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Ingenius • Número 21 • january/june 2019. Semester Journal of Science and Tecnology of the Universidad Politécnica
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Ańıbal Traça de Almeida, PhD,

Universidad de Coimbra, Portugal.
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Hélder de Jesus Fernandes, Puga, PhD,

Universidad de Minho, Portugal.

Filipe Samuel, Pereira da Silva, PhD,

Universidad de Minho, Portugal.

César Sequeira, PhD, Universidad de

Lisboa, Portugal.
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Desarrollo Industrial, México.
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José Di Paolo, PhD, Universidad Nacional
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dad Politécnica Salesiana, Ecuador.

Patricia Fernandez Morales, PhD, Uni-

versidad Pontificia Bolivariana, Medellin,

Colombia.

Marcelo Flores Vazquez, MSc, Universi-
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sidad Politécnica Salesiana, Ecuador.

Ernesto Granado, PhD, Universidad
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Politécnica Salesiana, Ecuador.

Esteban Inga Ortega, PhD, Universidad
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Carlos Mafla Yépez, MSc, Universidad
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ca Salesiana, Ecuador.

Hernán Navas Olmedo, MSc, Universidad
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dad Politécnica Salesiana, Ecuador.

William Quitiaquez Sarzosa, MSc, Uni-
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dad Politécnica Salesiana, Ecuador.



Publications board

Javier Herrán Gómez, sdb, PhD
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Luis Álvarez Rodas, PhD

Fabricio Freire, MSc
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Editorial
Industry 4.0: the time of digitalization, production and

integration of industrial knowledge

Dear readers:

Since the first industrial revolution, the techno-
logical progress has caused the growth of industrial
productivity, and in recent years advances in mobile
communication and information technology have
placed us in the middle of a technological develop-
ment that has led to the digital transformation of
the industry: the connected industry or also called
the industry 4.0.

In these times and beyond the classic conception
of automated systems for serial production, sensors,
machines and information systems need to be con-
nected along the entire value chain, generating data
that must be transformed in knowledge to achieve
an intelligent industry focused on the product and
the customer.

Therefore, the mere connection and generation of
data is not enough, the digitalization of the industry
is only an enabler of other analytical and reasoning
processes. In this sense, the industry 4.0 paradigm
is an interdisciplinary approach, where very recent
areas of knowledge such as the Internet of things,
cyber-physical systems, cloud computing, augmen-
ted reality, data analytics, among others, interact
with better known domains such as automatic lear-
ning, business architecture, integration and business
architecture and information and communication
technologies to lead us to an integrated, efficient

and flexible industry which allow the production of
high quality goods at reduced costs.

Thus, the development of Industry 4.0 proposes
challenges on how to apply and implement required
processes along the value chain, based on the con-
text and requirement of each industry, and it also
offers opportunities to achieve sustainable manufac-
turing in different areas of the production process:
in business models, value-creating networks, in the
organization’s model, in human resources as well as
in processes and products.

These challenges and opportunities need to be
understood in each context, since these also allow
small and medium-sized industries to enter to in-
dustry 4.0. From the point of view of academic
results, according to Muhuri et al. (2019), in the
article titled Industry 4.0: A Bibliometric Analy-
sis and detailed overview published in the journal
Engineering applications of Artificial Intelligence,
publications and analysis of citations about Industry
4.0 in Web of Science and Scopus have recent da-
ta; in 2012 emerged the first academic article, and
by 2017 194 articles had already been reported in
Web of Science and 1425 articles in Scopus, with
an exponential growth in the number of citations
regarding the number of publications. Thus, the new
proposals to meet the challenges posed by industry
4.0 wait for all of us to provide information in this
domain of knowledge.

Mariela Cerrada Lozada, PhD

Scientific Board Member
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Abstract Resumen
The function of enamels for the ceramic tile indus-
try has been a research topic for the past 15 years.
Different researchers have focused their efforts on
achieving surfaces with functional attributes that in-
crease product value and provide solutions for the
technological needs of our times. This article presents
a review of the scientific literature dedicated to ob-
taining functional surfaces by means of the sol-gel
technique, which provides a means for deposition and
formation of thin layers on traditional ceramic enam-
els in order to provide functional characteristics. The
document presents: typically used alcoxidic solutions,
the different deposition techniques emphasizing the
experimental findings obtained by the authors, and a
synthesis of the functional effects obtained by means
of the technique.

La funcionalización de esmaltes para la industria de
las baldosas cerámicas ha sido un frente de investi-
gación importante en los últimos 15 años. Diferentes
investigadores han centrado sus esfuerzos en conseguir
superficies con atributos funcionales que incrementen
el valor agregado del producto y a su vez aporten
respuestas a las necesidades tecnológicas de nuestros
tiempos. El presente artículo se centra en hacer una
revisión de la literatura científica dedicada a la ob-
tención de superficies funcionales por medio de la
técnica de sol-gel, la cual es apta para la fabricación
de soluciones que se depositan formando capas finas
sobre los esmaltes de cerámica tradicional con el fin
de aportar características funcionales al mismo. El
documento presenta las principales soluciones alcóxi-
dicas usualmente empleadas, las diferentes técnicas
de deposición haciendo énfasis en los hallazgos ex-
perimentales obtenidos por los diferentes autores, y
presenta una síntesis de los efectos funcionales hasta
la fecha obtenidos por medio de la técnica.

Keywords: Ceramic enamel - Functional enamel –
sol gel - ceramic

Palabras clave: esmaltes cerámicos, esmaltes fun-
cionales, sol-gel, cerámica.
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1. Introduction

The ceramic enamel is a layer of glassy nature that is
deposited on the surface of different substrates, of ce-
ramic nature in general, to provide beautiful attributes
and protect the surface due to its physical properties.
A vast field of enamel applications include ceramic
tiles, which are used for flooring and facing in the
construction sector [1, 2]. As shown in Figure 1, three
clearly defined layers can be distinguished in the tiles:
i) the bisque, which serves as support and has the high-
est thickness and body in the tile, ii) the engobe, which
has a thickness between 100 and 200 µm, and joins the
enamel and the bisque and iii) the enamel, which is a
layer of very low porosity, with a thickness between 75
a 300 µm and the aforementioned characteristics [3].

Figure 1. Cross section of a ceramic tile

Besides providing aesthetic and decorative charac-
teristics, the enamels on such tiles can be used for other
functional features. Some of the features that it is de-
sired to improve or implement on these surfaces include:
self-cleaning, energy storage, photocatalytic, antibac-
terial, fungicidal, high scratch resistance, inhibiting ice
formation, absorb or emit substances, luminescent sur-
faces and even coating that can change properties when
subject to a certain stimulus [4]. Nevertheless, many of
the parameters which are necessary for an application
at industrial scale are not sufficiently stable yet, and
are still under research [5]. Therefore, this constitutes
a big challenge for industry, since incorporating new
technologies implies adaptation of production cycles
and of routine manufacturing conditions which entails
high economic investments.

To the best of our knowledge, there are various
techniques available to provide functional attributes
to the enamel, which include: i) modification of the
enamel composition by means of incorporating sub-
stances in the enamel mix prior to the burning, ii)
physical modification of the surface using plasma or
chemical deposition means in vapor phase, and iii)
chemical deposition of liquid solutions; the sol-gel tech-
nique is one of the most representatives of this family.

The sol-gel technique for material synthesis has
been extensively proven for obtaining glassy and ce-
ramic materials [6–10]. Wet chemistry reactions of hy-

drolysis and condensation produce the transformation
of molecular precursors into oxide networks [11].

The following review is specifically focused in gath-
ering scientific information, about the use of the sol-gel
technique for deposition of chemical solutions in glassy
enamels of ceramic tiles, in order to improve proper-
ties or provide functional attributes to the enameled
surface. Figure 2 presents a graphical report of the
yearly evolution of the publications about the subject,
in online scientific databases and specialized books
cited in the consulted literature, among which Google
Scholar, Science Direct, Wiley Online Library, Springer
Link, UN Institutional Repository, American Institute
of Physics, Taylor & Francis Online, ACS Publications
can be mentioned.

The review was carried out considering publica-
tions between 2000 and 2017, with the greater number
of works being reported in the period 2009-2017. First.
The report focuses on presenting the different types of
alkoxides typically used. Then, it describes the different
deposition techniques, emphasizing in the experimen-
tal findings obtained by different authors. At last, it
presents a synthesis of the functional effects.

Figure 2. Report of publications per year.

2. Precursors

Table 1 presents the chemical precursors commonly em-
ployed for coating enamels using the sol-gel technique,
and their corresponding structures. The precursors
(starting reagent) are an alkoxide of typical chemical
formula R-O-M, which are compounds that comprise
a metallic ion (or another cation) represented by letter
M, an oxygen molecule represented by letter O and an
alkyl group R. The general reactions are expressed in
Table 2, according to [12].
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Table 1. Precursors

Name Molecular formula

Titanium
Isopropox-
ide

Titanium
Ethoxide

Zirconium
propoxide

Tetra-ethyl-
orthosilicates

Table 2. General reactions of the sol-gel process

Hydrolisis
M-(OR)x + H-O-H → HO-M(OR)x-1 + H-OR

Condensation
Alcoxolation
(OR)x-1 –M-OH+RO-Me-(OR)x-1 → (RO)x-1

–Me-O-M-(OR)x-1 +ROH
Oxalation
(RO)x-1 –M-OH+HO-M-(OR)x-1 → (RO)x-1

–M-O-M-(OR)x-1 +HOH
Conventions:

M: Si, Ti, Zr, Hf, Ta, Nb, Al, Zn, etc.
R: CH3, C2H5, C3H: 7, etc.

Once the reaction has occurred, the precursors form
colloids, which are suspensions with a small dispersed
phase (1-1000 nm), negligible gravitational forces and
interactions being dominated by short range forces
(Van der Waals attraction forces and surfaces loads).
The sol is a colloidal suspension with solid particles
inside a liquid.

The gel point is the moment in which the oxide
bounded particles spread through the vessel that con-
tains the colloid. During the gelation reaction, the vis-
cosity increases until constituting a solid which adopts
the form of the mold. At this point, the pore fluid
mainly comprises alcohol and water, and the colloid

becomes an alcogel, which can be removed from the
container and can stand by itself [13].

Figure 3 is a schematic representation made by [6].
The aerogels are obtained when the liquid-filled pore
is replaced by air, without altering the structure or
the volume of the gel body.

In the sol-gel process, the reactions depend upon
various parameters such as:

• Composition and concentration of the precursors
(alkoxide and solvent)

• Amount of water added

• Type and concentration of the catalyst employed

• Additional additives such as desiccants

• Sequence in which the components are added

• Mixing time

• Aging time

• Mixing conditions (efficiency of the mixture, agi-
tation by ultrasound, atmosphere)

• Temperature

Figure 3. Schematic representation of the sol-gel pro-
cess [6].

3. Deposition techniques

Regarding the deposition techniques, this sections
presents the remarkable findings reported in the re-
viewed literature, which are complemented with the
information presented in Table 3 that summarizes char-
acteristics of the reported techniques.
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3.1. Spin

This technique is based on the deposition of small
amounts of solution on the surface of a substrate that
spins at a high speed, such that the solution disperses
due to the centrifugal force, forming a homogeneous
liquid film. The solution quickly evaporates the solvent
and the oxide molecules are deposited on the substrate.
The thickness of the film directly depends on the fol-
lowing variables: speed of rotation, viscosity, contents
of solvent and its properties when evaporating.

There are mathematical models of the variation of
the thickness, which are described in detail in [12–17].
Thin layer coatings, with a thickness between 0,1 and
10 µm, can be obtained with this technique [18].

This technique has been extensively used in appli-
cations which require the formation of uniform films,
namely with homogeneous thickness and low rugos-
ity [19]. For this reason, it is employed in manufac-
turing electronic micro components and has been of
interest to obtain highly glossy enamels for tiles, since
a reduction of the rugosity of a surface increases its
gloss [2].

3.2. Dip

The dip coating deposition technique involves totally
immersing the substrate in the solution, and further
removing it at a controlled speed [20,21] under envi-
ronmental conditions. According to some researchers,
it is considered the simplest technique to deposit films
on the surface of a substrate, which may be either
flat or curved [11]. Indeed, they state that it can be
implemented on surfaces with areas in the order of
square meters.

The thickness of the film directly depends upon
the velocity of substrate retraction and the viscosity of
the solution; low velocities are appropriate to obtain
thin films, with a thickness between 0.3 and 3 µm, and
rugosity between 60 and 690 nm [18].

In 2007, Kuisma et al. [22] studied the cleaning
capacity of ZrO2 and TiO2 thin films, deposited using
the dip coating technique on the surface of enameled
ceramic tiles of dimension 3.0 x 3.0 cm. Using to-
pographic measurements, this work showed that for
higher roughness of the ceramic enamel, more organic
material gets adhered to the surface.

On the other hand, Piispanen et al. [23] character-
ized the effects of the resistance to a chemical attack
(stained) and cleaning of two tiles, one with dull finish
and the other with glossy finish, with TiO2 and ZrO2
films deposited using the dip coating technique. It was
determined that the TiO2 coating has greater cleaning
and self-cleaning capacity after being exposed to UV
light. The authors indicated that the cleaning capacity
of glossy glassy surfaces was not steep, and the zir-
conium coatings could negatively affect the enamels

self-cleaning capacity.
Hofer et al. [24] studied the thermal stability and

the active photocatalytic property of titanium, de-
posited on ceramic surfaces (enameled substrates and
non-enameled corundum substrates) with a coated
area of dimension 2.5 × 4.0 cm, using a dip coating
process. It was found that the thermal stability re-
duction depends on the composition of the substrate,
thus making evident a slight variation on the elec-
tronic structure of the titanium, which indicated weak
interactions between the silica and the titanium.

Similar results were reported in a study of the
coating of ceramic tiles and window glasses with thin
films of nano TiO2, using dip and spray deposition
techniques, showing a good self-cleaning performance
of the coatings [25].

In addition, it has been used to obtain antibacte-
rial effects on glassy substrates of ceramic tiles against
Escherichia coli y Staphylococcus aureus, using solu-
tions of Ag/SiO2 [26] deposited on the enameled sur-
face of the tiles by means of a dip coating technique.
They achieved an excellent antibacterial performance
against both types of bacteria related to a high syn-
thetizing temperature of the deposited layer, since after
this treatment the silver ions are constantly released,
which generates variations in their concentrations thus
inhibiting the growth of these bacteria.

Soares et al. [27] used the sol-gel technique for pro-
ducing thick coatings of silica and silica/zirconium
colloidal particles, on glassy-ceramic substrates of the
system Li2O-Al2O3-SiO2, in order to increase if resis-
tance to scratch and wear. The deposition was carried
out at a retraction speed of 5 cm/min. Compared with
the results obtained with the substrate without coat-
ing, it was found an improvement in the final look of
the surface for the functional coatings; nevertheless,
the resistance to wear kept constant compared with
the samples without coating.

In addition, Zhang et al. [28] studied the effects
of incorporating titanium nano particles to solutions
of tetraethyl orthosilicate (TEOS) deposited on com-
mercial white glassy ceramic tiles (25 × 25 × 5 mm),
by means of a dip coating technique in which the sub-
strates were submerged during 3 minutes and further
removed at 1 mm/s. This research verified a better
dispersion for the particles of P25-TiO2/TEOS, with a
greater surface area and rugosity, and a smaller parti-
cle size compared to the particles of P25-TiO2, which
produced a better hydrophilicity and a greater photo-
catalytic activity, under irradiation of visible light.

López et al. [29] examined the effect of different
types of substrate, on the morphology of the surface
and the photocatalysis of a great scale TiO2 film. The
impregnation was carried out by dip coating; specifi-
cally, for the cases of a glassy substrate of soda-lime
ground with acid (12 × 21.5 cm), a SiO2 barrier layer
was deposited with a retraction velocity of 5 cm/min.
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On the other hand, the substrates (12 × 21.5 cm) of
sodium-lime glazed with acid, glassy soda-lime glazed
with acid previously coated with a SiO2 barrier layer,
enameled ceramic tile and 6061 aluminum alloy, were
impregnated with a TiO2 film. These tests determined
that the phase and microstructure of the TiO2 film are
exclusively anatase. Additionally, it was found a signif-
icant variation in the growth of the TiO2 crystals and
the morphology and thickness of the film with respect
to the substrate being used, which in turn affects the
photocatalytic activity.

The studies carried out by Hazmaliza et al. [30]
showed the antibacterial performance of the anatase
mixed with enamel applied on ceramic tiles, using two
different sizes of anatase powder (micrometric and
nano). For conducting these experiments, the concen-
tration by weight of the anatase powder in microns
was varied, while the size nano anatase was established
on a fixed value. The results obtained show a slight
variation in the color of the manufactured tile, which
becomes more yellowish as the anatase composition
increases. Similarly, it is evident that the antibacterial
properties increase when the composition of nanomet-
ric anatase is greater compared to the micrometric, due
to larger area of antibacterial agents on the tile. Like-
wise, as the composition of anatase powder is greater,
the enamel viscosity will be larger.

It is important to note that research has been also
conducted related to the application of this technique,
in the TiO2 self-cleaning coating of clay roof tiles (1
× 1 × 0.8 cm) [31]. The authors demonstrated that a
TiO2 photocatalytic coating in the anatase nanocrys-
talline phase applied under industrial conditions for
thin film (0,399 mg of suspension/tile surface cm2), has
a better photocatalytic activity in the decomposition
of methylene blue, hydrophilicity and antimicrobial
activity, than a thick (0.885 mg suspension/ cm2) pho-
tocatalytic coating.

3.3. Spray

This deposition technique consists of a process of spray
or vertical atomization of a stationary liquid solution
or in linear movement, where a fluid beam driven by
compressed air is fragmented into disperse drops that
collide on a substrate. There are many variables asso-
ciated to the correct operation of the spray, namely
flow of solution, pressure of the compressed air, type
of nozzle and nozzle-substrate distance, among oth-
ers [32]. Such variables influence on the size, shape,
velocity and drop strength of collision; these are also
related to fluid properties (surface tension, density and
viscosity).

After the collision, a heat transfer occurs between
the drops and the surrounding air, thus evaporating
the solvent through the boundary layer around each
drop. At the end of the evaporation, the drops adhere

to the glassy surface creating a thin layer coating with
a thickness between 0.1 and 3 µm [18].

This deposition technique does not have limitations
in terms of the substrate size, since the aperture angle
of the application gun can be adjusted. It requires a
small amount of solution because the deposition is car-
ried out only on the enameled surface, thus reducing
costs and minimizing the environmental impact since
it is not necessary to use a vacuum to eliminate the
gases emerging from the process [33–35].

Bondioli et al. [36] studied the functionalization
of the surfaces of industrial ceramic tiles by means of
the sol-gel technique, to improve the cleaning capacity
of non-enameled thin porcelain stoneware, preparing
TiO2-SiO2 coatings with different concentration of ti-
tanium that were deposited using an airbrush. This
work reports that films are transparent, they do not
modify the stoneware gloss and show good adhesion.
In addition, they yield a greater catalytic effect at
high synthetizing temperatures, which produces a self-
cleaning and self-sterilizing ceramic surface that may
also degrade various organic contaminants in the sur-
rounding environment.

Savvova et al. [37] developed TiO2 coatings on ce-
ramic enamels, determining the multi-functionality of
this material by reporting its substantial (70-90 %)
antibacterial and antifungal properties. Once again
Bondioli et al. [38,39] reported the functionalization
of the surfaces of ceramic tiles, but this time focus-
ing on soluble salts (alternative coloring processes of
ceramic materials without enamel) to improve mechan-
ical properties (resistance to scratch and wear) and
the conductivity.

For that purpose, solutions with different concentra-
tions of zirconium, titanium and silver were prepared,
and 300 g/cm2 were applied with airbrush on green
unfired bisque. It was visualized that the addition of
zirconium soluble salts increased the scratch resistance,
while simultaneously maintaining the final aesthetic
appearance of the ceramic tiles. The results obtained
for titanium and silver were similar to the results al-
ready mentioned for zirconium, with the difference
that a multi-functional layer is generated.

3.4. Screen

The serigraphy or screen imprinting enables the realiza-
tion of two-dimensional designs, which makes it useful
in industrial processes [40]. The serigraphic processes
require a knitting material, that may be synthetic fiber
of steel mesh tensioned and bonded to a frame, which
is covered with an emulsion that is impermeable to
the coating solution in the area in which no printing
should appear.

It is a technique that virtually does not cause losses
of the coating solution during printing, because the
frame goes across the screen at a constant velocity,
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and after performing the application it goes backwards
in order to repeat the procedure.

Due to its versatility, this method has been utilized
for 50 years in the ceramic industry to deposit enamels
and decorate tiles [18]. For this type of substrates,
processes that generate a TiO2 thin layer using the
sol-gel technique, produce thicknesses between 5 and
35 µm, taking into account that both the thickness
and the amount of applied material can vary accord-
ing to the application percentage of the screen, which
includes the volume between the screen threads and
the thickness of the emulsion [40].

Since not all the material is deposited on the screen,
the thickness of the wet layer also depends on the
strength and the trawl speed of the frame, the screen-
substrate distance, and the viscosity of the deposited
solution [40].

In 2008, São Marcos et al. [41] studied the TiO2
layers deposited by means of serigraphy (55 and 136
µm sifting) at 25 and 50 g/m2 on enameled single-pore
tiles. They determined that the layers gave more than
90% efficiency 6 to 8 h after performing the Orange
II discoloration, under visible artificial light without
layer deactivation; this yielded acceptable levels of
discoloration in reasonable periods of time.

In the following year, these researchers [42] charac-
terized and determined the photocatalytic degradation

of Orange II, for active ZnO layers deposited at 25 and
50 g/m2 by means of different sifting screens (55 and
135 µm), using single-pore tiles with glossy enamel
(20 × 10 cm from Revigrés, PT); in this case, results
revealed a considerable discoloration performance of
Orange II (more than 50% efficiency after 6 to 8 h,
with a maximum attenuation degree of 72%), under
artificial visible light or by direct exposure to sun
light. For this effect, the TiO2 and ZnO layers avoid
the elimination of the photocatalyst at the end of the
process.

For the same year, Rego et al. [43] used the mate-
rials previously described to determine the photocat-
alytic degradation of the Orange II coloring in aqueous
solutions, under direct exposure to sun light. For this
purpose, TiO2 and ZnO layers were deposited with 50
g/m2 on ceramic tiles of single-pore glossy commercial
enamels (20 × 20 cm from Revigrés, PT) by means of
a serigraphic process where sifting screens were used
(136 µm).

This layers exhibited a greater performance for the
TiO2, besides a maximum degree of color attenuation
of 90%. On the other hand, in 2011 Seabra et al. [44]
evaluated the photocatalytic behavior of titanium lay-
ers deposited by spray and serigraphy, and the former
gave a better coverage with small rugosity levels.
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Table 3. Characteristics and publications per deposition technique
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4. Applications

Figure 4 illustrates the distribution of the consulted
literature according to the desired application. It is
clearly seen that the applications associated to photo-
catalysis and antibacterial effect have mainly received
the attention. Less than 10% of these researches have
focused in increasing the scratch resistance of the sur-
faces. A brief description of this type of applications
is presented in the following.

4.1. Photocatalysis

The absorption of photons coming with light with
enough energy (equal or greater than the energy band
of the catalyst), promotes catalytic reactions in the
surface of the material, generating excitons (pairs e−

– h+). Such excitons can be used to produce redox
reactions [59].

Figure 4. Distribution of research works according to
applications.

The main purpose of obtaining coatings with cat-
alytic functions using titanium and its variations on
enameled ceramic surfaces, is the self-cleaning such
as it is reported in the revision conducted by [18].
This characteristic is the combination of two phenom-
ena: the catalyst action on particular substances (CO2,
COVs) and the superhydrophobicity of the titanium.
Some authors also ensure the possible elimination of
NOx, CO, SOx from the air [60,61].

4.2. Antibacterial

One of the effects of the interactions between the free
radicals (ions and excitons) deposited on the surfaces,
is the significant reduction of the growth of microor-
ganisms. The reduction mechanism is based in blocking

the aerobic activity of the microorganism, due to the
absence of oxygen in the medium.

This application has been of great interest in pub-
lic places highly exposed to conditions of growth of
microorganisms, such as health facilities (clinics, hos-
pitals, surgery rooms), schools and colleges, as it has
been proposed in [62].

4.3. Scratch resistence

Behind the improvement of this property, underlie as-
pects related with the improvement in other properties
such as the useful life of the surfaces and their at-
tributes, namely: gloss, color, texture, hardness, among
others, which are affected by the wear due to friction
phenomena to which the ceramic products are sub-
jected.

The possibility of forming nano and micrometric
ceramic layers with crystalline structure, instead of the
amorphous structure typical of the glassy enamels, has
demonstrated notorious increments in the response of
the surface regarding scratch resistance [63].

5. Conclusions

After conducting this revision, it was found that the sol-
gel technique has been employed for manufacturing so-
lutions that are deposited in thin layers on traditional
ceramic enamels, in order to provide it with functional
characteristics. The reported literature mainly corre-
sponds to researchers located in Italy, Brazil and Por-
tugal. The surfaces with photocatalyst (self-cleaning)
functional attributes have been a major axis that has
motivated the research works in this area. In addition,
the broad market and the potential positive effect have
driven innovations for the industry.

Even though this is a research topic from 2000,
with a strong boost from 2007, the researches in other
functionalities seem to be susceptible of being studied,
because it is possible to coat enamels with alkoxidic
solutions using the sol-gel technique.
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Abstract Resumen
This research calibrates and validates a model for
monocrystalline photovoltaic systems in SAM (Sys-
tem Advisor Model) for power generation simula-
tion, considering the meteorological characteristics of
Cuenca, Ecuador, close to the equatorial line. The
electrical performance is calculated by arranging pho-
tovoltaic systems with specific characteristics, with
inclinations that respond to conventional local roof-
ing and different orientations. Efficiency is calculated
with in situ measurements over a period of 18 days.
Meteorological data were used to calibrate a weather
file for the year 2016. Annual yields are estimated
according to inclination and orientation, and techni-
cal characteristics of the photovoltaic system. Losses
are detected due to dirt accumulation and increase in
temperature of the panels. The model is validated by
linear regression, by comparing the simulated values
with the data obtained from in situ measurements
of a reference panel deployed horizontally. The re-
sults show an average efficiency loss of 2.77% for dirt
conditions and up to 30% for temperature increases.

Esta investigación calibra y valida un modelo de sis-
temas fotovoltaicos monocristalinos en la herramienta
computacional System Advisor Model (SAM) para
simulación de generación eléctrica, considerando las
características meteorológicas en Cuenca (Ecuador),
ciudad en altura próxima a la línea ecuatorial. Se ob-
tiene el rendimiento eléctrico al desplegarse paneles
fotovoltaicos de características específicas, con incli-
naciones que responden a techumbres típicas locales
y distintas orientaciones. Se calcula la eficiencia con
mediciones in situ durante un período de 18 días, para
que, con datos meteorológicos se calibre un archivo
climático para el año 2016. Se estiman rendimientos
anuales acorde a inclinación y orientación, y a carac-
terísticas técnicas de los fotovoltaicos. Se detectan
pérdidas por acumulación de suciedad e incremento
de temperatura de las placas. Se valida el modelo
mediante una regresión lineal, al comparar los valores
simulados con los datos obtenidos de mediciones in
situ de un panel en posición horizontal. Los resultados
indican una pérdida promedio de eficiencia de 2,77 %
por condiciones de suciedad y de hasta el 30 % por
incremento de temperatura.
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The validation of the model showed a determination
coefficient R2=0.996 and a normalized Root Mean
Square Error (RMSE) of 8.16%. It is concluded that
because of the particular latitude of the study site, un-
like most of the planet, the provision of photovoltaic
panels in any orientation considering low slopes does
not significantly reduce the annual power generation
performance.

La validación del modelo mostró un coeficiente de de-
terminación R2 = 0,996 y un RMSE normalizado de
8,16 %. Se concluye además que, por la latitud particu-
lar del sitio en estudio, a diferencia de la mayor parte
del planeta, la disposición de paneles fotovoltaicos
en cualquier orientación considerando pendientes ba-
jas, no reduce significativamente el rendimiento en la
generación de energía eléctrica anual.

Keywords: Monocrystalline, Photovoltaic Simula-
tion, SAM, Renewable Energies

Palabras clave: energías renovables, monocristalino,
SAM, simulación fotovoltaica.
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1. Introduction

The increasing energy demand and the anthropogenic
processes that cause the climatic change have made
necessary to consider alternative sources of energy
which are clean, renewable and of lower impact ex-
pansion potential [1]. In addition, it is also an ideal
condition that they can be deployed in buildings and
urban environments [2,3]. The photovoltaic (PV) solar
technology is undoubtedly one of the main alterna-
tives to face the global energy problematic, due to its
existent potential for expansion and more convenient
costs [4, 5].

Due to its geographic location, Ecuador is at a
latitude with important solar potential [6, 7]. Ecuador
is a developing country with increasing energy con-
sumption and mostly invariant seasonality along the
year [8,9]. As a consequence, there exist relatively con-
stant high levels of insolation [10] that provide a high
potential for utilizing solar energy as an alternative
for effectively reducing atmospheric contaminants and
the global effects of climatic change [11–13].

Nevertheless, since each city has particular charac-
teristics regarding resources and energy demand [11],
[14], it is necessary to determine the variable potential
for energy generation in every urban environment, prior
to establishing urban [15] and infrastructure [16] regu-
lations. The International Renewable Energy Agency
(IRENA) suggests taking advantage of vast building
surroundings and roof areas to locate energy capture
systems as a complement to energetic efficiency mea-
sures in buildings, and for implementing distributed
energy production schemes [12].

Some aspects with urban impact must be con-
sidered in the case of photovoltaic or thermal solar
technologies. For instance, capture surfaces should be
placed coplanar in the building, taking part of the ar-
chitectural surroundings [17]. In addition, they should
be deployed according to the consumption of each
building [18].

There are currently being developed architectural
constructive elements, such as cover slabs, glasses,
solar filters and even tiles, which are photovoltaic
(PV) panels, i.e. they have energy generation capac-
ity. These elements preserve the geometry and take
part of the surroundings, thus satisfying the concept
of architectural integration [PV Building Integrated
Photovoltaics (BIPV)] [19–21].

This work is intended to determine the electrical
efficiency of PV monocrystalline solar panels as a func-
tion of the inclination and orientation, in order to
provide a methodological foundation for the develop-
ment of a model for predicting the performance of
other PV technologies suitable for adaptation or in-
tegration to the building surroundings; this requires
measuring the performance for different orientations
and inclinations.

There are not clearly established criteria regarding
optimal inclination and orientation of PV panels for
cities such as Cuenca, and any inclination close to
the horizontal and oriented opposite to its latitude is
considered appropriate [22]. However, this empirical
guideline does not take into account aspects such as
the coplanar adaptation to the buildings, and the losses
due to accumulation of dirt, which may vary between
5% [23] and 35% [24] and affect the performance of
the system.

Besides the aforementioned issues, the surface tem-
perature of the PV modules also affect the overall
system efficiency in PV facilities [25–28]. In addition,
it is necessary to consider economic aspects and energy
demand, in order to maximize the production during
periods of higher demand or cost [29].

This study proposes a methodology to build a sim-
ulation model in the software SAM (System Advisor
Model) [30], to estimate the production of electricity
of PV monocrystalline panels. The model is calibrated
considering the impact of factors such as orientation,
inclination, and efficiency losses due to the accumula-
tion of dirt and temperature increments. The model
and the corresponding climatic file are implemented
in SAM. The resulting model is valid for simulating
real values of production [31] and determining the PV
performance, without requiring in situ measurements
along periods of one year or longer, and preventing the
use of models with more uncertainty and which are
not freely available to the user. In this manner, the
methodology for model calibration can be replicated
in other locations.

2. Materials and methods

This study is focused in calibrating and validating a
simulation model of a monocrystalline PV system, us-
ing short periods of in situ measurements. In addition,
a local climatic file in readable format (SAM CSV) is
generated by the software SAM. Performance losses
due to parameters such as accumulation of dirt and
increments of temperature as a function of weather
and global irradiance, are also considered.

The in situ measurements were carried out during
December 2016 and January 2017. Three monocrys-
talline PV panels were installed next to a meteorolog-
ical station located at (-2.901691◦S, -79.010151◦ E).
Each panel has a nominal power of 100 W, 36 cells
and dimensions 0.54 m wide and 1.2 m long (Figure
1), and is electrically connected to the HIOKI PW
3337-03 measurement equipment and to variable load
resistances, which were adjusted between 1 and 100
Ω in order to obtain the maximum power (Figure 2)
for a specific irradiance. Data of DC voltage, current
and power were collected, with a sampling period of
five minutes, which were further converted to hourly
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intervals.
In particular, the measurements were taken accord-

ing to the inclination and orientation of the panels,
along 12 days of December 2016 between the hours of
7:30 and 17:00. Data were obtained from the horizontal
panel and panels with inclinations 14.00◦, 18.26◦ and
26.56◦ (with all orientations: N, S, E, W), to validate
the model in SAM. These inclinations correspond to
typical roof pitches in low-rise buildings and residential
housings in the city of Cuenca [32]. The methodology
shown in Table 1 was used for measuring performance
according to inclination and orientation.

Figure 1. Monocrystalline solar panels with different in-
clinations

Figure 2. HIOKI PW 3337-03 equipment and load resis-
tors

Then, the efficiency was calculated as:

η = P

E ×Ac
× 100 (1)

where η is the efficiency of the panels, P is the
output power, E is the irradiance of the sun, and Ac
is the capture area or area of the panel. For each ori-
entation, the inclination which resulted in the best
performance (among the three proposed) was chosen,
and additional measurements were taken along three
days of January 2017 to determine the optimal con-
figuration (both inclination and orientation) for this
time of the year, according to the methodology shown
in Table 2.

Table 1. Parametric variation for measuring the perfor-
mance of monocrystalline panels according to their inclina-
tion and orientation

East
Day Panel 1 Panel 2 Panel 3
1 0◦ 14,00◦ 18,26◦

2 0◦ 18,26◦ 26,56◦

3 0◦ 26,56◦ 14,00◦

South
Day Panel 1 Panel 2 Panel 3
4 0◦ 14,00◦ 18,26◦

5 0◦ 18,26◦ 26,56◦

6 0◦ 26,56◦ 14,00◦

West
Day Panel 1 Panel 2 Panel 3
7 0◦ 14,00◦ 18,26◦

8 0◦ 18,26◦ 26,56◦

9 0◦ 26,56◦ 14,00◦

North
Day Panel 1 Panel 2 Panel 3
10 0◦ 14,00◦ 18,26◦

11 0◦ 18,26◦ 26,56◦

12 0◦ 26,56◦ 14,00◦

Table 2. Optimal configuration of monocrystalline panels
for January 2017

Day Panel 1 Panel 2 Panel 3
1 S 26,56◦ E 14,00◦ N 18,26◦

2 S 26,56◦ N 18,26◦ W 18,26◦

3 S 26,56◦ W 18,26◦ E 14,00◦

Of the four analyzed configurations, the optimal
was selected based on the average energy production
during the days of measurement.

On the other hand, to estimate the energy losses
due to accumulation of dirt, weekly measurements of
the performance of the PV panel were carried out,
from January 11th to February 1st 2017, using the
optimal inclination and orientation. In this case, one
of the panels was used for control purposes and was
cleaned during the days of measurement, while the two
remaining panels did not have any intervention; how-
ever, since precipitation events are frequent in Cuenca,
the panels that did not receive any manual mainte-
nance showed changes on the surface since such events
cleaned them. It is necessary to consider that rain-
fall is high locally, with precipitations all year long
such that no rain periods of more than one month are
unusual [33].

In order to estimate the losses due to increments of
temperature, the output power and the temperature
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on the surface of the monocrystalline panels were mea-
sured. Then, the efficiency was calculated by means of
equation (1) using the irradiance data obtained from
the meteorological station, and average values of ef-
ficiency losses were established by irradiance ranges.
Then, the model was calibrated in SAM using data of
average performance losses due to accumulation of dirt;
the data was organized by irradiance ranges. The infor-
mation was obtained from in situ measurements, and
consisted of a climatic file generated during 2016, with
hourly values of direct, diffuse and global radiation (all
given in W/m2), relative humidity (%), zenithal angle
(◦), precipitation (mm), wind direction and velocity (◦

and m/s, respectively). Thus, the climatic file of the
site under study is not obtained by interpolating values
of climatic variables between two locations, which re-
sults in greater degree of uncertainty in the predictions
of the models, but by contrast results are validated
through a real comparison between measurements of
PV production and instantaneously detected climatic
conditions.

In addition, technical data (in Table 3) of the uti-
lized PV panels was incorporated to the software.

Table 3. Specifications of the simulated PV panel

Specifications
Tipe of Monocrystalline

Voc 21,6 Vcell Silicium
Area of the 0,645 m2 Coefficient -0,38 %/°Cmodule Voc Temperature

NOCT 46 °C Coefficient 0,1%/ °CIsc Temperature

Vmp 17,3 V Coefficient -0,41 %/°CMPP Temperature

Imp 5,78 A
Number of cells

36in serie

Since this study defines aspects related to energy
processing, the point of maximum power of the panel
was considered in each estimation. The losses of the
system were established based on in situ efficiency
measures for irradiance intervals of 200 W/m2 and for
losses due to accumulation of dirt; for calculation pur-
poses a base loss of 5% is established in the program
by defect. With the simulated data of performance,
a database was generated with values similar to the
in situ measurements, and the following metrics were
calculated: Determination coefficient R2 (equation 2),
root of the mean squared error (RMSE) (equation 3),
mean bias error (MBE) (equation 4); at last, the 90%
confidence interval was established (CI 90%) (equation
5), for time intervals suggested by some validation
studies in SAM [34, 35], for this period of the year.
The values of RMSE and MBE were normalized with
respect to the maximum value among the in situ mea-
surements.

R2 =
∑N

i (SAMi −Measuredavg)2∑N
i (SAMi − SAMavg)2

(2)

RMSE =

√∑N
i (SAMi −Measuredi)2

N
(3)

MBE =
∑N

i (SAMi −Measuredi)2

N
(4)

IC90% = 1.645 × [Std(SAMi −Measuredi)] (5)

3. Results and discussion

After using the parameter variation for measuring the
performance and calculating the efficiency in Decem-
ber, the results shown in Table 4 were obtained.

Table 4. Best inclination per orientation

Orientation Best inclination
East 14,00◦

South 26,56◦

West 18,26◦

North 18,26◦

The results in Table 4 are due to the position of
the sun this time of the year (close to the solstice),
for which the south orientation is greater than the
north orientation in any inclination; however, the east
orientation of 14◦ results in a greater efficiency due to
mornings of high irradiance and cloudy afternoons, and
thus was selected for further analysis of the influence
of dirt.

In this analysis, during the first week of measure-
ments there were no performance losses due to the
amount of weekly accumulated rainfall (41.8 mm);
during the second week of monitoring there was a to-
tal rainfall of 6 mm, which resulted in dirt spots on
the surface and a little significant reduction in the
efficiency of the panels (0.7 %).

Since in the third week there were no rain events,
the presence of material on the surface of the panels
was evident; as a consequence, the corresponding mea-
surements exhibited an average efficiency reduction of
2.77%, with a maximum of 3.68% and a minimum of
1.87%. A week later, the accumulated rainfall (13.4
mm) removed a significant amount of particles from
the surface, thus resulting in negligible losses. Since
this average value of efficiency loss was very small, the
predefined value of 5 % was used for the simulation
in SAM. As it was stated before, in this place long no
rain periods are seldom, as it is for high Andean cities.



26 INGENIUS N.◦ 21, january-june of 2019

From the generated data it was possible to establish
a comparative criterion for calibrating and validating
the model in SAM, based on the parameters speci-
fied in the methodology. The results estimated by the
model were compared with the horizontal panel in
situ measurements, thus obtaining the statistical data
shown in Table 5.

Table 5. Calculated metrics

Metric Value Unit
R2 0,996 -

RMSE 5,263 W
NRMSE 8,156 %
MBE -1,04 W
NMBE -1,616 %
IC 90 % 8,522 %

The in situ and simulated data are compared graph-
ically in Figure 3. There is an evident strong linear
correlation, as confirmed by the calculated value of
the R2 coefficient. The RMSE and NRMSE values,
which indicate the error of the data estimated by the
model compared to the real measurements, are very
acceptable in this case [36].

The MBE and its normalized value are employed
to determine the model underestimation or overesti-
mation; it was found that the model underestimates
the system performance by 1.61%. Figure 4 shows the
real behavior of the system and the estimated by the
model in SAM for 12 days of measurement, consider-
ing as reference short-period validations carried out in
TRNSYS by [36,37], where the maximum generation
values show a trend; a slight underestimation by the
model could be observed. In addition, previous studies
analyze the temporal resolution with intervals smaller
than one hour [38], and compare simulated and in situ
values for a two-day period [39].

The 90% CI (confidence interval) in Table 5 indi-
cates that 90% of the simulated values are within ±
8.522% of the in situ measured values, which is really
close to the ± 8% that has been obtained in the vali-
dation of seven baseline studies with SAM [34]. It is
important to remark that this value is smaller in an

annual simulation, exhibiting a better fit of the linear
model and more validity.

Figure 3. Scatter plot of measured vs. simulated power

In addition, the estimated values of temperature
of the PV cells are different than the in situ mea-
surements. Therefore, the average annual temperature
from the model database was used instead for compar-
ison purposes, since for the same levels of radiation
the temperature seems to behave in a similar manner
along the year, as opposed to the in situ measurements
which are one-time values registered at the particular
day of measurement. An important average difference
of 13.33 ◦C can be observed in the data shown in Table
6, where the cells with no values indicate that during
that day the radiation levels were not within those
intervals. It is also assumed that the difference may
be greater, since the model estimates the temperature
of the cells, while the measurements were taken on
the panel glass which is lower than the surface tem-
perature of the cells [40]. This temperature variation
can be also due to the intensity of the UV rays, since
it is a high location [41]. Thus, it is recommended
that measurements are taken in the lab to confirm the
increment in the surface temperature of the cells.
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Figure 4. Performance comparison

Table 6. Comparison of the simulated and measured tem-
perature

Irradiance Anual Measured
(W/m2) average temperaturetemperature (◦C)(◦C)
0-200 15,81 -

200-400 21,05 33,5
400-600 24,56 -
600-800 27,02 40
800-1000 30,33 43
1000-1200 34,08 49,33

Based on the values of these metrics, it was deter-
mined that the model is valid, and thus can be used to
estimate the production of energy along longer periods,
having available the climatic file. The values of perfor-
mance in Table 7 were obtained after carrying out a
simulation for one year (expressed in kWh/year) for a
100 W module, considering orientation and inclination
parameters.

Thus, the horizontal is the configuration with the
greater generation. However, such configuration can-
not be deployed in inclined roofs and, in addition, it
is does not take advantage of the cleaning due to the
rainfall.

Table 7. Annual production of energy (kWh/year)

Angle North South East West
0° 119,16

14° 116,5 116,94 117,21 116,24
18,26° 114,66 115,24 115,63 114,35
26,6° 109,76 110,64 111,35 109,5

An interesting distinctive feature is established in
Table 7 with respect to the orientation and slope of the
PV in the context of this study. The horizontal con-
figuration effectively yields the maximum production,

but it only exceeds by 8.8% the annual generation of
the minimum production obtained in this work (West
orientation with an inclination of 26.56◦). Therefore,
due to the aforementioned limitations, the horizontal
layout is not recommended. In the comparison of the
performance for the inclined and oriented cases, it was
observed that a smaller slope effectively yields a bet-
ter average production, 5.8% higher for the case of
14◦ with respect to the 26.56◦ case, and 4.2% more
for 18◦ compared to 26.56◦. Analyzing the one-time
performances, the maximum production was obtained
for the East orientation with 14◦, and the minimum
for the West orientation with 26.56◦, with the former
more efficient by 7 %. The losses measured in this
study are smaller, considering for instance the PV
performance estimations for a condition of moderate
seasonal weather (36◦ of latitude), in which a devi-
ation of 90◦ with respect to the optimal orientation
results in a 17% reduction of the performance [42].
As expected, greater deviations opposite to the solar
path and latitudes more distant to the Equator, should
result in larger reductions in the PV performance. The
better performance for the case of East orientation is
because of morning with less clouds.

A more significant difference can be observed in
monthly values, which vary between 7.33 kWh/month
for July (month with minimum irradiance) and 12.19
kWh/month for November (month with maximum ir-
radiance) (Figure 5). This is an indication of a uniform
production along the year in this location, as opposed
to PV supply studies carried out in moderate seasonal
weather (38◦ south latitude) in which the generation
during the summer months can be the triple of that for
the winter months [43]; and in strong seasonal weather,
such as Helsinki (Finland), in extreme latitude (60◦

north latitude), where the summer production can be
more than ten times the winter production. This rep-
resents an obvious advantage of the equatorial zones,
since it is more adaptable to face urban demands.
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Figure 5. Estimated monthly production by simulation
in SAM

4. Conclusions

An important step towards exploiting the potential of
a particular city to generate renewable energy, is to
validate tools that can be used to reduce the estima-
tion and simulation uncertainties, of PV production
in this case. This study showed that, by means of
specific adjustments in different parameters, the SAM
model can be used with low uncertainty in the city
of Cuenca (Ecuador), this providing a reliable model
for forecasting a possible PV electric generation. For
other locations a similar calibration can be carried
out, validating the model with in situ performance
measurements.

Among the results of the study, the efficiency loss
due to accumulation of dirt was measured, obtaining
an average of 2.77%, which is not significant and indi-
cate that a recurrent cleaning of the PV panels is not
necessary, since the continuous rainfalls are enough to
recover the efficiency. On the other hand, losses due
to the temperature are important for high irradiance,
which might be due to the constructive features of the
cells or to elevated indices of UV rays. This became a
relevant parameter during model calibration.

The estimation performance of the model was eval-
uated using statistical metrics, to compare the model
estimates with in situ measurements. The values ob-
tained were R2 = 0,996, NRMSE = 8,156 y NMBE =
-1,616%, which demonstrate that although the model
underestimated such measurements, it is appropriate
for forecasting future scenarios in annual simulations,
since it exhibits a strong linear trend with respect to
the in situ measurements. A methodology and a vali-
dated tool were delivered, which are useful for estimat-
ing the electric generation employing monocrystalline
solar panels.

Regarding performances detected in the particular
location, a higher annual generation can be obtained
facing the PV systems to the East with a slope incli-
nation close to the horizontal. However, no significant
differences were found with respect to other orienta-
tions with similar inclinations, due to the geographic
location of the area under study which results in mainly
uniform levels of irradiance along the year. Likewise,
although it was observed that, depending on inclina-
tion and orientation, the expected production during
June-July (minimum irradiance) is 40% less than the
production of November (maximum irradiance), the
annual production is significantly more stable as com-
pared to other latitudes. This results in an excellent
potential of connection to a smart grid under a dis-
tributed generation scheme, or storage for self-supply.
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Abstract Resumen
This research explains the methodology for the cre-
ation of a diagnostic system applied to the detection
of mechanical failures in vehicles with gasoline en-
gines through artificial neural networks. The system
is based on the study of the intake phase of the
Otto cycle, which is recorded through the physical
implementation of a MAP sensor (Manifold Absolute
Pressure). A strict sampling protocol and its corre-
sponding statistical analysis are applied. Statistical
values of the MAP sensor signal such as, area, energy,
entropy, maximum, mean, minimum, power and RMS,
were selected according to the greater amount of in-
formation and significant difference. The data were
obtained with the application of 3 statistical methods
(ANOVA, correlation matrix and Random Forest) to
create a database that allows the training of a neural
network feed-forward backpropagation, with which
a classification error of 1.89 e−11 was achieved. The
validation of the diagnostic system was carried out by
the generating supervised failures in different engines
with provoked ignition.

En la presente investigación se explica la metodología
para la creación de un sistema de diagnóstico apli-
cado a la detección de fallas mecánicas en vehículos
con motores a gasolina mediante redes neuronales
artificiales, el sistema se basa en el estudio de la fase
de admisión del ciclo Otto, el cual es registrado a
través de la implementación física de un sensor MAP
(Manifold Absolute Pressure). Se emplea un estricto
protocolo de muestreo y su correspondiente análisis
estadístico. Los valores estadísticos de la señal del
sensor MAP: área, energía, entropía, máximo, media,
mínimo, potencia y RMS se seleccionaron en función
al mayor aporte de información y diferencia significa-
tiva. Los datos se obtuvieron con la aplicación de 3
métodos estadísticos (ANOVA, matriz de correlación
y Random Forest) para tener una base de datos que
permita el entrenamiento de una red neuronal feed-
forward backpropagation, con la cual se obtiene un
error de clasificación de 1.89e−11. La validación del
sistema de diagnóstico se llevó a cabo mediante la
provocación de fallas supervisadas en diferentes mo-
tores de encendido provocado.

Keywords: diagnosis, mechanical failures, network
feed-forward backpropagation, ANOVA, correlation
matrix, Random Forest.

Palabras clave: diagnóstico, fallos mecánicos, red
feed-forward backpropagation, ANOVA, matriz de
correlación, Random Forest.
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1. Introduction

Nowadays, operators and technicians in the area of au-
tomotive transportation use rudimentary diagrams for
diagnosing and repairing engines with provoked igni-
tion (EPI), which implies subjectivity in the diagnosis,
longer periods for fault detection, lack of assertiveness
and, as a consequence, high maintenance costs.

Therefore, it becomes necessary to apply new
methodologies and specialized techniques for quicker
diagnosis, thus optimizing resources for fault detection
in engines of gasoline powered vehicles [1].

Due to the complexity for analyzing and inter-
preting the operational parameters of the EPI, it is
necessary to use neural networks and computational
mathematics for an efficient diagnosis of mechanical
failures in Otto cycle engines. Howlett [2] shows that
the EPI can be monitored for failure diagnosis or con-
trol, by analyzing the spark plug signal using artificial
neural networks.

Similarly, Antory [3] suggests that it is possible to
precisely determine different types of common failures
in automobile diesel engines, by means of a diagnosis
model that uses a variation of autoassociative neural
networks (AANN).

Other neural networks have also been applied for
fault diagnosis in the automotive area. Chen and
Zhao [4] use radial basis functions neural networks
(RBFNN) to diagnose failures of the engine fuel sys-
tem.

Parallel strategies can be applied to train an artifi-
cial neural network (ANN), e.g. training of a modified
Elman network for diagnosing engine failures. This
recurrent network can be very effective and achieve
a good diagnosing result, due to its dynamic input-
output relationship [5]. Similarly, Lian et al. [6] present
a method based in fuzzy logic and neural networks, for
diagnosing faults in engines with provoked ignition.

Shah et al. [7] propose a system for failure recog-
nition of internal combustion engines, applying the
discrete wavelet transform (DWT) and RBF neural
networks. Cay [8] developed an ANN model based on
the backpropagation algorithm, for predicting specific
brake fuel consumption, effective power and exhaust
temperature of an EPI. Cay et al. [9] presented an
ANN model for predicting the performance and the
exhaust emissions of an EPI working with methanol
and gasoline.

There have been diverse applications of neural net-
works in the calibration of spark ignited engines. R. F.
Turkson et al. [10] have stated that ANN are capable
of identifying the system for rapid prototyping, virtual
detection, emerging control strategies and on board
diagnostic (OBD) applications.

Another important application of ANN with kinetic
models as activation functions of units in the hidden
layer, was the study of the polyurethane degradation of
an automotive intake manifold with isothermal treat-
ment [11].

The proposed system for diagnosing engines with
provoked ignition can detect faults that are not de-
tected by the engine control unit (ECU). The system
uses the signals from the manifold absolute pressure
(MAP) and camshaft positioning (CMP) sensors, since
they can enable minimizing the diagnosis time, in or-
der to avoid employing intrusive techniques in the EPI
such as using manometers for measuring the compres-
sion of the cylinders and the fuel pressure, vacuum
meter, scanner, among others. The purpose of the
aforementioned techniques is determining mechanical
failure.

2. Materials and methods

This section discusses subjects such as the selection of
the minimally invasive experimental unit and instru-
mentation, conditions for samples collection, method-
ology for data acquisition, obtaining the matrix of
attributes, reduction of attributes and selection for
ANN training, and Matlab algorithm for implementing
the neural network.

2.1. Selection of the minimally invasive exper-
imental unit and instrumentation

The main purpose is to avoid disassembling elements
and pieces of the engine when diagnosing mechani-
cal failures, for which a MAP sensor is installed in
a vacuum outlet of the intake manifold to measure
engine depression. The sensor will be placed after the
acceleration butterfly, to prevent the connection from
affecting the engine operation.

The identification of each cylinder is carried out
using the registered signal from the CMP sensor. Fig-
ure 1 shows the experimental unit tested in the engine
of a Hyundai Sonata 2.0 DOHC, a personal computer
(PC), a tablet, the data acquisition tool NI DAQ-6009
and the interface of an automotive scanner. On the
other hand, Figure 2 shows the connection of the MAP
sensor, the vacuum outlet and the Ni DAQ-6009.

Figure 1. Engine instrumentation.
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Figure 2. Connection of the MAP sensor.

2.2. Conditions for samples collection

The software LabView 2017 and the data acquisition
card NI DAQ-6009 were used for collecting the sam-
ples. The samples are taken with the engine idle, at
approximately 850 rpm, for a temperature range of the
MAP sensor between 92 ◦C y 97 ◦C and 40 % load;
these conditions were confirmed using the scanner.

In a preliminary experimental study it was found
that the signal of the MAP sensor exhibits higher
frequency peaks. As a consequence, each signal was
sampled at a frequency of 10 KHz during a period of
5 seconds; such frequency exceeds Nyquist criterion
(1.416 KHz).

2.3. Methodology for data acquisition

Figure 3 presents the physical elements required for
sampling the signals.

Figure 3. Elements required for collecting the samples.

The flowchart shown in Figure 4 represents the
procedure for obtaining the data from the signals of
the MAP and CMP sensors, with the engine operating
correctly (Figure 4(a)) or under a supervised failure
(Figure 4(b)). Such procedure starts with the revision
of the engine to determine its condition.

Then, the connection of the sensors is verified and
the signal is recorded with the software LabView and
saved to an Excel file.

Table 1 summarizes a total of 18 failures that can
occur in the experimental unit, each with its corre-
sponding identification code. The optimal operation
of the engine is also included as a condition.

Figure 4. Flowchart of the procedure for data acquisition:
(a) engine operating correctly, (b) engine with a failure

Table 1. Operational conditions of the experimental unit

N.◦ Type of mechanical Identification
condition Code

1 Optimal operation 100
2 Failure in fuel injector 1 200
3 Failure in fuel injector 2 300
4 Failure in fuel injector 3 400
5 Failure in fuel injector 4 500
6 Failure in spark plug 1 600
7 Failure in spark plug 2 700
8 Failure in spark plug 3 800
9 Failure in spark plug 4 900
10 Failure in coil 1-4 1000
11 Failure in coil 2-3 1100
12 Low fuel pressure 1200
13 High fuel pressure 1300

14 Intake (+1) and 1400exhaust (0) trees

15 Intake (-1) and 1500exhaust (0) trees

16 Intake (0) ands 1600exhaust (+1) tree

17 Intake (0) and 1700exhaust (-1) trees

18 Intake (+1) and 1800exhaust (+1) trees

19
Intake (-1) and

1900exhaust (-1) trees
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2.4. Obtaining the matrix of attributes

Once the signals have been acquired, an algorithm was
coded in Matlab for reading and obtaining the ma-
trix with general attributes, such as geometric mean,
maximum, minimum, covariance, variance, standard
deviation, mode, kurtosis factor, coefficient of asym-
metry, energy, power, area under the curve, entropy,

coefficient of variation, range, root mean square and
crest factor.

Figure 5 illustrates a complete cycle of the engine
(720◦ ±180◦), with the tuning of the early intake open-
ing (EIO) and late intake closing (LIC) distribution
for each cylinder. Figure 6 shows windows of the MAP
sensor signal for each cylinder; these signals are char-
acterized.

Figure 5. Signals of the MAP and CMP sensors.

Figure 6. Windows of the MAP sensor signal for each
cylinder.

2.5. Reduction of attributes

For selecting and reducing the number of attributes,
the general matrix is analyzed using three statistical
methods: analysis of variance (ANOVA), correlation
matrix and Random Forest.

The application of a single factor ANOVA to all 18
attributes, helps to determine the best attributes that
will be present in the general matrix. Since values of
R2 close to 100 % indicate a correct fit of the model to
the data, greater values of this parameter are used to
determine the variation among the attributes. In addi-
tion, values of p close to 0 determine if the attributes
are statistically significant [12].

With respect to the correlation matrix, attributes
with coefficients close to –1 o 1 were discarded, since
such values indicate strong relationship between the
variables, either negative (–1) or positive (1). In fact,
attributes with coefficients close to zero were selected,
because there does not exist strong correlation between
the variables [13].

Regarding the Random Forest method, it was used
to estimate the importance of the attributes by means
of techniques such as Curvature test, Standard CART
and Interaction test. Then, Pareto analysis was ap-
plied to select the attributes with the higher priority,
considering only the first 95 % of the accumulated
distribution [14].

Table 2 contains the results of the applied statis-
tical methods, i.e. ANOVA, correlation matrix and
Random Forest.

The general matrix contains the 18 attributes cor-
responding to the 19 conditions which were induced
in the experimental unit.

2.6. Selection of attributes for training the
ANN

The attributes selected for training the neural network
were the most often repeated, which were determined
by means of a coincidence analysis carried out to the
results of Table 2. The selected attributes are shown
in Table 3, thus confirming the effectiveness of each
method.
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Table 2. General matrix of attributes

Statiscal Most important attributes according to the statistical methodsmethods
Analyzed Coeff. of variation Area RMS Mean Energy Entropy Mínimum Median Power

Correlation coefficients Range/value Range/value Range/value Range/value Range/value Range/value Range/value Range/value Range/value
342 ≤ ± 0.1 / 222 ≤ ± 0.1 / 212 ≤ ± 0.1 / 216 ≤ ± 0.1 / 212 ≤ ± 0.1 / 220 ≤ ± 0.1 / 214 ≤ ± 0.1 / 204 ≤ ± 0.1 / 214 ≤ ± 0.1 / 214

ANOVA Median Area Mean Minimum Maximum RMS Power Energy Entropy
R2=100 % R2=99,4 % R2=99,39 % R2=99,39 % R2=99,38 % R2=99,38 % R2=99,26 % R2=99,25 % R2=99,25 % R2=99,16 %
p=0,00 p=0,00 p=0,00 p=0,00 p=0,00 p=0,00 p=0,00 p=0,00 p=0,00 p=0,00

Forest Curvature Energy RMS Entropy Maximum Area Mean Power Minimum Crest factor
% of Importance % Imp. % Imp. % Imp. % Imp. % Imp. % Imp. % Imp. % Imp. % Imp.

(0 a 2.5) 2,4 2,3 2,25 2,2 2,18 2,15 2 1,9 1,6
Forest Standard Cart Energy Entropy RMS Mean Maximum Area Power Minimum Coeff. of variation

% of Importance % Imp. % Imp. % Imp. % Imp. % Imp. % Imp. % Imp. % Imp. % Imp.
(0 a 3) 2,85 2,7 2,65 2,64 2,63 2,6 2,55 2,46 2,4

Forest Robust Standar Deviation Variance Energy Area RMS Mean Power Maximum Minimum
% of Importance % Imp. % Imp. % Imp. % Imp. % Imp. % Imp. % Imp. % Imp. % Imp.

(0 a 12) 10,15 10,13 10,11 10,09 9,5 9,1 8,7 8,5 8,4

Table 3. Attributes used to train the ANN

Statistical Number of
atributes repetitions
Area (v2) 5
Energy (J) 5
Entropy (J) 4

Maximum (V) 4
Mean (V) 5

Minimum (V) 5
Power (mW) 5
RMS (V) 5

2.7. Matlab algorithm for implementing the
neural network

Different network configurations were created and
trained using the Matlab neural network toolbox, in
the search for the network that exhibits good general-
ization ability.

Figure 7 shows the flow chart of the procedure for
creating an ANN.

The procedure starts reading the matrix of inputs
and target data for the ANN. Then, for better train-
ing performance, the data is normalized using the
corresponding maximum values. At last, the ANN is
created.

Figure 8 illustrates the structure of the feed-forward
backpropagation ANN.

Once created, the neural network is trained consid-
ering the following training parameters:

1. Training algorithm

2. Number of epochs

3. Maximum error

Then, the classification performance of the trained
neural network is tested. Is the classification error is
greater than 5 %, the parameters are varied and the
training is repeated.

Figure 7. Flowchart of the procedure for ANN creation

Figure 9 shows the classification error of different
training configurations, which were carried out search-
ing for the neural network with the smallest possible
error.
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The neural network trained with the function train-
scg had an error of 1.89e−11 %.

Figure 8. Structure of the neural network.

Figure 9. Errors for different training algorithms.

Figure 10 shows the Pearson correlation coefficient
R of the created neural network, which is available in
the Matlab string variable red.trainFcn = ’trainscg’.

The lines represent target values and the black cir-
cles the corresponding values estimated by the ANN.
The neural network exhibits a good performance, since
R=1 for training, validation and testing, which in-
dicates a strong linear relationship between the real
conditions of the EPI and the results given by the
neural network [15].

On the other hand, Figure 11 shows a comparison
between the output of the neural network and the
target value, for the 19 mechanical conditions under
consideration.

Figure 10. Correlation between the targets and the values
estimated by the neural network.

Figure 11. The Neural network trained with function
«trainscg» achieved a percentage error of 1.89e−11.

3. Results and discussion

Tests under different operating conditions were con-
ducted to confirm that the proposed diagnosing system
works correctly.
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Specifically, two failure conditions were considered:
injector 1 (200) and coil 2-3 (1100).

Figure 12 shows the results for a failure condition in
injector 1. The average error between the target values
and the outputs of the neural network was 0.0127.

Figure 12. Results for a failure condition in injector 1.

On the other hand, Figure 13 shows the results for
the failure condition in coil 2-3. The average error be-
tween the target values and the outputs of the neural
network was 0.0060.

Figure 13. Results for a failure condition in the ignition
coil 2-3.

Results show that the differences between the tar-
get values and the outputs of the ANN were very close
to zero. Therefore, the proposed diagnosing system is
capable of detecting a real failure condition.

In fact, Figure 14 shows that Tukey statistical
method with a confidence interval of 95 %, determines
that there is not significant statistical difference be-
tween the real condition of the engine and the responses
of the ANN, since their means are equivalent.

In addition, the intervals shown in Figure 15 indi-
cate that there is no difference between the average
values of the tests in the different operating conditions
of the engine.

Figure 14. Difference between the means of the real data
vs. ANN response.

Figure 15. Intervals of real data vs. ANN response.

Similarly, Figure 16 confirms that there is rela-
tionship between the expected and neural network
responses, since they share the same group letter (A)
and the p-value is 0.965. This results in a confidence
value of 96.5 %, which is very acceptable in the di-
agnosis of internal combustion engines with provoked
ignition.

Figure 16. Results of the analysis of variance and com-
parisons in Tukey pairs.



Contreras Urgilés et al. / Application of feed-forward backpropagation neural network for the diagnosis of

mechanical failures in engines provoked ignition 39

4. Conclusions

The developed neural network model had a classifi-
cation error of 1.89e-11 with the training function
trainscg, which yielded an accurate identification of
the different types of mechanical conditions of the EPI.
Therefore, such model constitutes a completely viable
alternative to be integrated in a diagnosing system,
due to the high computational speed offered by the
artificial neural networks.

By means of a single factor analysis of variance, a
p-value=0,965 was obtained, demonstrating that the
targets and the ANN responses are equivalent since
this p-value indicates that there is not a significant
statistical difference between them. This work showed
that feed-forward backpropagation neural networks are
suitable for detecting mechanical failure conditions in
engines with provoked ignition; in addition, the applied
diagnosing technique has the advantage of avoiding
disassembling elements and pieces of the engine, thus
being a reliable and highly precise minimally invasive
technique.

Statistical methods such as analysis of variance
(ANOVA), correlation matrix and Random Forest,
were applied to determine the best attributes for train-
ing the ANN. Then, the results were grouped in a ge-
neral matrix, to help in the selection of the attributes
with greater coincidence and importance for differenti-
ating patterns of mechanical failures.

References

[1] W. Contreras, M. Arichávala, and C. Jerez, “De-
terminación de la presión máxima de compresión
de un motor de encendido provocado basado en
una red neuronal artificial recurrente,” INGE-
NIUS, no. 19, pp. 9–18, 2018. [Online]. Available:
http://doi.org/10.17163/ings.n19.2018.01.

[2] R. J. Howlett, “Condition monitoring and fault
diagnosis in a domestic car engine using a neural
network,” in IEE Colloquium on Artificial Intelli-
gence in Consumer and Domestic Products (Digest
No. 1996/212), Oct 1996, pp. 5/1–5/4. [Online].
Available: https://doi.org/10.1049/ic:19961142

[3] D. Antory, “Fault diagnosis application in an
automotive diesel engine using auto-associative
neural networks,” in International Conference on
Computational Intelligence for Modelling, Control
and Automation and International Conference
on Intelligent Agents, Web Technologies and
Internet Commerce (CIMCA-IAWTIC’06), vol. 2,
Nov 2005, pp. 109–116. [Online]. Available:
https://doi.org/10.1109/CIMCA.2005.1631454

[4] D. Chen and P. Zhao, “Study of the fault
diagnosis method based on rbf neural net-

work,” in 2011 2nd International Conference
on Artificial Intelligence, Management Sci-
ence and Electronic Commerce (AIMSEC),
Aug 2011, pp. 4350–4353. [Online]. Available:
https://doi.org/10.1109/AIMSEC.2011.6010128

[5] Y. G. Wu, C. Z. Song, and L. P. Shi, “Notice of
retraction fault diagnosis of engine mission using
modified elman neural network,” in 2010 Sixth
International Conference on Natural Computation,
vol. 2, Aug 2010, pp. 996–998. [Online]. Available:
https://doi.org/10.1109/ICNC.2010.5582900

[6] P. Lian, T. Y. Bin, N. Ning, and C. Aiping, “Ap-
plication of fuzzy neural network in fault diagnosis
of gasoline engine,” in 2009 9th International Con-
ference on Electronic Measurement Instruments,
Aug 2009, pp. 4–602–4–605. [Online]. Available:
https://doi.org/10.1109/ICEMI.2009.5274658

[7] M. Shah, V. Gaikwad, S. Lokhande, and
S. Borhade, “Fault identification for i.c.
engines using artificial neural network,”
in 2011 International Conference on Pro-
cess Automation, Control and Computing,
July 2011, pp. 1–6. [Online]. Available:
https://doi.org/10.1109/PACC.2011.5978891

[8] Y. Cay, “Prediction of a gasoline engine per-
formance with artificial neural network,” Fuel,
vol. 111, pp. 324–331, 2013. [Online]. Available:
https://doi.org/10.1016/j.fuel.2012.12.040

[9] Y. Çay, I. Korkmaz, A. ÇiÇek, and F. Kara,
“Prediction of engine performance and ex-
haust emissions for gasoline and methanol
using artificial neural network,” Energy,
vol. 50, pp. 177–186, 2013. [Online]. Available:
https://doi.org/10.1016/j.energy.2012.10.052

[10] R. F. Turkson, F. Yan, M. K. A. Ali,
and J. Hu, “Artificial neural network appli-
cations in the calibration of spark-ignition
engines: An overview,” Engineering Science and
Technology, an International Journal, vol. 19,
no. 3, pp. 1346–1359, 2016. [Online]. Available:
https://doi.org/10.1016/j.jestch.2016.03.003

[11] B. D. de L. Ferreira, N. R. Araújo, R. F.
Ligório, F. J. Pujatti, M. I. Yoshida, and
R. C. Sebastião, “Comparative kinetic study
of automotive polyurethane degradation in
non-isothermal and isothermal conditions using
artificial neural network,” Thermochimica Acta,
vol. 666, pp. 116–123, 2018. [Online]. Available:
https://doi.org/10.1016/j.tca.2018.06.014

[12] Minitab. (2018) Minitab software. [Online].
Available: https://goo.gl/NDoMTo

http://doi.org/10.17163/ings.n19.2018.01.
https://doi.org/10.1049/ic:19961142
https://doi.org/10.1109/CIMCA.2005.1631454
https://doi.org/10.1109/AIMSEC.2011.6010128
https://doi.org/10.1109/ICNC.2010.5582900
https://doi.org/10.1109/ICEMI.2009.5274658
https://doi.org/10.1109/PACC.2011.5978891
https://doi.org/10.1016/j.fuel.2012.12.040
https://doi.org/10.1016/j.energy.2012.10.052
https://doi.org/10.1016/j.jestch.2016.03.003
https://doi.org/10.1016/j.tca.2018.06.014
https://goo.gl/NDoMTo


40 INGENIUS N.◦ 21, january-june of 2019

[13] Incibe-cert. (2015) Incibe-cert. [Online]. Available:
https://goo.gl/5h7696

[14] Mathworks. (2018) Mathworks. [Online]. Avail-
able: https://goo.gl/GVhckj

[15] J. Calderón, B. Castillo, and J. Moreno,
“Diseño de una red neuronal para la predic-
ción del coeficiente de pérdidas primarias
en régimen de flujo turbulento,” INGENIUS,
vol. 20, pp. 21–27, 2018. [Online]. Available:
https://doi.org/10.17163/ings.n20.2018.02.

https://goo.gl/5h7696
https://goo.gl/GVhckj
https://doi.org/10.17163/ings.n20.2018.02.


Scientific Paper / Artículo Científico

https://doi.org/10.17163/ings.n21.2019.04
pISSN: 1390-650X / eISSN: 1390-860X

Thermodynamic analysis of one and
two stages absorption chiller powered

by a cogeneration plant
Análisis termodinámico de un chiller
de absorción de 1 y 2 etapas de una

planta de cogeneración
Hugo F. Zuñiga-Puebla1,∗, E.C. Vallejo-Coral2, Jose Ramon Vega Galaz3

1,∗Faculty of Mechanical Engineering, Escuela Politécnica Nacional, Ecuador. Corresponding author ):
hugo.zuniga@epn.edu.ec http://orcid.org/0000-0003-0732-8108.

2National Institute of Energy Efficiency and Renewable Energy, Ecuador. http://orcid.org/0000-0003-2065-0484.
3Department of Electrical Engineering, Instituto Tecnológico y de Estudios Superiores de Monterrey ITESM, Mexico

http://orcid.org/0000-0003-7630-2035.
Received: 14-03-2018, accepted after review: 03-12-2018
Suggested citation: Zuñiga-Puebla, H. F.; Vallejo Coral, E. C. and Vega Galaz, J. R. (2019). «Thermodynamic analysis
of one and two stages absorption chiller powered by a cogeneration plant». Ingenius. N.◦21, (january-june). pp. 41-52.
doi: https://doi.org/10.17163/ings.n21.2019.04.

Abstract Resumen
Thermodynamics models of a single and a non-
common double stage ammonia-water absorption
chiller that use waste heat (from three reciprocat-
ing engines of 8.7 MW each one) are developed to
analyze the performance of the chiller for different
operative conditions. A comparison of a single stage
refrigeration system with the two stages proposed
system is performed in this paper. The coefficient of
performance (COP) obtained for both systems are
the same, but the heat flux removed from the cool-
ing media with the two-stage system increase from
1.3MW (single stage) until 1.6 MW due to the heat
recovered increased with the second generator. The
heat recovered used by the chiller was 3.8 MW, and
the utilization factor of the cogeneration plant was
58.11%, and the cooling capacity of the equipment
was 1,623 kW. Finally, the estimated economics sav-
ings for electric power due to the implementation of
the absorption chiller that uses exhaust gases in place
of a common refrigeration system by vapor compres-
sion with the same cooling capacity was 142,000.00
USD/year.

Se han desarrollado modelos termodinámicos de en-
friadores de agua por absorción de una etapa y ciclo
no común de dos etapas que usan calor de desecho
(de motores de combustión interna de 8.7 MW cada
uno) para analizar las condiciones de operación de los
equipos. Se ha realizado la comparación del sistema
de una etapa con el sistema propuesto (2 etapas) en
esta investigación. El coeficiente de desempeño (COP)
obtenido para ambos sistemas fue el mismo pero el
calor removido del espacio refrigerado aumento de
1.3 MW (una etapa) a 1.6 MW (dos etapas) debido
a que se recupera más energía residual utilizando
un segundo generador. El calor residual aprovechado
por el equipo de refrigeración fue de 3.8 MW y el
factor de planta del proceso de cogeneración fue de
58.11 % y la capacidad de refrigeración del equipo
fue de 1,623 kW. Finalmente, los ahorros económicos
estimados por concepto de energía eléctrica que se
tienen por implementar el sistema de refrigeración
por absorción que utiliza gases de escape como fuente
de energía en lugar de un equipo común de refrige-
ración por compresión de la misma capacidad son
142,000.00 USD/año.

Keywords: Absorption chiller, cogeneration, heat
recovery refrigeration, waste energy, COP.

Palabras clave: Absorción, calor recuperado, coge-
neración, COP, energía desperdiciada.
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1. Introduction

The vapor compression refrigeration system is widely
used in the refrigeration industry. In recent years, the
scenario for energy demand in industrial cooling has un-
dergone significant changes, the most significant among
them, is the ban on chlorofluorocarbon (CFCs) as cool-
ing agents because of their effect on the ozone layer.
Thus, the use of alternative fluids for compression
refrigeration systems were studied, and now the manu-
factures of refrigeration equipment use other types of
fluids, for example isobutane (R600a) [1]. The disad-
vantages of the compression system are high electric-
ity consumption, high operation costs and pollution.
The absorption refrigeration systems (ARS), which
are powered by heat instead of electricity, could be a
good alternative to reduce electricity consumption and
obtain economic revenues [2–4].

The absorption refrigeration systems (ARS) were
developed to use thermal energy as a cycle input in-
stead of electricity. Two-stage ARS have been devel-
oped to improve the operation of these systems [2,5,6].
Both systems work with two fluids: the refrigerant
and the fluid to absorb the refrigerant in a solution to
increase the pressure with a pump, the most common
pair of fluids detailed in the bibliography are lithium
bromide/water (H2O as refrigerant and LiBr as trans-
port medium) and ammonia/water (NH3 as refrigerant
and H2O as transport medium). The ammonia/water
systems are used to obtain low evaporation tempera-
tures (for example freezing application) [7]. Hence, the
ARS could be a good alternative to reduce the elec-
tricity consumption of industrial cooling and obtain
economic revenues [2–4].

Colorado and Rivera [6] compared a vapor com-
pression refrigeration system with a hybrid system
(compression/absorption) with the first and second
laws of thermodynamics. They used R134a and CO2 as
refrigerants of the compression systems and a solution
of H2O/LiBr in the absorption cycle. The hybrid sys-
tem has a cascade heat exchanger where the condenser
compression system is the evaporator of the absorption
system. The main objective was to reduce the energy
used in the compressor. The research results show that
the hybrid system consumes 45% less electricity than
the simple compressor cycle. Also, the coefficient of
performance (COP) obtained in the hybrid system is
higher with R134a.

One of the advantages of ARS is the possibility
to use various heat sources as input for the generator.
Said et al. [8] designed and built a solar powered ab-
sorption chiller with NH3/H2O to the Saudi Arabian
climatic conditions. The system aim was to produce
ice and cool a building’s enclosed main hall which
presents 10kW of cooling load. During the test, the
chiller highest cooling capacity observed was of 10.1
kW, and it produced ice despite the high condensation

temperature (45 ◦C) due to summer climatic condi-
tions. Other authors as Wang et al. [9] studied the
optimal heat sources for different applications of ARS.

The waste heat of exhaust gases of boilers, com-
bustion engines, turbines can be used as heat source
for an absorption system. Du et al. [10] built a pro-
totype of a single stage ammonia/water refrigeration
system that used waste heat from a diesel engine with
an active open heat pipe method, designed to obtain
stability of the available heat. The authors designed
the heat exchanger to recover waste energy for a spe-
cific capacity, and they combined condensation and
absorption process in one unit which was cooled by
circulated precooled solution. The system had a COP
of 0.53, and the cooling capacity was 33.8 kW for a
temperature of exhaust gases of 567 ◦C.

Nowadays, manufacturers such as AGO are build-
ing absorption refrigeration systems that can be cou-
pled with a heat exchanger to use solar collector or heat
recovery hot water regenerator (HRHWG) with energy
of exhaust gases [11]. This kind of systems presents
different advantages compared with power generation
systems such as: i) increasing energy efficiency with
co/tri-generation, ii) reduction of CO2 emissions, and
iii) substitution of high-quality electric power with
“low-grade” thermal energy in the form of waste heat.
Moreover, among economic reasons are related to kind
of systems such as: reduction of operating costs by
using waste heat as the power source and minimal use
of electricity.

The main objective of this work is to develop a
thermodynamic model of a single stage and AGO’s
(non-conventional) two-stage system of ammonia/wa-
ter absorption chiller designed and built by AGO [11]
to analyze the performance of the chiller for different
operation conditions. The absorption chiller uses waste
energy recovered from the exhaust gases of reciprocat-
ing engines.

1.1. Description of complete cogeneration sys-
tem

Figure 1 shows a scheme of the cogeneration power
plant (CHP). In June 2017 the plant was installed by
the “Unión Energética del Noroeste SA de SV ” com-
pany, which sells electricity, and it is subsidiary of
“Negocio Agrícola San Enrique SA de SV ” company.
The last one uses chillers to refrigerate its farm prod-
ucts. Both companies are in Agua Prieta in the federal
state of Sonora, north-west in Mexico.

The CHP has three reciprocating engines with a
total output of 26.1 MW (e) (each engine of 8.7 MW
(e)) and 9.8 MW (t) is recovered from the exhaust
gases and high-temperature refrigeration circuit. A
heat recovery steam generator (HRSG) recovered 6
MW (t) producing vapor and a heat recovery hot water
generator (HRHWG) recovered 3.8 MW(t).
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Figure 1. Powered cogeneration plant studied.

The vapor produced with the HRSG is used in a
vapor turbine to produce 2 MW (e). The hot water
produced in the HRHWG is used as an input of the
absorption chillers to generate cold air for the refriger-
ation of warehouses where agricultural products from
the hot Sonora area are conserved.

2. Theoretical Background

2.1. Compression versus absorption

Energy is required to transport heat from a low-
temperature to a high-temperature bulb. A fluid refrig-
erant undergoes a series of thermodynamic transfor-
mations. Each refrigerant has a defined and different
behavior, and as it is well known, the cycles prevent
continuous replenishment of the refrigerant [12]. The
main methods of industrial cooling are compression
and absorption.

The compression cycle is based on the conventional
refrigeration cycle. It transfers heat from the cooling
space to the environment using electricity as its input.
It works by increasing and lowering the pressure of the
refrigerant, changing its saturation temperature. The
compression system has a condenser (outdoor unit),
an evaporator (inside the cooling space), an expansion
valve and a compressor (transports the refrigerant) [13].
Its performance is high considering that the system in-
put is electrical energy and the output is heat removed
from the evaporator. These devices work by increasing
and lowering the pressure of the refrigerant changing
the saturation temperature.

The absorption cycle, uses a pump to increase the
pressure of the system and not a compressor, which
reduces its electricity consumption. However, it re-
quires an additional heat flux in the generator, which
makes the system performance lower than the com-
pression system [3]. This additional heat flux may
come from free or residual energy sources such as solar
energy or waste heat, which could be economically
advantageous [5, 14]. The most common pair of work-
ing fluids are: lithium bromide-water (refrigerant) or
water- ammonia (refrigerant). This cycle uses only a
pump to increase the pressure of the system and for
this reason the electric energy used is lower than in the
compression cycle. Also, in the absorption system it is
necessary to provide a heat flux in the generator, which

may come from solar energy or waste energy. The per-
formance of the system is low, but it needs heat as the
main input in the system instead of electricity [3].

In air-conditioning of spaces, the most used
absorbent-refrigerant pair is lithium-water bromide.
The absorption systems (single stage) require an exter-
nal heat source at a temperature between 80 ◦C and
120 ◦C, and have a lower performance. The possibility
of using free or residual energy sources is the advantage
of absorption versus compression [5, 14].

Finally, another advantage that offers this type of
devices compared to compression-type chillers is faint
sound level and structure-borne sound propagation
(low noise level, no vibrations).

2.2. Description of current absorption chiller
products

2.2.1. Water/lithium bromide chillers

Water/lithium bromide is an absorption working fluid
that has been used widely since the 1950s when the
technology was pioneered by several manufacturers in
the United States. This working fluid utilizes water as
the refrigerant, and therefore, it is limited to refriger-
ation temperatures above 0◦C. Absorption machines
based on water/lithium bromide are typically config-
ured as water chillers for air-conditioning systems in
large buildings. They are available in sizes ranging
from 35 to 5,000 kW.

The coefficient of performance (COP) of these ma-
chines, defined as the refrigeration capacity divided by
the driving heat input, typically varies over the range
0.7<COP<1.2 as a function of the cycle configuration.
The most used technology is vapor compression chillers,
and the choice between the compression or absorption
chillers depends strongly of economic factors [5].

2.2.2. Ammonia/water chillers

Ammonia/water is an absorption pair of fluids that
have been used since the late 1800s, at which time it
was used for ice production before the introduction
of the vapor compression technology. The ammonia
is the refrigerant, and water is the transport medium.
Thus, the role of water is distinctly different between
ammonia/water and the water/lithium bromide. One
advantage of ammonia as refrigerant is that it permits
to work with lower temperatures because the freezing
point of ammonia is -77.7◦C. However, the toxicity
of ammonia is a factor that has limited its use to
well-ventilated areas.

The ability to provide direct gas-fired and air-
cooled air conditioning is the primary selling point of
water-ammonia chillers technology. Machines are avail-
able in capacity ranging from 10-90 kW with COP typ-
ically around 0.5-1.5. These units have a niche market
because there are few competing gas-fired technologies
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suitable for many applications. Custom ammonia/wa-
ter applications in industry for waste heat or renewable
energy utilization are an interesting application of this
technology [5, 12].

2.3. Single stage system

Figure 2 shows a single stage system (two working
pressures and one generation & absorption stages) of
absorption chiller that works with ammonia as refrig-
erant and water as solvent. The refrigerant ammo-
nia allows to get lower evaporator temperatures than
other substances and it is available for a wide vari-
ety of applications. Therefore it is one of the classic
refrigerants [5, 11].

The components of the absorption refrigeration
system are:

• Evaporator: It removes heat from the cooling
media from the chiller (solution of water and
glycol). The heat flux removed (Q̇evap) evapo-
rates the refrigerant (Ammonia-NH3) at a low
temperature and a low-pressure environment.

• Dephlegmator: It is a heat exchanger where a
partial condensation of the vapor (rich in ammo-
nia) that is coming from the generator occurs
(1). The heat rejection in this process allows to
obtain pure ammonia vapor that goes towards
the condenser (2V), and the condensate liquid
(2L) (rich in water) returns to the rectifier per
gravity.

Figure 2. Single stage absorption system.

• Condenser: In the input of this component the
ammonia vapor (2V) is at high pressure and it
until condensate state when it passes through
the heat exchanger (3).

• Gas Heat Exchanger: It is a heat recovered
where the ammonia liquid that comes from the
condenser (3) transfer heat to the ammonia vapor
that goes to the absorber (6). It helps to sub-
cooling the refrigerant and increase the system
COP.

• Expansion valves: They reduce the pressure
of liquid ammonia (4) and of the poor solution
that goes to the absorber (20).

• Absorber: A dilute solution of ammonia water
(21) absorbs the refrigerant vapor (7). The mix-
ture must be simultaneously cooled down to di-
lute sufficient ammonia in the solution obtaining
a rich solution at the output of this component
(8). Therefore, to comply with this process, it is
necessary to reject heat flux (Q̇abs).

• Pump: It transports the rich solution (8) in-
creasing the pressure of the fluid which is an
incompressible solution (liquid).

• Solution Heat Exchanger: It is a heat recov-
ered where the poor solution (14) transfers heat
to the rich solution (9) to be preheated.

• Generator: In this component, the rich solution
(12) is heated, allowing to obtain vapor with a
high concentration of ammonia (13V) and the
solution is dilute respect to ammonia.

• Rectifier: It is a fractionating column required
to condensate the partially vaporized water that
is leaving from the generator and produce only
very high purity ammonia vapor (1) that goes
to the dephlegmator.

The COP of the single stage system is the relation
of the heat flux removed in the evaporator respect to
the input heat flux to the generator and the power
consumed by the pump (Eq. (1)).

COP = Q̇evap

Q̇gen1 + Ẇpump1
(1)

Where:

COP - coefficient of performance
Q̇evap - evaporator heat flux (kW)
Q̇gen1 - generator 1 heat flux (kW)
Ẇpump1 mechanical power (kW)

2.4. Two-stage system (AGO equipment)

A scheme of the system studied in this project is shown
in Figure 3. The information was obtained from the
single line installation diagram of AGO project [11].
The principal components of the refrigeration system
and the auxiliary systems are shown.

The refrigeration system studied is not a common
two-stage absorption cycle described in the bibliog-
raphy [1, 5]. It has two stages of generation and ab-
sorption process where the vapor rich in ammonia is
leaving only from the Generator 1 (13) to the dephleg-
mator. The liquid solution leaves from the rectifier
(14), it goes to the Generator 2 where heat is added to
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the solution. As a result, after the separator 2, more
quantity of ammonia is absorbed by the state (17).
Also, a poor solution (20) is obtained and goes to the
absorber 2 and absorber 1 respectively.

The main objective of this two-stage equipment is
to recover more energy from the hot water to supply it
to the working fluids of the refrigeration system. In this
project, a comparison of a thermodynamic model for
a single stage absorption refrigeration system (Figure
2) and a double stage system (Figure 3) is performed.

The COP of the double stage system is determined
by Eq. (2), and it is the relation of the heat flux re-
moved in the evaporator respect to the heat consumed
in generators and the mechanical power required by

the pumps.

COP = Q̇evap

Q̇gen1 + Q̇gen2 + Ẇpump1 + Ẇpump2
(2)

Where:

COP - coefficient of performance
Q̇evap - evaporator heat flux (kW)
Q̇gen1 - generator 1 heat flux (kW)
Q̇gen2 - generator 2 heat flux (kW)
Ẇpump1 - pump 1 mechanical power (kW)
Ẇpump2 - pump 2 mechanical power (kW)

Figure 3. Double stage absorption equipment and auxiliary systems.

2.5. Auxiliary systems

In Figure 3, the auxiliary systems of the absorption
system are included. They are interacting with differ-
ent components of the absorption refrigeration system,
and they are described below:

• HRHWG: It is a heat exchanger that uses the
waste energy from the engine to produce hot
water. In this case, the hot water (A) at 110 ◦C
enters the Generator 1, deliveries heat to the
ammonia-water solution and leaves (B) at 86 ◦C.
This water continues to the Generator 2 where
interchanges heat with the solution, and it goes
out (C) at 80 ◦C. In normal operation conditions,

the volumetric flow of water is 120 m3/h.

• The evaporator of the chiller: The heat
gained in the evaporator by the refrigerant (NH3)
is removed from a solution (glycol-water). In this
system, the glycol enters (H) at -2 ◦C and it
leaves (I) at -8 ◦C. The simulation developed
in this project helps to determine the mass flow
rate of glycol solution that can be cooled by this
equipment.

• Cooling tower 1: In the condenser, the refrig-
erant needs to reject heat. This heat is rejected
in a cooling tower cooled by water and air, with
a capacity of 1250 kW.
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• Cooling tower 2: The heat rejected from dif-
ferent components (absorber 1, absorber 2 and
dephlegmator) evaporates the ammonia (M) and
the vapor of ammonia (N) goes to the Cooling
Tower 2 to condensate and continue the process.
The capacity of this cooling tower is 3,750 kW.

The heat flux to be interchanged with the refrigera-
tion system in the HRHWG and the evaporator chiller
is calculated directly using the Eq. (3)

Q̇ = ṁ× cp × ∆T (3)

Where:

Q̇ - heat exchanger heat flux (kW)
ṁ - water mass flow rate (kg/s)
Cp - water specific heat (kJ·kg/◦C)
∆T - temperature difference (◦C)

The heat flux removed by the cooling towers are
input data for the model of the refrigeration system
developed in this project. The heat capacities of the
cooling towers are used as a parameter for this model,
and the thermodynamic and heat transfer process can
be analyzed in detail in future work.

3. Model development

3.1. Thermodynamic analysis

The model was developed in EES (Engineering Equa-
tion Solver) [15] due to it has an external routine to
know the ammonia water solution (liquid) and gas
mixture properties. To address the thermodynamic
study of the system presented in Figure 2 and Figure
3, we developed an appropriate methodology for each
component as follows:

• Generator: The total mass, ammonia mass, and
energy balances are expressed respectively in Eq.
(4), Eq. (5), and Eq. (6).

ṁ12 = ṁ13V + ṁ13L (4)

ṁ12 × x12 = ṁ13V × x13v + ṁ13L × h13V (5)

ṁ12 ×h12 + Q̇gen1 = ṁ13V ×h13V +ṁ13L ×h13V (6)

Where:

ṁ12 - gas mixture mass flow rate (kg/s)
ṁ13V - gas mixture mass flow rate (kg/s)
ṁ13L - solution (liquid) mass flow rate (kg/s)
x12 - total ammonia mass fraction to generator 1
x13V - ammonia steam mass fraction
h12 - gas mixture specific enthalpy of generator 1
(kJ/kg)

Q̇gen1 - generator 1 heat flux (kW)
h13V - ammonia specific enthalpy of generator 1
(kJ/kg)

From this section, it is important to note that the
amount of heat supplied to the ammonia-water solu-
tion flowing through the generator is equal to the heat
delivered by the HRHWG defined by Eq. (7).

Q̇gen1HRHW G = ṁA × cp × (TA − TB) (7)

Where:

Q̇gen1HRHW G - HRHWG heat flux (kW)
ṁA - water (HRHWG) mass flow rate (kg/s)
Cp - water specific heat (kJ·kg/◦C)
TA - generator 1 inlet temperature (◦C)
TB - generator 1 outlet temperature (◦C)

The mass and energy balances for generator 2 were
performed under the same criteria.

• Rectifier: Mass and energy balances are devel-
oped, with the particularity that rectifier dissi-
pates heat to the environment in response to its
participation in the condensation of vaporized
ammonia-water solution from the generator. This
element performs the separation of the ammonia-
water solution liquid and gaseous phases flowing
through it. The rectifier is a fractionating column
needed to condensate the partially vaporized wa-
ter leaving from the generator and obtaining only
ammonia-vapor of very high purity (1) which
goes to the Dephlegmator.

• Dephlegmator: Heat is transferred to the aux-
iliary ammonia system to ensure that the refrig-
erant returns as vapor to the cooling tower 2,
and the heat flux rejected is known with the Eq.
(8).

Q̇deph = ṁMa × (hNa − hMa) (8)

Where:

Q̇deph - dephlegmator heat flux (kW)
ṁMa - ammonia mass flow of dephlegmator rate
(kg/s)
hNa - outlet ammonia specific enthalpy (kJ/kg)
hMa - inlet ammonia specific enthalpy inlet (kJ/kg)

• Condenser: The heat removed from the am-
monia vapor at the inlet is released into the
atmosphere in the cooling tower.
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• Gas Heat Exchanger: In the energy balance,
to obtain the heat recovered by the ammonia
vapor going to the absorber 1, the heat capaci-
ties of the incoming fluids to the heat exchanger
are first determined using the ammonia’s spe-
cific heat properties. Then, the minimum heat
capacity is identified, as well as the largest tem-
perature difference. In this way, the maximum
heat flux that can be transferred will be equal
the product of the minimum heat capacity and
the largest temperature difference. Finally, the
effectiveness of the heat exchanger is given in Eq.
(9).

ε = Q̇recovGHX

Q̇max

(9)

Where:

ε - effectiveness of heat Exchanger
Q̇recovGHX - gas heat exchanger flux (kW)
Q̇max - maximum heat flux of GHX (kW)

The energy balance for solution heat exchanger
was performed under the same criteria, where the only
difference is that in SHX the heat is interchanged
between the rich and poor solution.

• Expansion valves: For these components, mass
flow and constant enthalpy are assumed.

• Evaporator: The heat lost by the glycol-water
mixture (cooling media) is the same that the
heat gained by the refrigerant (ammonia) circu-
lated through the evaporator. The heat flux in
the evaporator is calculated with the Eq. (10).

Q̇evap = ṁglycol × cp−propylene × (TH − TI (10)

Where:

Q̇evap - chiller heat flux (kW)
ṁglycol - glycol mass flow (kg/s)
TH - inlet chiller temperature (°C)
TI - outlet chiller temperature (°C)
Cp−propylene - glycol-water specific heat
(kJ·kg/°C)

• Absorber: The heat lost by the ammonia-water
mixture in the absorber 1 is taken up by the
auxiliary refrigerant system mentioned in the
section corresponding to the dephlegmator and
is the same process in the absorber 2. To know
the heat flux lost in the absorbed the Eq. (11)
is used.

Q̇abs1 = ṁMb × (hNb − hMb) (11)
Where:

Q̇abs1 - absorber 1 heat flux (kW)
ṁMb - ammonia mass flow rate of absorber 1 (kg/s)
hNb - ammonia specific enthalpy of absorber 1
outlet (kJ/kg)
hMab - ammonia specific enthalpy of absorber 1
inlet (kJ/kg)

The dephlegmator and both absorbers provide the
heat used by the auxiliary refrigerant system.

• Pump: To calculate the energy required by the
pump, we start with the formula that describes
the power absorbed by a pump, where the specific
volume and pressure difference are considered.
This equals the work of a pump as a change of
enthalpy as is shown in Eq. (12). The principle
is the same for pump 2.

Ẇpump1 = ṁ8 × (h9 − h8) (12)
Where:

Ẇpump1 - pump 1 mechanical power (kW)
ṁ8 - solution mass flow rate (kg/s)
h9 - solution specific enthalpy pump 1 outlet
(kJ/kg)
h8 - solution specific enthalpy pump 1 inlet (kJ/kg)

The refrigeration system analyzed presents two ab-
sorption and generation stages that differ from the
common cycle used by the industry (one stage). For
this reason, two kinds of cycles were simulated in
EES [15] with the same operational conditions defined
as input data.

3.2. Model input data

The input data was defined based on operational de-
sign conditions. The high pressure of the equipment
is 1,700 kPa, ammonia temperature in the evapora-
tor is -12 °C. Consequently the system low pressure
corresponds to saturation pressure (267.9 kPa).

The HRHWG deliveries 120 m3/h of water to gen-
erators at 108 °C and the generation system decreases
the water temperature down to 80 °C.

The chiller refrigerant (water and glycol) decreases
its temperature by 6 °C in the evaporator.

The thermodynamic analysis has been developed
focusing on the ammonia-water solution and gas mix-
ture concentration. Common values of rich solution
concentration is between 0.35-0.45 [14, 16]. The con-
centration of the solution at the input of the generator
2 corresponds to a medium concentration (xmedium),
and it has been defined as a function of the cooling
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towers capacity (1,250 kW and 3,750 kW). The con-
centration of the medium solution is 0.36 as is shown
in Figure 4.

Figure 4. Condenser and Cooling tower 2 heat flux vs.
concentration of medium solution.

3.3. Utilization factor of the CHP

The utilization factor of a cogeneration plant is the ra-
tio of the power outputs (thermal energy to the chiller
and electrical) respect to the total heat input as is
show in Eq. (13).

εu = Q̇gen1 + Q̇gen2 + Ẇnet

Q̇input

(13)

Where:

εu - CHP utilization factor
Q̇gen1 - generator 1 heat flux (kW)
Q̇gen2 - generator 2 heat flux (kW)
Q̇input - CHP total heat input (kW)

The Q̇gen is the thermal energy recovered to use
as process heat in the chiller. The Ẇnet is the net
power obtained in gas and vapor turbines and Q̇input

is total heat input that corresponds to the heat energy
consumed by the reciprocating engines.

3.4. Economics savings respect to a vapor com-
pression refrigeration system.

The reduction of the electric power consumption with
the ARS respect to a vapor compression refrigera-
tion system allows obtaining economic savings. The
savings have been calculated comparing with a vapor-
compression refrigerator that has the same cooling
capacity.

The cooling system works 24 hours per day, but
according to its main characteristics, it can be assumed
that the utilization factor is lower than one because the
compressor starts working just when the temperature
rises above a certain limit; therefore, as experimental
field data, it can be set at 50%.

4. Results and analysis

4.1. Model results

The two-stage cycle lets to recover in a better way
the energy from HRHWG water. For this reason, the
solution temperature at the principal generator inlet
increases and is possible to obtain a richer solution
flow with the same available heat from the water.

Table 1. Comparison of one stage versus two stage cycles

Units Two One
stages stage

Heat recovered [kW] 2,954 2,954at GEN 1
Heat recovered [kW] 800 —at GEN 2

Solution temperature [°C] 75 65Generator 1 inlet
Evaporator capacity [kW] 1,6 1,3

COP — 0.44 0.44

Adding a second absorption and generation stage
to the simple absorption cycle increase 23% of refrig-
eration capacity as is shown in Table 1. The COP
is similar for both systems (one and two-stage) but
considering that the heat input of the two-stage re-
frigeration system was recovered from waste energy,
it is more advantageous to include one stage more
of generation and absorption to increase the cooling
capacity.

The concentration of the solution at generator 2’s
input is the most influential variable in the model.
When it presents lower values than 0.36 the COP
system increase because of ammonia flow from the
generator 2 increases, as is shown in Figure 5, and con-
sequently the evaporator capacity enhances keeping
constant the heat required at the ammonia generators.

Figure 5. COP and mass flow rate of refrigerant respect
to concentration of medium solution.
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Figure 6. COP and evaporator heat flux respect to the
heat recovery in the CHP.

The heat availability is a fundamental issue, and
it depends of the engine operating conditions. If the
engine is working at maximum load (maximum HRSG
and HRHWG capacity), the generator 2 produces a
greater ammonia flow and the refrigeration system
reaches the maximum capacity (1,600 kW) and it
presents 0.43 COP. The COP keeps constant despite
heat recovered decreases and the evaporator capacity
is reduced as is shown in Figure 6.

The high pressure of the system is an essential
operational condition, and it is defined by the geog-
raphy where the equipment is installed due to the
altitude. If the absorption system operates at sea level
the evaporator capacity increase and the COP enhance
because the heat required by the ammonia generators
remains constant as is shown in Figure 7. If the high
pressure is higher, the cooling tower capacity (required
to dissipate heat from the separators, absorbers, and
dephlegmator) increases. For this reason, the cooling
tower capacity must to be design based on in situ
operational conditions.

Figure 7. Heat flux in the cooling tower 2 and evaporator
respect to high pressure system.

The heat exchangers effectiveness was considered
as a constant value of 0.8 [17]. The solution heat ex-
changer lets to recover heat inside the cycle and in-
crease the solution ammonia-water temperature before

it enters to the principal generator. The effectiveness
of SHX is directly proportional to the evaporator heat
flux and the COP of the system, as is shown in Figure
8. Higher effectiveness SHX represents high investment
cost, and it must be evaluated considering that the
COP and the cooling capacity increase too.

Figure 8. COP and heat flux in the evaporator respect
to SHX effectiveness.

4.2. Utilization factor of CHP

The Q̇gen is the heat recovered to use waste energy
in the chiller and it is 3.8 MW (t) (obtained by the
model). The Ẇnet is 28.1 MW (e) and corresponds to
the net power of the reciprocating engines (8.7 MW
(e) per engine) and the vapor turbine (2 MW(e)). The
Q̇input is calculated in Eq. (14) with the data sheet
information of the Roll Royce engines that reports
7,572 kJ/kWh of specific energy consumption. The
utilization factor for the process is calculated with the
Eq. (13) and the result is shown in Eq. (15). The input
heat flux of CHP is known with kW(f) where f means
fuel energy.

Q̇input = 3 × 8, 700kw(e)
(

7, 572kJ(f)
1kWh(e)

)
× 1h

3600s
Q̇input = 54, 897kW (f)

(14)

εu = 3, 8MW + (2 + 8, 7 × 3)MW

54, 897MW
= 0, 5811 (15)

The utilization factor of the cogeneration process
is 58.11%, and it means that the process is using a
high percentage of the fuel energy that is consumed
by the reciprocating engines.

4.3. Estimation of economics savings

The cooling capacity of the two-stage absorption re-
frigeration (AGO) system obtained with our model is
1,623 kW (t). The electricity that would consume a
common vapor compression chiller to obtain the same
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cooling capacity is calculated in this section to know
the economics savings.

The market offers many kinds of machines perform-
ing refrigeration with vapor compression cycle. The
average performance (COP) is 4.5 [18].

Therefore, it is possible to calculate the mechanical
power required by the compressor (Ẇcomp) with Eq.
(16).

Ẇcomp = Q̇evap

COP
= 1, 623kW

4, 5 = 360, 67kW (e) (16)

The utilization factor for a compression chiller was
defined as 50% in the section 3.4 and considering 24
hour per day and 365 days per year, the yearly elec-
tricity that would consume by the compression system
is 1’579,734.60 kWh/year.

Considering an average energy unit cost (obtained
from monthly electricity cost of the two to last year
for an industrial rate for Agua Prieta / Mexico [19])
of 0.09 USD/kWh, the avoided electricity cost by the
cogeneration system would be 142,000.00 USD/year
approximately.

However, considering the possible savings and fix-
ing a payback time of 5 years, the initial investment
could be around 710,000.00 USD. It means that the in-
vestment is profitable. To obtain more accurate results,
it is necessary to acquire specific data.

The efficient cogeneration has several fiscal incen-
tives and preference energy dispatch in different coun-
tries (for example Mexico) due to the contribution of
technology with the preservation of the environment.

5. Conclusions

It is convenient to use a two-stage absorption system
since they allow to exploit better the heat discharged
by the engines. Also, the COP of both systems (single
and double stage) are similar.

The concentration of the solution at the exit of
the generator 1 is the variable assumed to be most
influent in the results of the cycle. For this reason,
this variable has been chosen according to the capacity
of the installed cooling towers. Moreover, it has been
observed that if the concentration is close to 0.3 the
system COP is close to 1 while it goes down for higher
values of concentration.

The COP keeps constant independently from the
amount of heat flux entering the system. If the gen-
erator is supplied with a higher amount of heat, the
mass flow rate of ammonia going to the evaporator
increases and consequently refrigeration capacity of
the chiller goes up.

The cogeneration process using exhaust gases as
heat source for an absorption refrigeration chiller can
provide environmental conservation and economic rev-
enues.
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Abstract Resumen
This article analyzes the interrelation between water
and energy, taking as a case the analysis of the water
flow of the Coca Codo Sinclair Hydroelectric Project.
It investigates the case of this emblematic project,
where the water used for consumption would decrease
the inflow to the driving tunnel, which would risk its
power generation capacity. A bibliographic research is
used for this purpose. It is concluded that the Chalpi
Grande project and the subsequent phases of the
Ríos Orientales; and the Cayambe Pedro Moncayo
irrigation projects and the Pesillo Imbabura potable
water would reduce the inflow rate by up to 11% and,
therefore, their energy production, demonstrating the
need to plan the use of these resources considering
their nexus.

Este artículo analiza la interrelación existente entre
el agua y la energía, tomando como caso el análisis
del flujo hídrico del Proyecto Hidroeléctrico Coca
Codo Sinclair. Investiga el caso de este proyecto em-
blemático, donde los usos consuntivos del agua dis-
minuirían el caudal de entrada al túnel de conduc-
ción, arriesgando con esto su capacidad de generación
eléctrica. Se utiliza para ello una investigación de
tipo bibliográfica. Se concluye que el proyecto Chalpi
Grande y las fases siguientes de ríos orientales; y
los proyectos de riego Cayambe-Pedro Moncayo y de
agua potable Pesillo-Imbabura afectarían el caudal de
entrada hasta en un 11 % y con ello su producción de
energía, con lo cual queda en evidencia la necesidad
de planificar el aprovechamiento de estos recursos
considerando su nexo.

Keywords: Water-energy nexus, Coca Codo Sinclair
Hydroelectric Project, consumptive use of water.

Palabras clave: Nexo agua – energía, Proyecto
Hidroeléctrico Coca Codo Sinclair, uso consuntivo
del agua.
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1. Introduction

The water-energy-food nexus has been under discus-
sion since the Bonn Conference in 2011, in which it
was recommended that these resources are considered
in an integrated fashion, and concentrating in assuring
that the interdependence between them is explicitly
identified in decision making [1]. Three years later,
during the Global Water Security & Sanitation Part-
nership (GWSP) conference, the research and political
communities around the world issued a call to develop
strategies to address this nexus in a comprehensive
manner [2]. With the current growth rate of the world
population, the agricultural sector faces the challenge
of doubling the production of food for 2050 [3]. About
71% of worldwide water withdrawals are due to such
sector [4]. Since for 2050 it will be required 55% more
water to increase the generation of electricity and to
meet consumption of households, it is projected that
more than 40% of world population will live under
severe hydrological stress [5]. Nevertheless, few au-
thors have addressed the issue of how to turn the
mainly theoretical concept of the water-energy-food
nexus, into practical evaluation approaches. Albretch
et al. [6] state that, despite the promising conceptual
approach, the use of the aforementioned nexus to sys-
tematically evaluate the connection of the resources
has been limited. Middleton et al. [7] mention that
the water-energy-food nexus has not been practically
integrated yet. Similarly, Leck et al. [8] ask for the
practical application of such nexus in future scientific
research work.

Denise Lofman et al. [9], regarding the nexus be-
tween water and energy, state that it will be difficult to
simultaneously fulfill the needs of the users and protect
these valuable resources, regarding agricultural, indus-
trial and residential issues. Pittock Jamie et al. [10]
showed the significant influence of the nexus between
the supply of hydroelectric energy and food on the
water basin. According to Fisher et al. [11], the water-
energy nexus for the generation of electricity causes
more severe problems such as pollution and CO2 emis-
sion. Lubega et al. [12] state that it is possible to
measure the water energy nexus using models that re-
late electric energy and municipal water consumption.

Various current trends raise the urgency to address
the water-energy nexus in an integrated and proactive
manner. In the first place, climate change has begun
to affect precipitation and temperature patterns. Sec-
ondly, population growth and regional migration trends
indicate that it is probable that there is an increase
in the number of inhabitants in arid zones. At last,
new technologies in the energy and water fields may
change the demand of these resources [13].

According to the International Energy Agency [14],
worldwide water consumption will increase 60% by
2040, thus affecting hydroelectric plants whose water

withdrawals will raise less than 2%. Due to the pop-
ulation growth and the modifications in the feeding
patterns, food consumption is increasing in almost all
regions on earth. It is expected that for 2050 it will be
necessary to produce 200 million tons of meat and 1
billion additional tons of cereal to fulfill the increasing
food demand. For this reason, agriculture is responsible
for 90% of the consumptive use of water [15].

As a consequence of the aforementioned global
issues, Ecuador is in the need of addressing and plan-
ning the use of its hydrological resources. Article 30 of
Ecuador’s Law of Hydrological Resources states that:
“The State and its institutions in the scope of their
competences are responsible of the integrated adminis-
tration of the hydrological resources in each basin. As
a consequence, they are obligated to regulate the uses
of water, and take actions to preserve its quantity and
quality by means of a sustainable management based
on technical regulations and quality parameters” [16].

On the other hand, article 313 of Ecuador’s Con-
stitution states that: “The State reserves the right
to administer, regulate, control and manage strategic
sectors; energy in all forms are considered strategic
sectors. . . ” [17]. The purpose of this paper is to ana-
lyze the case of the Coca Codo Sinclair Hydroelectric
Project CCSHP), as an example of the nexus between
water and energy, where the consumptive uses of water
would reduce the inflow to the transmission tunnel,
thus putting at risk electric generation capacity of this
emblematic project.

The rest of the paper is structured as follows. Sec-
tion 1.1 presents a historical overview of the CCSHP,
and section 2 (methodology) discusses reports of feasi-
bility and projects that make consumptive use of water.
In addition, section 3 analyzes how such projects would
affect the inflow to the CCSHP and, at last, section
4 concludes showing the need of planning the water-
energy nexus in an integrated manner.

1.1. The Coca Codo Sinclair Hydrolectric
Project

The CCSHP is a construction considered as emblematic
by the Ecuadorian government. It was built in the ori-
gin of the Coca River, in the province on Napo [18]. It
was named after the North American geologist Joseph
Sinclair who, when going through the such river in the
east of Ecuador, identified a sharp curve later called
Codo (elbow) Sinclair by local people. This researcher
stated that in this place the river had the potential to
generate electric energy [19].

The CCSHP was one of the most important
projects of the National Electrification Plan, in the
basin of the Quijos and Coca Rivers, during the 1970s
and 1980s. The Ecuadorian Institute of Electrification
(INECEL, Instituto Ecuatoriano de Electrificación)
was the company in charge of conducting the studies
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associated to the project. In particular, two studies
were carried out in 1976: pre-feasibility by the Brazil-
ian company Hidroservice, and total available capacity
by the Italian consulting companies Electroconsult
and Rodio, the Belgian Tractionel and the domestic
Ingeconsult, Inelin, Astec y Caminos y Canales [20].

In order to optimize the selected alternative, a fea-
sibility design was carried out between April 1990 and
June 1992, corresponding to two continuous stages that
would generate a power of 432 (MW) and 427 (MW),
respectively, for a total of 859 (MW). This study in-
cluded adjustments to the project because of an earth-
quake close to the volcano Reventador in March 1987,
which significantly changed the face of the land. The
State modified such study in 2007, and redesigned the
project to reach a power of 1500 MW [18].

The CCSHP was announced in January 15 2007,
being considered of high national interest, and it was
included in the Master Plan of Electrification. In that
year, two companies were in charge of managing the
project: the National Council of Electricity (Conelec)
during the first trimester, and the Minister of Electric-
ity and Renewable Energies (MEER) in July. Never-
theless, it is important to remark that the company
Termopichincha, of the Ecuadorian State, was desig-
nated as the operator of the project in September 2007.
Later, Termopichincha and the Argentinian company
ENARSA constituted the Consortium Coca Sinclair
S.A. [20].

The studies were approved by Conelec in 2008.
The hydroelectric company Coca Codo Sinclair S.A.
from Quito, put the consulting company ELC-
Electroconsult, from Milan, Italy, in charge of the
conceptual redesign studies to reach 1500 MW. In
2009 ELC-Electroconsult presented the correspond-
ing final feasibility study. Then, Coca Codo Sinclair
S.A. hired SINOHYDRO to do the engineering, and
it started the construction [20]. Six years later, on
November 18 2016, the CCSHP was inaugurated.

Once the construction was finalized, the CCSHP
is constituted by: a water catchment dam with a max-
imum height of 31.8 m; a spillway with a diversion
dam of 13.5 m high and a net width of 160 m; a sand
removal equipment with 8 chambers; a 24.8 km long
transmission tunnel, with excavation and interior di-
ameters of 9.1 m and 8.2 m, respectively, and a design
diameter of 222 m3/s; a compensating reservoir which
comprises a rock-fill dam with a concrete wall of 58
m high, corresponding to a reservoir with a usable
volume of 800000 m3; two 1400 m long concrete pres-
sure pipes with internal diameters of 5.8 and 5.2 m,
respectively, a design flow of 139.25 m3/s) each, and
a steel coating in their final section, carry the water
from the compensating reservoir to the powerhouse;
the powerhouse is a cavern of dimensions 26 × 46.8 ×
219.5 m excavated in rock, containing 8 vertical shaft
Pelton turbines each with 6 injectors and a power of

187.5 MW, which turbinate the water of the Coca
River, that forms where the Quijos and Salado Rivers
meet, as can be seen in Figure 1 [21].

Figure 1. Location of the CCSHP [22].

The installed power of a hydroelectric plant, also
known as effective nominal power is given by [23].

Pi = ηt× ηg × ηtr × λ×Q×H (1)
Where:

Pi = Effective nominal power (W)
Q = Flow rate entering the pressure pipe (m3/s)
H = Nominal net height (m)
ηt = Efficiency of the Pelton turbine
ηg = Efficiency of generator
ηtr = transformer efficiency

The data taken from appendix f of the feasibility
report of the CCSHP by ELC-Electroconsult [24] are.

H = 604,1 (m)
P = 1500 (MW)
ηt = 91 %
ηg = 97,52 %
ηtr = 99,5 %

Substituting these values in equation (1) and solv-
ing for Q results in:

Pi = ηt× ηg × ηtr × 9, 81 ×Q×H × 1000

Q = Pi

ηt× ηg × ηtr × 9, 81 ×H × 1000

Q = 1500000000
0, 91 × 0, 9752 × 0, 995 × 9, 81 × 604, 1 × 1000

Q = 286, 6(m3/s)
Since the CCSHP is a run-of-river plant with daily

regulation [24], the turbinated flow to generate 1500
MW, i.e. the flow that should enter the two pressure
pipes, is 286.6 m3/s, i.e. 143.3 m3/s each. According to
Synohidro Corporation, (2009), the CCSHP only can
generate this power during four hours daily, however,
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the design flow rate of the pressure pipes is 139.25
m3/s, namely 278.5 m3/s both [24].

In 2017, after one year of operation, the CCSHP
had produced 66.7% of the expected energy. Between
January and December, the plant contributed a total of
5838 GWh to the national interconnected system, be-
low the expected average generation of 8734 GWh [25].

2. Materials and methods

This research is bibliographic, with a descriptive scope.
The feasibility studies presented by Inecel in 1992,
which shows the historic behavior of the Coca River
flow, and by ELC-Electroconsult, which redesigns
the study by Inecel, were analyzed. In addition, the
projects that would affect the flow coming into the
CCSHP, because of the consumptive uses of water,
were examined.

2.1. Feasibility studies

In the following, two feasibility reports of the CCSHP
will be analyzed. The first one was carried out by Inecel

and approved in 1992, and the second was conducted
by ELC-Electroconsult and approved in 2009.

2.1.1. Feasibility study of 1992

This feasibility study was carried out by Inecel. To cal-
culate the flow rates of the project, historic data from
1972 to 1987 was considered for the San Rafael cascade
and for the Coca River in the El Salado sector [18].
Since the study was conducted in the same river sta-
tion for an interval of fifteen to twenty years, which
include dry, typical and rainy periods, this method-
ology is widely accepted [26]. Figure 2 illustrates the
curve obtained by Inecel, showing the general duration
of daily flow rates in El Salado [19]. On the other
hand, Figure 3 shows the monthly average flow rates
recorded in the Coca River station, in the El Salado
sector, along the aforementioned periods.

This way Inecel determined that the average flow
rate in the El Salado sector is 292 m3/s, after taking
out 3 m3/s that were used by the aqueduct Papallacta-
Quito, which corresponds to a specific contribution
greater than 80 l/s/km2. The steady daily flow rate of
127 m3/s is guaranteed 90% of the time [18].

Figure 2. Comparison between the flow rates of the period 1972-1990 and 2017.
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Figure 3. Curve of general duration of daily flow rates in
El Salado [19].

The Inecel company decided that the flow rate
should be captured in two stages, the first of 63.5 m3/s
and the second of another 63.5 m3/s, thus reaching a
total of 127 m3/s. In both stages the plant capacity
factor remained equal to 0.8 [21].

2.1.2. Current feasibility study of the CCSHP

The current feasibility study of the CCSHP was car-
ried out by ELC-Electroconsult, and was based in the
hydrological study conducted by Inecel in 1992, which
recorded the historic flow rate of the Coca River [21].

ELC-Electroconsult pointed out that in order to
generate the 1500 MW installed in the powerhouse,
keeping the same losses of the feasibility study, a flow
rate of 278.5 m3/s is required in the pressure pipe,
which corresponds to a flow rate of 222.7 m3/s enter-
ing the compensating reservoir. Subtracting an average
flow rate of 0.7 m3/s from Granadilla creek, leaves a
flow rate of 222 m3/s, which will be directed from the
El Salado site to the dam through the transmission
tunnel [21].

In order to obtain a maximum flow rate of 278.5
m3/s in the pressure pipe while maintaining a plant
capacity factor of 0.8, it was required to increase from
460000 m3 to 800000 m3 the usable volume of the
compensating reservoir, keeping the same minimum
and maximum levels, i.e. 1229.50 y 1216 meters above
mean sea level (mamsl), respectively [21].

On the other hand, CENACE has the information
shown in Table 1, about the flow tributary to the com-
pensating reservoir of the CCSHP. Figure 3 also shows
the monthly average flow rates in the Coca River sta-
tion corresponding to 2017; it can be seen that these
rates are smaller than the historically obtained during
the period 1972-1990.

It is important to consider the significant changes
undergone by the face of the sector, mainly due to
the construction of the road between Valle de Quijos
and Lago Agrio handed in 1972, which promoted the
colonization of the sector. This caused the transfor-
mation of the forest area into pastures and the wood

exploitation, which surely affected the climatic condi-
tions of this river basin and the flow of its rivers [27].
The latter were also affected by the consumptive uses
of water.

Table 1. Flow rate tributary to the compensating reservoir
of the CCSHPS [25]

Menths
Flow rate (m3/s)
2016 2017

January - 258,75
February - 190,21
March - 230,37
April - 258,11
May 697,9 320,35
June 707,38 324,84
July 560,6 344,57

August 506,23 272,94
September 394,34 259,8
October 298,5 283,55
November 148,03 190,05
December 135,89 205,16

2.2. Consumptive uses of water

According to the Organic Law of Hydrological Re-
sources and Water Utilization, a consumptive use is
one in which the water is not returned to the site from
which it was withdrawn, nor in the same way in which
it was removed [16]. This kind of use can be identified
in four projects as shown in Figure 4: one already
existing, two under construction and one scheduled.
These projects, which capture or will capture the water
from the flow entering the CCSHP, are the following:

Existing:

• Papallacta Project from the Public Metropolitan
Company of Potable Water and Sanitation, of
Quito Metropolitan District (EPMAPS).

Under construction:

• Chalpi Grande Project or phase one of the Ríos
Orientales Project (Proyecto Ríos Orientales,
PRO) of the EPMAPS.

• Cayambe-Pedro Moncayo Irrigation and Pesillo-
Imbabura Potable Water Project.

Scheduled:

• Future phases of the Ríos Orientales Project
(PRO) of the EPMAPS.

Each of these projects is now described.
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Figure 4. Location of the projects under construction [28].

2.2.1. Papallacta Project

This project was inaugurated in 1990 by the EPMAPS,
and consisted of supplying potable water to the city
of Quito, in the province of Pichincha. In a sentence
on September 22 1987, by means of the concession
under trial number 1503, the company obtained au-
thorization to capture the flow from rivers Papallacta,
Chalpi Grande, Tuminguina and Blanco Chico, with
rates of 1.70 m3/s, 3.20 m3/s, 2.20 m3/s and 0.90 m3/s,
respectively [29,30].

For the feasibility studies of the CCSHP a value of
3 m3/s was taken into account; however, the concession
granted to EPMAPS considered 8 m3/s [30].

2.2.2. Ríos Orientales Project (PRO)

The growing demand of potable water in the city of
Quito was analyzed in the 1970s; fulfilling such de-
mand required the implementation of new projects, as
well as reducing unaccounted losses and per capita con-
sumption. EPMAPS decided to design some projects,
the most important of which was the Ríos Orien-
tales Project (PRO) that would supply water to the
Metropolitan District of Quito and to its 22 rural
parishes beyond year 2055, by means of the capture,
gravity transmission and treatment of 31 rivers. The
PRO would use water from the hydrological basins of
rivers Valle Vicioso, Antisana, Cosanga, Quijos and

Papallacta, located along Quijos and Archidona can-
tons in the province of Napo [31]. On January 16
2002, by through concession under trial number 296-
96-CTD [29], EPMAPS obtained authorization from
former National Council of Hydrological Resources
(CNRH), now Senagua, to capture the waters from the
rivers that would feed the project, which are summa-
rized in Table 2 [31].

Table 2. Flow rates approved by the CNRH to EPMAPS
in January 2002 [31]

River Flow rate (m3/s)
Río Valle Vicioso 5,01

Río Tolda 0,74
Río Chuzalongo 0,3

Río Bajo 0,16
Río Antisana 4,49
Río Javas 0,71

Río Cosanga 1,13
Río Quijos Sur 2,14
Río Quijos Norte 1,36
Río Blanco Grande 1,19

Total 17,23

Based on technical, economic-financial and envi-
ronmental aspects, construction of the Ríos Orientales
Project (PRO) would be executed in phases as illus-
trated in Figure 5 [32]. The first phase would use the
concession granted in 1987, while the second and fu-
ture stages would use the concession of 2002, which
was summarized in Table 2.

Figure 5. Phases of the Ríos Orientales Project [33]
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The first phase, which is Ramal Chalpi Grande-
Papallacta, comprises a canal that will capture a total
flow of 2.21 m3/s from tributaries Chalpi A (1.23 m3/s),
Encantado (0.64 m3/s), Chalpi B (0.27 m3/s) y Chalpi
C (0.07 m3/s), that constitute Chalpi Grande River,
as shown in Figure 6, and transfers it to the reservoir
in Papallacta [33].

Figure 6. Phase 1 of PRO [34].

In July 2018, the manager of the EPMAPS pointed
out that the project exhibited a progress of 26%, and
will be finalized in 2021 [35].

The second phase, which is Ramal Quijos-
Papallacta-Paluguillo, will start in 2040 and is intended
to capture a total flow of 4691 m3/s from rivers Quijos
Norte, Tablón, Cristal, Pucalpa, Azufrado, Semiond,
Quijos Sur and Blanco Grande [36].

The future phases will start in 2041, and are in-
tended to obtain flow from rivers Cosanga, Antisana,
Valle Viscoso and their tributaries [32].

2.2.3. Cayambe-Pedro Moncayo Irrigation and
Pesillo-Imbabura Potable Water Project

The purpose of this project is to capture water from
rivers Arturo, Boquerón, San Pedro, San Jerónimo
and Montoneras, through the headrace tunnels that
connect Arturo River with Boquerón River, Boquerón
River with San Pedro River, and San Pedro River with
La Rápida River, as shown in Figure 7 [37]. In the
first trial, the 220-96, the Resolution enacted by Quito
Water Agency in April 15 1999 favored the Pichincha
Provincial Government, who got the right to use the
waters from rivers Azuela, Arturo, Boquerón and San
Pedro, for a total flow rate of 3325 m3/s [38].

Figure 7. Location of the Cayambe-Pedro Moncayo and
Pesillo-Imbabura Project ( [33]).

In the second trial, the 1375-00, the Quito Water
Agency granted the Pichincha Provincial Government
the right to use the waters from rivers San Jerónimo,
Montoneras, La Chimba and their tributaries. Among
these rivers, only the first two affect the flow of Salado
River that feeds CCSHP, with flow rates of 0.24 m3/s
and 0.08 m3/s, respectively. In addition, Quito Water
Agency granted the Imbabura Provincial Government
the right to use the waters from rivers Montoneras
and San Jerónimo, with flow rates of 0.1 m3/s and
0.31 m3/s, respectively [39]. Such flow rates together
with the corresponding to rivers Arturo, Boquerón and
San Pedro, which also flow into El Salado and were
considered in the previous concession, add up to a
total of 4.06 m3/s [39].

On December 13 2017, the director of the Cayambe-
Pedro Moncayo Irrigation and Pesillo-Imbabura
Potable Water Project announced that it has a progress
of 95.6 % [37].

3. Results and discussion

Figure 8 summarizes the past and future events that
will affect the flow of the CCSHP.

Figure 8. Chronology of events that affect the flow of the
CCSHP.
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From the analysis of the three projects, it follows
that 20 m3/s should be subtracted from the flow rate of
Coca River in the El Salado Sector, due to the ecolog-
ical flow (ELC-Electroconsult, 2009), and in the near
future flow rates of 4.06 m3/s from the Cayambe-Pedro
Moncayo and Pesillo-Imbabura Project (for 2018) and
of 2.21 m3/s from Chalpi Grande Project, which corre-
spond to phase one of PRO, should also be subtracted.
Nevertheless, the concession of 1987 authorizes the use
of up to 5 m3/s, considering that 3 m3/s have been
already used in the Papallacta Project. At last, a total
of 17.2 m3/s corresponding to the second and third
phases of PRO should be considered, which would ini-
tiate in 2040 and 2041, respectively. Table 3 explains
in more detail the projects that would reduce the flow
rate of the CCSHP. It should be considered that the
service life of a hydroelectric project is generally 50 to
75 years [39].

Table 3. Projects that affect the flow of the CCSHP

Name Year Flow rate (m3/s)
Ecological flow 2016 20

Irrigation project

2018 4,06Cayambe-Pedro
Moncayo and drinking
water Pesillo-Imbabura
Papallacta and PRO 2021 ≈ (2,21-5,00)project (phase 1)

PRO (phase 2 and phase 3) 2040-2055 17,23
Total ≈ (23,5-26,29)

As it can be seen in Table 3, the inflow to the
CCSHP would be reduced by a maximum of 26.29
m3/s, which is equivalent to 11% of the design flow
rate. Since the CCSHP is a run-of-river plant with
daily regulation, such flow reduction would affect the
generation of electricity in a similar percentage.

4. Conclusions

The energy generation capacity of the Coca Codo Sin-
clair Hydroelectric Project would be affected by the
reduction of 222 m3/s on the inflow, because of the
future consumptive uses of water by the EPMAPS,
due to the Chalpi Grande Project and the subsequent
phases of the Ríos Orientales Project, which would take
up to 2.2 m3/s and 17.2 m3/s, respectively. The flow
utilized by the Cayambe-Pedro Moncayo Irrigation
and Pesillo-Imbabura Potable Water Project, which
is expected to finalize in 2018 and has a granted con-
cession of 4.06 m3/s, should be reduced as well. In
the future, the flow entering the SSCHP would be
reduced in up to 11%, thus affecting the generation of
electricity. Therefore, it becomes evidently necessary
to plan ahead the use of these resources considering
their nexus.

References

[1] H. Hoff, “Understanding the nexus. background
paper for the bonn2011 conference: The water,
energy and food security nexus,” in Stockholm
Environment Institute, Stockholm, 2011. [Online].
Available: https://goo.gl/aiCG9J

[2] GWSP, “Sustainability in the water–energy–food
nexus,” in International Conference. Global
Water System Project, 2014. [Online]. Available:
https://goo.gl/CQjWTX

[3] OECD, Sustainable Management of Wa-
ter Resources in Agriculture. Organisation
for Economic Co-operation and Development,
2010. [Online]. Available: https://doi.org/https:
//doi.org/10.1787/9789264083578-en

[4] McKinsey&Company, “Charting our water future.
economic frameworks to inform decision-making,”
2030 Water Resources Group, Tech. Rep., 2009.
[Online]. Available: https://goo.gl/XEWfc3

[5] WWAP (United Nations World Water Assessment
Programme), “The united nations world water
development report 2014: Water and energy,”
Paris, UNESCO., Tech. Rep., 2014. [Online].
Available: https://goo.gl/LFGg6d

[6] T. R. Albrecht, A. Crootof, and C. A.
Scott, “The water-energy-food nexus: A sys-
tematic review of methods for nexus assess-
ment,” Environmental Research Letters, vol. 13,
no. 4, pp. 1–26, 2018. [Online]. Available:
https://doi.org/10.1088/1748-9326/aaa9c6

[7] C. Middleton, J. Allouche, D. Gyawali, and
S. Allen, “The rise and implications of the water-
energy-food nexus in southeast asia through an
environmental justice lens,” Water Alternatives,
vol. 8, no. 1, pp. 627–654, 2015. [Online].
Available: https://goo.gl/JKikGy

[8] H. Leck, D. Conway, M. Bradshaw, and J. Rees,
“Tracing the water–energy–food nexus: Descrip-
tion, theory and practice,” Geography Compass,
vol. 9, no. 8, pp. 445–460, 2015. [Online].
Available: https://doi.org/10.1111/gec3.12222

[9] IEA, Water energy nexus. International En-
ergy Agency. Secure Sustainable Together, 2016.
[Online]. Available: https://goo.gl/DGsKrf

[10] D. Lofman, M. Petersen, and A. Bower,
“Water, energy and environment nexus: The
california experience,” International Journal
of Water Resources Development, vol. 18,
no. 1, pp. 73–85, 2002. [Online]. Available:
https://doi.org/10.1080/07900620220121666

https://goo.gl/aiCG9J
https://goo.gl/CQjWTX
https://doi.org/https://doi.org/10.1787/9789264083578-en
https://doi.org/https://doi.org/10.1787/9789264083578-en
https://goo.gl/XEWfc3
https://goo.gl/LFGg6d
https://doi.org/10.1088/1748-9326/aaa9c6
https://goo.gl/JKikGy
https://doi.org/10.1111/gec3.12222
https://goo.gl/DGsKrf
https://doi.org/10.1080/07900620220121666


Jiménez-Mendoza y Terneus-Páez / The water-energy nexus: Analysis of the water flow of the Coca Codo

Sinclair Hydroelectric Project 61

[11] J. Pittock, D. Dumaresq, and A. M. Bassi,
“Modeling the hydropower–food nexus in large
river basins: A mekong case study,” Water,
vol. 8, no. 10, p. 425, 2016. [Online]. Available:
https://doi.org/10.3390/w8100425

[12] F. Ackerman and J. Fisher, “Is there a water–
energy nexus in electricity generation? long-term
scenarios for the western united states,” Energy
Policy, vol. 59, pp. 235–241, 2013. [Online]. Avail-
able: https://doi.org/10.1016/j.enpol.2013.03.027

[13] W. N. Lubega and A. M. Farid, “An en-
gineering systems model for the quantitative
analysis of the energy-water nexus,” in Complex
Systems Design & Management, M. Aiguier,
F. Boulanger, D. Krob, and C. Marchal,
Eds. Cham: Springer International Publish-
ing, 2014, pp. 219–231. [Online]. Available:
https://doi.org/10.1007/978-3-319-02812-5_16

[14] U.S. Department of Energy, “The water-energy
nexus: Challenges and opportunities,” Tech. Rep.,
2014. [Online]. Available: https://goo.gl/Q8ABT5

[15] Asamblea Constituyente, Capítulo quinto. Sec-
tores estratégicos, servicios y empresas públicas.
Art. 313. República del Ecuador, 2008. [Online].
Available: https://goo.gl/hFdWQm

[16] ENTRIX, Estudio de impacto ambiental pre-
liminar del Proyecto Hidroeléctrico Coca Codo
Sinclair. ENTRIX. Consultora Ambiental, 2008.
[Online]. Available: https://goo.gl/zvSdEZ

[17] Asamblea Nacional, Ley Orgánica de Recursos
Hídricos, Usos y Aprovechamiento del Agua.
República del Ecuador. Secretaría del Agua, 2014.
[Online]. Available: https://goo.gl/idEuHH

[18] Y. Granda Paladines, Estudio experimental en
modelo hidraúlico físico sobre la optimización
de la bocatoma del Proyecto Coca-Codo-Sinclair.
Tesis de Grado. Escuela Politécnica Nacional,
1992. [Online]. Available: https://goo.gl/q1RPsG

[19] V. López, “Implicaciones del proyecto Coca
Codo Sinclair para la amazonía ecuatoriana,”
FLACSO, Tech. Rep., 2014. [Online]. Available:
https://goo.gl/mP2PEx

[20] CENACE, Informe anual 2017. Operador Na-
cional de Electricidad. Ministerio de Electricidad
y Energía Renovable., 2017. [Online]. Available:
https://goo.gl/Hc9wsB

[21] G. Rodriguez. (2014) El proyecto coca codo
sinclair: un lazo internacional hacia el desarrollo
del ecuador. Blog Ecuador hacie el desarrollo.
[Online]. Available: https://goo.gl/sC2mkt

[22] a. Robles and I. Fernández, Centrales de Gene-
ración de Energía Eléctrica. Universidad de
Cantabria, 2012.

[23] Sinohydro Corporation, Contrato para el desarro-
llo de ingeniería para el Proyecto Hidroeléctrico
Coca Codo Sinclair, 2009. [Online]. Available:
https://goo.gl/JcQWea

[24] C. Mataix, Mecánica de fluidos y máquinas
hidráulicas. Ediciones del Castillo S. A., 1986.
[Online]. Available: https://goo.gl/4FZiEH

[25] CELEC, Proyecto Hidroeléctrico Coca Codo Sin-
clair rediseño Conceptual para 1500 MW,. Corpo-
ración Eléctrica del Ecuador. Coca Codo Sinclair,
2009.

[26] J. E. Grijalva, Expansión y trayectorias de la
ganadería en la Amazonía: estudio en el Valle
de Quijos y Piedemonte, en Selva Alta. Ecuador,
2004. [Online]. Available: https://goo.gl/gf9vZL

[27] INAMHI, Mapa de ubicación de la red hidrológ-
ica en operación por cuencas hidrográficas del
Ecuador. Instituto Nacional de Meteorología e
Hidrología. Ecuador., 2007. [Online]. Available:
https://goo.gl/onJ7Qw

[28] GAD Papallacta, Plan de desarrollo y orde-
namiento territorial gobierno autónomo descen-
tralizado parroquial de Papallacta, 2015. [Online].
Available: https://goo.gl/EvKSKM

[29] Secretaría del Agua, Resolución 2013-
16-EPMAPS-Q., 2013. [Online]. Available:
https://goo.gl/EhTFGG

[30] Ministerio del Ambiente, Plan de Manejo Adap-
tativo de la parte alta de la Reserva Ecológica
Antisana. Ecuador, 2011. [Online]. Available:
https://goo.gl/h1EXh1

[31] EPMAPS, Primera etapa del proyecto de agua
potable ríos orientales ramal Chalpi Grande –
Papallacta. 2017. Empresa Pública Metropoli-
tana de Agua Poitable y Saneamiento. Alcaldía
de Quito. Ecuador, 2017. [Online]. Available:
https://goo.gl/D1RMZs

[32] ——, Estudios de factibilidad y diseños definitivos
del proyecto de agua potable ramal Chalpi grande
– Papallacta y central hidroeléctrica Chalpi grande.
Empresa Pública Metropolitana de Agua Poitable
y Saneamiento. Alcaldía de Quito. Ecuador, 2014.

[33] Alcaldía de Quito, Quito tendrá abastecimiento
de agua hasta el 2040 con el “Ramal Chalpi
Grande – Papallacta”, 2018. [Online]. Available:
https://goo.gl/Be3Fg1

https://doi.org/10.3390/w8100425
https://doi.org/10.1016/j.enpol.2013.03.027
https://doi.org/10.1007/978-3-319-02812-5_16
https://goo.gl/Q8ABT5
https://goo.gl/hFdWQm
https://goo.gl/zvSdEZ
https://goo.gl/idEuHH
https://goo.gl/q1RPsG
https://goo.gl/mP2PEx
https://goo.gl/Hc9wsB
https://goo.gl/sC2mkt
https://goo.gl/JcQWea
https://goo.gl/4FZiEH
https://goo.gl/gf9vZL
https://goo.gl/onJ7Qw
https://goo.gl/EvKSKM
https://goo.gl/EhTFGG
https://goo.gl/h1EXh1
https://goo.gl/D1RMZs
https://goo.gl/Be3Fg1


62 INGENIUS N.◦ 21, january-june of 2019

[34] L. Pachacama Oña and M. F. Cevallos López,
Análisis de riesgo, vulnerabilidad de los estudios de
la segunda etapa del proyecto de agua potable Ríos
Orientales Ramal Quijos-Papallacta-Paluguillo.
Tesis de Grado. Escuela Politécnica del Ejército,
2012. [Online]. Available: https://goo.gl/rjrmWD

[35] IGM, Cartografía de Quito 1:25000. Instituto
Geográfico Militar. Ecuador, 1990.

[36] Gestión de Comunicación. (2017) Sistema
de riego cayambe-pedro moncayo. Prefectura

de Pichincha. Ecuador. [Online]. Available:
https://goo.gl/ReqZjP

[37] SENAGUA, Resolución de la Agencia de Aguas
de Quito, proceso 220-96. Quito. Ecuador., 1999.

[38] SE, Resolución de la Agencia de Aguas de Quito,
proceso 1375. Quito. Ecuador., 2005.

[39] T. Ochoa Rubio, Centrales hidroeléctricas tomo 1.
Ediciones Grancolombianas. Universidad la Gran
Colombia., 2002.

https://goo.gl/rjrmWD
https://goo.gl/ReqZjP


Scientific Paper / Artículo Científico

https://doi.org/10.17163/ings.n21.2019.06
pISSN: 1390-650X / eISSN: 1390-860X

Empirical Estimation of the
Prestressed of a V-Belt Through the

Slip of the Pulleys
Estimación empírica del pretensado de

una banda trapezoidal mediante el
deslizamiento de las poleas

Eduardo Hernández-Dávila1,∗, Luis Cacuango-Eugenio2, Verónica López-Pérez2,
Julio Cajamarca-Villa1

1,∗Research Group of Maintenance Science (CIMANT), Escuela Superior Politécnica de Chimborazo, Ecuador.
Corresponding author ): edhernandez@espoch.edu.ec

http://orcid.org/0000-0003-4899-2371, http://orcid.org/0000-0002-6568-6037.
2Faculty of mechanics. Escuela Superior Politécnica de Chimborazo, Ecuador

http://orcid.org/0000-0003-2075-3694, http://orcid.org/0000-0002-3488-7039.

Received: 21-11-2018, accepted after review: 17-12-2018
Suggested citation: Hernández-Dávila, E.; Cacuango-Eugenio, L.; López-Pérez, V. and Cajamarca-Villa, J. (2019).
«Empirical Estimation of the Prestressed of a V-Belt Through the Slip of the Pulleys». Ingenius. N.◦21, (january-june).
pp. 63-70. doi: https://doi.org/10.17163/ings.n21.2019.06.

Abstract Resumen
Inspecting the pre-tension of belts is an essential pre-
ventive maintenance activity, which requires that the
machine is powered off to be carried out. This gener-
ates an economic impact of lesser or greater degree
depending on the operational context of each machine.
The objective of this experimental investigation is to
determine a mathematical model, for calculating the
pre-tension of v-belts of classic profile and high per-
formance as a function of the slip. To achieve this
objective, a test module was built to establish the
difference between the theoretical and real rotation
frequencies of the driven pulley, as the pre-tension of
the belt was increased. Then, an inverse exponential
function was adjusted to the data obtained, resulting
in two equations for v-belts of classic profile and of
high throughput, respectively; these equations were
validated using Pearson’s r correlation coefficient. The
proposed mathematical model can be used to mini-
mize the economic impact of checking the pre-tension
of the belts, since it allows carrying out this activity
with the machine operating on full load, requiring
only the measurement of the rotation frequencies of
the pulleys.

La inspección de la pretensión de las bandas es una
actividad de mantenimiento preventivo imprescin-
dible; que, para poder ser realizada, requiere que
la máquina esté apagada, generando un impacto
económico en menor o mayor grado dependiendo del
contexto operacional de cada máquina. El objetivo
de esta investigación experimental es determinar un
modelo matemático para el cálculo del pretensado de
las bandas trapezoidales de perfil clásico y de alto
rendimiento en función del deslizamiento; para lo cual
se construyó un módulo de prueba, en el que se es-
tableció la diferencia de las frecuencias de rotación
entre la teórica y la real de la polea conducida, a
medida que se incrementó el pretensado de la banda.
Los datos arrojados se ajustaron a una función expo-
nencial inversa, dando como resultado dos ecuaciones,
una para las correas trapezoidales de perfil clásico
y otra para las de alto rendimiento. La validación
de estas ecuaciones se realizó mediante el coeficiente
de correlación r de Pearson. Con la utilización del
modelo matemático propuesto, se podrá minimizar
el impacto económico de las actividades preventivas
de revisión del pretensado de las bandas; puesto que,
estas ecuaciones posibilitan la realización de esta ac-
tividad con la máquina encendida y a plena carga,
requiriendo para ello únicamente la medición de las
frecuencias de rotación de las poleas.

Palabras clave: v-belt, slip, pulley, prestressed of
the belt.

Keywords: banda trapezoidal, deslizamiento, polea,
pretensión de bandas.
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1. Introduction

Nowadays v-belts are extensively used to transmit
power in industrial machines and vehicular applica-
tions, which do not require a precise velocity and where
moderate power levels are sufficient. The cost of these
belts is smaller compared to transmission by chains
or gears, and its operation is relatively noiseless [1, 2].
In addition, they have the characteristic of absorbing
shock loads and reducing the effects of vibration [3].

In the texts about the design of machine elements,
the selection of v-belts considers that the power to be
transmitted should be smaller than the power that the
belt, or set of belts, are capable of sustaining. This
process also includes determining the initial tension or
prestressed to guarantee power transmission without
slipping [4–6].

However, depending on the operating conditions,
in these transmission systems a slip between the belt
and the pulley always exist, thus the transmission ratio
is not constant [7, 8].

The slip mechanism of flat and v-belts has been
extensively studied, both analytically and experimen-
tally. Reynolds [9] demonstrated that the velocity loss
is due to the elastic slip of the belt.

Gerbert [10–12] developed two theories mainly re-
lated to bending and deflection due to shearing (clas-
sical creep theory); however, the slip is much greater
than what is forecasted by this theory. Afterwards, he
developed a new unified theory that fitted better the
experimental observations, but fails at low tension.

Belofsky [13] proposed a model that takes into
account the elasticity of the belt, the resistance to
bending and the variation of the friction force along
the contact arch, based on a linear slip regime. This
work describes an experimental method for determin-
ing µ at any point of the contact arch of the belt.

Childs and Cowburn [14] analyzed the belt bending
resistance, the radial adjustment, the distortion due
to the diameter of the pulley and the prestressed of
the belt, to describe the velocity and torsion loss in
v-belts transmission.

Chen and Shieh [15] obtained the velocity loss
in a flat belt transmission system, using a 3D finite
elements model. Balta, Sonmez and Cengiz [16] an-
alyzed a multi-ribbed belt transmission system, and
determined that a smaller the pulley size results in a
greater belt slip, and that below a certain level of the
prestressed of the belt the slip values increase.

In the consulted bibliography it was observed that
most of the studies in flexible transmission systems fo-
cus on the power loss, and for this purpose the factors
that influence the slip and the effects of belt prestressed
are analyzed.

The values of the variables in the proposed for-
mulations can be obtained experimentally. However,
according to the authors, such values should be de-

termined for every combination of velocity, diameters,
distance between centers and pulley materials [17, 18],
thus creating multiple possibilities in which it will be
very difficult to include particular transmission sys-
tems that have been already built, and that take part
in an industrial environment where experimental tests
cannot be carried out.

Once the belts have been assembled in the trans-
mission system and start operating, they undergo a
considerable lengthening in a short period of time,
thus causing the reduction of the initial tension; due
to this, belt manufacturers recommend doing a pre-
stressed in a period of time not longer than 24 hours.
In subsequent days, this lengthening will appear after
a much longer undefined period of time [19]. Therefore,
it is required to plan a preventive activity at fixed
intervals between three and six months, to verify and,
is necessary, correct the prestressed [20].

There are methods with and without contact to
measure the prestressed belt, which requires the ma-
chine is turned off. This requirement does not assume
any problem when the machine has an operation regime
of five days a week, because any preventive activity is
reserved to be carried out in resting days, where the
production is not interrupted, but the overtime should
indeed be assumed.

In the case of machines with an operating regime
of 24 hours a day, 7 days a week, the preventive
maintenance activities will cause a system operational
downtime and, therefore, a cost associated with non-
production [21]; thus, the intervention time must be
the minimum possible.

The objective of this work is finding a mathemat-
ical model based on experimentation, which may es-
timate the prestressed belt from direct measurement,
with laser tachometers, of the velocities of the driving
and driven pulleys, without requiring to turn off the
machine nor requiring parameters which are difficult
to obtain. Therefore, this will facilitate the work of
maintenance technicians.

The main contribution is minimizing the economic
impact of the inspection of prestressed belts, because
with the aid of the proposed mathematical model, this
activity can be conducted without interrupting the
normal operation of the machine.

For carrying out this study, a test module was
utilized in which the prestressed of the belt can be pro-
gressively modified while registering the variation of
the produced slip. Then, a mathematical function can
be fitted to describe the existing relationship between
slip and prestressed.
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2. Materials and methods

2.1. Experimental configuration

The configuration is shown in Figure 1 and outlined in
Figure 2 it was constructed to investigate the effects
of the belt tension on the velocity loss of the driven
pulley, in flexible transmission systems with v-belts of
classic and high performance profile. The components
of the system are firmly supported on an AISI 1020
steel base, with a thickness of 10 mm. In this system,
the driving pulley with diameter of 125 mm, rotates
due to the mechanical energy supplied by a 373 W
asynchronous squirrel cage electric motor, with four
magnetic poles; thus, the frequency of rotation of the
magnetic field is 30 Hz.

Figure 1. Configuration of the test module.

Figure 2. Outline of the belt transmission system.

The driven pulley with a diameter of 70 mm, ro-
tates mounted on an alternator of 12 V, 35 A and a
frequency of rotation of 50 Hz. A resistive load is con-
nected to the alternator such that the electric motor
supplies 80% of its nominal power.

Considering that the efficiency of the motor is
78.2%, the resistance connected to the alternator was
set to the value in which the electric power supplied
in the motor was:

P = 373W × 0, 80
0, 782 ≈ 382W (1)

In order to generate tension in the belt, the alterna-
tor was attached to the base plate my means of a bolt

which lets it turn around its axis, while a hardener
was placed in the upper part. A digital weighing scale
was inserted to work as a load cell, i.e. to measure the
tension in the belt as the hardener is tighten.

This hardener is kept at a constant height, and is
attached to the base plate by means of two parallel
tension bars of 5 mm thickness. As can be seen in Fig-
ure 3, these bars reach a maximum static deformation
of 0.9418 mm when subjected to a force of 500 N, the
maximum value that can be measured with the scale.
This deformation is not considered a value that can
influence on the measurements during the tests, thus
guaranteeing that it works correctly.

Figure 3. Maximum deformation of the parallel tension
bars, obtained using the finite element method in the soft-
ware Solidworks, version 2016.

Two photo tachometers are used to measure the
rotation frequency of the pulleys. Such photo tachome-
ters directly point to 10 mm x 20 pieces of reflective
tape stuck away from the center on the outer side of
the pulleys.

The tested v-belts included the classic profile A-23
and the high performance SPA-23, both with a length
of 584.2 mm and manufactured by Dongil.

2.2. Calculation of slip

The slip produced in the belt transmission system is
the ratio of the difference between the theoretical and
real (measured) angular velocities of the driven pulley,
to the theoretical angular velocity. Hence, this can be
mathematically expressed as:

Dz = ωt2 − ω2

ωt2
(2)

where Dz is the slip, ωt2 is the theoretical angu-
lar velocity of the driven pulley calculated using the
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equations that describe the uniform circular motion,
and ω2 is the real (measured) angular velocity of the
pulley.

Considering that the angular velocity can be ex-
pressed in terms of the frequency as:

ω = 2 × π × f (3)

and that, for the uniform circular motion, the the-
oretical angular velocity of the driven pulley is given
by:

ωt2 = ω1 × D

d
(4)

where ω1 is the real angular velocity of the driving
pulley and D and d are, respectively, the diameters
of the driving (bigger) and driven (smaller) pulleys
given in meters (m), equation (2) can be equivalently
expressed as

Dz = 1 − f2 × d

f1 ×D
(5)

where f1 and f2 are, respectively, the real rotation
frequencies of the driving and driven pulleys, given in
Hertz (Hz) or revolutions per minute (rpm).

2.3. Calculation of the belt tension

In order to calculate the belt tension from the scale
measurements, a static analysis of the module ten-
sioning system is carried out. Figure 4 illustrates the
configuration of such tensioning system, while Figures
4 y 5 shows its equilibrium diagram.

Since the force measured by the scale acts on point
H (Figure 4) and the alternator is centered in G, a
summation moment in the latter results in:

GA×
−→
T2 × sen(β − ϕ) +GB ×W × cos(β)+

+GC ×−→t1 × sen(β + ϕ)−GH ×−→F × sen(β) = 0
(6)

If the machine is at rest (off, without any rota-
tional movement), the tensions T1 and T2 on the belt
are equal. Substituting the values of distance (Table
1) yields:

T = 3 × (2F × sen(β) −W × cos(β))
2 × (2 × sen(β + ϕ) + sen(β − ϕ)) (7)

In this rest condition, the tension T calculated us-
ing equation (7) is known as prestressed. At this point
it should be clarified that once the pulleys start rotat-
ing, tensions 1 and 2 become different [3]. This case
has not been considered, since the belt prestressed in
maintenance operations is carried with the machine at
rest (off, i.e. with no motion).

Figure 4. Tension system of the module band.

Table 1. Distances in Figure 4, given in mm

GA GB GC GH
60 90 120 180

Figure 5. Equilibrium diagram of the tensioning system
of the belt in the module.
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3. Results and discussion

The results are shown in Tables 2 and 3 for v-belts
of classic profile and high performance, respectively,
were obtained using the average of five measurements
of the pulleys rotation frequencies, and the applied
force by the tensioning system at increasing intervals
of 50 N. In such tables, the tension T and the slip
Dz were calculated by means of equations (5) and (7),
respectively.

Table 2. Slip and tension of the v-belt of classic profile

F T f1 f2 Dz
(N) (N) (Hz) (Hz)
49,05 39,7 29,17 50,43 3,17
98,1 88,22 29,08 50,45 2,86

147,15 136,51 29 50,47 2,55
196,2 185,14 28,92 50,48 2,23
245,25 233,47 28,83 50,5 1,92
294,3 281,79 28,77 50,48 1,72
343,35 330,12 28,63 50,27 1,69
392,4 378,45 28,5 50,05 1,66
441,45 426,77 28,37 49,83 1,62
490,5 475,1 28,23 49,62 1,59

Table 3. Slip and tension of the v-belt of high performance

F T f1 f2 Dz
(N) (N) (Hz) (Hz)
49,05 39,7 29,3 51,43 1,7
98,1 88,22 29,22 51,38 1,51

147,15 136,51 29,15 51,33 1,38
196,2 185,14 29,08 51,28 1,25
245,25 233,47 29,02 51,25 1,09
294,3 281,79 28,95 51,18 0,99
343,35 330,12 28,92 51,13 0,98
392,4 378,45 28,85 51,03 0,94
441,45 426,77 28,78 50,93 0,91
490,5 475,1 28,72 50,83 0,87

On the other hand, Table 4 indicates the tension of
the v-belts of classic profile and of high performance,
and the calculated theoretically according to design
books, by means of the equation [3].

T = 280159.39 ×Hd× (efϕ + 1)
n× d× (efϕ − 1) (8)

where, Hd is the maximum transmitted mechanical
power in horsepower (hp), calculated as the product of
the measured electric consumption of the motor and
the efficiency (0.782 in this case) with an increase of
20% due to the service factor, n is the rotation fre-
quency of the driven pulley in revolutions per minute
(rpm), d is the diameter of the same pulley in inches,

f is the friction coefficient for v-belts (which is equal
to 0,5123 [3]), and ϕ is the contact angle given by.

ϕ = π − 2 × sen−1D − d

2 × C
(9)

where D and d are given in mm, and C is the
distance between the centers of both pulleys, also in
mm.

Table 4. Theoretical and experimentally induced tensions
in the v-belts of classic profile and of high performance

T teórica de Theoretical T Theoretical T ofthe v-belt of the v-belt of high induced Tclassic profile performance (N)(N) (N)
31,1 27,11 39,7
32,82 28,83 88,22
34,52 30,55 136,51
36,23 31,42 185,14
38,8 33,13 233,47
41,39 34,87 281,79
44,16 36,6 330,12
45,21 38,37 378,45
48,02 40,15 426,77
49,1 41,93 475,1

It can be seen in Table 4 that the theoretical ten-
sions are smaller than the experimentally induced;
hence, no slip should exist. Nevertheless, Tables 2 and
3 indicate that it indeed existed, confirming the obser-
vations on [7, 8]. Therefore, this research is applicable
to any design condition of this type of systems.

Figure 6 is a plot of the slip values as a function
of the prestressed for both classic profile and high
performance v-belts, from data in Tables 2 and 3.

Figure 6. Slip as a function of prestressed for the v-belts.

In order to obtain the mathematical model, the
following conditions were considered:

The slip is an index whose value is between zero
and 1. As the prestressed increases, the slip decreases
toward zero, but it can never take negative values. This
means that as the prestressed T goes to infinity, the
slip goes to zero, i.e.

lim
T→∞

Dz(T ) = 0 (10)
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If there is not prestressed (it is equal to zero) there
is not power transfer between the driving and driven
pulleys, thus the latter will not move at all. In this
case the slip takes it maximum value of one, which
means that the belt totally slips on the driven pulley
without transmitting any motion, i.e.

Dz(T = 0) = 1 (11)
These conditions are satisfied by inverse exponen-

tial models. In particular, a distribution of the type:

Dz = e−(αT )β (12)
was chosen due to its flexibility, where α y β are,

respectively, the scale and shape parameters of the
model.

In order to obtain the parameters of the model us-
ing least squares, it is suggested to linearize Equation
(12) through the application of logarithms, to obtain

ln

(
ln

(
1
Dz

))
= βln(T ) + βln(α) (13)

which is used to generate the plot of Figure 7. These
data points fit straight lines, with Pearson correlation
coefficients r of 0.9767 and 0.9809 for the classic profile
and high performance v-belts.

Figure 7. Linearization of the slip curve as a function of
the prestressed of the belts.

Then, Table 5 shows the parameters of the lin-
earized models (13) identified using least squares,
which result in the mathematical models

Table 5. Parameters of the linearized equations of slip as
a function of belt tension

Tipe of Slope Intersection ααα βββband
Classic 0,0838 0,9106 5,27E+04 0,0838profile
High 0,0662 1,1451 3,19E+07 0,0663performance

Dz = e−(5,27E+04T )0,0838
(14)

Dz = e−(3,19E+07T )0,0663
(15)

In order to validate the fit of equations (14) and
(15) to the experimental data, the following hypotheses
are stated:

H0H0H0: The slip is not an inverse exponential function
of the prestressed of the belts.

H1H1H1: The slip is an inverse exponential function of
the prestressed of the belts.

It can be seen that the obtained Pearson correlation
coefficients r, 0.9767 for the v-belt of classic profile
and 0.9809 for the v-belt of high performance, are both
greater than 0.765 for a set of ten data. Therefore, the
null hypothesis is rejected, and the alternative hypoth-
esis is accepted which states that the slip is an inverse
exponential function of the prestressed of the belts,
with a 99% confidence [22].

Solving equations (14) and (15) for the prestressed
T, yields the mathematical models (16) and (17).

T = 1, 91E−0.5 ×
[
ln

(
1
Dz

)] 1
0,0838

(16)

T = 3, 13E−0.8 ×
[
ln

(
1
Dz

)] 1
0,0663

(17)

which constitute the purpose of this research.

4. Conclusions

As it is observed in Tables 2 and 3, and in Figure 6, the
slip produced by the same tension is different for the
classic profile and high performance v-belts; however,
they exhibit the same trend. This is confirmed by the
shape parameter β in Table 5, which are similar.

The slip in power transmission systems that employ
belts and pulleys, fits an inverse exponential model
with 99% confidence; thus, it is reliable to use equa-
tions (14) and (15) to estimate the prestressed in belts
from direct measurement of the slip, without requiring
to turn off the machine.

According to the observations in Figure 6, the trans-
mission systems with high performance v-belts are
more efficient than the systems with v-belts of classic
profile, because they exhibit a smaller slip.
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Abstract Resumen
Digital Terrestrial Television (DTT) is focused on re-
placing analog television transmissions, using OFDM
(orthogonal frequency division multiplexing) modula-
tion, which enables transmitting to both fixed and mo-
bile equipment. Nevertheless, in the case of mobile dig-
ital television receivers, such as smartphones, laptops
and other devices there are reception problems due to
the multipath effect. In this project, the OFDM and
CC-OFDM (Orthogonal Frequency Division Multi-
plexing by Convolution Coding) modulation schemes
are simulated for the ISDB-T (Integrated Services
Digital Television Broadcasting) standard. By means
of the Simulink graphical programming environment,
from Matlab, the block diagrams of both schemes
were implemented and the data transmission was sim-
ulated, further measuring the BER (Bit Error Rate),
the delay and the number of carriers, for three types
of channels, namely: AWGN (Additive White Gaus-
sian Noise), Type A land (rural land) and Type C
land (urban land). The results obtained indicate that
CC-OFDM modulation has a higher efficiency, due
to higher BER and reduction in the reception delay.

La Televisión Digital Terrestre está orientada a susti-
tuir las transmisiones de televisión analógica, al uti-
lizar la modulación OFDM (multiplexación por di-
visión de frecuencias ortogonales), con esta modu-
lación se puede realizar transmisiones para equipos
fijos y móviles. Sin embargo, en el caso de sistemas
de recepción de televisión digital como teléfonos
inteligentes, portátiles y otros dispositivos móviles
tienen problemas en la recepción causados por el
efecto multicamino. En este proyecto se realiza la
simulación de las modulaciones OFDM y CC-OFDM
(Multiplexación por División de Frecuencias Ortogo-
nales mediante Codificación por Convolución) para el
estándar de televisión ISDB-T (Radiodifusión Digital
de Servicios Integrado para Televisión). Por medio de
Simulink del entorno Matlab, se simuló los diagramas
de bloques de ambas arquitecturas para observar los
resultados al transmitir datos, midiendo el BER (Tasa
de Bit Errado), el retardo y el número de portadoras,
bajo los siguientes canales: AWGN (Ruido Gaussiano
Blanco Aditivo), Terreno tipo A (terreno rural) y
Terreno tipo C (terreno urbano). De los resultados
obtenidos se muestra que la modulación CC-OFDM
tiene una mayor eficiencia, debido a que presenta un
BER mayor y reducción en el retardo en la recepción.

Keywords: CC-OFDM, ISDB-T, Multiway, OFDM,
Simulink.

Palabras clave: CC-OFDM, ISDB-T, Multicamino,
OFDM, Simulink
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1. Introduction

The digital television is geared towards substituting
analog television, because it has the advantage of in-
cluding interactive applications, such as surveys, pro-
gramming times and emergency signals, among others,
as well as different types of signal quality in high defi-
nition (HD) and standard definition (SD) [1].

When digital television signals are received in mo-
bile devices, such as smartphones and laptops, among
others, there are impulsive noise issues due to multi-
path in the ISDB-T standard, when the usual OFDM
modulation is employed [2].

The ISDB-T (Integrated Services Digital
Broadcasting-Terrestrial) standard had its origin in
Japan, being developed in the late 1990s. The main ob-
jective of this standard was to enable the simultaneous
transmission of HDTV (High Definition Television)
and SDTV (Standard Definition Television). ISDB-T
was designed to operate in channels of bandwidth 6.7
and 8 MHz, respectively. In Ecuador this standard
should operate in a channel of 6 MHz [3].

In the last decade, the orthogonal frequency di-
vision multiplexing (OFDM) has become the basis
of telecommunication systems, and it is a technique
utilized in wireless transmission [4] and fiber optic
systems [5]. The advantages of OFDM are the man-
agement of multipath interference, mitigation of inter-
symbol interference (ISI) caused by the bit error rate
(BER) in frequency selective fading [6]. On the other
hand, the orthogonal frequency division multiple access
(OFDMA) is a multicarrier transmission technique,
which is considered as one of the best for bidirectional
wireless networks is communication systems and for
broadcasting digital television, especially in the ISDB-
T television system being used in Ecuador; besides, it
is used in satellite and space communications, reduc-
ing the errors. The BER, defined as the number of bit
errors divided by the total number of transferred bits
during a time interval, is the quality criterion utilized
in digital transmission and data storage.

The broadcasts of digital terrestrial television tend
to be reflected on buildings and mountains; as a con-
sequence, the multipath phenomenon appears in the
propagation. In order to avoid the interference, the dig-
ital television ISDB-T utilized in Ecuador is based on
the Japanese system with the Brazilian patch, and em-
ploys OFDM as modulation scheme. This technique is
not robust, and shows long delays in multipath trans-
missions which may exceed the guard interval (GI)
or produce high peaks in the transmission power [7],
particularly in the time-domain because many sub-
carrier components are added when the inverse fast
Fourier transform (IFFT) is used [8]. But beyond that,
OFDM systems have a high peak-to-average power
ratio (PAPR) with respect to systems with one carrier.
When signals with a high PAPR pass through a nonlin-

ear element, such as a high power amplifier (HPA) [9],
it is produced a signal out of the range of the spec-
trum of the carriers that will interfere with adjacent
channels and in the carrier spectrum, thus causing
distortion, attenuation and an offset in the received
signal. A HPA with a big dynamic range will produce
high losses in the communication system. This can be
reduced using systems with low losses, but the cost
will increase. The fading effect can be compensated
using CC-OFDM [10].

The convolution coding based orthogonal frequency
division multiplexing (CC-OFDM) modulation in or-
thogonal frequency division multiplexing (OFDM) sys-
tems, has become a very used tool in the current tech-
nology. Similarly, in other communication systems the
OFDM system needs to use channel codification to
decrease the VER, such as CC-OFDM [11]. Figure 1
shows the block diagram of the CC-OFDM modula-
tion [12].

Figure 1. OFDM with convolution code.

In this paper, the CC-OFDM modulation is ana-
lyzed and simulated in ISDB-T architectures, to deter-
mine how the efficiency is improved in environments
with multipath, as well as to observe the behavior of
parameters such as BER, delay and number of carriers.

The block diagram in Figure 1 is constituted by:
generator of the convolution code, which is a type of
error correction code; modulation, which in this case is
64 QAM, even though other types of modulation such
as QPSK, QAM, 16 QAM, 32 QAM can be used; a
serial to parallel (P/S) converter; inverse fast Fourier
transform (IFFT); AWG channel, which is the data
transmission medium where attenuation, noise and sig-
nal fading will be introduced; parallel to serial (S/P)
converter; fast Fourier transform (FFT); a second P/S
converter, demodulation and, at last, the convolutional
code decoding [13].

2. Materials and methods

Configurable parameters and values of the ISDB-T
standard must be taken into account in the correspond-
ing model, since they will completely define the oper-
ating mode of the system blocks as described in [14].
Figure 2 shows the block diagram of transmission and
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reception for the ISDB-T standard with OFDM modu-
lation, created in Matlab Simulink. This block diagram
is now described.

The image generator employs a Signal From
Workspace block, which is in charge of importing the
image data from the Matlab Workspace [15].

Figure 2. Block diagram of the ISDB-T standard with OFDM modulation, created in Matlab Simulink.

The Reed Salomon encoder carries out a block-
based error correction process, for block processing a
certain amount of data symbols. A code of the form
k/n = 188/204 is employed in this case [16].

The integer to bit converter uses a value of 8, to
obtain a total value of 1632 bits, as required by the
norm [17]. The carrier modulation employs a block
known as matrix interleaver, which will do the process
of bits interleaving. Then, a mapping process is carried
out; this process comprises two blocks, namely a bit to
integer converter and a rectangular QAM modulator.
In order to obtain a 64-QAM modulation, it is neces-
sary to enter a value of 6 in the bit to integer converter,
and also a value of 64 in the QAM modulator [18].

The time and frequency interleaving comprises a
buffer, in which the number of rows and columns in-
dicated by the standard (96 × 204) are entered, to
further carry out the serial to parallel conversion. The
matrix interleaver block contains the aforementioned
rows and columns in order to correctly transmit the
data. At last, a second buffer stores the 1248 data that

belong to the standard [19].

In the OFDM modulation, the total number of car-
rier (2048) is assigned, and then the parameter number
of guard bands [400;400] is entered which will enable
obtaining the 1248 used by the simulator. Figure 3
shows the block diagram of transmission and reception
for CC-OFDM [20].

In addition, a 3 taps line was implemented in the
AWGN channel, known as Stanford University Interim
(SUI) channels, to incorporate the effect of multipath;
besides an AGWN block was added to introduce addi-
tive white Gaussian noise. The selected radio frequency
communication model can be used in Wimax, digi-
tal television, and long distance wireless communica-
tion [21]. The OFDM demodulator performs the inverse
process of the OFDM modulation. In the time and fre-
quency deinterleaving an inverse process is conducted,
in which the obtained output vector of [272×1] should
be equal to the indicated in the transmission process,
in order to proceed with the following stage [22].
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Figure 3. Block diagram of the ISDB-T standard with CC-OFDM modulation, created in Matlab Simulink.

In this subsystem, the carrier demodulation per-
forms the bits deinterleaving, to further demodulate
the 64-QAM with the rectangular demodulation block.
The bit to integer converter converts the 1632 bits
entered in the matrix deinterleaver, to 204 integers re-
quired in the following block [23]. In the values of the
parameters in the Reed Solomon decoder match the
values entered in Reed Salomon encoder, the recovered
binary message vector will be equal to the message
sent [24]. The median filter block was used to dimin-
ish the salt and pepper effect present in the received
images, which was introduced in the communication
channel; this filter calculates the mean of the pixels of
the processed image, and uses a kernel to approximate
the closer pixels thus reducing the noise [25]. In order
to present the transmitted image, a To Workspace
block is used in the ISDB-T standard with modulation
CC-OFDM.

The Simulink blocks with CC-OFDM modulation
use bits interleaving and de-interleaving for error cor-
rection. In addition, a convolutional encoder and its in-
verse, a Viterbi decoder, are added to obtain a smaller
BER [26]. The Convolutional Interleaver block carries
out a convolutional interleaving of bytes, to improve
the performance against errors. The convolutional en-
coder was applied to a punctured vector, choosing
a coding rate of 2/3 with an extension of 7 bits of
convolution [?]. The Viterbi Decoder block decodes
the signal coded by the convolutional encoder, using
the Viterbi algorithm. This decoder uses the Trellis
features of the convolutional code, and the Viterbi
algorithm reduces the difficulty in the calculation to
avoid taking into account all possible sequences [27].
The convolutional deinterleaver rearranges the sym-

bols of the signal, which was interleaved using shift
registers with fixed delay.

3. Results and discussion

Table 1 shows the bit error rate (BER) for different
TDT standards and the corresponding modulations
with a SNR of 19 [dB], since this value will enable to
obtain a clear image with low noise.

Table 1. Bit Error Rate results

Standard ISDB-T (BER)
SNR[dB] OFDM CC-OFM

19 0,04333 0,04263

Calculations were conducted with a SNR = 16
[dB] [22], since this value will yield the best efficiency
in the presence of multipath, both in sites A and C.

Table 2 shows the delays, given in seconds, for each
of the modulations schemes of the TDT standards
under consideration.

Table 2. Delay results

Standard ISDB-T (BER)
Modulations OFDM CC-OFM

Delay 6,9963 [ms] 8,3640 [ms]

Table 3 shows the results corresponding to BER vs.
SNR, having as input a RGB image. The results are
different because of the variation in the SNR, which
is produced in the 2 channels SUI implemented in the
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simulation, in order to determine which of the stan-
dards exhibits the best performance in the presence of
multipath. It can be seen that the BER is smaller for
the CC-OFDM modulation.

Table 3. BER vs. SNR [dB] results with multipath

ISDB-T
OFDM VER CC-OFM VER

SNR Db Terrain A Terrain C Terrain A Terrain C
10 0,13040 0,11866 0,32612 0,24866
12 0,10997 0,09436 0,20365 0,09556
14 0,09357 0,07342 0,10164 0,04618
16 0,08112 0,05699 0,05799 0,04277
48 0,07194 0,04702 0,04650 0,04263
20 0,06546 0,04291 0,04439 0,04263

Figure 4 shows the results corresponding to the
ISDB-T standard, where it is observed that the plots
corresponding to sites A (urban) and C (rural) with
CC-OFDM modulation, of color gray and yellow, re-
spectively, show a better BER for SNR 16 dB, tan their
OFDM counterparts. In the presence of multipath, the
images transmitted using CC-OFDM modulation ex-
hibit lower salt and pepper noise.

Figure 4. BER vs. SNR for a RGB input image applying
the effect of multipath for the ISDB-T standard.

Table 4 confirms that CC-OFDM is more efficient
in both sites.

Table 4. Approximate values of efficiency for the ISDB-T
standard, with a SNR = 16 [dB]

ISDB-T
OFDM VER CC-OFM VER

SNR Db Terrain A Terrain C Terrain A Terrain C
16 91,887 94,300 94,201 95,273

At last, the results obtained for an image with
SNR=16 [dB] for a site of type C (urban) are shown.
Figure 5 is the original transmitted image, Figure 6 is
the image received using OFDM, and Figure 7 is the
image received with CC-OFDM.

Table 3 shows the results corresponding to BER vs.
SNR, having as input a RGB image. The results are
different because of the variation in the SNR, which
is produced in the 2 channels SUI implemented in the
simulation, in order to determine which of the stan-
dards exhibits the best performance in the presence of
multipath. It can be seen that the BER is smaller for
the CC-OFDM modulation.

Figure 5. Original input image.

Figure 6. Output image after passing through site C with
SNR=16 [dB] and OFDM modulation.

Figure 7. Output image after passing through site C with
SNR=16 [dB] and CC-OFDM modulation.

4. Conclusions

An OFDM system has many carriers for the ISDB-T
standard, because the bandwidth allocated for each
carrier is narrow. This reduces the symbol velocity in
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a proportional manner, thus increasing the time to
transmit each symbol. As a consequence, this system
is more susceptible to interferences due to multipath.

It is concluded that a CC-OFDM modulation is
more 24.95% more efficient than OFDM for the ISDB-
T standard, according to the BER obtained in the
simulation of an urban site with a delay of 8.3640 [ms].
It is also more reliable, but with a delay 16.35% greater
as compared to the OFDM modulation.
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Abstract Resumen
Due to the need of introducing and integrating the
province network into a Next Generation Network
(NGN), as a solution to the deficiencies of its infras-
tructure, in this paper a NGN for Granma province is
proposed, based on its current conditions and consid-
ering the existence of the IP/ MPLS national back-
bone as vehicle. First, the NGN model structure fea-
tures, facilities and signaling protocols are analyzed.
Then, a detailed analysis of the equipment proposed
by the manufacturer Huawei is performed, evaluating
the availability and potentials of this technology. At
last, elements that contribute to the migration of
the current telecommunications network in Granma
Province to a NGN are discussed.

Debido a la necesidad de introducción e integración de
la red de la provincia Granma, hacia una red NGN,
como solución a las deficiencias en la infraestruc-
tura de la misma, en el presente trabajo se brinda
una propuesta de Red de Nueva Generación para la
provincia Granma partiendo de las condiciones ac-
tuales de esta y considerando la existencia del dorsal
nacional IP/MPLS como transporte. Primeramente,
se analiza la estructura del modelo NGN, así como
sus características, facilidades y protocolos de señal-
ización. Posteriormente se realiza un profundo análisis
del equipamiento propuesto por el fabricante Huawei,
evaluando la disponibilidad y las potencialidades de
esta tecnología. Finalmente, se exponen elementos
que contribuyen a la migración de la red de teleco-
municaciones actual de Granma hacia una red NGN.

Palabras clave: Granma Province, Solution, Next
Generation Network (NGN), IP/MPLS, Multiservice
Access Node (MSAN), NGN migration.

Keywords: Provincia Granma, solución, red de nueva
generación (NGN), IP/MPLS, nodo de acceso multi-
servicio (MSAN), migración hacia NGN.
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1. Introduction

Nowadays, the telecommunications sector has been in
significant and intense evolution, mainly due to the
variable and increasingly demanding requirements of
the users [1]. This evolution implies that telecomm
operators should continuously improve their networks
in order to fulfill the needs of users who expect more
and better services [2, 3].

On the side of the demand, the growth has been
propelled by the involvement of telecommunication and
information technology in all facets of human life, in all
sectors of economic and social activities [4–6], public
administration [7], public service supply and manage-
ment of public infrastructure [8], education [9, 10],
health [11] and cultural expression, management of
the environment and emergencies, either natural or
man-made. From the supply side, the growth has been
encouraged by the fast technologic evolution that con-
tinuously improves the efficiency of existing products,
systems and services, and lays the foundations for
a constant flow of innovations in each of these sec-
tors [12].

In recent years there has been a continuous increase
on the volume of information traffic in telecommunica-
tion networks, mainly due to the proliferation of new
applications that combine voice, data and video. The
data traffic (demand of the market) increases, both in
the residential and corporate segments, mainly as a
result of the combination of traditional data services,
Internet traffic and e-commerce. This increase in the
demand of bandwidth, together with the request for
good performance of the associated services, requires a
reassessment of existent public networks and a project
to fulfill the demands. In terms of evolution, the Next
Generation Network (NGN) is a step towards the re-
placement of the Public Switched Telephone Network
(PSTN) by an IP (Internet Protocol) network, which is
packet-based. In this regard, the NGN integrates the
TDM (Time Division Multiple) voice network and the
packet network based on IP/ATM (Internet Protocol/
Asynchronous Transfer Mode) [3, 13].

In Cuba, the Cuban Telecommunication Company
(ETECSA) has been in charge of the development of
the telephony infrastructure and data networks. For
some years now, ETECSA started an intensive invest-
ment plan aimed at the implementation of modern
solutions that lead to the integration of telephony and
data services in a unique system, thus improving the
throughput to users [14].

One of the main defects of the telecommunication
network in the Granma Province is the coexistence
of two networks, namely, telephony and data. This
complicates the resources management and hinders,
in many cases, the implementation of new services
based on the IP technology. Based on this discussion,
the objective of this research is to propose a solution

for migrating the telecommunication network of the
Granma Province to a NGN.

2. Materials and methods

The telecommunication network of the Granma
Province is mainly constituted by four loops; 93% of
the municipalities use optic fiber as transmission me-
dia, which employs SDH (Synchronous Digital Hierar-
chy) as transportation technology. This network has 63
commutation elements, which are implemented on 80
Huawei transmission devices such as: OSN 3500, OSN
2500, Metro 2050, Metro 1000, Metro 100, Metro 500.
For commutation of voice the network has a provincial
tandem Huawei C&C08, located in Bayamo.

On the other hand, the data network is constituted
by devices DSLAM (Digital Subscriber Line Access
Multiplexer) IP distributed all over the province, which
are connected to the national network through a re-
dundant link implemented on a NE-40 router, one with
the Santiago de Cuba Province and the other with Hol-
guín. All this network is based on the existence of the
IP/MPLS (Multiprotocol Label Switching) national
backbone as transportation network.

The NGN is a packet network capable of supply-
ing broadband communication services, to users from
different providers. Its main advantage is that all ser-
vices, voice and data, operate on a single network. Its
architecture is based on four fundamental layers that,
together with the signaling protocols, achieve a correct
functioning. Some of these protocols are the H.248,
H.323, SIP [15].

A migration to NGN was proposed some years
ago, in which it was recommended to use a Huawei
NE40 border router, to aggregate all the network at
this point. That router does not have the capability
to carry out such task, since it should handle all the
traffic of the province. Such work does not specify the
locations at the province where the technology (MSAN
IP) might be installed in order to yield the migration
to this network, neither makes reference to necessary
quantity of POTS, ADSL2+ y SHDSL lines. As a con-
sequence, the transmission velocity which should be
used in the different data links of the Granma Province
is not calculated.

Different service providers have proposed a solution
for this type of network, but Huawei offers a complete
solution according to the possibilities of the country’s
economy. To this effect, this manufacturer has avail-
able various devices such as UMG8900, Softswitch3000,
UA5000, that make this network flexible, as described
in [16–18].
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3. Results and discussion

Based on the current situation of the telecommunica-
tion network of the Granma Province, as well as the
existence of the backbone IP/MPLS, of the Softswitch
and the possibilities offered by Huawei, the migration
to NGN of the Granma Province was proposed. In
this proposal, a CX300 is the element that will do
all the voice and data commutation. In addition, this
device will be in charge of the communication with the
national network. A gateway UMG8900 with 32 E1
flows is located in the digital exchange C&C08, and
this element will be used to communicate the IP world
with the TDM. Other elements used are the MSAN
IP, which are deployed all over the province.

The actual solution is maintained for data sub-
scribers since the DSLAM IP will stay for connectivity,
and will be inserted in the IP world through the bor-
der router like the MSAN IP. In order to extend the
services of the NGN to all the URA connected to the
C&C08, all the equipment must support NGN func-
tionalities. There are in the province devices RSM,
RSP, ESM, OLT and the Alcatel exchange, that do
not support NGN functionalities; as a consequence, the
segments of the network that involve such equipment
will not benefit from all the advantages of the solution.
Therefore, it is necessary that the consolidation stage
of the NGN includes their successive replacement.

A call from the current PSTN of Granma Province
telephone exchange with the NGN world (external to
this province) will be made through the UMG (used
as media gateway); the traffic will be directed by the
border router located at Bayamo, which will travel
through the IP/MPLS backbone to his destination.
On the contrary, a territorial call from the new NGN
segment to the PSTN and vice versa will be established
through the UMG, whose routing is guaranteed in the
border router located at the province, without leaving
to the backbone IP/MPLS. The complete control of
establishing the call and metering, among other net-
work supervising actions, will be carried out by the
two softswitches.

The Figure 1 illustrates the proposed migration to
NGN for Granma Province. The service provider will
be Huawei, since it offers a more complete solution, at
a reasonable cost consistent with the current economic
situation of Cuba. It is proposed that the digital ex-
change TDM C&C08 and the UMG 8900 are located
in the same site; the latter will be used as the gateway
of the TDM C&C08, allowing the communication be-
tween the TDM and IP users. In addition, two 24-port
S5328 lanswitches connected in stack will be installed

in the same premises, with the purpose of adding all
the services supplied by the MSAN IP which will be
also located in the same site. It is suggested to foresee
future expansions of the MSAN IP and the gradual
migration of the subscribers connected to the C&C08
towards NGN.

In the site of the CMT it is proposed to locate the
Huawei CX 300, which will carry out all provincial
network commutations, and will have aggregation func-
tionalities for both networks, voice and data. It will
connect via two G/E links to the lanswitches S5328
and through F/E to the provincial SDH network using
the OSN 3500 device located at the CMT, and with
national SDH network through two G/E links using
the OSN 7500. The CX 300 has a backplane velocity of
48 Gbps, and uses the routing protocols OSPF, IS-IS
and BGPv4. In the proposed migration, the MSAN
TDM, the URA and other equipment that is currently
used to provide services to the municipalities in the
province will be maintained. A total of 8 MSAN IP
will be installed, including one in the site of the digital
exchange to provide service to 24000 new subscribers
in all the province, even though in this solution only
9408 services will be installed, between fixed telephony
and data.

Future actions should be directed toward the consol-
idation of the NGN networks, thus the current MSAN
with TDM functionality should be gradually migrated
to the IP world, eliminating the function carried out
nowadays by the C&C08 by connecting them directly
to the CX 300 router; similarly, all new sites added to
the network should already include IP functionalities.
Only 8 sites will be installed in this proposal, due
to three main reasons: technological change, low tele-
phone density and network expansion. Table 1 shows
the equipment to be used and their location.

Erlang’s theory is applicable to the basic telephone
service, independently of the support, medium or tech-
nology used to supply such service; its validity is deter-
mined by the behavior of the users. It is applied to the
service, not to the technology. There are two theories:
losses (Erlang B) and queuing (Erlang C). Therefore,
it is applicable to dimensioning the resources that
will support the NGN; in this case, the transmission
velocity VoIP required to carry traffic on this type
of network. In traditional TDM networks, when cal-
culating the quantity of required circuits to carry a
particular traffic with one percent losses, the trans-
mission velocity is being indirectly calculated because
each circuit is a PCM channel with a transmission
velocity of 64 Kbps.
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Figure 1. Proposed migration to NGN for Granma Province, Huawei provider.

Table 1. Location of the MSAN IP

Equipment Location Transmission
device

MSAN IP (Inside) Bayamo Metro 1000
MSAN IP (Inside) Cauto Cristo Metro 1000
MSAN IP (Inside) Río Cauto Metro 1000
MSAN IP (Inside) Niquero Metro 1000
MSAN IP (Inside) Manzanillo OSN 3500
MSAN IP (Outside) Vázquez OSN 500
MSAN IP (Outside) Camilo 1 OSN 500
MSAN IP (Outside) Camilo 2 OSN 500

For calculating the velocity of transmission of the
voice, it is necessary to take into account that each
protocol or layer encapsulates an IP packet by adding
some headings to be able to process and route it. As a
consequence, the packet to be transmitted has a bit
size much greater than the Payload (usable load of
the voice). Each CODEC has a predetermined trans-
mission velocity of voice packets; the required velocity
should be higher due to the increase in the size of the
packet. In order to transmit the voice from a MSAN IP
through the IP network, the following protocols should
be used: Layer 2 link, IEEE 802.3, IP, UDP (User
Datagram Protocol) and RTP (Real-time Transport
Protocol) [19].

Table 2 shows the transmission velocities calculated
in [20], as well as the necessary number of lines in each
of the 8 locations.

Table 2. Number of lines and necessary transmission ve-
locities

Locations N.° Voice Data Voice + Data
lines (Mbps) (Mbps) (Mbps)

Bayamo 896 12 26 38
Cauto Cristo 864 12 22 34
Río Cauto 1216 15 34 49
Niquero 960 13 26 39

Manzanillo 896 12 26 38
Vázquez 960 13 26 39
Camilo I 960 13 26 39
Camilo II 960 13 26 39

3.1. Migration of sites Camilo I and II

The Camilo Cienfuegos neighborhood is one of the
greatest areas of the provincial town (Bayamo). It is a
location with a high density of households and a low
density of telephones (only 8.58% of demand of twisted
pairs). Currently, the network is saturated with low
capacity cables, as compared with the number of exis-
tent households and the demand for telephony services.
The problem of the network in this zone is due to
the saturation of the networks in the province: fixed,
mobile, radio. In addition, there are no more ports
available in the URAs at Bayamo, which results in the
following facts:

• 66.67% of the households demands, at least, one
telephone pair.

• 41.67% of the buildings are two-story or more.
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• The remaining 33.33% demands one telephone
pair for two households.

• The density of the telephone service is 2.04 for
every 100 inhabitants.

Figure 2 shows the network structure for Camilo
Cienfuegos. For migrating this zone, it is proposed to
use two Outdoor MSAN IP (Camilo Cienfuegos I y
Camilo Cienfuegos II). Those MSAN IP will employ

the provincial SDH network to carry the IP packets.
It is also proposed to install two OSN 500 that will
be utilized as transmission elements for the new net-
work structure of the site; they will have an EFS card
for Ethernet services, foreseeing future connections
for data transmission associated to the external distri-
bution area. In addition, the MSAN IP will use two
control cards for narrowband services (PVM), and two
for broadband services (IPMD).

Figure 2. Proposed network for sites Camilo Cienfuegos I and II.

3.2. Migration of site Bayamo

The Bayamo site has an exchange TDM C&C08 with
51520 lines, 9040 of which are installed in the telephone
center itself distributed in three RSP cabinets, with
8942 currently in operation. Besides being considered
an obsolete technology, they already reached maximum
capacity.

As can be seen in Figure 3, the MSAN of Bayamo
will be directly connected to the s5328 lans witches,

and these to the CX300, which is the device in charge of
carrying out the commutation to the final destination.

The MSAN of Bayamo will have two control cards
for narrowband services (PVM), and two for broad-
band services (IPMD). The four cards will be wired
to the S5328 lanswitches, which will concentrate the
traffic of the URA IP. Softswitches in El Vedado and
Las Tunas will control de MSAN IP by means of the
protocol H.248.
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Figure 3. Proposed network for site Bayamo.

3.3. Migration of site Río Cauto

The Río Cauto municipality currently has a URA DLC
of the exchange TDM C&C08, with a total of 800 lines,
788 of which are in operation; this technology is con-
sidered obsolete.

To solve the problem in this municipality, it is nec-
essary to completely replace the DLC technology in
the site. This will be achieved through the installation

of a Huawei Indoor MSAN IP type F02A HABA with
rear wiring, which will be controlled by softswitches
in El Vedado and Las Tunas. The MSAN IP will have
a S3328 lanswitch to receive the wiring from the FE
interfaces of the PVM and IPMD control cards. The
transmission equipment that will be used is the Metro
1000 currently installed in the municipality, as shown
in Figure 4.

Figure 4. Proposed network for site Río Cauto.
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3.4. Migration of site Cauto Cristo

Cauto Cristo has an exchange CDPC A4300 of small
capacity, linked to the central TDM C&C08. It has
704 lines installed, of which 666 are in operation in
this equipment which is considered obsolete technol-
ogy. Therefore, a Huawei MSAN IP will be installed
to make a technological change in the CDPC.

Figure 5 shows the structure of the network of
Cauto Cristo, where the MSAN with rear wiring will
have a S3328 lanswitch to receive the wires from the
FE interfaces from the ports of the broadband (IPMD)

and narrowband (PVM) control cards. The MSAN
IP will have 864 POTS, 160 ADSL2+ and 16 SHDSL
lines.

The POTS lines in the cards H60D00VASL01 will
be for 64 subscribers, while the ADSL2+ lines in the
cards H60DCSRB6101 (which in this case operate as a
combo because it also houses POTS subscribers) will
be for 32 subscribers. The lines SHDSL (H60-SHLB)
have 16 service ports. A Metro 1000 is proposed as the
transmission element for the site, which will be used
to travel on the SDH network of the province.

Figure 5. Proposed network for site Cauto Cristo.

3.5. Migration of site Manzanillo

The Manzanillo municipality has a URA in the ex-
change TDM C&C08 that has 5776 lines, 5447 of which
are in operation, and distributed in four cabinets of
an ESM, which is considered obsolete technology. In
order to increase the number of lines in the city, it
is proposed to install a Huawei MSAN IP type F02A
HABA with rear wiring, inserted in the solution of
the province NGN. This device will be controlled by
softswitches in El Vedado and Las Tunas, by means of
the protocol H.248.

For this increment, it has been devised the acqui-
sition of a MSAN IP UA5000 that will have a S3328

lanswitch to receive the wiring from the FE interfaces
from the ports of the broadband (IPMD) and nar-
rowband (PVM) control cards, with 896 POTS, 192
ADSL2+ and 16 SHDSL lines.

The POTS lines in the cards H60D00VASL01 will
be for 64 subscribers, while the ADSL2+ lines in the
cards H60DCSRB6101 (which in this work are called
combo because they also may house POTS subscribers)
will be for 32 subscribers. The lines SHDSL (H60-
SHLB) will have 16 service ports. The OSN 3500 in
service will be used for the transmission, thus carrying
the traffic on the provincial SDH network, as shown
in Figure 6.
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Figure 6. Proposed network for site Manzanillo.

3.6. Migration of site Vazquez

The neighborhood Vázquez is one of the largest of
the Manzanillo municipality. It is a zone of high den-
sity of households, and low density of telephones. To
overcome the situation previously described, a MSAN
IP of type F01D1000 with 960 POTS, 192 ADSL2+
(combos) and 16 SHDSL (pure data) lines, equipped to
offer VoIP services. The MSAN will use narrowband
(PVM) and broadband (IPMD) control cards.

Figure 7 shows the structure of the network of site
Vázquez. The MSAN IP will use the provincial SDH

network for carrying the IP packets, and an OSN 500
is proposed as the transmission element for this zone;
it will have an EFS card for the Ethernet services,
foreseeing the future connections for data transmission
associated to the external distribution area. The tele-
phone and data traffic may be from the IP world to
the TDM, and between worlds IP, municipal, provin-
cial and national. The communication of this network
segment with the provincial and national subscribers
will travel through the provincial SDH network, in the
same way as in the Camilo Cienfuegos site, using an
OSN 500 as transmission element.

Figure 7. Proposed network for site Vázquez.
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3.7. Migration of Niquero site

The MSAN will have a S3328 lanswitch to receive the
wiring from the FE interfaces from the ports of the
broadband (IPMD) and narrowband (PVM) control
cards, with 896 POTS, 192 ADSL2+ and 16 SHDSL
lines. This equipment will comprise 960 POTS, 192
ADSL2+ and 16 SHDSL lines. It will be inserted in
the provincial transport network by means of a Metro
1000 that is operating in the site, as shown Figure 8.

Currently, the Niquero coastal municipality has a
URA RSM in the exchange TDM C&C08 that com-
prises 1216 lines, 1153 of which are in operation. Since
this is an obsolete equipment, its internal hardware
cannot be expanded.

In order to expand the number of lines in this part
of the Granma province, a Huawei MSAN IP F02A
HABA with rear wiring will be included in the Huawei
NGN solution for the province.

Figure 8. Proposed network for site Niquero.

4. Conclusions

The migration proposal toward NGN of the Granma
Province telephony and data network, reuses the cur-
rent telecommunication infrastructure to the maximum
extent possible, thus allowing significant savings in the
budget allocated to the project.

The proposed solution does not lead to the total
migration of the Granma Province to NGN, because
the capital to cover all sites is not completely avail-
able; nevertheless, it lays the foundations for the rapid
expansion of this technology to the places which are
not reached in this phase.

The fact that more than 90% of the municipalities
are connected to the national optic fiber, facilitates the
future installation of the necessary NGN equipment
in the sites that were not taken into account in this
phase of the project.
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Abstract Resumen
An automotive battery of the acid lead type is an
element that generates an electromotive force capable
of supplying energy to the entire electrical system of
the vehicle. In this investigation, the behavior of the
specific density of the electrolyte during the start-up
condition of a heat engine is analyzed; the operating
temperature gradient at which the battery can be
exposed is also considered as a variable. According to
the results, the electrolyte temperature is inversely
proportional to its density in the cells of the accumu-
lator during the start-up condition. It is concluded
that external conditions, such as the temperature, can
directly affect the density and electrical conditions
of an accumulator, and can identify the behavior of
these during the operation in a vehicle.

Una batería automotriz del tipo plomo ácido es un
elemento que genera una fuerza electromotriz capaz
de abastecer de energía a todo el sistema eléctrico
del vehículo. En el presente estudio se analiza el com-
portamiento de la densidad específica del electrolito
durante la condición de arranque de un motor térmico;
además, se considera como una variable, el gradiente
de temperatura de funcionamiento que puede estar
expuesto una batería automotriz. Obteniendo resul-
tados de una variación inversamente proporcional del
comportamiento de la temperatura del electrolito y
su densidad en las Cells del acumulador durante la
condición de arranque. Se concluye que las condi-
ciones externas como la temperatura pueden afectar
directamente a la densidad y las condiciones eléctricas
de un acumulador, así como identificar el compor-
tamiento de estas durante el funcionamiento en un
vehículo.

Palabras clave: Starting, Battery, Leaf acid, Tem-
perature.

Keywords: arranque, batería, electrolito, tempera-
tura.
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1. Introduction

An automotive battery has been designed to work
together with the starting motor, when an internal
combustion engine needs to turn on. In particular, the
battery should have the capacity of supplying energy
to produce the initial turns of the engine. Therefore,
during the start-up condition the battery should have
its highest performance and correlation between the
specific density of the electrolyte of the accumulator
and the temperature [1]. Such specific density is re-
lated with the state of charge of a battery and the
interaction with the active material, and the temper-
ature is related with the voltage and the intensity of
current it can supply [2]. The variation in the temper-
ature gradient and the start-up condition give results
that can be related with the obtained in the study of
the electrolyte gasification of the accumulator during
charging operation and the temperature of exposure [3],
which gives additional data about the behavior in a
rather common condition during the operation of an
automotive. It is very important to study the effect
of the temperature on the operation of the negative
and positive plates, during the process of charge, dis-
charge, behavior at start-up and external conditions
such as temperature that affect its useful life and, be-
sides, when being exposed to an electrolyte like sulfuric
acid [1].

1.1. Automotive battery

Essential element in the electric system of the vehicle,
designed to supply energy in some electrical conditions,
being the most important to provide start-up capa-
bility to achieve the key objective of turning on the
engine [4]. In an accumulator, the start-up capability
is effective for a time period of 10 seconds, during
which it should supply the maximum possible amper-
age that it can deliver based on the internal design,
in the electrical condition that occurs when the initial
turns of the engine are produced. This test, known
as start-up condition, has been standardized at an
ambient temperature of 25°C, while the test carried
out at a temperature between 0°C and –18°C is known
as cold start-up condition [5].

1.2. Specific density

In 1860, Gaston Plante combined Pb / PbSO4 with
an electrode of PbO2 / PbSO4 in a solution of sulfuric
acid, and obtained a source of electrochemical energy
with a significant electromotive force [4].

The temperature is an important factor that in-
fluences the electromotive force of an accumulator,
thus the automotive batteries exposed to low tempera-
tures have internal design problems them prevent them
from working normally; this is the characteristic of the

vehicles in cold regions [6]. On the other hand, the
exposition of the accumulator to high temperatures
accelerates the deterioration of the internal elements
and the rusting of positive plates.

The electrical resistance, specifically the resistivity
of the H2SO4 electrolyte, is one of the basic parameters
that determine the internal resistance and the power of
each of the cells in an acid lead battery [7]. When the
internal resistance of the cell is high, a significant por-
tion of the usable energy is consumed inside the own
cell, i.e. the energy is dissipated as heat when the elec-
trical current flows through the cell, depending on the
concentration and temperature of the electrolyte [7].

1.3. Temperature

It is considered that the electrolyte (H2SO4 + H2O)
has a density of 1280 g/cm3, i.e. 1280 times heavier
than a similar volume of pure water, when both liquids
are at the same temperature [8].

In automotive diagnosis, the most useful and ef-
fective tool to know the state of the specific density
is known as hydrometer [5]. A density between 1290
g/cm3 and 1270 g/cm3 indicates that the accumulator
is completely charged, while a density between 1240
g/cm3 and 1200 g/cm3 indicates that the charge has
reduced. When the specific density obtained in the
hydrometer is smaller than 1150 g/cm3, it is consid-
ered that the battery is discharged. These values are
established for a temperature of the electrolyte be-
tween 20°C and 25°C [5]. Therefore, a correction of
0.0035 units should be applied in the relative density,
for every 5 degrees of variation in the temperature of
the electrolyte above 25°C [5].

1.4. Start-up condition

During the start-up condition of a heat engine, the
starting motor is the fundamental device since it is
responsible of producing the initial turns of the engine
thus it can become on [5]. A particular behavior of
the voltage occurs in the electrical system when the
motor initiates turning, as can be seen in Figure 1. The
ISO 16750-2 standard establishes that during the start-
up condition, the voltage oscillates for a standardized
time between 3 and 10 seconds during which there is
a high demand in start-up intensity. This causes that
the battery discharges due to the work done, and this
is reflected in the specific density of the electrolyte [9].

The voltage of the electric system decreases mo-
mentarily during engine start-up. The particular value
of the voltage depends on the condition of the bat-
tery. The values may decrease at a level between 10.5
and 10.9 volts when the accumulator is in good condi-
tion [5].

The temperature is determining in the performance
of the accumulator, which is better at high tempera-
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ture as compared to the capability of cold start-up [9].
The specific electrical resistance (resistivity) of the
H2SO4 electrolyte is one of the essential parameters
that determine the internal resistance and the power
an acid lead cell.

Figure 1. Behavior of the voltage of the electric circuit
during start-up of the heat engine [4].

In an acid lead accumulator, the sulfate is a closed
system that can be found in the plates or in the elec-
trolyte, according to the state of charge or the operat-
ing condition. If the battery is completely charged, the
sulfate is in the electrolyte; on the other hand, if the
battery is discharged, the sulfate is in the plates. The
final result of the specific density is a picture related
to the voltage and, therefore, to the state of charge [9].

The objective of this analysis is to know the be-
havior of the specific density of the electrolyte of an
automotive accumulator during the start-up condition,
causing a variation of the ambient temperature to
which the battery is exposed. In general, the analysis
of the specific density of the electrolyte is carried out in
order to know the state of the charge, but searching for
an analysis of its effect when it is subject to a change
in ambient temperature during the storage process,
and confirm the structural change in the density and
its relationship with the voltage and intensity offered
by the battery [10].

This study searches to identify the behavior of the
specific density of the battery during the start-up con-
dition, to find sign that can direct this analysis toward
initial research elements, and future improvements re-
garding the design of automotive batteries. There are
no studies about the behavior of the specific density
of acid lead batteries during start-up, thus it is de-
sired to obtain values based on the variation of the
temperature.

2. Materials and methods

The research is based on an experimental method,
which comprises the analysis of the behavior of the
specific density of an automotive battery during the

start-up condition, for different values of ambient tem-
perature. To achieve this purpose, the specific density
has been measured in the six cells that constitute the
automotive battery in optimal operating conditions,
with a nominal voltage of 12 volts.

The process applied is for determining, in a practi-
cal manner, the status of a battery during the start-up
of an engine. At the beginning of the study, the value
of the specific density in each cell is determined at
the initial rest condition. Then, the engine start-up
process is initiated, but avoiding to completely turning
it on. This test is repeated 6 times, and the specific
density of the cells is measured at the end of each test.
It is important to mention that the temperature of the
electrolyte is also registered before and after the test,
to further fit a model that gives the specific density
as a function of transition temperature.

3. Results and discussion

3.1. High temperature condition

The external temperature of the battery is progres-
sively increased, for which a thermal heater is used
to simulate ambient temperature. Then, the value of
specific density for each of the cells in the battery is
registered. Table 1 shows the data obtained at 20°C,
and the fitted values calculated as a function of tem-
perature [5].

The fitted values of density are calculated based on
the percentage of loss and expansion, but the obtained
and fitted values in each test and measurement are
analyzed during the process.

Figure 2 illustrates the behavior of the density for
a temperature stable at 55°C, which indicates a signif-
icant change in the first block of cells, but a greater
stability mostly on the central cells, and the greatest
stability for the group of cells close to the negative
terminal.

Table 1. Density and temperature before the start-up
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5 55 44 19,4 1,175 11,6 1,171
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Figure 2. Plot of the behavior of the density before start-
up at 55 °C.

Table 2 shows the results obtained after carrying
out the continuous start-up process, to observe the
stability condition of the accumulator and the fitted
values calculated as a function of temperature [5].

Table 2. Density and temperature after the start-up
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4 55 44 18,6 1,210 11,57 1,206
5 55 44 19,9 1,180 11,6 1,176
6 55 44 22,1 1,175 11,57 1,173

Figure 3 shows the behavior of the density for a
temperature stable at 55°C, keeping also stable the
voltage of the battery when the start-up process is
generated. This results in a notable change in the first
block of cells, stability in the central cells, and also an
important change for the group of cells close to the
negative terminal.

Figure 3. Plot of the behavior of the density after start-up
at 55 C.

3.2. CLow temperature condition

The low temperature condition is achieved by enclosing
the battery in a capsule with dry ice until the indicated
value of temperature is reached. In order to register
the data for this condition, the cells are subject to
a temperature variation smaller than in the previous
test, being stabilized at a temperature of 1 °C. Table
3 includes the obtained and fitted values calculated as
a function of the temperature [5].

Table 3. Density and temperature after the start-up
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Figure 4 shows the behavior of the density for a
temperature stable at -2 °C: the behavior of the elec-
trolyte at low temperatures is more stable than for
high temperatures.

Figure 4. Plot of the behavior of the density before start-
up at -2 °C.

Table 4 shows the results obtained after carrying
out the continuous start-up process, to observe the
stability condition of the accumulator and the fitted
values calculated as a function of temperature [5].
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Table 4. Density and temperature after the start-up
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5 -2 1,4 9 1,250 11,31 1,231
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Figure 5 shows the behavior of the density for a
temperature stable at -2°C, after the start-up process;
there was a considerable drop on the values of elec-
trolytic density and voltage, even more for the group
of cells in the positive terminal. This indicates a minor
reaction and an effort in the discharge process of the
battery during this phase of the test.

3.3. Ambient temperature condition

The data for an ambient temperature of 27°C are ob-
tained by means of the process established in previous
cases. Table 5 shows the obtained values of specific
density and temperature [5].

Figure 5. Plot of the behavior of the density after start-up
at -2 °C

Figure 6 shows the behavior of the density for a
temperature stable at 20°C, indicating stability of the
voltage and of the density of the battery.

In addition, it can be observed that there is cyclic
flow behavior of the electrolyte density, for more than
one stable value of the voltage of the battery, which
remains stable regardless of the start-up condition.

Table 5. Density and temperature after the start-up

C
el

l
A

m
bi

en
t

te
m

pe
ra

tu
re

°C
Te

m
pe

ra
tu

re
of

th
e

ba
tt

er
y

bo
x

°C
Te

m
pe

ra
tu

re
of

th
e

el
ec

tr
ol

it
e

°C

Sp
ec

ifi
c

de
ns

it
y

g/
cm

3

V
ol

ta
ge

of
th

e
ba

tt
er

y
(V

)
F

ift
ed

sp
ec

ifi
c

de
ns

it
y

g/
cm

3

1 20 27,2 14,06 1,200 11,17 1,197
2 20 27,2 14,11 1,190 11,24 1,187
3 20 27,2 14.49 1,200 11,24 1,197
4 20 27,2 14,73 1,200 11,11 1,197
5 20 27,2 15,15 1,175 11,2 1,172
6 20 27,2 16,15 1,200 11,23 1,197

Figure 6. Plot of the behavior of the density after start-up
at 20 °C.

The results are compared in the start-up test, to
analyze the behavior of the voltage and density of the
battery under extreme conditions, which results in a
percentage of change of the ambient temperature of
0.39 % and of 3,1375 % with respect to the high and low
temperature conditions, respectively. This indicates
that the density of the electrolyte is more affected by
low conditions, as opposed to the estimated time of
start-up and voltage stability that are more affected by
high temperature conditions, as can be seen in Figure
7.

Figure 7. Comparison plot of the density at different
temperatures
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4. Conclusions

The figures show the change in density and voltage
due to change in the temperature and stabilization. In
addition, each point in the plots represents a cell, and
shows the behavior of its electrolyte.

Figure 2 indicates the value of battery voltage be-
fore the consumption due to the start-up process. The
stability of the accumulator during operation can be
verified in both voltage and density.

Figure 3 indicates that the change in the battery
voltage is not very significant due to the consump-
tion at the moment of start-up, but the density of the
electrolyte is altered, especially in the central cells.

An average of the operation of the cells indicates
that the nominal tension keeps is maintained stable.

Figure 4 shows the value of the battery voltage
before the consumption due to the start-up process. A
stability can be observed in the density of the accumu-
lator, but not in its voltage.

Figure 5 shows that the change in the battery volt-
age is very significant due to the consumption at the
moment of start-up, but the change in the density of
the electrolyte is small with respect to previous tests,
especially in the final cells. This indicates that the
stability drop in the operating conditions of the accu-
mulator is more affected when the start-up process is
carried out at low temperatures.

Figure 6 shows that the change in battery voltage
is not very significant due to the consumption at the
moment of start-up, but the density of the electrolyte
is minimally altered in all cells. The stability drop in
the operating conditions of the accumulator is more
affected when the start-up process is carried out at
ambient temperature.

Figure 7 presents the results corresponding to the
behavior of the density at different temperatures. At
low temperatures the density is more stable, but some
strength is lost in the start-up condition. On the other
hand, there is more start-up strength when hot, but
the voltage drop is much greater.

The electrolyte density is directly proportional to
the temperature change. When the temperature of the
engine cabin increases to the higher values registered,
the stability is maintained.

The stability condition of the density of the bat-
tery is altered, especially in the central and final cells,
when the temperature drops significantly due to the
displacement of electrons between them. This produces
an abrupt drop in the voltage, but the recovery is much
faster because the density of the electrolyte stabilizes.

The voltage remains constant as the temperature
increases, but an extreme variation in the density oc-
curs during start-up. This affects the operation and
the durability of the battery, since its useful life is sig-
nificantly reduced due to the variability in the density.

When the temperature of the electrolyte drops to

its minimum values in real operation, there is an ex-
treme change in the battery voltage, which produces a
greater effort in the main consumers during the start-
up process; this causes damage in the components of
the vehicle.

When the electrolyte temperature decreases, the
intensity drops due to the difficulty in the displace-
ment of the electrons, placing a greater effort on the
functionality of electric and electronic consumers. This
would generate an improvement in the design of the
structure of the batteries.

Based on the obtained results, it is concluded that
the electrolyte temperature for different ambient con-
ditions produces changes in the functionality. It is
recommended to use new materials and designs, to im-
prove the behavior of the battery during the start-up
condition.
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