least one 
backward and one forward pass. In the first one, all the 
activities are sorted in descending order regarding their 
completion time; then a serial schedule generation scheme 
is developed, in such a way that all activities are shifted to 
the right at the latest time (late finish). In the forward pass, 
the activities are sorted in ascending order regarding their 
start time and a serial schedule generation scheme is applied 
in such a way that all activities are shifted to the left 
allowing them to start at the earliest time (early start), as 
much as their space permits it. Finally, it is verified if there 
was a better completion time for the project. 

 
3.2.5. Three stopping criteria in the proposed hybrid 

algorithm 
 
A previously defined limit of iterations. An iteration 

counts both when a complete sequence is established, i.e., 
 

 
Figure 4.  RSI vs. computing time for the j30 set.  
Source: Prepared by the authors. 

 
Table 1  
Experimental computation of adaptive parameters.  

Complexity RSI ∝ ߛ ߚ Pareto 

Difficult ∈ ሾ0.259, 0.355ሿ 0.65 0.08 0.27 0.55 

Easy ∉ ሾ0.259, 0.355ሿ 0.7 0.1 0.2 0.7 
Source: Prepared by the authors. 
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when all the activities have a scheduled start time, and when 
using a dominance rule, it is determined that a partial 
sequence cannot be better than the current best solution. 

A lower bound. The algorithm stops if it reaches a 
theoretical lower bound, as it is known that no solution can 
be better than such a bound. In this hybrid algorithm the 
lower bound of Stinson, LBS, is used as a stopping criteria. 
It is described in [1]. 

Limit per level. The proposed hybrid algorithm 
distributes the iterations and continues the search depending 
on the proposed heuristic strategies. At each level, when all 
feasible subsets have been scheduled, the algorithm 
backtracks down one level, according to step 4, and the next 
feasible subset of the previous level is scheduled; if it has no 
next feasible subset, the algorithm backtracks down one level 
more. If there are no more subsets in all the higher levels, 
level zero is reached, where the algorithm stops because the 
entire feasible region has already been explored (not 
considering the truncated branches), using the predetermined 
iterations. 

 
4.  Test library and results 

 
In [18] the PSPLIB library is proposed, which provides a 

set of problems for assessing the performance of the new 
heuristic schedule algorithms. It is available at: 
http://www.om-db.wi.tum.de/psplib/main.html.  

Specifically for the RCPSP, there are four problem sets: 
j30, j60, j90 and j120 consisting of 30, 60, 90 and 120 
activities, respectively. Each set has 480 problems except for 
j120 which has 600. In all sets, the same parameters were 
used to generate, and therefore they have all the difficulty 
levels.  

In this section the set j30, consisting of 480 problems 
and 30 activities, was analyzed. The reason for this is that 
the problems in this set are the only ones where both the 
optimal solution and the solution time are known in an exact 
way and, therefore, comparisons with the algorithm 
developed in this research can be carried out without bias. 

To evaluate the algorithm proposed efficiency, the 480 
problems of the set j30 from the PSPLIB were solved. In 
order to validate the proposed algorithm, the percentage 
deviation of the found solution is calculated regarding the 
optimal solution ሺܱܵܦ௭ሻ for each instance, as shown in (6), 
where ܴ is the solution obtained from the heuristic and 
ܱ∗	is the instance optimal solution. In (7), the average of 
these deviations is calculated to obtain an average deviation 
of set ሺܱܵܦܣሻ. Table 2 shows a summary of the obtained 
results. 

 

௭ܱܵܦ ൌ
ܴ െ ܱ∗

ܱ∗
∗ 100																															ሺ6ሻ 

 

ܱܵܦܣ ൌ
1

480
∗  ௭ܱܵܦ
௭∈ଷ

																							ሺ7ሻ 

 
In the first row, with 50,000 iterations, an average 

percentage deviation of 0.2436% is obtained with respect to 
the optimal solution, which is a highly satisfactory result. 

Table 2.  
Summary of the proposed algorithm results for set j30 of the PSPLIB. 

J30: 480 instances 
Iterations 

1,000 5,000 50,000 
ADOS [%] 0.6361 0.4336 0.2436 
Std. Dev. ADOS [%] 1.476 1.218 0.769 
N. optimal solutions 379 405 426 
Optimal solutions [%] 78.95  84.37  88.75  
Source: Prepared by the authors. 

 
 

Furthermore, as the number of the iterations increases, a 
lower percentage deviation is obtained, a foreseeable result 
that confirms the coherence of the algorithm, i.e., its proper 
operation. 

The second row shows the standard deviation of this 
percentage deviation, which represents the error dispersion. 
In this case, deviations are small, indicating that their values 
are consistent and homogeneous, with little variability. 
Therefore, it can be concluded that the algorithm finds good 
results at different levels of difficulty. The third row shows 
the number of instances in which the proposed hybrid 
algorithm reaches the optimal solution. And the fourth row 
shows the corresponding percentage on the total of 480 
instances. 

Results of the proposed heuristic are comparable to ones 
obtained by some of the best meta-heuristic methods 
reported in the literature. A summary of results from these 
algorithms taken from [32] is shown in Table 3, where it 
can be seen that this research ranks number 19, being the 
only one in the list that uses a branch and bound as a basic 
algorithm and it is the only entirely deterministic heuristic 
algorithm of the list. 

Computational complexity. The exact Branch and 
Bound algorithm incorporates dominance rules and, in the 
worst case, it should go throughout the whole feasible 
solution space of the RCPSP. It is well known that this 
problem has an NP-hard complexity [3]. However, the 
hybrid algorithm presented in this work, like, in general, all 
heuristics, greatly reduces the computational execution 
time, because the process is limited to the number of 
iterations chosen by the analyst, leaving subsequently as 
another component of complexity the own features of the 
method to construct feasible solutions [21]. 

In the proposed algorithm, these methods can be 
summarized as the use of SGS in parallel whose complexity 
order is ܱሺ݊ଶ ∗ ݇ሻ [21] and the ordering of ݑ eligible 
subsets at each level, with a complexity of ܱሺݑ ∗ logሺݑሻሻ.  

 
5.  Conclusions 

 
There are several exact methods for the solution of the 

RCPSP. It is worth mentioning that the best is the Branch and 
Bound method because it solves the problem ensuring 
optimality. However, because it requires an extremely large 
computational effort, it is not applicable for high level 
complexity problems. The efficient alternative proposed in this 
paper is to solve the RCPSP by means of a hybrid algorithm 
integrating four deterministic heuristics into the branch and 
bound that capitalize on the advantageous characteristics of the 
exact algorithm but with the efficiency of the heuristic. 

The reason for using the branch and bound as a base 
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algorithm for formulating the hybrid heuristic lies not only 
on the attributes that make it attractive, but also on the 
missing of papers observed in the literature since this 
approach is not widely studied, in spite of its advantages. 
Thus, the purpose of this paper is to tackle the scarcity of 
reports related with the combination between exact 
algorithms, like the branch and bound, and heuristic 
algorithms for solving the RCPSP. 

 
Table 3.  
Percentage deviation with respect to the optimal set j30. 

No. Heuristic Authors 
ADOS 

1 mil 5 mil 50 mil 
1 GAPS – RK Mendes et al. 0.06 0.02 0.01 

2 
GA, TS – Patch 
relinking 

Kochetov & 
Stolyar 

0.10 0.04 0.02 

3 Decomposition 
Debels & 
Vanoucke 

0.12 0.04 0.02 

4 Hybrid GA Alcaraz & Maroto 0.15 0.06 0.01 

5 BPGA 
Debels & 
Vanaucke 

0.17 0.06 0.02 

6 Scatter Search Debels et al. 0.17 0.11 0.01 

7 
GA – Forward, 
backward 

Alcaraz et al. 0.25 0.06 0.03 

8 
Com-RBRS 
BF/FB 

Tormos & Lova 0.25 0.13 0.05 

9 GA – Hybrid Valls et al. 0.27 0.06 0.02 
10 RBRS BF Tormos & Lova 0.30 0.17 0.09 
11 GA – AL Alcaraz & Maroto 0.33 0.12 * 
12 GA – FBI Vallas et al. 0.34 0.20 0.02 

13 
GA – self-
Adapting 

Hartmann 0.38 0.22 0.08 

14 SA – AL 
Bouleimen & 
Lecocq 

0.38 0.23 * 

15 
TS – activity 
list 

Klein 0.42 0.17 * 

16 
Sampling – 
Random 

Valls et al. 0.46 0.28 0.11 

17 
TS – activity 
list 

Nonobe & Ibaraki 0.46 0.16 0.05 

18 
GA – activity 
list 

Hartmann 0.54 0.25 0.08 

19 
Branch and 
Bound 
Heuristics 

Morillo, Moreno 
& Díaz 

0.63 0.43 0.24 

20 
Sampling – 
adaptive 

Schirmer 0.65 0.44 * 

21 GA – late join Coelho & Tavares 0.74 0.33 0.16 

22 
Sampling 
adaptive 

Kolisch & Drexl 0.74 0.52 * 

23 
Sampling 
global 

Coelho & Tavares 0.81 0.54 0.28 

24 
Sampling 
MLFT 

Kolisch 0.83 0.53 0.27 

25 
TS – Schedule 
scheme 

Baar et al. 0.86 0.44 * 

26 
GA – random 
key 

Hartmann 1.03 0.56 0.23 

27 
GA – priority 
rule 

Hartmann 1.38 1.12 0.88 

28 
Sampling-
MLFT 

Kolisch 1.40 1.29 * 

29 Sampling-WCS Kolisch 1.40 1.28 * 

30 
Sampling-
random 

Kolisch 1.77 1.48 1.22 

31 
GA – problem 
Space 

Leon & 
Ramamoorthy 

2.08 1.59 * 

Source: Adapted from [32]. 
 
 

The proposed branch and bound heuristic hybrid 
algorithm uses the scheme of branch expansion proper to 
branch and bound, but built with the best sets at each time 
level where some set of activities can be scheduled 
(heuristics 1) but it does not tackle all the sets, only those 
with a higher probability of containing the optimum 
(heuristics 3). Besides, the tree is pruned at each level so as 
to force a search in the whole feasible space, according to 
the available iterations in a deterministic manner, this being 
the most important phase of the algorithm because it is the 
one that allows the escape from local optima (heuristics 2). 
In the same way, the parameters to obtain a better 
performance are adjusted using the information from each 
problem (heuristic 4). Finally, an FBI improvement is made 
to the solution obtained. 

Results show that solutions can be obtained that are 
competitive with alternative algorithms commonly used for 
solving the RCPSP. The hybrid algorithm proposed in this 
research uses a basic exact algorithm, incorporating 
heuristic deterministic rules in order to increase its 
efficiency. Due to its favorable results, this approach could 
be considered as a starting point for future work along this 
research line. 
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Abstract  
Product portfolio management is one of the leading contemporary trends in innovation strategy and R&D management. This paper aims 
to present and analyze methods that companies from the electronics and computer sectors adopt for decision making in their portfolios. A 
survey that collected information from 71 companies operating in Brazil was carried out, and it was noted that despite the financial 
methods, market research, and mapping being employed by some firms to base decision making on their product portfolios, most of them 
rely upon the informal decisions of senior management. In this way, the results of this survey indicate that, in addition to the formal 
methods, aspects of the influence and bargaining power of leaders must also be considered when analyzing and proposing management 
practices related to product portfolios. 
 
Keywords:  new product development; product portfolio management; decision making. 
 

 

La toma de decisiones en portafolio de productos: Métodos 
adoptados por las empresas innovadoras de Brasil  

 
Resumen 
La gestión del portafolio de productos es una de las principales tendencias en estrategia de innovación y gestión de I+D. Este artículo 
tiene como objetivo presentar y analizar métodos que empresas de los sectores de productos electrónicos y de computadores adoptan para 
la toma de decisión de sus portafolios. Fue realizada una investigación tipo survey, la cual recolectó datos en 71 empresas que actúan en 
Brasil. Se notó que a pesar de que los métodos financieros, de investigación de mercado y de mapiamento son empleados por parte de las 
empresas para la toma de decisión en portafolio de productos, la mayoría de  ellas se basa en las decisiones informales y de la alta 
gerencia. De esta manera, los resultados de esta investigación indican que además de los métodos formales, los aspectos de influencia de 
líderes y de poder también deben ser considerados al analizar y proponer prácticas de gestión relacionadas al portafolio de productos. 
 
Palabras clave: desarrollo de productos; gestión del portafolio de productos; la toma de decisiones. 

 
 
 

1.  Introduction 
 
Decisions in managing a product portfolio have the 

following practical fundamental consequences for 
companies: definition of the set of product designs that 
enable the implementation of the business strategy, 
decisions on allocation of resources between the different 
projects, and the selection and prioritization of product 
designs. These decisions can be extend to and deployed in 
the development of technologies.  

Given that it determines the current and future set of 

products that a company uses to compete in the market, 
theme-portfolio management has attracted the attention of 
researchers and professionals. [1,2] highlight that product 
portfolio management (PPM) is a relevant activity because, 
apart from directing definitions on the projects of new 
products, decision making also raises implications for 
aligning technology-development needs, their potential 
employment in product designs, competitive advantages of 
the products to be launched, and which market segments are 
to be targeted with the product portfolio, among others.  

Decision making related to the product portfolio is a 
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complex aspect and is involved in the planning stage of new 
products. The planning stage is a time for important 
decisions to be made regarding a company's future products, 
but this stage is still distant from the launch; it is important 
for defining key aspects of the final product [3] and, 
therefore, still presents many uncertainties [4]. Also, 
development decisions and resource allocation in product 
design are associated with subjective values and bargaining 
[5], which may compromise the optimization of choices 
related to the portfolio and the good performance of new 
product development (NPD).  

Given both the strategic and complex nature of PPM, the 
literature on the subject reveals diverse methods that can 
assist companies in their management and decision-making 
activities in relation to the product portfolio [1,6]. Among 
these, we can highlight the financial method, scoring and 
ranking, the maps of products, checklists, and diagrams [7-
10].  

It is in the context of the previous paragraphs that this 
contribution is framed. This study seeks to present and 
discuss the main methods that companies operating in the 
electronic and computing sectors adopt for decision making 
regarding their product portfolio and to compare these 
results with those of earlier studies such as, for example, the 
one undertaken by [1]. To this end, a survey that collected 
data pertaining to 71 companies operating in Brazil was 
carried out. These two sectors were chosen because, 
according to the latest ‘Survey of Innovation’ conducted by 
the most important social-economic survey body of the 
Brazilian Federal Government, the Brazilian Institute of 
Geography and Statistics  [11], these two sectors have 
shown the highest rates of innovation in recent times in 
Brazil. Further, in global terms, in the major industrialized 
nations, it is the electronic and computer sectors that usually 
present the more relevant indicators of innovation and of 
new product launches and their aggregated services. 

The study initially presents a brief theoretical review of 
PPM. Following this, the research method employed is 
covered and, later, the empirical results obtained are 
presented and discussed. At the end, the final considerations 
are outlined.  

2. Methods for Product Portfolio Management

It is the consensus of various publications [1,8,9] that
PPM must essentially fulfill three basic goals: strategic 
alignment, balance, and maximized portfolio value. 
Previous researches have raised the issue of the difficulties 
faced by companies for the attainment of these goals [7,12]. 
Some studies mention that by determining with which 
products a company will compete, portfolio decisions are 
associated with the critical-planning moments of NPD, 
which has as its central feature a large amount of 
preliminary ideas coupled with high uncertainty of results 
[4,13]. 

[14,15] suggest that one of the main causes of failure in 
NPD occurs, mainly, as a result of imperfections in the 
planning activities of the product portfolio. According to 
these authors, many companies focus on individual projects 
and do not integrate them well with other projects or their 

strategic planning. [1,16] point out that, on one hand, 
companies typically have many product designs, but, on the 
other, there is a limitation of time as well as financial and 
human resources.  

Moreover, as indicated by [12], many companies find 
difficulty in prioritizing their projects for new products 
because they outlay intense energy in routine management 
problem solving and short-term pressures, while paying 
little attention to issues pertaining to the alignment between 
new product development with their respective strategies.  

Studies such as [12,17] identified that those companies 
showing better performance in product portfolio are 
precisely those that adopt formal and systematic 
mechanisms to conduct these activities. Among these, we 
highlight the financial, checklist, scoring, maps, graphics, 
and diagrams [12]. 

The financial methods aim to maximize the value of the 
product portfolio. The following financial-assessment 
mechanisms are usually mentioned as suitable for the 
analysis of NPD: net-present value, internal rate of return, 
break-even point, payback, and real-options methods 
[2,9,14]. 

Scoring-based models suggest that product designs be 
ranked and prioritized according to the expected average of 
their performance and according to their respective degrees 
of alignment with the business strategy [18]. Scoring 
models require the prior establishment of the judgment 
criteria, to which, subsequently, notes are assigned. These 
same criteria can be analyzed by means of the checklist 
technique in order to observe whether the product design 
meets the market, technical, and performance criteria 
considered relevant by the company [19].  

Papers such as those written by [14,20] have been 
drawing attention to the implementation of the “technology 
roadmap,” as proposed initially by [21]. The use of these 
maps can be useful for planning the development of 
platform-type products, derivatives, and radically new 
products [22]. From visual methods, these maps indicate 
which products and technologies will possibly be developed 
over time. This technique facilitates the resource allocation, 
deadline planning, and assigning of functional 
responsibilities for the execution of the projects. The 
adoption of graphs and charts, such as bubbles and the BCG 
matrix, are also recommended as useful mechanisms for 
simultaneously analyzing, over the product`s life cycle, the 
relationship of the product portfolio with the company's 
strategy and balance [17,23]. 

The implementation of the methods listed throughout 
this topic can be systematized with the aid of the evaluation 
phases [1]. The cross-functional team involved with 
decisions pertaining to the product portfolio can initially 
check at an early phase-evaluation stage whether the 
projects are to be maintained or discontinued. To do this 
through the above-mentioned financial, checklist, and 
scoring mechanisms, each project can be evaluated so that a 
list of the product designs that will be interrupted, “frozen,” 
or remain under review for possible development can be 
obtained. In a second step, the maps and financial and 
scoring methods can be employed to compare and prioritize 
product designs approved for development.  
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Figure 1. Structure for decision making in the project portfolio. 
Source: Adapted from [24] 

Fig. 1 illustrates the systematic application of the formal 
methods that can be employed to evaluate the product 
portfolio. Note that in the figure, projects and product ideas 
are presented that originate internally (staff members and 
specialists from different departments, for example) and 
externally to the company (such as customers, suppliers, 
universities, consultants, etc). As Fig. 1 demonstrates, with 
the application of the methods mentioned throughout this 
theoretical review (financial, market research, scoring, 
checklists, and diagrams), only three of these project ideas 
remained after screening and selection, exactly those that 
have been effectively approved and that will be developed. 
In addition, the application of these methods can indicate 
which of these projects can be prioritized in the 
development stage.  

The next topic presents the procedure employed in this 
study, after which the results are reported and discussed.  

3. Research Method

To identify the population of companies in the sectors
chosen, an investigation was made into the database of the 
Brazilian Association of the Electrical and Electronics 
Industry (acronym in Portuguese: ABINEE) and also into 
the companies registered with the National Institute of 
Metrology, Quality and Technology (INMETRO for its 
acronym in Portuguese). For the attainment of this paper’s 
objectives, a survey-type research was carried out, this 
being considered the most appropriate for obtaining a 
descriptive overview of a given phenomenon, and as one of 
the most suitable methods when quantitative research is 
undertaken in the area of operations management [25]. A 
structured questionnaire was developed for the realization of 
the survey, aiming for, in particular, the identification of the 
main management methods that companies use for decision 
making in the product portfolio.  

To define the size of the companies, criteria from both the 
Brazilian Service for Support to Micro and Small Companies 
(SEBRAE for its acronym in Portuguese) and the IBGE were 
adopted. According to these bodies, in industry, small 

businesses are classified as having between 20 and 99 
employees; medium-sized enterprises, between 100 and 499 
employees; and large ones, over 500 employees.  

To organize the sending of the questionnaires, a website 
was set up for the purpose of hosting the research 
instrument. Through the site it was possible to register the 
entire population of companies and send the link containing 
the questionnaire to each one of them. On receiving the link, 
the respondent was directed to the questionnaire hosted in 
the virtual research environment. The respondents 
comprised mostly directors, R&D managers, engineering 
managers, marketing managers, and supervisors, i.e. 
employees directly involved with decision making 
regarding product portfolios and implementation of NPD.  

Seventy-one answered questionnaires were considered 
valid and therefore constitute the sample set for this 
research. A 14.4% rate of return was achieved, which, 
according to [26], can be considered an adequate sample in 
operations-management research. In relation to the number 
of observations, [27] suggest that the sample should be 
greater than 50 observations. For these reasons, the sample 
retrieved from 71 companies can be considered satisfactory 
for the fulfillment of the goals of this research.  

The results were compiled and analyzed through 
descriptive statistics in order to highlight the most obvious 
results observed in practice of the application of the 
methods associated with the PPM. The decision making in 
product portfolio results were also compared considering 
the size of the companies. The next topic of the study 
presents and discusses the results obtained.  

4. Presentation of Results and Discussion

In terms of sample composition, most of the companies
belong to the electronic-industries segment (86%). Based on 
electronic and optical technologies, these companies 
develop products mainly for the areas of industrial 
automation, telecommunications, energy, automotive, and 
healthcare. The remainder of the sample (14%) is composed 
of companies from the computing sector, characterized 
foremost by software development. 

As for their size, as Table 1 illustrates, the vast majority 
of these companies are small and medium companies, 
comprising approximately 85% of the gathered sample.  

Table 2 presents the main method identified by 
companies for decision making in the product portfolio. It is 
possible to note that just over half of the enterprises base 
themselves on informal and intuitive decisions by senior 
management for this deliberation and, therefore, did not 
favor the application of any formal method. Next came 
financial means and market research in a much lower 
proportion than the other methods.  

Table 1.  
Distribution of companies by size.  

Size of the Companies N. of the Companies % 

Small 31 43,7 
Medium-Sized 29 40,8 
Large 11 15,5 

Source: Developed by the authors. 
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Table 2.  
Main method adopted for decision making in the product portfolio. 

Main method for 
portfolio decision-

making 
Number of Companies % 

Decision by senior 
management (i.e., no 

formal method 
associated) 

36 50,7 

Financial 11 15,5 
Market Research 11 15,5 

Product Maps 5 7,0 
Technology Roadmap 4 5,6 

Scoring 2 2,8 
Checklist 1 1,4 

Diagrams  (such as BCG 
matrixes and GE bubble 

charts) 
1 1,4 

Source: Developed by the authors. 

Figure 2.  
Methods adopted for the decision making in product portfolio. 
Source: Developed by the authors. 

Fig. 2 shows the application  of these results from  the  
four most-cited mechanisms for decision making in the 
product portfolio. As the application of product maps and 
the technology roadmap are methods that have the same 
purpose of planning in product-portfolio management, they 
were grouped for joint analysis in this figure. 

Through  an analysis  of Table 1 and Fig.  2, it  becomes  
clear  that applying formal  methods  is not a priority for  
decision making in product portfolio for the majority of the 
surveyed companies. This makes certain decisions of 
product innovation more dependent upon the perception and 
opinions of a company’s top executives, their experiences, 
personal perspective, influence over managers, and 
bargaining power within the company. In addition to this 
perceived informality, this result also indicates which 
aspects of political influence and opinions of members of 
top management represent relevant mechanisms in these 
Brazilian companies for decision making on portfolios. 
These results converge with recent observations of [5,28] 
about the importance of considering political and 

organizational aspects when analyzing and proposing PPM 
practices.  

It can be noted, moreover, that there are differences 
between the results of this survey and those that [1,7] 
observed at different times in North American, Canadian, 
and Australian companies. These authors found that 
financial methods constitute the principal means that 
companies from those countries used for decision making in 
the product portfolio. It was noted, in the Brazilian case, 
that financial methods are adopted as a primary means for 
decision making by only 15% of the surveyed sample.  

Information originating from market research and 
customer needs was indicated as the primary method for 
making decisions by 15% of companies. In addition to the 
basic importance of the role of market research to meet and 
capture customer needs to direct future product choices, 
another reason for this result is related to the market in 
which these companies operate. As many are active in the 
business-to-business area, most of their projects of new 
products are started only when effectively demanded by the 
customers.  

The use of maps and the application of the technology 
roadmap as a primary means for decision making in the 
product portfolio by 13% of companies is a result that 
deserves attention. After all, it is only recently that studies 
in Brazil mention mapping methods as a way to manage the 
product portfolio [29]. On the other hand, it was noted that 
companies do not prioritize traditionally recommended 
methods for decision making in the portfolio, such as 
scoring, checklists, and diagrams, since only 6% of 
companies sampled mentioned the application of these 
methods; that is, four companies. 

Table 3 presents the main method adopted for decision 
making in the product portfolio considering company size. 

Considering the frequency of application of these 
methods in terms of company size, it is observed in Table 3 
that only in large companies does the application of formal 

Table 3.  
Main method adopted for decision making in the product portfolio 
considering company size.

Main method 
for portfolio 

decision-making 

Size of Companies 

Large 
Medium-Sized 

Small 

Decision by senior 
management (i.e., 
no formal method 

associated) 
27,2% 55,2% 58,06% 

Financial 36,4% 13,8% 9,68% 

Market Research - 10,3% 19,35% 
Product Maps and 

Technology 
Roadmap 

18,2% 10,3% 12,90% 

Scoring 18,2% 3,5% - 

Checklist - 3,5% - 
Diagrams  (such 
as BCG matrixes 
and GE bubble 

charts) 
- 3,5% - 

Source: Developed by the authors. 
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methods for decision making on product portfolios surpass 
the informal decisions of senior management. This result 
was already previously expected because usually the larger 
enterprises have consolidated departments and professionals 
trained and dedicated to deal specifically with management 
activities. In this regard, the adoption of financial methods, 
used by about 36% of these companies, stands out. This 
result, verified in large enterprises, converges with the 
results of international research on the subject [1,7]. 

Slightly more than half (55%) of midsize companies 
base themselves on the decisions of top management for 
decision making in the product portfolio. On the other hand, 
among small companies, this indicator rises to 
approximately 58%. Even among large companies, a 
significant portion also bases its product-portfolio decision 
making primarily on the decisions of their senior 
management (approximately 27%). 

In a smaller proportion, the employment of market 
research methods and financial services are also used by 
small and medium-sized enterprises. Here it is interesting to 
note the high rate of implementation of maps and the 
technology roadmap method for product-portfolio planning 
in small businesses. Apart from the benefit that these 
methods provide for the visual planning of products and 
technologies, another explanation for this occurrence is that 
by being small technology-based companies, they have 
people who are in contact with undertakings of the same 
type but larger, or they have large customers such as 
multinationals at the forefront of their sectors that have 
organizationally-structured technology management, and 
they make use of these methods, disseminating this learning 
throughout the companies in the sample. In addition, risk-
investment banks (venture capital), on being approached for 
financing by these companies, normally require 
technological maps to perform their credit ratings. 

5. Conclusion

What stands out most in this study is the observation of
the predominance of informal means for product-portfolio 
decision making, which are carried out, above all, according 
to the definitions of senior management. This mechanism 
was presented in this survey as the main approach in 
deliberations on product portfolios. In this manner, it is 
noted that issues such as the influence of leaders and the 
power and direct control of the company's top management 
are crucial for the deliberations on a product portfolio, 
which as a result defines the resource allocation in the 
design of the products that will be effectively developed. 

These results demonstrate that, despite the rational and 
objective character normally associated with PPM, aspects 
of organizational culture, influence, and bargaining in 
companies must also be considered when portfolio-
management practices are investigated and proposed. Even 
understanding that with limited application of formal 
methods, the likelihood of bad decisions increases with 
regard to which products must be developed, maintained, 
and discontinued [5,7]. The results obtained in this research 
indicate that managers must effectively concern themselves 
with also examining leadership aspects, informal groupings, 

team culture, and functional integration in PPM.  
With regard to the formalization of the PPM, this study 

contributes to the theme by briefly presenting a number of 
formal methods of management (such as financial, market 
research, maps, score and prioritization, diagrams, and 
checklists) that can be applied to the evaluation of product 
projects. The implementation of this set of methods is 
synthesized by Fig. 1, whereby they are compared with the 
application by the companies surveyed.  

Because they are well disseminated and known both in 
academia and business, there was, on one hand, the prior 
expectation that financial methods would effectively be 
featured in the results of this paper. On the other hand, due 
to the novelty of the mapping mechanism in terms of 
research and publications in Brazil, the number of 
companies that use it as the main method for decision 
making in the product portfolio is somewhat surprising, and 
even more so, is the fact that small and mid-sized 
companies have adopted this mechanism. Future case 
studies could identify in greater detail the motivations and 
specific practices of mapping, which small high-tech 
companies have employed in PPM. Future research studies 
may investigate if and how the formal mechanisms can 
influence the generation of informal ways to improve 
decision making in PPM. 

There was also the expectation that market research 
would prove to be more important in larger companies. This 
fact was not confirmed, as it was not cited by any of these 
companies as the main method for decision making in the 
product portfolio. However, about 20% of small businesses 
adopt results from market research and customer needs for 
this decision making. This indicates a possible trend 
whereby the concern for smaller companies—especially 
those that are technologically based on structured-marketing 
activities and market research—is to improve the 
performance of decision making on product portfolios, and 
consequently in NPD.  

It should be noted that one of the main limitations of this 
paper was that the investigation limited itself to identifying 
only the main management method that companies use for 
decision making on product portfolios. However, no 
correlations were made between the application of these 
methods with the performance of a product portfolio and the 
NPD. Future studies could extend the results of this paper, 
in order to identify these correlations, and, also, to replicate 
this research in other sectors of the economy and to 
companies of different countries. 
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Abstract 
The topological charge TC of an electromagnetic wave is relate with their wavefront spatial distribution. Electromagnetic waves with 
factor azimuthal exp(il) in its phase, have TC integer (l=m) or non-integer (l=M). These electromagnetic waves with a well-defined of 
TC can be produced in the visible regime by computer generated holographic masks with fork shaped. In this paper, we study the formed 
triangle lattice distribution in the intensity Fraunhofer regime using numerical simulations of the Bessel-Gauss beams with integer and 
non-integer TC. The beam is diffracted by equilateral triangular aperture to measure both their sign and magnitude. In addition, we 
showed the experimental results of the intensity in far field regime product of diffraction of Bessel-Gauss beams with integer and non-
integer TC by the equilateral triangular aperture. Partial and qualitative explanations have been proposed for the diffraction of 
electromagnetic beams with topological charge. This paper presents a complete analysis for qualitative and quantitative explanation of 
diffraction of a beam with topological charge by a triangular aperture. The results of such diffraction are obtained by numerical 
simulation or experimentally. 
 
Keywords:  Bessel-Gauss beam, Topological charge of the light (TC), integer TC, non-integer TC, Triangular aperture. 
 

 

Determinación de la carga topológica de un haz bessel-gauss 
mediante el patrón de difracción a través de una abertura triangular 

equilátera 
 

Resumen 
La carga topológica de una onda electromagnética CT, está relacionada con su distribucion espacial en el frente de onda. Ondas 
electromagnéticas con un factor acimutal exp(il) en su fase, tienen CT entera (l=m) o no entera (l=M). Estas ondas electromagnéticas 
con un valor definido de carga topológica pueden ser producidas en el régimen visible utilizando máscaras tenedor holográficas 
generadas por computador. En este artículo se estudia mediante simulaciones numéricas la red triangular formada en el régimen de 
intensidad de Fraunhofer de haces Bessel-Gauss con CT entera y no entera que han difractado sobre una rendija en forma triangular para 
determinar su signo y su magnitud. También se presentan los resultados experimentales de la intensidad en campo lejano obtenidos al 
difractar una onda luminosa Bessel-Gauss con CT entera y no entera a través de una rendija triangular equilátera. Argumentos 
cualitativos parciales han sido expuestos para explicar el fenómeno de difracción de estos haces con carga topológica. Aquí se presentan 
argumentos cualitativos y cuantitativos que permiten explicar todos los resultados de la difracción por una abertura triangular de haces 
con carga topológica obtenidos ya sea por simulación numérica o mediante su realización experimental. 
 
Palabras clave: Haz Bessel-Gauss, Carga topológica (CT) entera y no entera de la luz, Abertura triangular. 

 
 
 

1.  Introducción 
 
En 1992 Allen et al [1] y posteriormente Berry [2] en 

2004, demostraron que haces ópticos con estructura de fase 

exp(im´) poseen un momento angular orbital  MAO,  
entero y no entero, respectivamente. Donde m´ es la carga 
topológica del haz CT, que puede tomar valores enteros m o 
no enteros M. Estos haces con carga topológica entera y no 
entera proveen nuevas herramientas en los campos de 
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manipulación de la luz [3-6], comunicaciones en el espacio 
libre [7-9], procesamiento de imágenes [10,11], entre otras 
[12,13,25]. Debido a la alta aplicabilidad de estos haces con 
momento angular orbital, su caracterización implica la 
detección de la CT contenida en la estructura de fase de su 
campo óptico. Generalmente para la determinación de la CT 
son usadas técnicas interferométricas [14,15], sin embargo 
es posible encontrar la CT transportada por un haz, de una 
manera sencilla, a partir de su patrón de difracción a través 
de una abertura triangular anular [16-17]. 

Simulaciones numéricas y resultados experimentales de 
la intensidad en el régimen de Fraunhofer de una onda 
electromagnética visible con carga topológica entera m a 
través de una abertura triangular equilátera, son presentadas 
a continuación. Para haces con carga topológica no entera M 
se muestra su origen y evolución entre los valores de CT: 0-
1 y 1-2, mediante su modelo de difracción numérico y 
experimental en campo lejano Es bien conocido que el 
patrón de difracción de un campo electromagnético por una 
abertura triangular es el resultado de la interferencia entre 
las ondas provenientes de los bordes [18]. Hasta ahora sólo 
ha podido explicarse claramente la rotación que sufre el 
patrón triangular al difractar el haz con MAO en particular 
el desplazamiento lateral de cada uno de los bordes de la 
abertura difractante, así como la influencia del signo del 
modo MAO en el patrón de difracción [16]. En éste artículo 
adicionalmente se expone con todo el detalle no sólo la 
manera como es determinado el valor de la carga 
topológica y su signo, sino su explicación fenomenológica. 

 
2.  Formulación teórica 

 
Consideramos un haz Bessel-Gauss con carga topológica 

m como haz incidente, la amplitud de campo del haz 
incidente antes y en el plano de una abertura triangular 
equilátera (es decir en zൌ  :) puede ser escrito [19] comoݖ
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una constante compleja, además ݓሺݖሻ es el radio del 

haz a la altura del plano de la abertura, ܴሺݖሻ ൌ
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 es el rango de Rayleigh, k es 

número de onda del haz monocromático e ܫ ቀ݉ േ 1
2ൗ ቁ, son las 

funciones modificadas de Bessel [20]. Sustituyendo la 
anterior ecuación y la función de transmitancia de la 
abertura triangular equilátera en la integral de difracción de 
Fraunhofer [23] tendremos que la amplitud de campo 
difractado es: 
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Figura 1. Resultados numéricos de la intensidad en el régimen de 
Fraunhofer de una onda electromagnética Bessel-Gauss con carga 
topológica entera positiva desde m=0 hasta m=5 difractada a través de una 
abertura triangular equilátera, insertada en la parte superior izquierda.  
Fuente: Los autores. 

 
 
Donde ܪሼሽ es la transformada de Hankel de orden n: 
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La anterior integral puede ser resuelta numéricamente 

asumiendo que la función de transmitancia de la abertura 
triangular equilátera es igual a la unidad para los puntos 
interiores y cero para los puntos exteriores a ella. La 
orientación de la abertura triangular utilizada en los cálculos 
numéricos es mostrada en la parte superior izquierda de la 
Fig. 1. En esta misma figura se muestran los patrones de 
difracción del haz Bessel-Gauss con valores de carga 
topológica entera positiva m=1, 2, 3, 4 y 5, obtenidos al 
difractar, por simulación numérica, sobre la abertura 
triangular equilátera. 

Así en la Fig. 1 se aprecia que el aumento en la CT 
implica un incremento del número de regiones o manchas 
brillantes en el triángulo resultante. El número de manchas 
brillantes a lo largo de un lado del triángulo resultante 

 

 
Figura 2. Resultados numéricos de la intensidad en el régimen de Fraunhofer 
de una onda electromagnética Bessel-Gauss con valores de carga topológica 
entera negativa m=0,-1,-2,-,-4 y m=-5 difractada a través de una abertura 
triangular equilátera, insertada en la parte superior izquierda.  
Fuente: Los autores. 
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menos uno representa la CT del haz difractado en la 
abertura triangular. También puede notarse como el número 
total de manchas brillantes en el triángulo resultante puede 
ser escrito en función de la CT como ሺ|݉|  1ሻሺ|݉|  2ሻ/
2[18]. Sí los valores de CT del haz Bessel-Gauss son 
cambiados a enteros negativos: m=-1,-2,-3,-4 y -5, entonces 
el patrón de intensidad del campo difractado en la abertura 
triangular equilátera tiene la misma forma que el patrón de 
intensidad obtenido para los enteros positivos pero con una 
rotación de 180° originada por el desfase de Gouy [21], 
como se muestra en la Fig. 2. 

Por otra parte si se cambia del haz Bessel-Gauss de la 
ecuación (1) la CT entera positiva m por la CT no entera 
positiva M, y se evalúa, por ejemplo, de nuevo la integral 
numérica para valores de M en el  intervalo [0,3] a paso de 0,2, 
se obtendrá que la intensidad de campo difractado rompe la 
simetría de triángulo para los valores no enteros y es un 
triángulo para los valores extremos enteros de los intervalos, 
tal como se aprecia en la Fig. 3 para [0,3]. Adicionalmente en 
la Fig. 3 puede notarse como el patrón de difracción obtenido 
para los valores de CT entre m y m+1/2 tiende a ser al patrón 
de difracción del valor m, mientras el patrón de difracción para 
los valores de CT entre m+1/2 y m+1 tiende a ser el patrón de 
difracción de m+1. Lo anterior puede ser entendido si se tiene 
en cuenta que un haz Bessel-Gauss no entero es la suma 
ponderada infinita de haces Bessel-Gauss enteros [22], donde 
los coeficientes de ponderación toman valores en el rango de 
[0,1], [1,2] y [2,3] y tienen su mayor valor alrededor del entero 
más cercano a M. 

Finalmente se halla la intensidad de campo difractado 
teórica a través de la abertura triangular equilátera para 
valores de CT no entera negativa en los intervalo[0,-3] a 
pasos de -0.2, como se muestra en la Fig. 4. En esta figura 
se aprecia como el cambio del signo en la CT no entera 
produce de nuevo una rotación de 180° al patrón de 
difracción obtenido con respecto de la CT no entera positiva 
de la Fig. 3. 

 

 
Figura 3.  Resultados numéricos para la difracción en campo lejano de una 
onda electromagnética Bessel-Gauss con carga topológica no-entera 
positiva en los intervalo [0,3].  
Fuente: Los autores. 

 
 
Figura 4.  Resultados numéricos para la difracción en campo lejano de una 
onda electromagnética Bessel-Gauss con carga topológica no-entera 
negativa en el intervalo [0,-3]. 
Fuente: Los autores. 

 
 
Puesto que la difracción por los bordes es el aspecto 

clave de su explicación, es posible comprender la difracción 
si inicialmente se modela la misma por cada uno de los 
bordes. Para  la fase acimutal exp(im) del modo MAO con 
carga topológica +m y para el anillo ajustado a la abertura 
triangular, ver la Fig. 5, los valores de la diferencia de fase a 
la altura de los puntos de contacto entre el anillo y los 
bordes son los indicados. Ahora, la fase a lo largo de una 
cualquiera de las aristas puede escribirse como: 
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donde n=1, 2, 3 es la etiqueta de la arista. La variable l 

es la coordenada a lo largo de la arista con origen el centro 
de la respectiva arista, ésta coordenada toma valores en el 

rangoቂെ
బ

ଶ
,
బ

ଶ
ቃ. 

 

 
Figura 5.  Diferencias de fase, respecto del origen O a 0° con la horizontal, 
de los puntos de intersección de la abertura triangular y el modo con carga 
topológica +m. 	ܮ  es la longitud de la arista del triángulo.  
Fuente: Los autores. 
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La expresión (5) para la fase a lo largo de la arista puede 
ser aproximada utilizando la expansión en serie de Taylor, 
sin embargo el error introducido en la fase en el extremo de 
cualquiera de las aristas es superior al 65% [16]. Si ahora, 
en un primer modelo, se aproximan los bordes del triángulo 
a rendijas finitas delgadas ignorando las variaciones locales 
del campo electromagnético, cada una de las rendijas puede 
ser modelada por una distribución de Dirac bidimensional. 
Así, la arista horizontal modelada como una rendija de 
longitud finita e infinitamente delgada toma la forma: 
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el campo electromagnético difractado en la ecuación (2) 

luego de realizar la primera integral teniendo en cuenta las 
propiedades de la distribución de Dirac será [23]: 
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Donde U
ሺሻ es la amplitud del campo electromagnético 

constante a la altura del plano de observación ubicado a una 
distancia lo suficientemente grande, tal que z ≫
൫୶బ

మା୷బ
మ൯
ౣá౮


, como para que las aproximaciones sean válidas 

[23].  Sí se hace un ligero cambio de variable	u ≡
୶బ

బ
, la 

integral a la derecha de la ecuación anterior toma la forma: 
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La función en la exponencial puede ser aproximada 

usando serie de Taylor, al primer orden como: 
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బ
ቁݑ ൎ

√ଷ


  ሺ9ሻ																																																								,ݑ

 
Con, 
 

ܮ   ≡
ଵଶఒ௭బ

బ
.																																																																															ሺ10ሻ 

 
Sin embargo tal aproximación es válida para el intervalo 

que cumple con la condición:		|ݑ| 
ଶ√ଷ


.  Es decir que la 

integral en (8) puede ser aproximada a: 
 

ݖߣ න݁
ቆ

√ଷ

௨ቇ
ݐܿ݁ݎ ൬

ܮ

12
൰ݑ ݁ିଶగ௫௨  ሺ11ሻ																											ݑ݀

 
Donde	ݑ	 ∈ 	 ቂെ √ଷ


,
√ଷ


, ቃ, que a su vez, puede ser 

evaluada utilizando las propiedades de la distribución de 
Dirac como [23] 

 

ൎ ߜݖߣ ቀݔ െ
√ଷ


݉ቁ ∗

ଵଶ


sinc ቀ

ଵଶ


ቁݔ ,																															ሺ12ሻ  

 
∗ simboliza la operación convolución. Finalmente la 

figura de difracción para el borde horizontal toma la forma: 
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para puntos del plano de difracción que satisfacen la 

condición que: 
 

|ݔ| 
√ଷ

ଵଶ
  	ሺ14ሻ																																																																												.ܮ

 
lo cual corresponde con el experimento realizado, donde 

debido a la forma de rosquilla del haz con carga topológica 
incidente no es posible iluminar toda la arista, sólo una parte 
de ella. La Fig. 6 muestra la geometría de iluminación de la 
abertura triangular. 

Para un espesor de la rosquilla el ángulo máximo de 
iluminación de la arista es 

 
݁ ൌ ܴ௫௧ െ ܴ௧; 

௫ߙ																																		 ൌ cosିଵ ൬
ܴ௧

ܴ௧  ݁
൰ .															ሺ15ሻ 

 
comparando con la restricción impuesta en la 

aproximación en serie de Taylor, el ángulo máximo para 
que tal aproximación sea válida es ߙ௫ ൌ

tanିଵ ቀ
ଵ

ଶ
ቁ ; ௫ߙ	2				 ൎ 53,13°, Esto es, que el espesor de la 

rosquilla debe cumplir la condición: 
 

݁  ቀ
√ହ

ଶ
െ 1ቁܴ௧ ൎ 0.12ܴ௧,																																									ሺ16ሻ  

 
para que la aproximaciones sobre la integral de 

difracción y la ecuación (13), sean válidas. El resultado 
como era de esperarse, corresponde a una línea vertical 
modulada por una función sinc, desplazada a la derecha a 
partir del eje de propagación, origen del plano de 
observación, una cantidad proporcional a la carga 
topológica del haz luminoso y a la longitud de la arista 
equivalente del triángulo que se forma como figura de 

 

 
Figura 6.  Geometría de iluminación, se puede observar la imposibilidad de 
iluminar toda la arista de la abertura triangular, obsérvese que el espesor 
define el ángulo máximo de la rosquilla de iluminación con carga 
topológica que subtiende la parte de la arista que difracta.  
Fuente: Los autores. 
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difracción, ya que el modelo se aplica a cada una de las 
aristas de la abertura triangular que difracta. El tamaño de la 
figura de difracción triangular es también inversamente 
proporcional al tamaño de la abertura triangular como era de 
esperarse, véase la ecuación (9); que a su vez es gobernado 
por el radio del haz con carga topológica, el cual crece a 
medida que la carga aumenta[24]. La figura de difracción 
triangular presenta variaciones locales de fase que dependen 
cuadráticamente de la posición relativa a su origen: 

 

߮
ሺሻ ሺݔ, ,ݕ ሻݖ ൌ

ߨ3

2
݉ 

ݕߨ3√4

ܮ3

ଶݔሺߨ  ଶሻݕ

ݖߣ
,									ሺ17ሻ 

 
donde se ha dejado a un lado las fases constantes 

debidas a la difracción y en particular la asociada a la 
propagación de la onda hasta el plano de observación. 

Para el caso en que la carga topológica sea de igual valor 
pero de signo negativo, la línea vertical se desplazará en la 
misma cantidad pero al lado izquierdo. Esto permite 
claramente, una manera de determinar sin equívoco el signo 
de la carga topológica, sí la base del triángulo está en 
posición vertical al lado derecho del plano de observación, 
la carga tiene signo positivo, y si está al lado izquierdo la 
carga topológica es negativa. En otras palabras el triángulo 
sufre una rotación desde el plano de difracción al plano de 
observación de 90° en el sentido contrario de las manecillas 
del reloj si la carga es positiva o en sentido contrario si la 
carga es negativa, ver Fig. 7. 

Sí se analiza en detalle el resultado del campo 
electromagnético en la ecuación (14) para el lado horizontal, 
se puede concluir que a la altura del plano de observación se 
tendrá también una figura triangular de lado L, al centro del 
plano, producto de multiplicar la difracción por los tres 
lados de la abertura triangular. Esta figura, 
matemáticamente hablando, es de dimensiones infinitas. 

 
3.  Resultados experimentales 

 
Se ha usado el montaje mostrado en la Fig. 8 para hallar 

experimentalmente el patrón de difracción de haces Bessel-
Gauss con CT entera m y no entera M al difractar sobre una 

 

 
Figura 7.  (a) Efecto de la difracción de un haz con carga topológica 
positiva por una abertura triangular equilátera. (b) Cuando el haz lleva una 
carga igual en valor pero negativa. La observación se realiza de manera tal 
que el eje de propagación sale hacía el lector. (c) Posición de la abertura 
triangular en el plano de difracción.  
Fuente: Los autores. 

 
Figura 8.Montaje experimental para la difracción en campo lejano de un 
haz Bessel con CT: Láser, filtrado espacial (F), modulador espacial de luz 
(MSL), abertura triangular equilátera (AB), lente de Fourier (L), CCD y 
Computador (COMP).  
Fuente: Los autores. 

 
 

abertura triangular equilátera. Un láser de gas (Research 
optics, 633nm, Pmáx=1mW) como fuente de luz 
monocromática es filtrado y colimado al atravesar F. Para 
generar los haces Bessel-Gauss con CT entera y no entera, 
la onda colimada incide sobre hologramas numéricos en 
forma de tenedor, desplegados sobre un modulador espacial 
de luz (MSL, Holoeye, resolución espacial: 800(H)x600(V) 
pixeles). El haz Bessel-Gauss generado con CT entera o no 
entera difracta a través de la abertura triangular equilátera 
(AB) colocada a una distancia de 75.6 [cm] medida desde el 
modulador espacial. Finalmente una lente de Fourier (L) es 
utilizada para obtener el patrón de difracción de campo 
lejano sobre la distancia focal de la lente: 38.5 [mm], en la 
cual se encuentra una cámara CCD para la adquisición y 
posterior almacenamiento de las imágenes en el computador 
(COMP). 

De esta manera son obtenidos los perfiles de intensidad 
en el régimen de Fraunhofer de una onda electromagnética 
Bessel-Gauss con CT entera positiva m=0, 1, 2, 3 y 4 (Fig. 
9) y entera negativa m=0,-1,-2,-3, y m=-4 (Fig. 10). En estas 
figuras de difracción se aprecia la equivalencia con la forma 
triangular obtenida teórica y numéricamente. De la 
formación triangular resultante de manchas brillantes es 
posible deducir la CT del haz difractado mediante la 
abertura triangular como el número de manchas brillantes 
de un lado menos uno. 

 

 
 
Figura 9. Resultados experimentales para la intensidad en el régimen de 
campo lejano de una onda electromagnética Bessel-Gauss con carga 
topológica entera positiva desde m=0 hasta m=4 a través de una abertura 
triangular equilátera. 
Fuente: Losautores. 
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Figura 10 Resultados experimentales para la intensidad en el régimen de 
campo lejano de una onda electromagnética Bessel-Gauss con carga 
topológica entera negativa desde m=0 hasta m=-4 a través de una abertura 
triangular equilátera.  
Fuente: Los autores. 

 
 
Además de estas dos figuras puede notarse de la 

topológica del haz Bessel difractado, que para los valores de 
CT entera negativa el patrón de difracción resultante se 
encuentra rotado 180° respecto del patrón de intensidad 
obtenido para los correspondientes valores de CT entera 
positiva, en concordancia con lo obtenido en las 
simulaciones numéricas y en el modelo teórico. 

Sí se utiliza de nuevo el montaje experimental descrito 
en la Fig. 8, entonces son obtenidos las intensidades en 
campo lejano de una onda electromagnética Bessel con CT 
no entera positiva en el intervalo [0,3] (Fig. 11) y no entera 
negativa en el intervalo [0,-3] (Fig. 12). Estas figuras de 
intensidad muestran la equivalencia entre los resultados 
obtenidos usando las simulaciones numéricas de las Figs. 3 
y 4 y lo hallado en las intensidades experimentales de las Figs. 
11 y 12 respectivamente, respecto del rompimiento de la 
simetría del patrón de difracción resultante de manchas 
brillantes para los valores no enteros. 

 

 
Figura 11. Resultados experimentales para la difracción en campo lejano de 
una onda electromagnética Bessel-Gauss con carga topológica no entera 
positiva en el intervalo [0,3] con paso de 0,2.  
Fuente: Los autores. 

 
Figura 12. Resultados experimentales para la difracción en campo lejano de 
una onda electromagnética Bessel-Gauss con carga topológica no entera 
negativa en el intervalo [0,-3] con paso de 0,2.  
Fuente: Los autores. 

 
 
Conviene señalar que la aparición de las manchas 

nuevas en el patrón de difracción se hace para la CT 
positiva abajo del patrón previo existente y para la CT 
negativa arriba del patrón previo existente, cuando el haz 
con CT no entera se hace difractar y la fracción se aproxima 
al entero siguiente. 

 
4.  Conclusiones 

 
Se demostró mediante argumentos cuantitativos el 

patrón de difracción obtenido experimentalmente para 
difracción de un haz con momento angular orbital a través 
de una abertura triangular equilátera. A diferencia de otros 
trabajos que utilizan haces elípticos o Laguerre-Gauss cómo 
distribuciones con momento angular orbital, en nuestra 
implementación utilizamos una distribución Bessel-Gauss 
para demostrar que es posible discernir el valor y signo de 
CT entera a partir de su modelo de intensidad, pero no se 
puede determinar el valor de CT a partir del patrón de 
intensidad para CT no enteras, aunque si su signo. La 
explicación fenomenológica de ambos patrones de 
intensidad para haces Bessel-Gauss  pudo ser entendida 
utilizando la óptica de Fourier. 
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Abstract 
The inspection of radiant heating floors requires the use of non-destructive techniques, trying to minimize inspection impact, time and 
cost, and maximize the information acquired so that the best possible diagnosis is given. With this goal, we propose the application of 
infrared thermography (IRT) and ground penetrating radar (GPR) for the inspection of radiant heating floors with different floor coatings, 
in order to evaluate the capabilities and information acquirable with each technique. Specifically, two common floor coatings have been 
inspected: ceramic tiles and parquet flooring. Results show that each technique provides different information: condition of the pipelines 
(IRT), geometry and configuration (GPR), concluding that the optimal inspection is constituted by the combination of the two 
techniques. 

Keywords: NDT; infrared thermography; ground penetrating radar; radiant heating floor. 

Inspección de suelos radiantes mediante técnicas no destructivas: 
GPR y IRT 

Resumen 
La inspección de suelos radiantes requiere el uso de técnicas no destructivas, tratando de minimizar el impacto de la inspección, así como 
el tiempo y el coste, además de maximizar la información adquirida de cara al mejor diagnóstico posible. Con este objetivo, la aplicación 
de termografía infrarroja (IRT) y georradar (GPR) se propone para la inspección de suelos radiantes con cobertura de diferentes 
materiales, para evaluar las capacidades y la información adquirible con cada técnica. Los resultados muestran que cada técnica 
proporciona diferentes tipos de información: estado de las tuberías (IRT), geometría y configuración (GPR); concluyendo que la 
inspección óptima está formada por la combinación de ambas técnicas. 

Palabras clave: NDT, termografía infrarroja, georradar, suelo radiante. 

1. Introduction

The inspection of radiant heating floors is a key aspect
given the influence of their installation in the building. On the 
one hand, the radiant heating floor determines the temperature 
of both the room and the floor, with the subsequent 
determination of the thermal comfort and well-being of the 
users [1]. On the other hand, radiant technologies are low-
temperature heating technologies, which are believed to 
reduce energy consumption in the building sector, and 
consequently the determination of the expenses destined to 
heating the building is also possible [2]. 

Since this paper deals with the inspection of installations 
in-use, all actions must be based on the use of non-

destructive techniques in order to minimize the impact on 
the users and the building. Currently, the most widely used 
technique for the inspection of radiant heating floors is 
infrared thermography (IRT). In fact, infrared devices can 
be used in general, from non-contact thermometers [3] to 
cameras [1], to analyze the heat transfer phenomena and 
their influential parameters. If we focus on the inspection 
itself, infrared cameras have been used to detect both small-
scale defects on electric radiant heaters [4] and large-scale 
ones in water pipelines [5]. The application of this 
technique allows the reduction of maintenance tasks thanks 
to the recognition of the exact failure spot, its classification 
and severity evaluation. The main limitation of the 
technique is the measurement of highly reflective materials 
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(i.e., with an emissivity value of under 0.8; that is, a 
reflectivity value of over 0.2), where the temperature 
measured is the reflected temperature from the surrounding 
objects and not the temperature of the inspected object 
itself. 

Ground penetrating radar (GPR) is a geophysical 
technique that allows the detection of buried objects thanks 
to their different dielectric response due to their shape and 
especially to their material. It has been widely used for the 
detection of rebar in concrete [6,7], but there are, to date, 
few published studies about its specific performance in the 
detection of heating pipelines in buildings, with some 
notable exceptions [8,9]. 

This article presents a methodology for the evaluation 
and characterization of thermal floors in as-built buildings 
by means of both IRT and GPR techniques. Section 2 
explains the processes of data acquisition and data 
processing followed for each technique. Section 3 presents 
the results obtained from the proposed methodologies 
applied to two different test areas. Finally, Section 4 
includes the conclusions reached after the analysis of the 
application of the different non-destructive methods to 
radiant heating floors, and the parameters measurable with 
each technique. 

 
2.  Materials and Methods 

 
This section includes a description of the areas used for 

testing the techniques, and the procedure followed with each 
of them. 

 
2.1.  Test areas 

 
Given the high diversity of building configurations that 

can nowadays be equipped with radiant floor heating, two 
rooms of different use and floor coating have been chosen 
for testing (Fig. 1). The first test scene is a busy space such 
as a joint kitchen and living room, with low-reflectivity 
ceramic tiles as floor coating; while the second scene is a 
room used as a bedroom, with parquet flooring in brick 
pattern. These areas were chosen mainly due to their uses, 
which imply the presence of users for long periods and 
usually in relaxation or rest situations. Thus, the importance 
of thermal comfort in these rooms is greater than in rooms 
destined for other uses. 

What is more, both floor configurations of ceramic tiling 
and parquet flooring are common in residential buildings, so 
the analysis of the performance of the GPR and IRT 
techniques in them covers the majority of possibilities. 

Regarding the radiant heating installation, the kitchen-
living room was equipped with 3 pipelines, 1 of which was 
damaged, whereas the bedroom was covered by 2 pipelines, 
both working. 

 
2.2.  Infrared thermography 

 
Infrared thermography is the technique which receives 

the infrared radiation emitted by the bodies as a function of 
their temperature; thermograms appear as images of this 
radiation [10]. Several parameters affect the thermographic  

Figure 1. Test areas, with tiling coating (upper) and parquet flooring 
(lower). The rectangular 3D grids prospected with GPR, as well as the 
origin for the data-acquisition and the axis (X-Y) assumed for collecting 
data are also shown.  
Source: compiled by authors. 

 
 

measurement, such as emissivity of the material (or its 
opposite parameter, reflectivity), presence of reflections, 
and environmental conditions (ambient temperature and 
relative humidity) [11]. Regarding the latter, the application 
of IRT requires the existence of a temperature difference 
between an object and its surrounding environment in order 
to distinguish the object from the background; as a 
consequence, the thermographic inspection of a radiant 
heating floor must be performed with the installation 
working. In this case, the installation was turned on 5 hours 
before the inspection in order to reach a 5-10ºC temperature 
difference between the pipelines and the background, 
sufficient time in advance so that the installation reaches 
steady state. This last issue is important in order to ensure 
that thermal anomalies are due to defects in the installation, 
and not to inhomogeneities in the starting process.   

Lights were turned off during the inspection in order to 
avoid reflections. Finally, given that the purpose of the 
study is the analysis of the capabilities of the technique for 
the inspection of radiant heating floors and not the 
quantification of the temperature values of the floor, its 
emissivity value is not calculated. 

The thermographic inspection was performed using a 
NEC TH9260 camera with a 640*480UFPA sensor, 0.06ºC 
resolution and ±2ºC accuracy. Given that the camera’s field 
of view was 21.7º (Horizontal) x 16.4º (Vertical), a single 
image could not cover the dimensions of the room. 
Therefore, several thermographic images had to be taken for 
each test area (Fig. 2). Since the spatial distribution of the 
temperatures measured within the images is required for 
correct interpretation of the installation; for example, to 
detect the presence of defects or malfunctions, images are 
mosaicked in order to work with only one image per 
installation. Within this image, the defects detected can be 
spatially located, and therefore reparation actions can be 
performed in the right place directly. 
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Figure 2. (a) Thermographic images acquired for the inspection of the 3 
pipelines under the tiling floor. (b) Images of the thermographic 
measurement of the radiant heating floor installation in the bedroom 
(parquet flooring).  
Source: compiled by authors. 

 
 

 
Figure 3. Thermographic mosaics of the radiant floor under tiles (a) and 
parquet floor (b).  
Source: compiled by authors. 

 
 
The next step was the generation of a thermographic 

mosaic for each case so that the installation could be 
completely inspected with one single image. The 
registration of each thermographic image in its position in 
space was performed using a self-proprietary algorithm 
developed in Matlab®. First, the distortion (both radial and 
tangential) introduced in the images by the lens was 
corrected. This step was possible thanks to the geometric 
calibration of the camera prior the inspection, following the 
procedure explained in [12]. Once images were corrected, 
the software extracted characteristic points from each image 
using SIFT [13], and obtained their correspondence between 
images through the computation of the correlation value, as 
in [14]. Fig. 3 shows the final mosaics. 

 
2.3.  Ground Penetrating Radar 

 
With the GPR method, when surveying with a bistatic 

antenna, a transmitting dipole emits an electromagnetic 
pulse into the ground that is partly reflected when it 
encounters media with different dielectric properties and 
partly transmitted into deeper layers. Next, a receiving 
dipole records the reflected signal. Using the common-
offset-mode (CO), the antenna is moved over the surface in 
a specific direction while a constant distance is maintained 
between the transmitting and receiving dipoles. This allows 

us to obtain an image of the shallow subsurface under the 
displacement line. These two-dimensional images, called 
radargrams, are XZ graphic representations of the 
reflections detected. The X-axis represents antenna 
displacement along the survey line and the Z-axis represents 
the two-way travel time of the pulse emitted (in terms of 
nanoseconds). Additional information on the basic 
principles of GPR can be found in [15,16]. 

If the time required by the signal to travel from the 
transmitting dipole to the reflector and return to the 
receiving dipole is measured and the velocity of this radar-
wave in the subsurface medium is known, then the position, 
or depth, of the reflector (d) can be determined from:  

 

d ൌ v
୲୵୲

ଶ
       (1) 

 
where;  
d is the distance travelled by the wave, v is the radar-

wave velocity of propagation in medium, and twt is the 
travel-time distance to and from the reflection.  

In this work, the MALÅ ProEx system was used, with a 
central frequency of 2.3 GHz. In this case, the most 
influencing parameter that determines the effectiveness of 
the method is the vertical resolution. This spatial resolution, 
which mainly depends on the central frequency of the 
antenna and the radar-wave velocity, allows for the 
differentiation of two adjacent signals in depth like different 
events. Heating installations are placed in the near 
subsurface, usually not deeper than 10-20 cm, to ensure 
proper heat transfer and, therefore, lower vertical 
resolutions are required to avoid the influence of near-field 
antenna coupling induction effects to facilitate detection. If 
the depth of the target is less than the vertical resolution, the 
reflection from the object is combined with the direct 
coupling signal and is not identified. The 2.3-GHz 
frequency was selected since it provides signal penetration 
to a depth of approximately 40 cm (under optimal 
conditions) and vertical resolution about 1-2 cm [17]. 

The GPR survey was carried out using the CO mode 
with the antenna polarization perpendicular to the direction 
of data collection (X-direction in Fig. 1), and the survey 
parameters selected were 2 cm spatial sampling with a 12 ns 
total time window and 512 samples per trace. Based on 
Equation 1, this time window was set to guarantee the signal 
penetration needed to detect the target, while to avoid 
possible energy decay or signal attenuation by the presence 
of some kind of conductive material in coatings like soil 
cement. The conversion of travel-time distance into depth 
was made using Equation 1, and the radar-wave velocity 
was assumed from the published literature [16] by 
considering a concrete floor below coating. 

An encoder-based wheel was attached to the back of the 
antenna serving as a distance measurement instrument 
(DMI) to measure the profile lengths, as well as to control 
the 2 cm spatial sampling, or “trace-distance” interval, 
along each GPR profile.  

Three-dimensional (3D) GPR methodologies were 
performed in order to obtain an optimal visualization and 
improve the interpretation of the acquired data. This 
methodology consisted in the acquisition of equidistant  
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Table 1.  
Sequence processing and parameters selected to filter the 2.3-GHz data 
obtained.  

1 Time-zero correction 

2 Dewow filtering (time window: 0.5 ns) 

3 Subtracting average (average traces: 500) 

4 Gain function (linear: 6 & exponential: 6) 
Source: compiled by authors. 

 
 

parallel 2D-lines in the Y-direction (Fig. 1), at regular 
intervals of 5 cm. 

ReflexW v.6.1 software [18] was used to process all the 
profiles collected, applying the following processing 
sequence: time-zero correction, temporal (dewow) and 
spatial (background removal) filtering, as well as gain 
application (gain function with linear and exponential 
components). The objective of the sequence was to correct 
the down-shifting of the signal due to the air-ground 
interface, as well as to remove both low and high-frequency 
noises in the vertical and horizontal directions (temporal 
and spatial filters, respectively), and to amplify the received 
signal. Table 1 shows the parameters selected for filtering.  

Once processed, the 2D data were exported to the 3D-
data interpretation module of the same software for its 
interpolating in a 3D cube. Fig. 4 shows the time-slices 
obtained at 2 ns depth (in time) from the 3D cubes 
generated for the kitchen-living room floor (a) and bedroom 
floor (b).  

 
3.  Results and discussions 

 
Regarding infrared thermography, the resulting mosaics 

show the high capacity of the technique for the inspection of 
radiant heating floors installed under low-reflectivity 
coatings (i.e., with an emissivity value of over 0.8; that is, a 
reflectivity value of under 0.2) such as parquet and matte 
ceramic tiling. As we can see in Fig. 3, the thermal print of 
each pipe can be perfectly distinguished, allowing the 
evaluation of their performance. In the case of the radiant 
floor of the kitchen-living room (Fig. 3(a)), a non-working 
pipe can be detected in the middle of the installation, where 
the floor is at the lowest temperature (represented in blue). 
The conclusion of its malfunction is extracted from the 
knowledge of its existence thanks to the GPR inspection; 
otherwise, the thermographic inspection alone would lead to 
the conclusion of the non-existence of a pipe in the area. 
What is more, the pipe on the left does not work properly, 
which can be directly detected in the thermographic mosaic 
by the much lower temperature in its first half compared to 
its second half. In the case of the bedroom, the two pipes 
present an adequate performance, being at similar 
temperatures: straight pipelines present higher temperatures 
in the middle, where the pipe is closer to the surface of the 
floor, and lower temperatures at the sides, where the 
influence of the hot fluid in the pipe diminishes. The lowest 
temperature areas correspond to the middle axis between 
adjacent pipes. 

With respect to ground penetrating radar, the results 
obtained demonstrate the capabilities of the technique to detect 

 
 

Figure 4. GPR time-slices obtained at 2ns (approx. 10 cm depth) from the 
3D cubes generated at both test areas: (a) kitchen-living room floor and (b) 
bedroom floor.  
Source: compiled by authors. 

 
and map heating pipelines. Their identification was possible 
because of the large dielectric contrast between the installation 
and the surrounding backfill. Fig. 4(a) presents the 3D data 
generated, showing the existence of 3 pipelines, even the non-
working one centered at 1.5 meters in the X-axis, in the 
kitchen-living room test area. The results obtained for the 
bedroom test area (Fig. 4(b)) illustrate the presence of two 
heating pipes. In addition, the 3D images provide the 
geometry and distribution of these pipes in the floor. What is 
more, assuming an estimated velocity of 10 cm/ns for the 
radar-wave propagation throughout medium, the depth of such 
pipes was determined at approximately 10 cm.  

 
4.  Conclusions 

 
This paper proposes the use of two non-destructive 

techniques: ground penetrating radar and infrared 
thermography for the inspection of radiant heating floor 
with different floor coatings. The capabilities of each of 
them for this task are analyzed in Table 2. 

After the analysis of the results, we can see that infrared 
thermography can be mainly applied to the inspection of the 
performance of each pipeline, detecting also those that do 
not work and those that present faults that lead to thermal 
anomalies, such as overloading, obstructions, water leaks, 
among others. The first is possible in the case the 
configuration of the installation is known, so the inspector 
knows the number of pipelines installed, and consequently 
the number of thermal prints appearing if they are all 
working properly. The only requirement of the 
thermographic technique is that the installation must be on 
at the time of the thermographic inspection. The ground 
penetrating radar can detect the presence of any pipeline, 
whether they are working or not, so it is the adequate 
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technique for the surveying of unknown installations, giving 
information about the number of pipelines, distribution, and 
depth under the floor. This conclusion is illustrated in Fig. 
5, where the radargram shows the existence of 3 pipelines 
(Fig. 5a) whereas the thermographic mosaic only shows the 
thermal patterns of 2 pipelines (Fig. 5b). The spatial 
correspondence between radargram and thermographic 
mosaic leads to the conclusion that the central pipeline is 
not working. What is more, the different thermal print 
between the pipelines on the left and those on the right 
shows the malfunction of the pipeline on the left, given its 
colder temperature distribution. 

Consequently, the combination of both techniques is 
optimal for the inspection of radiant heating floors in 
buildings where the installation is unknown because of the 
age of the building, the loss of the design plans or because 
the current owner does not know, as well as to monitor 
quality control. 

Future studies will deal with the different parameters of 
influence in both the GPR and IRT measurements (floor 
coating, depth of the installation, heating temperature) towards 

 
Table 2.  
Capabilities of each technique for the inspection of radiant heating floors.  

CAPABILITY GPR 
INFRARED 

THERMOGRAPHY 

PIPELINE DETECTION Either turned on or off Only turned on 

GEOMETRIC 
CHARACTERIZATION 

Buried depth 

Position/Distribution 

Only after certain 
processing 

operations (image 
rectification) 

Source: compiled by authors. 
 
 

 
Figure 5. (a) 3D GPR data obtained for the radiant floor with a central 
frequency of 2.3 GHz and (b) thermographic mosaics. The comparison of 
both data has revealed the existence of a non-working heating pipeline.  
Source: compiled by authors. 

a parameterization of the inspection and the direct 
quantification of the energy efficiency of the installation.   
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Abstract  
The sintering process involves a large number of parameters, more than 500, each of which exerts a greater or lesser influence and needs 
to be controlled, within the possible limits, in order to optimise productivity, process stability, and standardise the composition and 
quality of the sinter produced. To comply with environmental legislation, a pollution control system must monitor the particle matter and 
gases generated and emitted into the atmosphere by the sinter plant. Automation and control systems are vital tools to assist plant 
operators in the monitoring of each stage of the sinter production process. 
 
Keywords: Sintering, Automatic and control systems, Environment, Dioxins. 
 

 

Sinterización de minerales de hierro. Parte 3: Sistemas automáticos 
y de control 

 
Resumen 
El proceso de sinterización implica un gran número de parámetros, más de quinientos, cada uno de los cuales ejerce una mayor o menor 
influencia y necesita ser controlado, dentro de los límites posibles, con el fin de optimizar la productividad, la estabilidad del proceso, y 
la composición y la calidad de la sinterizado producido. Para cumplir con la legislación ambiental, un sistema de control de la 
contaminación debe monitorizar la composición de las partículas y los gases generados en la planta de sinterización y emitidos a la 
atmósfera. Los sistemas de automatización y control son herramientas vitales para ayudar a los operadores de la planta en el seguimiento 
de cada etapa del proceso de producción de sinterizado. 
 
Palabras clave: Sinterización, Sistemas automáticos de control, Medio ambiente, Dioxinas 

 
 
 

List of abbreviations 
 
ATS    Association Technique Sidèrurgie Française 
BF    blast furnace 
BOF    basic oxygen furnace 
BSC    British Steel Corporation 
BTP    burn through point 
CIT    cahiers d’informations techniques 
COG    coke oven gas 
CRM   Centre de Recherches Mètallurgiques, (Belgium) 
CST    Companhia Siderùrgica de Tubarão, (Brazil) 
EFA    entrained flow absorber 

EOS    emission optimized sintering 
EPA    Environmental Protection Agency 
FDC/F  2,5 furandicarbaldehyde 
IRSID  Institut de Recherches de la Siderurgie Française 
ISF    intensified sifting feeder 
ISIJ    Iron and Steel Institute of Japan 
ISS    Iron and Steel Society, (USA) 
I-TEF  International toxicity equivalence factor 
KSC    Kawasaki Steel Corporation, (Japan) 
MEROS  Maximized emission reduction of sintering 
NKK    Nippon Kokan Keihin 
NSC    Nippon Steel Corporation 
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PAH    polycyclic aromatic hydrocarbons 
PCB    polychlorinated biphenyls 
PCDD  Polychlorinated dibenzo-para-dioxin 
PCDF   Polychlorinated dibenzo furans 
PM     Particulate matter 
POSCO   Pohang Iron and Steel Company, (Korea) 
ROGESA   Roheisengesellschaft Saar, (G) 
SP    Sinter plant 
VAI    Voest-Alpine Industrieanlagenbau, GmbH, (A) 
VDEh   Verein Deutscher Eisenhüttenlente, (G) 
VOC    Volatile organic compounds 
WHO   World Health Organization 
WISCO  Wuhan Iron and Steel Company, (China) 
WTP    water treatment plant 
XRD    X-ray diffraction 
X-ray CT   X-ray computed tomography 
 

1.   Introduction 
 
With the ultimate aim of raising productivity and 

lowering production costs, automation and control systems 
are needed to assure optimum and stable operation 
throughout the sintering process [1]. For this purpose, many 
ironworks have made efforts to understand in-bed 
phenomena and steer the process towards optimum 
operation. The main control techniques in sintering are 
charge density control to achieve uniform sintering across 
the width of the strand and pallet speed control to maintain 
optimum productivity and sinter quality [2]. 

It is also very important to control sinter plant gas 
emissions, which are produced in large volumes and contain 
a high number of pollutant substances with different degrees 
of toxicity. When an operating plant is modernised or a new 
plant is planned, special attention must be paid to the design 
of the gas scrubbing system in order to assure compliance 
with increasingly restrictive legislation on allowed emission 
limits for each pollutant substance. 

 
2. Automation & Control Systems 

 
The development of automation and control systems to 

reduce sinter production costs and stabilise the sintering 
process is currently one of the most important goals in the 
iron making industry. The following list includes some 
examples of the work that different companies are carrying 
out in this field [3]: 

SECOS: Sintering Energy Control System (KSC) 
OGS: Operation Guide System (SMI, KSC) 
Sub-Gate Opening Control (KOBE, NKK, KSC) 
New BRP Control on Strand Speed (NKK) 
ADONIS: Artificial Dexterous Nimble System (NSC) 
K-SACS: Kawasaki Sinter. Automatic Control (KSC) 
Unmanned Operation System at Fukuyama (NKK). 
Year by year, improvements are made to the sintering 

process in every industrial sinter plant thanks to the 
accumulated experience of plant operators and the evolution 
and progress in sintering know-how. 

In its sinter plants at Jamshedpur (India), Tata Steel has 
progressively improved the sintering process over more than 
40 years through the appropriate selection of raw materials  

 
Figure 1. Heat pattern obtained by measuring system at Mazushima No. 4 
DL sinter plant  
Source: Adapted from ⦋5⦌  

 
 

and the improvement of hardware [4]. It has successively 
lowered the Al2O3 content from 5.0 to 1.9%, with the 
corresponding improvement in the RDI, which has dropped 
from 31 to 27%. It has lowered the MgO content in the flux 
from 2.7 to 1.6%, and changed the source of magnesia from 
the initial dolomite to dunite and then to pyroxenite. In the 
period 1966-1968 the proportion of sinter in the blast 
furnace burden was 25%. In the period 1989-1995 this 
proportion had risen to 65%. 

In its No. 4 SP at Muzishima (Japan), Kawasaki Steel 
Corporation (KSC) has developed sensors that monitor heat 
pattern indices in the sinter bed [5]. These sensors allow 
more elaborate operation control, not only by evaluating 
operating conditions from the transition of permeability, 
quality, yield and other conventional time-series data, but 
also by more directly estimating changes in bed conditions 
and controlling the wind volume distribution and coke 
distribution in the bed. Fig. 1 shows an example of heat 
pattern measuring. 

In 1992 Arcelor-Mittal, in collaboration with CRM, 
developed an expert system with Nexpert Object software 
and VAX VMS hardware which controls 200 operating 
parameters every 15 seconds [6]. The system was installed 
in the company's 516 m2 DL5 SP at Ougrée (Belgium), 
with a production of 9450 t sinter per day. As a result, it has 
been possible to reduce the number of cases of cooking on 
the strand, to lower the standard deviation of the FeO 
content, to improve the RDI, and to improve control of 
burn-through point (BTP) and temperature profile in the 
wind boxes. 

In 1994 Arcelor-Mittal installed in its No. 3 SP at Fos-
sur-Mer (France) a sinter strand control system based on 
analysis of the CO, CO2 and O2 content in the wind box 
exhaust gases, coupled with the staged heat balance model 
developed by IRSID [7]. The experience in the plant is 
reflected in Table 1, which indicates the variation in 
productivity, BTP, maximum flame front temperature 
(Tmax) and the fraction of melt (Qmelt) that forms in the 
bed at the maximum temperature, as a function of the 
variation of a series of parameters. The theoretical 
productivity depends mainly on the return fines balance and  
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Table 1.  
Effect of input data variations on calculated productivity, BTP, Tmax and Qmelt 

Parameter 
Increase 

(%) 
ΔProd 

(t·m-2/24 h) 
ΔBTP 

(m) 
ΔTmax 
(°C) 

ΔQmelt 

 (%) 
Return fines 
balance 

+ 10 - 1.6    

Mineral mix 
flow 

+ 5 + 1.5 - 1.9 - 22 - 5.4 

%C mineral 
mix 

+ 0.4  + 4.7 + 46 + 13.2 

Solid fuel 
flow 

+ 5  + 3.2 + 33 + 8.7 

%H2O solid 
fuel 

+ 4  - 2.8 - 31 - 7.9 

%CO2 
exhaust gas 

+ 0.2%  - 1.4 - 12 - 3.0 

Source: ArcelorMittal, 1995 
 
 

on the raw mix flow. Assessment of the difference between 
real and measured productivities shows that the effect of the 
return fines balance is well traced [7] (Fig. 2).  

The calculated BTP depends on the flow and the 
chemical composition of the raw mix (through the C content 
in the mineral mix and the H2O content in the fuel) and the 
CO2 in the exhaust gas. Assessment of the difference 
between the calculated BTP and that resulting from 
temperature measurements under the grate shows variations 
on both sides of a mean deviation of the order of 1 to 2 m. 
An increase in this value constitutes a warming. The 
calculated Tmax reached at the flame front and the Qmax 
depend on heat inputs and requirements connected with the 
chemical composition of the raw mix. 

British Steel Corporation (BSC) has a 336 m2 SP 
installed at Redcar (United Kingdom) with a production of 
3.5 million tons per year. In 1994 improvements to the plant 
were begun [8]. A VAX 4000/500 was selected as the 
central computer for logging data from 4500 signals with 
two MicroVAX 3100 Model 80s to act as auxiliary 
machines to drive terminals and printers.  

 

 
 
Figure 2. Effect of return fines balance on the difference between 
calculated and measured productivity  
Source: Adapted from ⦋7⦌ 

 
Figure 3. Permeability versus blend moisture  
Source: The authors 

 
 
Use of the computer has improved the determination of  

the optimum raw mix moisture following a sinter bed 
change. By being able to constantly monitor operating data, 
it has been possible to calculate permeability on a 
continuous basis, based on gas and air flows into the 
ignition furnace. In Fig. 3 the optimum moisture can be 
easily observed. It is also possible to see the known strong 
influence of moisture on permeability. 

To measure the FeO content in the sinter, a belt coil 
system has been placed around the product conveyor belt 
[8]. Improved FeO control allows a coke saving of 1 kg t-1 
of sinter. It is also possible to improve process control and 
achieve greater strand use efficiency by measuring and 
controlling the BTP, where the maximum temperature 
occurs. A BTP model has been installed on the new plant 
computer to calculate and detect the burn-through point 
along the sinter strand by measuring the under-strand 
temperature for the last eight wind boxes. The model 
calculates a proposed strand speed to bring the actual BTP 
into line with a user-specified setting, and this is notified to 
the operators in control of the strand. When strand speed has 
been controlled using this model, strand utilisation has 
increased by about 1%. 

To increase production in Tobata No. 3 SP at Yamata 
(Japan), NSC extended the length of the machine from 90 to 
120 m, maintaining the 4 m pallet width. Since 1990 
successive improvements have been introduced in the plant 
[9]. The intensified sifting feeder (ISF) designed for NSC 
was installed to reduce the charge density and alleviate the 
avalanche of raw mix as charge onto the pallet. This ensured 
uniform sintering of the sinter cake and improved the yield 
and shatter index (SI) of the sinter cake. ISF technology is 
widely applied on sintering machines both within and 
outside NSC [10]. Energy consumption in Tobata No. 3 SP 
has been reduced by installing a NSC-developed surface 
combustion burner that mixed the fuel gas (COG) and air at 
the inlet of the premix chamber. The completely premixed 
gas is ejected through the network of porous plates (80 to 
90% porosity) at the premix chamber outlet and is rapidly 
burned to form a high temperature flame. Exhaust gas 
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recycling equipment has also been implemented, consisting 
of recirculation blowers installed at the charge and 
discharge end of the sinter strand. The discharge-end high 
temperature gas from the sinter bed is drawn from the first 
half of the strand after the ignition to use its sensible heat as 
sintering energy. The charge-end gas is drawn from the 
middle of the strand. Sintering energy consumption has 
been reduced by about 100 MJ per ton of sinter.  

Pohang Iron and Steel Company, in its No. 4 SP at 
Pohang (Korea), has 25 wind boxes and produces 13500 t 
sinter per day, which accounts for 82% of the ferric material 
in its blast furnace burden. An integrated visual monitoring 
and guide system has been in operation in this plant since 
1995, and consists of fifty thermocouples, 5 on-bed flow 
meters, a thermal imaging device and a sub-gate opening 
control system [3]. The thermocouples are situated below 
wind boxes 15 to 25, and the 5 flow meters are on the bed of 
box 6. Fig. 4 shows the layout of the developed system. 
This system helps the operator to maintain the process in 
optimum and stable conditions. Visualisation of the strand 
state gives the operator very good information on pallet 
speed, charging density and fuel content. As a result, 
fluctuations in the off-gas temperature under the sinter 
pallet decrease significantly after automatic control of the 
sub-gate opening. This results in a lower return fine 
production rate and higher product yield. Moreover, the 
emitted dust content through the stack is greatly reduced by 
maintaining a stable in-bed condition during sintering. 

In the year 2000, Wuhan Iron and Steel Company 
(WISCO) in China, in collaboration with Voest-Alpine 
Industrieanlagenbau (VAI) of Austria, installed in its No. 1 
SP, integrated by four strands of 126 m2 each, a model that 
calculates 700 values at two levels of automation and a set 
of process optimisation modules [11]. Despite the great 
complexity of the process parameters, the main objectives 
are to improve output by 5%, to reduce coke consumption 
by more than 2%, and to assure more than 99.5% system 
availability. The level 1 model includes all the main data 
from different sources, such as the analysis of raw materials 
and sinters.  

 

 
 
Figure 4. Layout of visual monitoring system applied to Pohang No. 4 
sinter plant  
Source: ⦋3⦌ 

 
Figure 5. Overview of sinter plant productivity control  
Source: Adapted from ⦋11⦌ 

 
 
This data is presented to the operator in the most 

efficient way, preferably in graphic format. The level 2 
model provides closed-loop control of the process (without 
human interaction). Several groups of setpoints are 
calculated: raw mix flow, material ratios, water addition, 
and sinter strand speed to control the BTP. The models 
calculate the setpoints at any time and simultaneously verify 
the applicability of these setpoints. If this is the case, the 
system can switch from level 1 to level 2. If level 2 control 
is not possible for any reason, control is again taken over by 
the level 1 system. Fig. 5 shows the set of parameters used 
to control output. 

When it is not possible to regulate the strand speed in an 
ideal way, speed variations may be expected to cause 
unstable operation. To control the process it is necessary to 
assure complete sintering of the mix before reaching the end 
of the strand, and guarantee that the cooking point is as 
close as possible to the end of the strand in order to obtain 
the maximum output. 

In its Gwangyang plant (Korea), POSCO has installed 
an on-line measuring system to check the moisture content 
in the iron ores and coke sent to the drum mixer hoppers 
[12]. The system is based on a fast neutron source.  

When the fast neutrons collide with hydrogen atoms in 
the mineral water, they lose energy in proportion to the 
number of hydrogen atoms, and the moisture content may 

 

 
Figure 6. Calibration line compensation system 
Source: Adapted from ⦋13⦌ 
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be determined using a sensor that detects the slow neutrons 
resulting from the collision (Fig. 6). The system is 
calibrated to take into account variations in the ambient 
temperature and humidity over the year. 

Research has been carried out on sinter cake structure 
samples from commercial sinter plants and experimental 
pots using X-ray computed tomography (X-ray CT) [13]. 
The sinter cake contains non-sintered, sintered, oversintered 
and pore areas. An increase in the alumina content in the 
raw mix causes impaired productivity by preventing the 
coalescence of pores. The presence of metallic iron 
impaired productivity through the formation of a dense 
sinter cake. Intensifying segregation, by means of an ISF, 
enhanced productivity by decreasing the unsintered portion. 
Magnetic levitation of sinter cake improved productivity by 
preventing shrinkage. 

Companhia Siderùrgica de Tubarão (CST) has 
modernised its sinter plant at Vitoria (Brazil) in 
collaboration with VAI [14]. The pallet width has been 
increased from 5.0 to 5.5 m, making it the widest sintering 
machine in the world. This measure increased the sintering 
area from 440 to 484 m2, leading to a rise in productivity 
from 37.0 to 38.9 t m-2 per day and an increase in 
production from 16280 to 18800 t per day, without any loss 
of sinter quality. Other improvements have also been 
obtained, including reductions in electrical energy 
consumption, ignition gas, coke, burnt lime and production 
costs. 

A new sintering technique called "stand support 
sintering", to support the sinter cake with bars or plates 
attached to pallets, has been developed [15]. This technique 
has been applied to the No. 1 and No. 3 SPs at Kimitsu 
works (Japan), improving shrinkage, porosity, reducibility 
and productivity rates (Fig. 7). 

At Kakogawa sinter plant in Japan, research has been 
carried out to determine the optimal granulation moisture 
value of sinter raw materials, testing the effect of added 
moisture for six types of ore adjusted to the same particle 

 

 
Figure 7. Schematic diagram of test pallet used in stand-support applied to 
Kimitsu No. 1 and No. 3 sinter plants  
Source: ⦋15⦌ 

 
Figure 8. Structure of some PCDF and PCDDs 
Source: The authors 

 
 

size distributions [16]. The optimal moisture value to 
achieve maximum packed bed permeability was determined 
for each ore. From the results obtained, an optimal moisture 
value determination method was adopted, based on the 
hypothesis that the moisture would not affect the optimal 
moisture for the mix materials, and a weighted average was 
determined for the optimal moisture for the mix proportions 
of each brand of ore and auxiliary materials. The application 
of the optimal moisture allows the added moisture value to 
be reduced compared to the conventional method. The 
packed bed permeability in the sinter plant increased and 
productivity rose by 11 t h-1. 

 
3.  Environment  

 
The importance of sintering plants lies not only in their 

ability to take advantage of the finest iron ore 
granulometries, but also their capacity to recycle waste 
products generated throughout the ironmaking industry 
without altering the required physical, chemical and 
mechanical properties of the sinter loaded into blast 
furnaces [17,18]. Gas emission volumes are high, of the 
order of 2·106 Nm3 h-1[18], and it is relevant to note that 
most sinter plants in developed countries, which years ago 
were located well away from built-up areas, are now 
surrounded by encroaching urban sprawl. Whereas before 
the 1990s environmental attention was focused on dust and 
SO2 emissions, in the final years of the 20th century and the 
start of the 21st century, concern shifted to NOX pollution, 
heavy metals (mercury, lead, chrome and cadmium) and 
hydrocarbons, especially dioxins [18] (Figs. 8 and 9). 

The World Health Organisation (WHO) highlights the 
risks of polycyclic organic hydrocarbon emissions as 
potential carcinogenic substances, especially dioxins 
(polychlorinated dibenzo-para-dioxin (PCDD) and 
polychlorinated dibenzo furans (PCDF) or simply PCDD/F). 
However, not all 75 possible PCDD formulations or 135 
PCDF formulations present the same health risk, and a 
toxicity parameter known as the international toxicity 
equivalence factor (I-TEF) has been introduced. 

Furthermore, in order to express the toxicity of a particular 
gaseous emission composed of dioxins, polycyclic 
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Figure 9. Structure of some PCBs and PHAs 
Source: The authors 

 
 

Table 2.  
Distribution of dioxin emissions from sinter plants in the Western 
European countries. Reference period: 1993 to 1995 

Countries gI-TEQ per year 

Germany 
United Kingdom 

Italy 
France 

Belgium 
Spain 

Netherlands 
Austria 
Finland 
Sweden 
Portugal 

255 
184 
136 
128 
98 
62 
41 
27 
19 
10 
4 

Source: EMEP/CORINAIR Emission Inventory Guidebook 2002   
 
 

aromatic hydrocarbons (PAH) or polychlorinated biphenyls 
(PCB), the term equivalent toxicity, I-TEQ, has been 
proposed, which serves to represent all the compounds that 
form part of a sample, with their corresponding 
concentration, CX[18,20]: 

 
I-TEQ = Σ Cx·(I-TEF)   (1) 

 
Since the start of the 21st century, the monitoring and 

control of environmental dioxin emissions is a particularly 
sensitive issue in view of their harmful effects on health. In 
1993, 95% of chlorinated gaseous pollutant emissions, 2.5 
furandicarbaldehyde (FDC/F) from the ironmaking industry, 
came from sinter plants. In 1995, 17.6% of European dioxin 
emissions were produced by sintering [21] (Table 2). On the 
other hand, although there continues to be no agreement on 
a global standard, in most industrialised countries 
increasingly stringent restrictions are being set on pollutant 
product emissions.  

Table 3 shows gas composition values in a sintering 
process without the introduction of corrective technologies 
and the limitations that have been imposed by 
environmental legislation [21]. 

 

Table 3. 
Average sinter plant flue gas composition and its comparison with some 
representative data of the environmental legislation to the year 2000 

Average sinter plant 
flue gas composition 

Environmental legislation 
to the year 2000 

15% O2  
10% H2O  
0.8% CO 1.16% CO gas dry 
8% CO2  

600 mg SO2 Nm-3 230 mg SO2 Nm-3 gas dry 
300 mg NOX Nm-3 430 mg NOX Nm-3 gas dry 
300 mg dust Nm-3 40 mg dust Nm-3 gas dry 
3 ng I-TEQ Nm-3 0.5 ng I-TEQ Nm-3 

Source: EMEP/CORINAIR Emission Inventory Guidebook - 2007   
 
 

3.1.  Alternatives for Emission Control 
 
Table 3 shows the composition of fumes emitted by 

sinter plants in the last decade of the 20th century and the 
high rates of harmful products they contained. The measures 
that can be adopted to reduce emissions are as follows: 
a) "Primary measures", based on careful selection of the 

quality of the raw materials used in the process; 
b) "Secondary measures", reducing pollutant emissions 

by end-of-pipe means involving mechanical, physical 
or chemical treatment of the solid or gaseous wastes 
generated; 

c) "Tertiary processes", using potentially polluting 
ironmaking by-products as raw materials, thus 
concentrating the treatment of hazardous ironmaking 
waste in one or several facilities.  

One objection to primary measures lies in the need to 
recycle oxidised products with the greatest potential to form 
dioxins, PCBs or PAHs in sintering fumes. Similarly, one of 
the disadvantages of secondary processes lies in the large 
amount of fumes to be treated, with a negative influence on 
gas scrubbing-decontamination costs. 

The Lucchini Severstal plant in Servola (Trieste-Italy) 
has carried out retrofitting measures to limit the particulate 
matter (PM) emissions in all the plant facilities (coals, iron 
ores and raw materials stockyards, coke oven, sinter plant, 
blast furnace and casting machine) [22], in accordance with 
the legislation of the Environmental Protection Agency 
(EPA). As a result it has continuously decreased the number 
of days a year in the 2004-2009 period, for which the 
permitted thresholds by EPA to PM emissions were 
exceeded. 

The tertiary process has been developed by the German 
company DK Recycling and Roheisen GmbH to process 
450,000 tons per year of different dusts and sludges (BF 
sludge, BOF dust, sand blasting dust, cupola dust, mill 
scale, Cu sludge and P sludge) using a sinter plant to 
transform the waste oxides into a product that meets the 
requirements for processing in a blast furnace [23].  

The amount of waste oxides generated per ton of steel 
produced is 40 kg. The DK process causes problems with 
dioxin and furan emissions. In order to overcome these 
problems an off-gas treatment plant has been installed in the 
sinter plant downstream of the existing electrostatic 
precipitator (Fig. 10). The plant is installed so that off-gas is 
taken from the stack right after the main suction fan and 
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piped into the spray absorber where an atomiser treats it 
with a very fine mist of milk lime. The reaction product 
gypsum falls into a cone at the base of the absorber from 
where it is pneumatically transported to the waste bin. 
Between the spray absorber and the bag house, lignite coke 
is injected into the gas stream.  

The coke and other reaction products are captured in the 
bag filter. All measurements of the clean gas leaving the bag 
house have been below 0.4 ng I-TEM Nm-3. 

The formation of chlorinated gaseous pollutants between 
250 and 350 °C, by means of partial combustion catalysed 
by metals, is one of the most real options in what is known 
as "novo synthesis" [20,24-27]. 

 
C (particles) + O2 (gas) + Cl2 (gas) → FDC/F   (2) 

 
Due to the fact that sinter plants and urban waste 

incinerators are the major source of dioxin emissions (Table 
4), attempts have been made to transfer experience in dioxin 
removal from urban waste incinerators to sintering. 
Nevertheless, there are notable technological differences 
between dioxin generation in incinerating plants and in 
sinter strands [21]. There is no unanimous agreement about 
where dioxins are generated and their possible correlation 
with other volatile organic compounds (VOCs). 
Nevertheless, there is a conviction that the maximum dioxin 
concentration is reached in the wind boxes located at the 
end of the grate, before the sinter is tipped into the shredder. 
On the other hand, the maximum VOC concentration is 
found in the wind boxes located towards the centre of the 
sinter strand [21,24]. However, all such considerations are 
heavily dependent upon the chemical characteristics and the 
proportions of the raw materials used in sintering. If novo 
synthesis is catalysed by metals, in processes that involve a 
greater presence of metals, these may influence the location 
of the wind boxes where the maximum concentration is 
reached [23,25-26].  

Sintering fumes are treated with hydrogenated products 
such as ammonia and urea to reduce dioxin and nitrogen 
oxide emissions. Treatment with ammonia is carried out in 
wind boxes along the entire sinter strip, while the addition 
of urea, which is more efficient, takes place in the mixing 
drum [20,24-26]. 

 

 
Figure 10. DK process flow sheet of off-gas treatment plant 
Source: Adapted from DK recycling, 2008 

Table 4.  
Contribution of sinter plants to overall dioxin emissions in Western 
European countries, %. Reference period: 1993 to 1995 
Incineration of municipal waste 28.5 
Iron ore sinter plant 17.6 
Boilers, stoves and fireplaces 17.3 
Incineration of hospital waste 14.2 
Preservation of wood 6.6 
Fires 6.6 
Sintering of special materials 2.0 
Road transport 1.9 
Electric furnace steel plants 1.5 
Secondary copper production 1.3 
Secondary aluminium production 0.7 
Incineration of industrial waste 0.7 
Cement 0.4 
Others 0.7 
Source: EMEP/CORINAIR Emission Inventory Guidebook - 2002   

 
 

3.2.  Industrial treatment processes 
 
Since the end of the last century, when secondary 

processes to reduce pollutant emissions from sinter plants 
were gradually starting to be implemented, the following 
observations may be made: 
a) The treatments applied were initially simple in order to 

reduce dust and SO2 contents in exhaust fumes. 
b) More complex technologies were subsequently 

applied, both in wet and dry treatment processes, 
incorporating solid waste and wastewater treatment 
installations in the process. 

c) The estimated cost of meeting more restrictive 
environmental regulations (clean air) can account for 
up to 35% of the plant construction cost [27]. 

 
3.2.1.  WETFINE system 

 
The WETFINE technology developed by VAI to reduce 

dust, alkaline chloride, SOX and dioxin contents, consists of 
a flexible modular system adaptable to smoke 
decontamination not only in sinter plants but also in 
pelletisers, urban waste incinerators and industrial furnaces. 
Gas scrubbing is achieved by a mixed system: wet wash and 
electrostatic discharges. The treatment capacity of the 
modules ranges between 70,000 and 300,000 Nm3 h-1. 
Nevertheless, this treatment system is not capable of 
reducing dioxin emission levels below 0.4 ng I-TEQ Nm-3, 
as required by legislation. For this reason it has been 
necessary to resort to the addition of urea and the 
modification of some plant operating parameters [24]. 

 
3.2.2.  MEROS process 

In the maximised emission reduction of sintering 
(MEROS) process, developed by Siemens-VAI, dust, acid 
gases, hazardous metals and organic compounds present in 
the sintering gases are eliminated with high efficiency rates. 
In 2007 the first installation started operating at Linz 
(Austria), with a gas treatment capacity of 1,000,000 Nm3 h-

1. One of the most outstanding characteristics of MEROS is 
that it fulfils current environmental regulations and may 
work within the restrictions that will foreseeably be set in 
the future [17,19] (Fig. 11). 
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Figure 11. Basic flow sheet of MEROS process  
Source: ⦋17⦌ 

 
3.2.3 EOS system 
 

The great volume of fumes and the low concentration of 
elements to be decontaminated has always been one of the 
problems of sinter plants. The fundamental objective of the 
emission optimised sintering (EOS) system is to reduce the 
volume of the fumes to be decontaminated (potentially 
achieving a reduction of up to 50%) by placing a hood 
above the sinter grate which is fed with both clean air and 
recycled air from the wind boxes[17,19] (Figs. 12 and 13). 
 

 
Figure 12. Sinter strand with EOS process 
Source: Adapted from⦋19⦌ 

 
3.2.4 AIRFINE system 
 

The installations of this process developed by VAI, 
consist of two scrubbers in series: the first rapidly cools the 
gases (quench scrubber) while the second, which operates 
with parallel water and gas currents, eliminates the finest 
dust particles and dioxins (fine scrubber). Fig. 14.  

The water used in the cooling and treatment of the 
sintering gases is sent to a water treatment plant (WTP). 
Similarly, parts of the solids collected in the WTP are 
recycled to the sintering plant. The key to AIRFINE 
consists in the special design of a wet gas scrubbing system 
with the use of dual spray nozzles (liquid/gas) which 
achieve the atomisation of water particles in the fumes, 
obtaining sizes in the region of 50 μm [28,30]. 
 

 
Figure 13. EOS hood, above sinter strand 
Source: Adapted from⦋19⦌ 

 
The Siemens VAI selective waste gas recirculation 

system was installed in March 2005 at the No. 5 SP of VAI 
in Linz (Austria). In 2009 it was installed at the No. 1 SP of 
Dragon Steel Corporation (DSC) in Taichung (Taiwan). 
With this system the content of heavy metals, dioxins, SOX 

and NOX in the waste gas is reduced [31]. 
 
3.2.5 EFA process 

 
The entrained flow absorber process, developed by the 

company Paul Wurth, belongs to the alternative secondary 
"end of pipe" process which maintains the electrostatic 
precipitator and adds an injection process with an EFA 
operating with hydrated lime and activated lignite coke [32]. 
It has been used in the ROGESA No. 2 SP at Dillinger 
(Germany), since 2005, and complies with German 
legislation, which has also been adopted by other countries 
(Table 5). 

This process has now been installed in three other 
German sinter plants. 
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Figure 14. Airfine installation and waste water treatment plant 
Source : Adapted from Siemens VAI, 2000 

 
Table 5. German clean air act. Technical instructions on air quality control 
 Limits 
Dust electrostatic precipitator 50 mg·m-3 
Dust another technology 20 mg·m-3 
Heavy metals 0.05-1 mg·m-3 
HF 3 mg·m-3 
HCl 30 mg·m-3 
SOX 500 mg m-3 
NOX 400 mg·m-3 
Volatile organic compounds 75 mg·m-3 
PCDD/F 0.4 ng·m-3 

 
4 Conclusions 
 

Sinter is the main burden material for some blast 
furnaces, whose correct operation depends largely on the 
quality of the sinter used. Sinter plants throughout the world 
work with a wide variety of mineral mixes which are 
characterised in great depth in terms of granulometry and 
chemical and mineral composition. Plant operating 
parameters must be adaptable to allow the introduction of 
low iron-content ores in the mineral mix to replace high 
iron-content ores that are usually included in the processed 
mix but are withdrawn for reasons such as stock depletion 
or excessive price. 

Sinter plants are in constant evolution as a consequence 
of the practical operating experience acquired over the 
years, with improved techniques and systems to control the 
high number of parameters that intervene in the process. 
Plants have to adapt and incorporate gas scrubbing systems 
to comply with increasingly restrictive legislation on the 
limitation of toxic pollutant emissions into the atmosphere. 
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Abstract 
In this paper, we analyze in detail the first Spanish winch used to drain water from mines. It is a privilege of invention designed by Bernave 
Dombon in 1850. In particular, three-dimensional modeling is performed using software parametric (Catia v5 R21) of each of the elements of 
the set. Also, after obtaining the 3D model, a static analysis using techniques of Computer-Aided Engineering has been performed, thanks to 
software of finite element analysis (Simulia Abaqus v6.14-1), based on the analysis of the von Mises stress and displacement. So, the highest 
stress concentrations occur in the drum shaft and the supporting structure, and that the highest concentration of displacements on the drum shaft 
too, but the rupture of the elements does not occur in any case, making it a set properly sized. 

Keywords: mining industrial historical heritage; winch; computer-aided design; computer-aided engineering; static analysis. 

Diseño paramétrico tridimensional y análisis estático del primer 
malacate español utilizado para drenar agua de las minas 

Resumen 
En el presente artículo se analiza en detalle la primera máquina malacate desarrollada en España utilizada para la extracción del mineral. 
Se trata de un privilegio de invención diseñado por Bernave Dombon en 1850. En particular, se ha realizado el diseño paramétrico 3D 
con ayuda de software específico (Catia v5 R21) de cada uno de los elementos que componen el conjunto. Asimismo, una vez obtenido el 
modelo 3D, se ha realizado un análisis funcional estático mediante técnicas de Ingeniería Asistida por Ordenador realizado gracias al 
concurso del software de análisis por elementos finitos Simulia Abaqus v6.14-1, basadas en el análisis de las deformaciones, 
desplazamientos y tensión de von Mises, comprobando que las mayores concentraciones de tensiones se producen en el eje y en la 
estructura que soporta el tambor, y que la mayor concentración de desplazamientos se encuentra también en el eje del tambor, aunque no 
se produce en ningún caso la rotura de los elementos, por lo que resulta un conjunto bien dimensionado.  

Palabras clave: patrimonio histórico industrial minero; malacate; ingeniería gráfica; ingeniería asistida por ordenador; análisis estático. 

1. Introducción

El presente artículo sigue una línea de investigación en
el campo de la minería iniciado por publicaciones anteriores 
del autor [1-6], relativo al estudio y caracterización del 
patrimonio histórico industrial minero español desde el 
punto de vista de la ingeniería gráfica e ingeniería asistida 
por ordenador. 

La presente investigación tiene como objetivo principal 
el diseño paramétrico tridimensional de la primera 
invención histórica española de una máquina malacate y su 
análisis estático mediante elementos finitos. 

De dicha invención histórica presente en el Archivo 

Histórico de la Oficina Española de Patentes y Marcas [7], se 
conserva tan sólo un plano que incluye una memoria de 
descriptiva de los diferentes elementos que componen el 
conjunto.  

Se trata del expediente 499 titulado “Máquina malacate 
para desaguar pozos y aplicable a otros usos nuevos como 
lavado y triturado de minerales, etc”, desarrollado por 
Bernave Dombon y presentado en dicha Oficina el 10 de 
junio de 1850, con una duración de 5 años, y clasificado 
como F04 en la clasificación internacional de patentes. 

El malacate o baritel era accionado por fuerza animal y 
consistía en una estructura de madera con un árbol vertical o 
eje que en su parte superior lleva un tambor cilíndrico donde 
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Figura 1. Esquema de malacate. 
Fuente: Fotografía tomada del centro de interpretación del paisaje minero 
en Linares (Jaén, España). 

 
 

se enrollan las maromas o cables que pasando por unas 
poleas hacían ascender o descender los recipientes de 
extracción [8]. La Fig. 1 muestra un esquema de malacate 
que se ajusta a la definición expresada anteriormente. 

 
1.1.  Descripción de la máquina malacate 

 
La planimetría original presente en el expediente (Fig. 

2), se compone de dos vistas diédricas correspondientes al 
alzado y a la planta superior con deficiencias en la 
representación gráfica y con medidas expresadas en varas 
castellanas (1 vara castellana equivale a 0,835905 m), 
incluyendo la señalización de los elementos que lo 
componen así como una descripción de cada uno de ellos. 
Así pues, los elementos que se muestran con su numeración 
son: 

1.  Armadura o bancada de madera, armada con 
tornillos, para la colocación de las diferentes piezas 
que componen la máquina. 

2.  Bancada de hierro sobre la que juega el manejo de la 
caballería. 

3.  Manejo y rueda motriz. 
4  y 5. Ruedas colocadas a los extremos de un árbol 

horizontal para transmitir el movimiento a los 
siguientes. 

6.  Rueda puesta al extremo de un árbol horizontal 
colocado transversalmente respecto del anterior, por 
el que corren fijas en una manga las dos ruedas 
siguientes. 

7  y 8. Ruedas para transmitir alternativamente el 
movimiento de derecha a izquierda y viceversa. 

9.  Palanca para engranar y desengranar 
alternativamente las ruedas 7 y 8. 

10.  Rueda colocada en el árbol de un cilindro en el que 
se enrolla un cintero o maroma. 

11. Cilindro. 
12.  Rueda de trinquete. 

13.  Cojinetes sobre los que juegan los árboles. 
14. Montante de madera para la colocación de las 

garruchas. 
15.  Garruchas o poleas, sobre las que pasa la maroma o 

cintero que eleva los cubos. 
16.  Cubos que giran por el centro y se llenan por el 

fondo por medio de una válvula. 
17.  Topes para hacer dar el vuelco a los cubos. 
18.  Artesa o vaciadero de madera. 
19.  Caño de desagüe de la misma. 
20.  Boca del pozo que ha de desaguarse. 
21.  Indicaciones de la prolongación de los embarrados 

para aplicar esta máquina a los usos que se 
mencionan en la solicitud del privilegio. 

 
2.  Ingeniería gráfica 

 
Esta fase de la investigación es fundamental pues de la 

precisión de los resultados obtenidos dependerá la obtención 
de resultados fiables en la fase de ingeniería asistida por 
ordenador, lo que permitirá realizar el análisis funcional de 
manera correcta. Por tanto, se destaca la importancia del 
modelado basado en CAD para una recuperación fidedigna 
de los restos del patrimonio cultural [9]. 

El diseño tridimensional se ha realizado gracias al 
software paramétrico Catia v5 R21 [10], a partir de la 
planimetría original, siendo esta fase clave para obtener 

 
Figura 2. Ministerio de Industria, Energía y Turismo. Oficina Española de 
Patentes y Marcas. Archivo Histórico. Expediente nº 499. 
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resultados fidedignos en la fase de ingeniería asistida por 
ordenador.  

Seguidamente se ha realizado el modelado de cada uno 
de los elementos que componen el conjunto: bancada de 
madera, bancada de hierro, rueda motriz y ruedas auxiliares 
(engranajes de 18, 32, 60 y 72 dientes), ejes A, B, C y D, 
tambor, poleas, artesa, así como otros elementos accesorios. 

Una vez modelados todos los componentes de la 
máquina malacate, se procede al ensamblaje de todos ellos, 
mediante la aplicación de ciertas restricciones que fijan el 
movimiento de unos elementos respecto a otros, y por tanto, 
con diferentes grados de libertad.  

Las Figs. 3 y 4 muestran el diseño paramétrico 
tridimensional final del conjunto ensamblado y su 
apariencia realista mediante renderizado con el software 
Keyshot 3.3.15 [11]. 

 
3.  Ingeniería asistida por ordenador 

 
El análisis estático de la máquina malacate se ha realizado 

con técnicas de ingeniería asistida por ordenador, gracias al 
concurso del software de análisis por elementos finitos 
Simulia Abaqus [12], realizándose las siguientes operaciones: 
preprocesado, asignación de materiales, establecimiento de las 
condiciones de contorno, establecimiento de las fuerzas 
aplicadas, discretización o mallado, y obtención de resultados 
en lo relativo a las deformaciones, desplazamientos (mm) y 
tensión de von Mises (MPa). 

 

 
Figura 3. Diseño paramétrico final de la máquina malacate. 
Fuente: Elaboración propia. 
 

 
Figura 4. Renderizado final de la máquina malacate. 
Fuente: Elaboración propia. 

3.1.  Preprocesado 
 
El preprocesado se realiza tras importar el ensamblaje en 

Simulia Abaqus, definiéndose las restricciones necesarias 
para la aplicación de las condiciones de contorno del 
modelo. 

Para no aumentar la complejidad del modelo y por tanto, 
los requerimientos computacionales necesarios en la 
simulación, se han suprimido todos los elementos de 
sujeción y fijación, es decir, tornillos, arandelas, pasantes y 
demás piezas de función, permaneciendo el resto en el 
modelo final.  

Sin embargo, aunque existen piezas como los engranajes 
que requieren una discretización o mallado muy fino, dicho 
proceso se ha sustituido por un análisis dinámico para 
comprobar las tensiones que se producen con el movimiento de 
los engranajes. Así pues, se ha realizado un análisis de 
precisión de las tensiones que surgen del contacto de dos 
engranajes rectos cualesquiera. Por esta razón, los engranajes 
únicamente cuentan como elementos que añaden peso al 
conjunto. 

Así pues, se ha realizado un análisis estático de la 
máquina malacate en su conjunto de estructura y 
componentes, incluyéndose ejes, engranajes, bancadas, 
tambor, cubo, poleas y artesa, tratándose como un sólido 
rígido (Fig. 5). 

 
3.2.  Asignación de materiales 

 
Al presentar el modelo como un sólido rígido, se asignará 

un único material a todo el conjunto, aunque realmente la 
máquina está formada por piezas de distintos materiales, 
escogiéndose aquél que tenga una mayor densidad y sea más 
desfavorable para el análisis, como es el hierro, y siendo sus 
propiedades físicas las siguientes: densidad (7.870 Kg/m3), 
módulo de Young (175.000 MPa), coeficiente de Poisson 
(0,25), límite elástico (150 MPa) y tensión de rotura (350 
MPa). 

 
3.3.  Condiciones de contorno 

 
En este apartado se definen las restricciones de 

movimiento que tiene la máquina. En el caso de la máquina 
malacate se aplican en la base de los pilares de apoyo de la 
estructura (Fig. 6). 

 

 
Figura 5. Modelo para el análisis general con Simulia Abaqus. 
Fuente: Elaboración propia. 
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Figura 6. Restricciones de apoyos fijos en el conjunto. 
Fuente: Elaboración propia. 

 
3.4.  Fuerzas aplicadas 

 
Para aplicar las fuerzas en el modelo se han utilizado 

couplings, consiguiendo referenciar un punto a una 
superficie, de manera que al aplicar una fuerza en un punto 
determinado, realmente se está aplicando a la superficie. 
Esto se hace principalmente para las fuerzas del tambor y 
las poleas, al haber eliminado los cables. Las fuerzas que se 
han aplicado en este análisis son: 
 Fuerza de empuje en la manivela: Sería la fuerza que 

imprimiría el animal en la manivela giratoria. Se ha 
supuesto que dicho animal ejerza una fuerza de 500 N 
equivalentes a 50 Kg, que sería suficiente para levantar 
la carga de los cubos mediante el sistema de 
engranajes y tambor. La dirección de esta fuerza es 
perpendicular al plano de la manivela y aplicada en su 
extremo. De esta forma, y tal como está orientada la 
manivela en el modelo a 45 grados, se ha dividido la 
fuerza en sus componentes según los ejes X e Y, 
obteniendo 353,5 N en cada coordenada. 

 Carga en el tambor: Se ha incorporado una carga en el 
tambor que emula la carga que obtendría por el 
arrollamiento del cable. Puesto que el cable tiene un 
ángulo de 17,63 grados, se ha dividido la fuerza en sus 
componentes, obteniendo 1367,69 N en la coordenada 
Y, y 427,56 N en la coordenada Z. 

 Carga en las poleas: Se han planteado las mismas 
cargas que en el tambor pero en sentido contrario para 
suplir el haber eliminado los cables, imponiéndose 
además la carga vertical que levantaría el animal y que 
estaría aplicada en los cables. Esta carga tendría un 
valor igual al peso de los cubos más el peso del agua 
que transportan, de manera que se obtiene una carga 
negativa en el eje Z con un valor de 1.432,97 N. 

 Gravedad: Se aplica la fuerza de la gravedad al 
conjunto. 

La Fig. 7 muestra las cargas aplicadas en el modelo. 
 

3.5.  Discretización o mallado 
 
Simulia Abaqus cuenta con un módulo específico para 

realizar el mallado del modelo, que se realiza de forma 
automática, aunque se puede obtener un refinamiento de la 
malla. 

En un principio el programa no permite mallar el 
ensamblaje, ya que por defecto el tipo de malla es 
hexaédrica, lo que es imposible de aplicar a un modelo tan 
complejo como éste; por tanto, se tiene que aplicar una 
malla de tipo tetragonal. Dicha malla tiene menor precisión 

que la malla hexaédrica, pero los resultados arrojados serán 
suficientemente válidos para este análisis. 

En la Fig. 8 se aprecia el mallado tetragonal establecido 
inicialmente de forma automática por Abaqus. 

En dicha figura, se puede apreciar que es un mallado 
muy grosero, por lo que se opta por cambiar el tamaño 
medio del elemento de la malla y aumentar el número de 
nodos en ciertas zonas que pueden ser más problemáticas, 
apreciándose el resultado final en la Fig. 9. 

Así pues, se puede comprobar que el resultado del 
refinamiento de la malla es considerablemente mejor, 
estando formada dicha malla por elementos cuadráticos 
tetraédricos (C3D10). 

 

 
Figura 7. Cargas aplicadas al conjunto. 
Fuente: Elaboración propia. 

 

 
Figura 8. Discretización inicial realizada automáticamente por Abaqus. 
Fuente: Elaboración propia. 

 

 
Figura 9. Discretización refinada realizada por Abaqus. 
Fuente: Elaboración propia. 
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3.6.  Resultados obtenidos 
 
Los resultados obtenidos han sido los siguientes: 
 

3.6.1.  Deformaciones 
 
La deformación representada en las Figs. 10 y 11 

presenta un escalado realizado por el programa de 18,59:1. 
En la Fig. 10 se muestra la planta de la máquina 

malacate, donde se puede apreciar cómo la manivela ha 
sufrido una deformación por el esfuerzo aplicado 
perpendicular a ella. 

En la Fig. 11 se puede observar el alzado del conjunto, 
apreciándose que la estructura que soporta el tambor ha 
sufrido una deformación por la carga soportada así como el 
peso del tambor.  

 
3.6.2.  Desplazamientos 

 
En la Fig. 12 se aprecia el desplazamiento que tienen los 

elementos de la máquina. Cabe destacar que el 
desplazamiento (en mm) que indica el análisis en la 
manivela no sería real puesto que en realidad la manivela 
giratoria no está empotrada a la estructura, sino que puede 
girar.  

 

 
Figura 10. Vista en planta de la deformada del modelo. 
Fuente: Elaboración propia. 

 
 

 
Figura 11. Vista de alzado de la deformada del modelo. 
Fuente: Elaboración propia 

Sin embargo, el desplazamiento producido en el resto de 
componentes presenta resultados mucho más lógicos. El 
tambor con su peso por efecto de la gravedad flexiona el eje 
sobre el cual se apoya e incluso la estructura cede con el 
peso, siendo lógico pensar que dependiendo del material del 
tambor la deformación sería diferente. 

En la Fig. 13 se ha limitado el máximo de deformación a 
3 mm, con lo que se puede apreciar cómo se reparte ésta a 
lo largo de la estructura. Así pues, se ha podido comprobar 
que existen desplazamientos de aproximadamente 2 mm en 
un extremo del tambor, así como en la estructura que lo 
sujeta. 

 
3.6.3.  Tensiones de von Mises 

 
Las tensiones de von Mises se representan en la Fig. 14. 
 

 
Figura 12. Desplazamientos del modelo. 
Fuente: Elaboración propia. 

 

 
Figura 13. Desplazamientos con valor máximo de 3 mm del modelo. 
Fuente: Elaboración propia.  

 
 

 
Figura 14. Tensiones de von Mises limitadas hasta 20 MPa del modelo. 
Fuente: Elaboración propia. 
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Figura 15. Detalle de las tensiones en la zona del tambor. 
Fuente: Elaboración propia.  

 
 
La escala ha sido limitada a 20 MPa para poder observar 

la distribución de tensiones. Así pues, se aprecia que el 
máximo estaría fuera de ese rango en torno a los 173 MPa; 
sin embargo, se ha podido localizar la zona de ese máximo 
correspondiendo a un punto aislado donde la tensión no 
tiene continuidad, debiéndose probablemente a un error en 
un elemento de la malla. 

Como es lógico, se aprecia que las mayores tensiones se 
muestran alrededor del tambor, pues es el elemento más 
pesado en este análisis, aún más que la carga que sujetan los 
cables que apenas crea una tensión de 5 MPa en la viga que 
sostiene las poleas. 

También hay que destacar que el tamaño de esta 
máquina es considerable, ya que mide varios metros de 
longitud y las vigas tienen una sección de 20x20 cm2.  

En la Fig. 15 se puede observar con mayor detalle la 
viga que más sufre a causa del tambor. 

En dicha figura, se puede observar que el eje del tambor 
soportaría una tensión cercana a los 30 MPa. Por lo tanto, a 
la vista de los resultados expuestos se puede afirmar que 
suponiendo la máquina fabricada íntegramente de hierro 
resistiría perfectamente, puesto que las mayores tensiones se 
concentran alrededor del tambor y no superan los 30 MPa, 
siendo el valor del límite elástico del hierro de 150 MPa. 

 
Comparativa con madera 

 
A modo de comparativa se muestran las Figs. 16 y 17, 

suponiendo que tanto la estructura como los componentes 
estuviesen realizados en madera. 

Para la madera se han supuesto las siguientes 
propiedades físicas: densidad (670 kg/m3), módulo de 
Young (10.000 MPa), coeficiente de Poisson (0,4), límite 
elástico (10-15 MPa, dependiendo de la dirección de las 
fibras) y tensión de rotura (50 MPa, dependiendo de la 
dirección de las fibras). 

En el caso de la madera se puede observar claramente que 
el mayor desplazamiento estará en la viga donde se fijan las 
poleas que aguantan el peso de la carga de los cubos, 
alcanzando dichos desplazamientos un valor aproximado de 7 
mm. Al ser el tambor mucho menos pesado que en el caso 
anterior, la deformación mayor se tendrá donde se localiza 

 
Figura 16. Tensiones del modelo en madera limitadas a 5 MPa. 
Fuente: Elaboración propia. 

 
 

 
Figura 17. Desplazamientos del modelo en madera limitados a 8 mm. 
Fuente: Elaboración propia. 

 
 

la carga y no en la zona circundante del tambor. En cuanto a 
las tensiones, se observa que las máximas se localizan en el 
eje del tambor. 

A la vista de estos resultados obtenidos, se puede decir 
que la madera no llegaría a la tensión de rotura en ningún 
lado, pero no se podría afirmar con total seguridad puesto 
que dependería de la dirección de las fibras de la madera. 

El caso real dependería de muchas variables puesto que 
realmente habría que realizar un análisis dinámico. Sin 
embargo, se intuye que la solución estaría en un término 
medio entre los dos casos expuestos, ya que la mayor parte de 
los componentes de la máquina son de hierro mientras que la 
estructura y el tambor podrían estar fabricados en madera. 

 
3.6.4.  Análisis dinámico de contacto entre engranajes 

 
El modelo que se va a analizar consiste en un par de 

engranajes cualesquiera de dientes rectos que giran 
solidariamente y con las mismas medidas, mostrando la 
Tabla 1 las características de los mismos. 

Una vez realizado el croquis se extrusiona para darle 
volumen. Se crean dos instancias iguales para tener los dos 
engranajes y se ensamblan a la distancia de su diámetro 
primitivo, quedando fijados como se aprecia en la Fig. 19. 
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Tabla 1. 
Características del engranaje. 

Número de dientes 20 

Diámetro primitivo 4 cm 

Diámetro exterior 4.4 cm 

Adendum 0.2 cm 

Dedendum 0.2314 cm 

Espesor del diente 0.31413 cm 

Largo del diente 0.4 cm 

Profundidad del agujero 0.4314 cm 

Espesor angular 9° 

Diámetro interior 3.872592776 cm 

Ángulo de presión 14.5° 

Fuente: Elaboración propia. 
 

 

 
Figura 18. Croquis del engranaje. 
Fuente: Elaboración propia. 

 
 

 
Figura 19. Ensamblaje de engranajes. 
Fuente: Elaboración propia. 

 
 
Con estas características se ha dibujado el croquis del 

engranaje que se muestra en la Fig. 18. 
Como material se ha elegido hierro, fijándose las 

condiciones de contorno que permiten que los engranajes 
puedan girar así como una pequeña rotación para que entren 

en contacto aplicando un momento. Se aplica además una 
fricción con coeficiente 0,3, y como contacto se elige 
‘superficie con superficie’. 

Finalmente, se crea la malla de tipo QUAD para ambos 
engranajes, quedando finalmente como se aprecia en la Fig. 
20. 

El análisis ha sido realizado considerando únicamente 
un comportamiento elástico (lineal) del material. Sin 
embargo, un análisis completo se realizaría considerando un 
comportamiento elástico-plástico (cuadrático) del material.  

No obstante, el análisis con un comportamiento lineal, 
ha arrojado unos resultados aceptables que muestran la 
distribución de tensiones de von Mises en los dientes y 
zonas circundantes de ambos engranajes, apreciándose una 
concentración de tensiones en la zona de contacto entre 
dientes (indicado en rojo en la Fig. 21). 

Se aprecia que en la zona de contacto entre los dientes se 
localiza la mayor tensión así como en los ángulos rectos de 
los dientes que están entrando en contacto en ese momento. 

 

 
Figura 20. Mallado de los engranajes. 
Fuente: Elaboración propia. 

 
 
Las tensiones obtenidas tras el primer frame se muestran 

en la Fig. 21. 
 

 
Figura 21. Tensiones de von Mises tras el análisis de contacto. 
Fuente: Elaboración propia. 
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Figura 22. Desplazamientos sufridos por los engranajes. 
Fuente: Elaboración propia. 

 
 

 
Figura 23. Vectores directores de los desplazamientos. 
Fuente: Elaboración propia. 

 
 
También se puede observar una tensión algo mayor en el 

centro de los engranajes donde estaría situado el eje al cual 
está fijado el engranaje. 

Por otro lado, en la Fig. 22 se puede observar cómo se 
reparten los desplazamientos. 

Conforme va girando el primer engranaje se arrastra el 
segundo, de manera que los dientes de ambos engranajes 
sufren los mismos desplazamientos, como es lógico. 

Finalmente, se representan a continuación los vectores 
directores de los desplazamientos (Fig. 23). 

De dicha figura, se puede apreciar cómo los vectores de 
mayor módulo se encuentran en los dientes, y dirigidos 
además en la dirección de rotación de cada engranaje, 
intuyéndose además que estos vectores directores llevarán la 
misma dirección en todos los casos, sin importar el material, 
variando únicamente el módulo de dichos vectores en cada 
caso concreto. 

 
4.  Conclusiones 

 
Se ha documentado geométricamente la primera 

máquina malacate diseñada en España en 1850 para la 

extracción del mineral mediante el software paramétrico 
Catia v5 R21, y se ha realizado el análisis estático de la 
misma, gracias al concurso del software de análisis por 
elementos finitos Simulia Abaqus 6.14-1. 

Se conoce que en la fecha de presentación de dicha 
invención histórica no existía normalización que facilitara la 
correcta interpretación del plano, por lo que se han tenido 
que realizar algunas suposiciones siempre de forma que el 
diseño fuera realizable y funcionara correctamente. 

Asimismo, se han realizado diversas simplificaciones en 
el análisis estático debido a la complejidad de éste, y a los 
altos requerimientos computacionales que se hubieran 
necesitado. 

Así pues, una vez obtenido el diseño paramétrico 3D, se 
ha realizado un análisis funcional estático mediante técnicas 
de Ingeniería Asistida por Ordenador, basadas en el análisis 
de las deformaciones, los desplazamientos y la tensión de 
von Mises, comprobando que tanto las tensiones como los  
desplazamientos se encuentran localizados en el eje que 
soporta el tambor cilíndrico y en la estructura que lo 
soporta, no superando en ningún caso los 3mm, ni la tensión 
de rotura del hierro, concretamente no superando los 30 
MPa, en el caso de la simulación como sólido rígido 
realizado íntegramente en hierro, como material más 
desfavorable.  

A la vista de los resultados obtenidos se puede afirmar 
que la máquina malacate está correctamente diseñada. Sin 
embargo, podría ser ciertamente mejorable, puesto que 
podría elevar uno de los cubos y hacer descender el otro, 
siendo una tarea imposible debido al diseño actual ya que 
existe una interferencia entre el cable que llega al tambor y 
la estructura soporte o bancada de madera.  

Si se realiza el análisis estático de la máquina malacate, 
se puede comprobar que fabricándola bien en hierro o en 
madera no habría problemas de esfuerzos, puesto que no se 
llegan a las tensiones de rotura de dichos materiales. Sin 
embargo, habría que analizar detalladamente el caso en el 
que existiesen componentes de ambos materiales. 
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