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Abstract 

 

In this article, an investigation was developed in a clinic A low-

cost electronic stethoscope has been developed, which utilizes 

fourth-order active filters and a TL081 operational amplifier 

preamplifier. It incorporates the AD8232 module for monitoring 

cardiac signals and features a graphical interface for visualizing 

these signals. A schematic circuit was designed for a second-

order active filter with preamplifiers to compensate for signal 

attenuation, and electret microphones were used to replace the 

headphones. The device was implemented using an Arduino 

development board and a printed circuit board for connecting 

modules such as the AD8232, DS3231, and MicroSD. The 

system generates an audible signal through speakers, and the 

graphical interface facilitates the visualization of the electrical 

signal captured by the electrodes on the test subject. Data is 

recorded with date and time thanks to the DS3132 module and 

stored on the MicroSD module. The objective is to provide an 

affordable electronic stethoscope with a graphical interface that 

can be used in both medical clinics and homes during 

emergencies when access to a hospital electrocardiogram is not 

always possible. This low-cost solution provides an accessible 

and reliable tool for monitoring cardiac signals, improving 

healthcare in various clinical scenarios. 

 

AD8232, DS3132, MicroSD 

 Resumen  

 

Se ha desarrollado un estetoscopio electrónico de bajo costo que 

utiliza filtros activos de cuarto orden y un preamplificador con el 

amplificador operacional TL081. Incorpora el módulo AD8232 

para monitoreo de señales cardíacas y cuenta con interfaz gráfica 

para visualizar dichas señales. Se diseñó un circuito esquemático 

para un filtro activo de segundo orden con preamplificadores 

para compensar la atenuación de la señal, y se reemplazaron los 

auriculares por micrófonos electret. El dispositivo se implementó 

con una tarjeta de desarrollo Arduino y un circuito impreso para 

conexión de módulos como AD8232, DS3231 y MicroSD. El 

sistema genera una señal audible a través de altavoces, y la 

interfaz gráfica facilita la visualización de la señal eléctrica 

capturada por los electrodos en el sujeto de prueba. Los datos se 

registran con fecha y hora gracias al módulo DS3132 y se 

almacenan en el módulo MicroSD. El objetivo es proporcionar 

un estetoscopio electrónico asequible con interfaz gráfica, válido 

tanto en consultorios médicos como en hogares durante 

emergencias, cuando no siempre es posible acceder a un 

electrocardiograma hospitalario. Esta solución de bajo costo 

brinda una herramienta accesible y confiable para el monitoreo 

de señales cardíacas, mejorando la atención médica en diversas 

situaciones clínicas. 

 

AD8232, DS3132, MicroSD 
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Introduction 

 

Today, cardiac problems can arise from two 

categories of causes. On the one hand, there are 

drugs, such as catecholamines, 

phosphodiesterase inhibitors, digitalis, beta-

adrenergic stimulants and atropine. On the other 

hand, there are pathological processes, including 

cardiomyopathies, fibrosis, hyperkalaemia and 

ischaemia. In addition, it has been observed that 

severe acute respiratory syndrome, caused by 

SARS-CoV2, can have cardiac sequelae in the 

post-pandemic phase. This is because the severe 

cardiorespiratory distress caused by the virus can 

be further complicated if the individual has 

previous comorbidities. The World Health 

Organisation (WHO) provided data indicating 

that cardiovascular disease (CVD) is the leading 

cause of death worldwide.  

 

 
 

Graphic 1 Deaths from major diseases worldwide 

  

In 2017, an estimated 17.9 million people 

died from CVD, accounting for 31% of all deaths 

worldwide. For the latest data, I would 

recommend searching for heart disease statistics 

on the WHO website or other reliable sources of 

public health information. When citing these 

sources, be sure to follow the correct citation 

format depending on the style you are using 

(WHO,2023). During 2021, heart disease 

emerged as the leading cause of death in Mexico, 

culminating in a total of 226,703 deaths. This 

number marked an increase of 8,000 deaths 

compared to the previous year. Among heart 

diseases, atrial fibrillation is the most prevalent 

arrhythmia worldwide, affecting approximately 

40 million people. In Mexico, it is estimated that 

more than half a million people suffer from this 

condition (Bibiano, 2023). 

 

The stethoscope was invented by French 

physician René Laennec in 1816. Laennec 

invented the stethoscope because he felt 

uncomfortable placing his ear on his patients' 

chests to listen to internal sounds, a common 

practice at the time (Roguin, 2006).  

 

The stethoscope has gone through 

several modifications since René Laennec first 

invented it. However, one of the most notable 

changes was made by the Irish physician Arthur 

Leared in 1851. It was Leared who proposed the 

binaural design (two earpieces), which is the 

model that prevails to this day (Langfort, 1999). 

The stethoscope is a fundamental medical 

instrument used for auscultation, or listening to 

the internal sounds of the human body. In the 

20th century, stethoscope technology continued 

to improve, with the introduction of electronic 

stethoscopes that could amplify body sounds for 

better diagnosis. Today, the stethoscope remains 

an essential tool in medical practice, used to 

listen to the sounds of the heart, lungs and 

abdomen (Bassetti, 2019). Therefore digital 

stethoscopes emerged as a superior option, 

offering sound amplification, more consistent 

frequency response and active noise 

cancellation. In addition, they have become a 

valuable tool for teaching auscultation due to 

their ease of recording and high sound quality. 

Some have taken advantage of these advances to 

create libraries of heart and lung sounds, 

providing an effective way to teach students this 

medical art (Arjoune, 2023). 

 

It is noted that the characterisation of 

sounds through auscultatory signal recording, 

analysis and processing systems provides 

improved sensitivity and specificity in various 

studies. Furthermore, the availability of new 

representations of sounds, such as phonograms 

and spectrograms, not only opens up interesting 

perspectives in the context of diagnostic aids, but 

also in education and pedagogy (Emmanuel, 

2016). This will allow medical students and 

trainees to perform realistic cardiac 

auscultations and listen to abnormal heart sounds 

in a clinical setting (Yhdego,2023). 
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The conversion of acoustic sound into an 

electrical signal requires a transducer. There are 

several types of transducers that can perform this 

function. The simplest method of sound 

detection is the use of a microphone in the 

chestpiece of the stethoscope. However, this 

technique has a drawback: it is susceptible to 

interference from ambient noise. An alternative 

is to place a piezoelectric crystal on the end of a 

metal shaft that is in contact with a diaphragm. 

Some manufacturers use more sophisticated 

methods, such as placing a piezo crystal inside a 

foam behind a diaphragm of considerable 

thickness, similar to rubber. Another technique 

involves the use of an electromagnetic 

diaphragm with a conductive inner surface that 

forms a capacitive sensor. This diaphragm 

responds to sound waves in a similar way to a 

conventional acoustic stethoscope, but with the 

difference that changes in the electric field 

replace changes in air pressure. The sound waves 

interacting with the condenser microphone 

generate a variation in its capacitance. This 

variation creates a voltage swing that is 

proportional to the amplitude of the incident 

sound waves. Correct positioning of the acoustic 

sensor relative to the microphone is essential to 

capture sound signals from the human body 

without noise interference. The microphone 

should be positioned as close as possible to the 

diaphragm. An electrical cable of sufficient 

length is provided linking the microphone to the 

connection plug, thus ensuring that there is room 

to properly position the sensor on the patient 

(Khandpur, 2020). 

 

There are applications that describe in 

detail the setup of a system using the AD8232 

module connected to an Arduino development 

board to acquire electrical signals from the heart. 

The AD8232 module is able to amplify and filter 

the ECG signal to obtain an accurate 

measurement, where a user interface is included 

in the form of a mobile application, which allows 

users to view and analyse the ECG data in real 

time, this application graphically displays the 

ECG waveform and provides information about 

the heart rate and possible cardiac abnormalities. 

This system shows a very good correlation 

between the data obtained between the 

application and traditional equipment found in 

hospitals and can be a viable alternative for 

cardiac monitoring (Prasad, 2019).  

 

 

There are relevant developments such as 

the one carried out in Indonesia, where 

approximately 700,000 deaths per year are 

caused by heart attacks. To prevent heart attacks 

from becoming serious, early diagnosis is of 

utmost importance. One of the diagnostic 

techniques is the electrocardiogram (ECG). ECG 

devices record the electrical signal of the heart 

muscle to predict the presence of abnormalities 

in the heart. However, most of the existing ECG 

devices in Indonesia are found only in large 

hospitals. Patients with a heart attack have to 

wait for the ambulance to arrive and take them 

to the hospital. While waiting for the ambulance, 

the important signal associated with the heart 

attack may diminish, causing doctors to lose 

track of the causes of the heart attack. Other 

patients are too busy to have an ECG check 

unless something goes wrong with their heart. 

The ECG check is annoying. Therefore, it is very 

important to develop portable ECG devices. The 

portability of the devices will allow them to be 

placed in a Puskemas, which is a community 

health centre in Indonesia that offers primary 

health care services, and even in people's homes. 

Diagnosis will also be much easier and cheaper. 

Special conditions, such as heart attack patients, 

can also be taken care of with a portable ECG 

home care device (Gifari, 2015). 

 

In this work a monitoring system was 

developed using a graphical interface developed 

with Matlab software, connected to an Arduino 

development board implementing an AD8232 

module to visualise the behaviour of the 

acquired data and analyse ECG data, 

complemented with a stethoscope replacing the 

headphones with electret microphones 

connected to a preamplifier and fourth order 

active filters with Sallen-Key configuration, 

which could be beneficial for the diagnosis and 

monitoring of cardiac diseases, this proposed 

system seeks to provide an accessible and 

portable solution. 

 

Aim 

 

The main objective of this project is to design an 

electronic stethoscope using second order active 

filters and TL081CP operational amplifiers. The 

stethoscope will be intended to listen to the 

acoustic signals generated by the heart and 

lungs. In addition, a graphical interface will be 

designed using an Arduino UNO development 

board to acquire data. 
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For this, an AD8232 module will be used 

to compare the acoustic signal captured by the 

stethoscope with the signal coming from an ECG 

module. The collected data will be stored in a 

microSD memory by using a microSD card 

reader module. In addition, we plan to design a 

printed circuit board that will serve as the basis 

for assembling the Arduino UNO development 

board. This board design will facilitate the 

connection between the different modules used, 

such as the AD8232, RTC-DS3132 and the 

microSD card reader. The aim of this board is to 

avoid the excessive use of wires, reduce noise 

generation and minimise parasitic capacitances. 

 

Hypothesis 

  

In recent years, academics and students of the 

Electrical and Electronic Engineering course at 

the Facultad de Estudios Superiores Aragón at 

the Universidad Nacional Autónoma de México 

have faced challenges in the development of 

projects. One of the current challenges is to find 

innovative and creative solutions to address 

health issues in a society that has been seriously 

affected by the pandemic. In particular, the post-

pandemic phase has left cardiac sequelae in 

patients who had comorbidities prior to SARS-

CoV2. If an electronic stethoscope is developed 

that implements OPAM (Operational General 

Purpose Amplifier) filters for the observation of 

cardiac signals, using a graphical interface with 

an AD8232 module, then a significant benefit 

could be gained for the diagnosis and monitoring 

of cardiac disease, the system provides an 

accessible, portable and inexpensive solution to 

improve the detection and monitoring of cardiac 

disease. 

 

Methodology and Development  

 

This work was carried out in the Measurement, 

Instrumentation and Control Laboratory of the 

Centro Tecnológico Aragón of the FES. Aragón 

UNAM. A test board (Protoboard) was used to 

build a microphone preamplifier as shown in 

Figure 1, the eletcret will be adapted to the inside 

of the stethoscope ear tubes, an investigation on 

the use of low-pass filters to isolate low-

frequency sounds was carried out. 

  

 
 

Figure 1 Circuit design for the cardiac signal preamplifier 

using an integrated TL081CP 

 

Primarily, it is necessary to convert the 

heart sound into an electrical signal. To achieve 

this, a conventional stethoscope was modified by 

adding electro-acoustic (electret) microphones, 

as shown in Figure 1. In this way, the captured 

sound can be transformed into an electrical 

signal, which can then be processed by low-pass 

filters. 

 

 

 

 

(a) (b) 

 

Figure 2 a) Structure of the stethoscope. 1. Eyepieces 

2. Earpieces 3. Bell. b) Modified stethoscope with two 

electret stethoscopes with preamplifier connection 

cables as shown in Figure 1. 

 

The stethoscope, a fundamental 

instrument in medical practice, is used to 

amplify the internal sounds of the human body, 

facilitating auscultation. This device consists of 

several elements. Firstly, the end piece, which is 

placed on the patient's skin, has two parts: a 

semi-rigid membrane that is used to detect 

sounds of normal intensity, and a cup designed 

to capture softer sounds. When sound waves hit 

the membrane or bell, they begin to vibrate and 

amplify the sounds. The sound waves are then 

transmitted through a Y-shaped hose, made of a 

soft, flexible material, with a standard length of 

40 cm.  
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The two ends of the "Y" are attached to 

two metal terminals (earpieces), each intended 

for one ear. These earpieces culminate in two 

ear-tips that fit snugly into the ear canal, 

capturing all transmitted sound and isolating 

outside noise that might interfere. In this way, 

the stethoscope allows the healthcare 

professional to clearly hear the internal sounds 

of the patient's body (Mesa, 2021). Recently, 

digital stethoscopes are replacing traditional 

stethoscopes due to their technological 

advantages in accuracy and data analysis. 

Auscultation, a widely used medical technique, 

becomes relevant with these advances, providing 

important details about cardiovascular and 

pulmonary diseases. Only medical experts in 

respiratory sounds, such as pulmonologists or 

cardiologists, can properly interpret these sounds 

and provide accurate diagnoses (Chitra, 2023). 

 

Figure 3 shows a second-order low-pass 

filter circuit assembled on a test board. Although 

this system allows the heart sound to be heard 

through a loudspeaker, the intensity of the sound 

is low due to the attenuation of the acoustic 

signal as it passes through the filter. It should be 

noted that body noises are in the frequency range 

of 125 Hz to 3000 Hz, according to Lanuza 

(2019). However, due to the aforementioned 

attenuation, these sounds may not be easily 

perceptible. 

 

 
 

Figure 3 Breadboard circuit design of the preamplifier 

with a 10 gain op amp 

 

The audio signal, once transformed into 

an electrical signal, is amplified by a 

preamplifier. Human heart sounds oscillate in a 

frequency range of about 20-200 Hz, while 

human lung sounds oscillate in a range of about 

25-1500 Hz. 

 

Most commercially available electronic 

stethoscopes offer several modes, including bell 

mode, diaphragm mode and extended range 

mode. These stethoscopes are equipped with a 

button or switch to change the frequency or 

mode, which may be located on the chestpiece, 

on a module integrated in the tube, or even 

directly on the main unit of the stethoscope. A 

set of filters is responsible for amplifying mid-

range sounds, while attenuating sounds with 

extremely high or low frequencies. The extended 

range, on the other hand, is often referred to as 

wide, extended or organ mode. 

 

A filter is a circuit or system designed to 

select, attenuate or eliminate certain frequency 

ranges within an input signal. It has both an input 

and an output. At the input, alternating signals 

with various frequencies are input, while at the 

output, these signals are extracted. Depending on 

the frequency of the signal, these can be 

attenuated to a greater or lesser extent. This 

filter, known as a low-pass filter, allows all 

frequencies from zero to a certain cut-off 

frequency to pass through, blocking all 

frequencies above this frequency. The 

frequencies between zero and the cutoff 

frequency are called the passband. On the other 

hand, frequencies above the cut-off frequency 

are called the passband or the attenuated band. 

The area between the passband and the removed 

band is known as the transition region 

(Mendoza, 2018). 

 

Therefore, we have concluded that it is 

best to use a frequency of 690 Hz. This would 

allow us to effectively isolate the sound 

produced by the heart and lungs, allowing us to 

hear the acoustic waves more clearly. To achieve 

this goal, we sought to configure a second-order 

non-inverting Sallen-Key active low-pass filter. 

 

 
Figure 4 Schematic circuit design of a second-order 

Sallen-Key low-pass filter with a TL081CP housing 
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Figure 4 shows terminals B and C. Here, 

it can be seen that Pin 1 of the OPAM is 

connected to the first terminal of the component 

known as the trimmer (C), while Pin 5, 

according to the circuit diagram label, is 

connected to the third terminal of the trimmer 

(B). 

 

In the data sheet for the ideal operational 

amplifier, the inverting input is denoted as V- or 

Vn, and is connected to terminal 2 of the 

package. On the other hand, the non-inverting 

input, which can be represented as V+ or Vp, is 

connected directly to terminal 3 of the TL081CP. 

This results in the voltages Vn and Vp at both 

terminals being equal, as shown in Equation 1 

for an ideal operational amplifier. This condition 

is known as 'virtual balance', and is an important 

property of operational amplifiers, widely used 

in various circuits that require signal 

amplification or in filters that discriminate 

signals of certain frequencies. In certain 

experimental set-ups, small differences in input 

terminal voltages have been observed, 

attributable to component imperfections and 

external noise interference. However, for 

practical purposes, it was assumed that the 

voltages can be expressed as indicated in Figure 

2 shows the B and C terminals. Here, it can be 

seen that Pin 1 of the OPAM is connected to the 

first terminal of the component known as the 

trimmer (C), while Pin 5, according to the circuit 

diagram label, is connected to the third terminal 

of the trimmer (B). 

 

In the data sheet for the ideal operational 

amplifier, the inverting input is denoted as V- or 

Vn, and is connected to terminal 2 of the 

package. On the other hand, the non-inverting 

input, which can be represented as V+ or Vp, is 

connected directly to terminal 3 of the TL081CP. 

This results in the voltages Vn and Vp at both 

terminals being equal, as shown in Equation 1 

for an ideal operational amplifier. This condition 

is known as 'virtual balance', and is an important 

property of operational amplifiers, widely used 

in various circuits that require signal 

amplification or in filters that discriminate 

signals of certain frequencies. In certain 

experimental set-ups, small differences in input 

terminal voltages have been observed, 

attributable to component imperfections and 

external noise interference. However, for 

practical purposes, it was assumed that the 

voltages can be expressed as follows. 

 

Vn=Vp (1) 

 

In Figure 2 it can be seen that the input of 

pin 2 is connected to Vn with two connected 

resistors R4 which would represent the feedback 

resistor Rf connected at the other end to Vs which 

indicates the output voltage of the filter 

represented with Pin 6 and R5 is represented as 

Ri which together can be obtained as a voltage 

divider as shown in Equation 2.    
 

Vn=
RiVs
Ri+Rf

 (2) 

 

By subtracting the output voltage Vs 

from Equation 2.  

 

Vs=(1+
Rf

Ri

) Vn (3) 

 

From Equation 3 we can substitute the 

part inside the parentheses and represent it as the 

closed-loop gain by ∆𝑣 . 

 

𝑉𝑛 =
𝑉𝑠
∆𝑣

 (4) 

 

The equilibrium equations are 

established, starting at node Vx by applying 

Kirchhoff summation currents as shown in 

Equation 5. 

 
Vp

R2

-
Vx
R2

+VpsC2=0 (5) 

 

 

The second equilibrium equation is 

established at node Vx by applying Kirchhoff 

summation currents as shown in Equation 6, 

  
Vx-Vi
R1

+
Vx-Vp

R2

+
Vx-Vs
1
sC1

=0 
(6) 

 

From Equation 5 we obtain 𝑉𝑥  

 
Vp(1+sR2C2)=Vx (7) 

 

From Equation 7 we apply the equality of 

Equation 1 and substitute Equation 4 to obtain 

the following equation as a function of Vs, where 

we will later have the ratio of the output voltage 

to the input voltage to visualise the transfer 

function of the second order low-pass filter.  

 
Vs
∆v

(1+sR2C2)=Vx (8) 
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Starting from Equation 6 and developing 

the corresponding algebra, Vx is cleared and the 

following equation is obtained. 

 

Vx=
ViR2+VpR1+VssR1R2C1

R2+R1+sR1R2C1
 (9) 

 

From Equation 8 and Equation 9 both 

equations equal each other since they have the 

common term Vx, as follows. 

 

Vs
∆v

[1+sR2C2]=
ViR2+

Vs
∆v

R1+VssR1R2C1

R2+R1+sR1R2C1
 (10) 

 

Both sides of the equality we have the 

output voltage Vs, which is a common term and 

we have the input voltage Vi. Obtaining the ratio 

of the input voltage with respect to the output we 

have the following equation; 

 
Vs
Vi
=

∆v

s2R1R2C1C2+s(R1C1+R2C2+R1C2-R1C1∆v)+1
  

 

Simplifying the above equation: 
 

Vs
Vi
=

∆v

s2R1R2C1C2+s(C2(𝑅1 + 𝑅2) + R1C1(1 − ∆𝑣))+1
 (11) 

 

This results in the transfer function as 

shown in Equation 12, where it can be seen in 

both the numerator and the denominator that the 

gain is involved in the polynomial.   

 

H(s)= (
∆𝑣

R1R2C1C2
)(

1

s2+s (
C2(𝑅1 + 𝑅2) + R1C1(1 − ∆𝑣)

R1R2C1C2
)+

1
R1R2C1C2

) (12) 

 

The angular cutoff frequency is given by 

𝜔𝑐 

 

𝜔𝑐
2 =

1

R1R2C1C2
→ 𝜔𝑐 = √

1

R1R2C1C2
 → 𝜔𝑐 =

1

√𝑅1𝑅2𝐶1𝐶2
 (13) 

 

The quality factor is given by  

 
𝜔𝑐

Q
=

C2(𝑅1 + 𝑅2) + R1C1(1 − ∆𝑣)

R1R2C1C2
 

Q =
𝜔𝑐(𝑅1𝑅2𝐶1𝐶2)

C2(𝑅1 + 𝑅2) + R1C1(1 − ∆𝑣)
  

Q =

(𝑅1𝑅2𝐶1𝐶2)

√𝑅1𝑅2𝐶1𝐶2

C2(𝑅1 + 𝑅2) + R1C1(1 − ∆𝑣)
 

(14) 

 

It can be seen that in Figure 2 the 

resistance R1 and R2 are equal R1= R2 = 𝑅 

 

H(s)=(
∆𝑣

R2C1C2
)(

1

s2+s(
(2C2 + C1(1 − ∆𝑣))

RC1C2
)+

1
R2C1C2

) (15) 

 

Calculating the angular cutoff frequency 

which has as its units of [
𝑟𝑎𝑑

𝑠
] 

 

𝜔𝑐 =
1

𝑅√𝐶1𝐶2
 (16) 

 

If we condition that the values of the 

passive elements in this case the resistor R1=R2 

and the capacitor C1=C2 are equal we have the 

following expression.      
 

H(s)=
∆v

s2R2C2+sRC(3-∆v)+1
 (17) 

 

From the equation we normalise to 

identify the cut-off frequency as shown in the 

equation below:  

 

H(s)=(
∆v

R2C2
)(

1

s2+s(
3-∆v
RC

)+
1

R2C2

) (18) 

 

Another way to represent the normalised 

transfer function is to replace the gain ∆v with 

the variables of the resistors involved as follows 

Rf and Ri 

 

H(s)=(
1+

Rf

Ri

R2C2
)

(

 
 
 
 

1

s2+s(
3- (1+

Rf

Ri
)

RC )+
1

R2C2
)

 
 
 
 

 (19) 

 

Substituting the values of the resistances 

for the conductance gives the transfer function, 

which would be represented as shown in the 

following equation: 

 

H(s)=
𝛥𝑣𝐺1𝐺2

𝑠2𝐶1𝐶2 + 𝑠(𝐶2(𝐺1 + 𝐺2) + 𝐶1𝐺2(1 − 𝛥𝑣)) + 𝐺1𝐺2
 (20) 

 

By substituting the inverses of the 

resistors, when the balance equations are 

established at the time of the Kirchhoff current 

summation analysis, Equation 10 of the same 

transfer function can be arrived at. Gain as a 

function of voltage or power can be used. 

 

dB=20log10(Δv) =20log10(1+
Rf

Ri

) (21) 

 

It should be noted that the dB voltage 

gain is only equal to the dB power gain if the 

input and output impedances of the system 

match. 
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𝑑𝐵𝑟𝑚𝑠=20log10(
𝛥𝑣

√2
) =20log10(

1 +
𝑅𝑓
𝑅𝑖

√2
) (22) 

 

To obtain the quality factor, it can be 

obtained as shown in the following equation.  

 

𝑄 =
√𝐶1𝐶2

(2𝐶2 + 𝐶1
(1 − ∆𝑣))

 (23) 

 

To make the Bode plot in magnitude and 

phase, the simplified Equation 12 was taken, 

taking the following values for its design, where:  

R=R1 =R2=1.2Ω, C1=82uF, C2=470uF, Rf=27Ω 

and Ri=3.3Ω the frequency used is f =675 Hz the 

calculation of the angular frequency is 

𝜔𝑐=4244.9 [
𝑟𝑎𝑑

𝑠
] this comes from Equation 13, 

to calculate the Gain ∆v=1+
Rf

Ri
= 9.1818  the 

unit of this is dimensionless, if we take this value 

we can obtain the decibels applying Equation 18 

giving as a result dB=19.2586 and to obtain the 

decibels of the root mean square is obtained from 

Equation 19 and gives as a result 𝑑𝐵𝑟𝑚𝑠 =
 16.2483 which is exactly where it cuts the 

angular cutoff frequency, its quality factor Q= 

0.7296 is also obtained through Equation 20. 

Therefore, substituting the values of the passive 

elements in the transfer function would be as 

shown in Equation 19. 

 

H(s)= (
9.182

5.55 × 10−8 s2  +  0.0003229 s +  1
) (24) 

 

Graph 2, which is derived from Equation 

19, represents the Bode plot in phase and 

magnitude. It can be seen that its behaviour is 

consistent with a second-order low-pass filter, 

since a decade later it drops by 40dB. In the 

magnitude diagram, the blue arrow indicates 

exactly where the angular frequency intersects 

the root-mean-square decibels (〖dB〗_rms). In 

the phase diagram, also indicated by a blue 

arrow, it can be seen that the cut-off angular 

frequency intersects at 90°. 

 
 

Graphic 2 Bode plot in magnitude and phase showing the 

cutoff angular frequency 

 

In Graph 3, it shows the bode diagram in 

magnitude and phase, using the simulation 

program called proteus, the proposed schematic 

circuit was designed to implement it in the 

electronic stethoscope in order to filter the noise 

signals, noting that both graphs coincide 

showing the same value of 𝜔𝑐    and 𝑑𝐵𝑟𝑚𝑠. 

 

 
 

Graphic 3 Simulation using proteus of the Bode plot in 

magnitude and phase 

 

For the volume control in the speaker 

connected to the stethoscope, a preamplifier was 

designed, which uses a TL081CP operational 

amplifier as shown in the 3D design of figure 5.  
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Figure 5 3D printed circuit of the preamplifier with a 

TL081CP package.  

 

Figure 6 presents the three-dimensional 

layout of the printed circuit for the Sallen-Key 

second-order active low-pass filter. This circuit 

is composed of passive elements that will be 

connected to the preamplifier. In turn, these 

elements will receive power from the power 

supply of the same preamplifier. At the output of 

the circuit, a connection to the loudspeaker will 

be made. 

 

 
 

Figure 6 Three-dimensional printed circuit board of a non-

inverting active second-order low-pass filter 

 

Figure 7 shows the layout of the printed 

circuit in which the passive components, such as 

the resistor and the capacitor, will be mounted. 

The terminal blocks will also be installed, which 

will allow energy to be transferred from one 

plate to another, and transmit the acoustic signal 

from the stethoscope so that it can be heard 

through the loudspeaker. 

 

 
 

Figure 7 Active 2nd Order Low Pass Filter and 

Preamplifier PCB 

 

It is crucial to properly layout the printed 

circuit board with the corresponding traces, 

which will allow the manufacturer to silk-screen 

print the precise dimensions. This layout is 

essential during component assembly, as it 

facilitates the identification of polarisation 

indications and the correct placement of 

integrated circuits. By following these 

guidelines, the generation of short circuits can be 

prevented, as illustrated in Figure 8. 

 

 
 

Figure 8 Electronic circuit board with the passive 

elements of the second order active low-pass filter to be 

assembled to the preamplifier and the speaker 

 

For the design of the graphical interface 

of the electronic stethoscope, a printed circuit 

board was developed that allows the integration 

of the Arduino UNO development board with 

various modules. These modules include the 

AD8232, the RTC-DS3132 and a MicroSD 

Reader. These components are assembled and 

connected according to the schematic circuit 

shown in Figure 3. 
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Figure 9 Design of the shelft schematic circuit to attach it 

to the Arduino development board and mount the modules 

RTC-DS3231, AD8232 and the MicroSD module 

 

Figure 7 presents the design of a three-

dimensional printed circuit board, developed 

using online computer-aided design software. 

This design clearly details the silk-screen 

printing of the modules to be used for the 

experiment. 

 

 
 

Figure 10 3D printed circuit board for connection between 

Arduino uno and AD8232 modules, RTC-DS3132, 

microSD card reader 

 

The physical design of a printed circuit 

board (PCB) is of great importance due to the 

many advantages it offers during operation. One 

of the main advantages is the elimination of 

much of the noise that is often generated by the 

connection cables, which can act as electrical 

dipoles. The purpose of this design is to facilitate 

the assembly and disassembly of each module. 

For this reason, female connectors have been 

incorporated into the design to allow easy 

replacement by the operator in the event of 

damage. This can be seen in Figure 8. 

 
 

Figure 11 Printed circuit board for connection of AD8232, 

RTC-DS3132, microSD card reader modules 

 

Image 8 below shows the development 

board used in the experimental setup, as well as 

the printed circuit board that will be placed on 

top of the Arduino UNO. 

 

 
 

Figure 12 Printed circuit board for the connection between 

the Arduino uno and the modules AD8232, RTC-DS3132, 

microSD card reader 

 

The modules used that will be mounted 

on the PCB layout are shown in Figure 10, 

together with the development board and the 

PCB circuit. 

 

 
 

Figure 13 AD8232, RTC-DS3132 and microSD card 

reader modules, together with development board and 

PCB 
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Figure 11 shows the assembly of the 

AD8232, RTC-DS3132 and microSD card 

reader modules on the PCB mounted on the 

Arduino UNO.  

 

 
 

Figure 14 Printed circuit board with the assembled 

modules on the Arduino UNO development board 

 

The following code is used to obtain data 

from the ECG module. This code collects 

information such as date, time and data logging 

for the electrical signal. The collected sampling 

is used to plot the electrical signal using the 

serial plotter in the Arduino integrated 

development environment (IDE). 

 
//Se incluyen las siguientes librerías para poder programar 

los módulos  
#include <Wire.h> 

#include <RTClib.h> 

#include <SD.h> 

#include <SPI.h> 

//Inicializar el objeto para manejar la lectura del RTC-

DS3132 

RTC_DS3231 rtc; 

//Variable para guardar el tiempo actual del RTC 

DateTime now; 

//Variable para guardar la lectura del AD8232 

int ecgValue; 

//Variable para el nombre del archivo en la tarjeta 

microSD 

char filename[] = "dataecg.txt"; 

//Variable para el pin CS del módulo lector de microSD 

const int chipSelect = 4; 

void setup() { 

  //Inicializar el puerto serie 

  Serial.begin(9600); 

    //Inicializar la comunicación con el RTC 

  Wire.begin(); 

  rtc.begin(); 

    //Inicializar la comunicación con la tarjeta microSD 

  if (!SD.begin(chipSelect)) { 

    Serial.println("Error al inicializar la tarjeta 

microSD."); 

    return; 

  } 

    //Crear el archivo para guardar las lecturas 

  File dataFile = SD.open(filename, FILE_WRITE); 

    //Verificar si se pudo crear el archivo 

  if (dataFile) { 

    dataFile.println("Fecha, Tiempo, ampm, Valor ECG"); 

    dataFile.close(); 

    Serial.println("Archivo creado."); 

  } else { 

    Serial.println("Error al crear el archivo."); 

  } 

} 

void loop() { 

  //Leer el tiempo actual del RTC 

  now = rtc.now(); 

    //Leer el valor del AD8232 

  ecgValue = analogRead(A0); 

    //Abrir el archivo para agregar una nueva lectura 

  File dataFile = SD.open(filename, FILE_WRITE); 

    //Verificar si se pudo abrir el archivo 

  if (dataFile) { 

    //Agregar la lectura al archivo 

    dataFile.print(now.year(), DEC); 

    dataFile.print('/'); 

    dataFile.print(now.month(), DEC); 

    dataFile.print('/'); 

    dataFile.print(now.day(), DEC); 

    dataFile.print(','); 

    dataFile.print(' '); 

    dataFile.print(now.hour(), DEC); 

    dataFile.print(':'); 

    dataFile.print(now.minute(), DEC); 

    dataFile.print(':'); 

    dataFile.print(now.second(), DEC); 

    dataFile.print(','); 

    dataFile.println(ecgValue); 

    dataFile.close(); 

    //Imprimir la lectura en el puerto serie 

    Serial.print(now.year(), DEC); 

    Serial.print('/'); 

    Serial.print(now.month(), DEC); 

    Serial.print('/'); 

    Serial.print(now.day(), DEC); 

    Serial.print(','); 

    Serial.print(' '); 

    Serial.print(now.hour(), DEC); 

    Serial.print(':'); 

    Serial.print(now.minute(), DEC); 

    Serial.print(':'); 

    Serial.print(now.second(), DEC); 

    Serial.print(','); 

    Serial.println(ecgValue); 

  } else { 

    Serial.println("Error al abrir el archivo."); 

  } 

    //Esperar un segundo antes de tomar otra lectura 

  delay(1000); 

}  
 

Results 

 

Figure 11 shows the configuration of eight 

modules each comprising the preamplifiers and 

the second order active low-pass filters. These 

modules are combined to form a fourth order 

filter.  
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The output signals from these modules 

are connected to an audio amplifier, which in 

turn is connected to the loudspeakers. Both the 

loudspeakers and the complete system are 

powered by a voltage source for proper biasing. 

To carry out the tests, a high-performance 

subject was selected. Over a period of 30 

minutes, acoustic sounds corresponding to the 

subject's heart rate were recorded and obtained. 

 

 
 

Figure 15 Experimental arrangement integrated by 

modules of the filters using and of the audio amplifier 

 

During the test to obtain the acoustic 

signal of the heart rate, the subject was asked to 

maintain a proper position, as shown in Figure 

12, and was instructed to remove the T-shirt to 

allow for proper auscultation. The subject was 

instructed to maintain normal breathing and 

muscle relaxation to facilitate an accurate 

assessment. As a result, a clear heart rate signal 

was obtained, ruling out other acoustic signals 

coming from the same subject, such as 

abdominal sounds, vascular sounds and joint 

sounds. This allowed a better focus on the 

auscultation of the heart rhythm and contributed 

to a more accurate assessment.  

 

 
 

Figure 15 Test carried out on a subject, after physical 

activity, using a Sallen-Key fourth-order active low-pass 

filter 

 

 

The results of connecting the modules to 

observe the synchronisation between the 

acoustic signal and the behaviour of the 

electrical signal coming from the AD8232 

module are presented below, as illustrated in 

Figure 13. During the tests, it was possible to 

simultaneously obtain a visual representation of 

the electrical signal and the perception of an 

acoustic signal corresponding to the heart 

rhythm. This approach allowed the visualisation 

and auditing of the electrical and acoustic 

activity of the heart together, providing a 

comprehensive and complementary assessment 

of the heart rhythm during the test period. 

 

 
 

Figure 16 Experimental fix implementing the modules 

AD8232, RTC-DS3132, microSD card reader. Visualizing 

in a graphical interface the electrical signal coming from 

the heart rate. 

 

A visual representation of the data 

recorded by the AD8232 module was obtained 

in Graph 4, where the amplitude variations that 

are characteristic of a cardiac signal can be 

clearly observed.  

 

 
 

Graphic 4 Record of the electrical signal displayed in real 

time through the graphical interface from the AD8232 

module 
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The initial electrical signal, captured by 

the AD8232, was subjected to processing using 

a digital band-pass filter. This filter was 

designed to eliminate certain signals with 

specific frequencies, which allowed a smoother 

signal to be obtained, free of unwanted 

interference. The results of this processing are 

presented in Figure 5. 

 

 
 

Graphic 5 Electrical signal passed through the digital fifth 

order band-pass filter 

 

Conclusion 

 

An electronic stethoscope has been designed and 

developed using second order active filters with 

TL081CP operational amplifiers. This will allow 

the acoustic signals generated by the heart and 

lungs to be heard clearly and accurately in a 

loudspeaker and by using a graphic interface 

implemented on an Arduino UNO development 

board, it has been possible to acquire and 

visualise the data collected by the ECG module. 

This interface will provide students of Electrical 

and Electronic Engineering and Medicine with a 

practical and user-friendly tool for monitoring 

cardiac and respiratory signals. The integration 

of the AD8232 module has made it possible to 

compare the acoustic signal captured by the 

stethoscope with the signal coming from an ECG 

module. This comparison provides greater 

accuracy in the diagnosis and analysis of cardiac 

signals. Data collected during measurements are 

conveniently stored on a microSD memory, 

using an SD card reader module. This ensures 

data availability and portability for further 

analysis and review. The design of a printed 

circuit board specifically for this project has 

enabled an efficient connection between the 

different modules used, reducing noise 

generation and minimising parasitic 

capacitances compared to using a test board 

called Protoboard.  

 

 

 

This improves the quality of the acquired 

electrical signals and provides a stable platform 

for the operation of the electronic stethoscope. In 

summary, the stated objectives have been met by 

developing a functional electronic stethoscope 

with cardiac and respiratory signal acquisition 

and display capabilities. This device presents 

advantages in terms of cost, accuracy, portability 

and ease of use, which contributes to improving 

medical care in diverse clinical situations. The 

work presented in this article will allow, in the 

future, the characterisation of electrical signals 

used in robotic prostheses. 
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Abstract 

 

A performance study of a photovoltaic system installed in 

an eco-house on the campus of the University of Calgary 

in Canada is presented. The panels of the photovoltaic 

array installed on the roof have different azimuth and tilt 

angles, therefore, the solar energy incident on them is 

different. The effects of orientation on the efficiency of 

electrical energy production in individual photovoltaic 

modules are analyzed. The conversion efficiency is 

determined by means of measurements of the energy 

produced by the modules, supported by the RETScreen 

software, but also independently, it is calculated using the 

radiation data from the university weather station (WRS). 

These results are compared with those of a previous study, 

carried out with PVSyst, where the orientation angles of 

the system are simplified. Average results of energy 

produced, and efficiency are shown. It is observed that the 

efficiencies from the simulations are very similar, 

although of lower value. The results obtained with WRS 

are considered more realistic and of greater magnitude. 

 

 

Solar energy production, Solar radiation 

measurements, Simulation efficiencies comparison 

Resumen  

 

Se presenta un estudio de rendimiento de un sistema 

fotovoltaico instalado en una casa ecológica en el campus 

de la Universidad de Calgary en Canadá. Los paneles del 

arreglo fotovoltaico instalados en el techo, tienen 

diferentes ángulos de acimut e inclinación. Se analizan los 

efectos de la orientación en la eficiencia de producción de 

energía eléctrica en los módulos fotovoltaicos 

individualmente. Se determina la eficiencia de conversión 

por medio de mediciones de energía producida por los 

módulos, apoyándose con el software RETScreen, pero 

también de forma independiente, se calcula utilizando los 

datos de radiación de la estación meteorológica de la 

universidad (WRS). Estos resultados, se comparan con los 

de un estudio previo realizado con PVSyst, donde se 

simplifica los ángulos de orientación del sistema. Se 

muestran resultados promedio de energía producida, y de 

eficiencia. Se observa que las eficiencias a partir de las 

simulaciones son muy parecidas, aunque de menor valor. 

Los resultados obtenidos con WRS se consideran más 

realistas y de mayor magnitud.  

 

Comparación de simulación de eficiencias, Mediciones 

de radiación solar, Producción de energía solar
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Introduction 

 

There are several research studies where the 

importance of studying the efficiency of 

photovoltaic systems (PVS) is shown, proposing 

techniques, algorithms, or models to maximize 

it. For example, one of the techniques that allows 

increasing performance in a PVS is the 

maximum power point tracking (MPPT). 

Various proposals have been made, 

experimenting with the combination of already 

existing algorithms for the control of the MPPT, 

demonstrating its effectiveness in simulation-

based implementations (Manas M. et al., 2023).  

 

Furthermore, in other works the authors 

validate their proposals in hardware, applying 

techniques and addressing topics related to 

artificial intelligence, such as neural networks 

and machine learning (Jena R. et al. 2023). In 

(Song Y. et al, 2023), a mixed power generation 

system, where the inclusion of a PVS is a 

substantial part, is proposed. In addition, the 

authors establish a model that optimizes or 

allows the most appropriate conditions for better 

efficiency in energy production. On the other 

hand, in (N. Kahar N. et al., 2023) the authors 

carried out a comparative study, where they 

demonstrate through simulation, that the use of 

PV systems with bifacial panels increases the 

efficiency in PVS.  

 

Nevertheless, initially the investment 

cost could be significant. In (Galicia R, et al., 

2023) the authors implement a study of a 

photovoltaic (PV) panel to observe how the 

specific environmental conditions of a 

geographical point affect it. The author mention 

that the influence of temperature, solar radiation, 

humidity, and wind speed on the efficiency of 

the solar panel was the main research 

motivation. In the current paper, a performance 

study of a photovoltaic system installed in an 

eco-house on the campus of the University of 

Calgary in Canada is presented. There is a roof 

made up of 37 PV panels, where two of them are 

horizontal, while the rest are oriented according 

to a certain curvature of the roof design, 

resembling a tortoise shell. Moreover, there are 

seven rows of five modules connected in a 

parallel configuration, each with an individual 

inverter (microinverter) that can record the 

electricity production of each PV module in real 

time.  

 

This research focuses on the 

determination of the performance of this PV 

system, analyzing the figure of merit of 

conversion efficiency (the division of electrical 

energy produced at the output of the module 

between the energy that affects the module 

through solar radiation). There is already an 

analysis of this system based on simulation 

(Team Canada, 2011) where the PVSyst 

software is used, and it is validated with SAM-

NREL. Although both previous results are very 

approximate, certain considerations were made 

in the study due to limitations in the database 

device data (PV modules). The authors are even 

aware that, owing to the design, there is a 

variation in the orientation of the panels in terms 

of azimuth, which according to their calculations 

is 9.5° on average, but for simulation purposes 

they establish 9° in average for the entire PV 

generator. In the present work, the performance 

is reviewed if more realistic conditions are 

considered.  

 

In fact, each row of modules presents 

different orientations and therefore variations in 

azimuth. For this reason, in (Bueno R, 2015), 

information about the PV system has been 

collected, as part of the work developed in an 

international summer stay at the University of 

Calgary. The information collected consists of 

the physical characteristics of the PV system and 

the energy production data, which allow 

obtaining the efficiency of each module. In 

addition, the free software RETScreen is 

considered, which provides data such as 

irradiance, which is required to calculate the 

energy produced by the modules per day, as well 

as the efficiency. The above is validated; that is, 

the calculation is carried out again, but now with 

meteorological information obtained directly 

from the university's meteorological station 

(WRS).  

 

On the one hand, this information is 

taken up and a comparative analysis is 

accomplished between the efficiency results 

obtained from the use of RETScreen and that 

obtained from the WRS information’s. On the 

other hand, these results are compared with the 

information from the previous analysis, where 

the PVSyst is used (Team Canada, 2011). It is 

considered that this study allows to have a more 

realistic performance behavior of the PV array 

than in the previous study, by considering the 

real azimuth angles instead of a single average 

value.  
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Moreover, it is considered that, by 

determining the efficiency from data taken 

directly from the meteorological station located 

very close to the study system, it allows 

obtaining information with greater accuracy. 

The rest of the article is made up of the following 

sections: section 2 presents the physical and 

electrical characteristics of the photovoltaic 

system; the methods used to assess conversion 

performance are explained in section 3; the 

results and discussion are in section 4; finally, in 

section 5 the conclusions are shown. 

 

Study PV system  

 

Physical characteristics   

 

Figure 1 shows the installation of the 

arrangement of 35 PV modules on the roof of the 

house, forming a somewhat elliptical silhouette. 

Seven groups of five PV modules with the same 

geometric characteristics are formed. The panels 

of the different sections have a very similar 

inclination, but their azimuth angle does vary 

significantly, especially for the modules 

installed in sections that are further apart. 

Therefore, to carry out an analysis of the 

performance in energy production, it is 

necessary to consider seven flat surfaces with 

different geometric characteristics, since, due to 

the difference in angles, the irradiance incident 

on them will also vary. Section one is called the 

section that is furthest to the West and section 

seven is the one that is furthest to the East (as 

shown in Table 1). 

 

 
 

Figure 1 Spo’pi house on the campus of the University of 

Calgary 

Source: Own elaboration 

 

Direction West -----------------------------> East 

Section 1 2 3 4 5 6 7 

 

Table 1 Distribution of PV array sections 

Source: Own elaboration 

 

Therefore, it is necessary to know the 

azimuth angle and the inclination that each of the 

sections has. The design of the house was made 

by computer, and it has a 3D drawing. From this, 

the desired angles can be determined, since all 

the measures defined in the design were 

respected, both for accommodation in the 

direction of the house towards the south and in 

the structure that supports the arrangement. 

 

Determination of the azimuth angle with the 

CAD model 

 

To determine the angles, we work with the Revit 

model of the project (see figure 2). 

 

 
 
Figure 2 Revit model of the Spo’pi house, Canada Solar 

Decathlon 

 

To carry out the calculations and the 

desired measurements, this model has been 

exported to AutoCAD. When making this format 

change, the Revit model works with many lines 

for details. Figure 3 shows the already exported 

drawing again.   

 

 
 
Figure 3 Autocad model of the Spo’pi house, Canada 

Solar Decathlon 

 

Of the elements included in the drawing, 

only those corresponding to the installation of 

the photovoltaic modules are of interest.  
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Figure 4 Drawing in autocad for the calculation of 

azimuth 

Source: Own elaboration 

 

For this reason, we proceed to hide all the 

other layers of the drawing, until only the block 

of lines that forms the photovoltaic array is 

shown (figure 4).  Autocad has a method to 

measure the azimuth angle of a line, it calculates 

it with respect to the normal of the line and its 

projection towards the south, in the drawing 

records. When doing the export, the data of the 

geographic position with respect to the south are 

also sent. Therefore, parallel lines are drawn to 

each one of the sections to be able to use this 

method, until obtaining a drawing like the one 

shown in figure 5. As can be seen, there are 

already parallel lines to the different sections of 

the array, so the method can be applied. This 

consists of selecting one of the lines, right 

clicking with the mouse on it and writing the 

Field command. This command opens a dialog 

box in which object is subsequently chosen in 

field names and angle in property. With this 

selection the calculation of the azimuth angle is 

made showing it in the preview box. 

 

 
 
Figure 5 Drawing in autocad for the calculation of the 

azimuth 

Source: Own elaboration 

 

The same procedure is repeated for every 

section of the PV array. To check that the angle 

remained the same for the five elements, the 

same measurement was made in the different 

panels of each section. Table 2 shows the values 

of inclination and azimuth angle of each of the 

sections. 

 

Section Inclination Azimuth 

1 27.062° 351.14° 

2 27.167° 354.16° 

3 27.306° 356.90° 

4 27.445° 0 

5 27.584° 3.09° 

6 27.700° 5.81° 

7 27.823° 8.85° 

 

Table 2 Inclination and azimuth angles for each section, 

own elaboration 

Source: Own elaboration 

 

Electrical characteristics    

 

The 35 photovoltaic panels are made of 

polycrystalline silicon, Conergy brand P230PA 

model. The modules have a nominal power of 

230 Wp under standard test conditions (STC, 

Standard Test Conditions) (Conergy, 2011). The 

system also has a microinverter for each panel 

for the conversion of electric power from DC to 

AC. These devices are of the Enphase brand M 

190 72 240 model, with a conversion efficiency 

of 95%. The 35 modules are connected in 

parallel. The installation has a nominal capacity 

of 7.2 kW AC. The PV system is equipped with 

a data acquisition system. The inverters have a 

logic card that monitors the amount of energy 

produced and can transmit the information to a 

hub. This uploads the information to a database 

that can be reviewed online, on the 

manufacturer's website, Enphase Enlighten. 

Figure 6 shows a basic schematic of a 

photovoltaic solar system with an Enphase data 

acquisition system, which represents the study 

scenario in this paper. 

 

 
 
Figure 6 PV system and data acquisition, Enphase energy. 

 

The elements that allow the acquisition 

of data are presented below: 

 

1) Microinverter that is responsible for the 

conversion of DC energy produced by the 

photovoltaic panels to AC to be consumed 

or transported to the network. 
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2) Wiring that transmits the AC electrical 

energy converted by the inverters to a load 

center, and the production data signal. 

 

3) Envoy data acquisition card that is 

responsible for uploading the information 

to the web page.  

 

4) Router or modem to provide Internet 

connection. 

 

5) Information system hosted on Enphase 

Enlighten's website. 

 

This data acquisition system allows for a 

greater degree of confidence in the 

measurements made, since it avoids human 

errors in measurement and taking results. 

 

Performance evaluation 

 

Power production analysis  

 

In this section an analysis of the electrical energy 

production of the modules is carried out 

according to their orientation, and for each of the 

panels. This analysis is based on radiation data 

provided by the RETScreen software and on 

solar radiation measurements made during the 

month of June on the University of Calgary 

campus.  

 

In this study, the amount of energy 

produced by the panels daily is compared with 

the amount of solar energy they receive or 

average daily incident irradiance for the month 

of June 2014. The following method is applied 

in the analysis: 

 

1) The daily average radiation is calculated 

using RETscreen, for each of the sections. 

 

2) An energy production report is prepared 

for the month of June 2014, from the 

inverter's data acquisition system. 

 

3) A table is made showing the production of 

the panels, average incident irradiance and 

the conversion efficiency (the latter is 

calculated taking the information of the 

production of the panels and the incident 

irradiance). 

 

4) The efficiency obtained is compared with 

the nominal efficiency indicated by the 

manufacturer. 

5) Steps one through four are repeated but using 

data from the University of Calgary Weather 

Station (WRS). 

 

Method using RETScreen 

 

RETScreen allows the analysis of different types 

of renewable energy projects. To start using it, 

the type of system to be analyzed is configured. 

Figure 7 shows the main RETScreen window, it 

shows the type of project, the application, the 

type of analysis, etc. These values are 

predetermined for each type of project, the 

current analysis project corresponds to a 

photovoltaic energy system. 

 

 
 
Figure 7 RETScreen main window 

Source: Own elaboration with RETScreen. 

 

To configure the analysis project, click 

the See Project database option, opening a dialog 

box (see figure 8) in which the following 

parameters are selected: Project type: Power; 

Type: Photovoltaic; Project name: 100 kW. 

Subsequently, click on the confirm button, 

which returns to the main window, but now 

shows the values of the selected project. Next, 

the local climate is selected (RETScreen has 

climate values from different parts around the 

world). A point is searched for and selected in 

the city of Calgary, which opens a new dialog 

box (see figure 9). 

 

 
 
Figure 8 RETScreen window to select the project 

Source: Own elaboration with RETScreen. 
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In this window, the location parameters 

to determine the meteorological values are 

selected. For the city of Calgary, there are values 

for the international airport, therefore, the 

parameters to be selected are the following: 

 

- Country – región: Canada 

 

- Province / State: Alberta 

 

- Climate data location: Calgary Int’l. 

Airport 

 

When selecting those parameters, the 

values corresponding to the international airport 

of the city of Calgary, a place very close to the 

University, are established. 

 

 
 
Figure 9 RETScreen window for locality selection, Own 

elaboration with RETScreen. 

 

Of the values obtained in this table, the 

values for the month of June, the month for 

which the analysis is being carried out, are 

highlighted. For this month there are global and 

historical values of average radiation on a 

horizontal flat surface of 6.38 kWh/m2/day, 

which is equal to 6380 Wh/m2/day. The radiation 

values that are obtained are for horizontal 

surfaces; however, the study surfaces are not all 

horizontal. Due to the above, it is necessary to 

carry out the calculations for the average 

radiation for inclined surfaces. The advantage of 

this software is that it already has a programmed 

method. To calculate the radiation from inclined 

surfaces, click on the main window on Complete 

Energy Model Sheet, which is located at the 

bottom. This opens a tab of the program in which 

it is necessary to select method two, since it is 

the one that is programmed for this calculation. 

For this method, it is necessary to 

introduce three parameters, one of them is the 

system tracking method, which in this case, 

being a fixed system, is selected as fixed. The 

other two parameters to set are the inclination 

and the azimuth for each panel or for each 

section. The angle values used are those shown 

in table 2. As an example, the calculations for 

section 1 are carried out with the following 

parameters: 

 

1) Solar tracking mode: Fixed 

 

2) Slope: 27.1 

 

3) Azimuth: 351.1 

 

The result, for all the sections 

corresponding to the inclined surface for the 

month of June, is shown in Table 3. The analysis 

for each section is made on this value. 

 
Section Irradiation (I) (kWh/m2/day) 

1 6330 

2 6320 

3 6320 

4 6320 

5 6320 

6 6310 

7 6310 

 

Table 3 Irradiation results per section with RETScreen 

Source: Own elaboration 

 

Knowing the irradiation that reaches 

each one of the panels, a comparison can be 

made of the electric energy produced against the 

solar energy that it receives. For this, it is 

necessary to use the generated energy data saved 

on the server of the Enphase Enlighten website. 

The procedure, to calculate the average 

production of the panels for the month of June, 

consists first in downloading the total production 

data for each day of the month. Subsequently, 

the average for the 30 days of the month is 

obtained. This is achieved for each module. 

Although there is another factor to consider for 

this calculation, such as the area of the modules.  

From Table 3, an effective area of 1.65 m2 

(Conergy, 2011) must be considered to obtain 

the total radiation that reaches the modules. The 

efficiency (𝜂) is calculated as the ratio between 

the average daily electrical energy production 

(�̅�𝑠) and the average solar energy (�̅�𝑑) that 

affects the modules during the month of June. 

 

η =
�̅�𝑑

�̅�𝑠
                                                              (1) 



21 

 Article                                                                                            Journal Electrical Engineering
                                                                                      December 2023, Vol.7 No.19 15-24 

 

 
BUENO-RIVERA, Raymundo, PORTILLO-JIMÉNEZ, Canek 

and BAJO-DE LA PAZ, Jorge Valentín. Comparative analysis 

of the conversion performance of a grid-connected photovoltaic 

system. Journal Electrical Engineering. 2023 

ISSN-2523-2517 

ECORFAN® All rights reserved. 

The  �̅�𝑑 is calculated by subtracting 5% 

of the measured energy from the inverter output. 

The  �̅�𝑠 is calculated by multiplying the 

irradiation value (I) of the corresponding section 

(table 3) by the effective area (𝐴𝑒) of the 

modules, this is done for each section. 

 

�̅�𝑠 = I × 𝐴𝑒                                                      (2) 

 

Method using WRS 

 

The data provided by RETScreen are also an 

average of historical data from different 

databases, such as NASA, the departments of 

ecology of Canada and the United States, 

mainly. That is why the obtained results are 

lower than expected. For this reason, the study is 

also carried out, but using data that was 

measured in the field. 

 

The irradiation data provided by the 

WRS are direct radiation values on a horizontal 

surface, distributed in 1-min intervals; therefore, 

it is necessary to average them per day and then 

per month to assess the daily production that the 

modules had during the month of June. The 

average radiation value according to the data 

was 5647.79 Wh/m2, which is less than the value 

found in the RETScreen database by 

approximately 800 Wh/m2. From this point it can 

be inferred that the efficiency of the modules is 

a little above what was measured previously. 

Based on the values obtained, the ratio of 

radiation that reaches the inclined surface to that 

which reaches the horizontal surface is 

calculated. The resulting ratio is called the 

radiation factor (RF), unique for each section. 

Table 4 shows the RF results.  
 

Section RF Irradiation (kWh/m2/day) 

1 0.992 5603.52 

2 0.990 5594.67 

3 0.990 5594.67 

4 0.990 5594.67 

5 0.990 5594.67 

6 0.980 5585.82 

7 0.980 5585.82 

 

Table 4 Ratio of inclined plane with the horizontal and 

irradiance by section 

Source: Own elaboration 

 

 

 

 

 

 

 

PVSYST 

 

In (Project manual, 2011) they carry out a 

simulation study using PVSyst. Based on this 

information provided in their study, it follows 

that the efficiency of the photovoltaic array can 

be calculated from equation (3) and the results 

for the month of June are verified. 

 

EffArrR =
𝐸𝐴𝑟𝑟𝑎𝑦

𝐺𝑙𝑜𝑏𝐼𝑛𝑐 × 𝐴𝑟𝑒𝑎
=

1238𝑘𝑊ℎ

190
𝑘𝑊

𝑚2×61.05 𝑚
2
                       (4) 

 

Where (in accordance with their 

terminology): EffArrR is the efficiency of the 

PV array; EArray is the received energy in the 

PV array; GlobInc is radiation factor and area is 

the area of the PV panel. For the month of June, 

it gives a result of EffArrR = 10.67 %. 

 

Results and discussion 

 

Firstly, a section is presented where the results 

obtained with the two methods seen (WRS and 

RETScreen) are presented and compared. 

Subsequently, in a following section, the 

comparison with the PVSyst results is 

performed. 

 

WRS vs RETScreen comparison 

 

The first comparison that is made is that of 

efficiency, but graphs are also analyzed where 

the energy received, and the energy produced per 

module per section are broken down. 

 

PV modules efficiencies  

 

Graphic 1 shows the efficiency results, in 

percentage, obtained with the WRS procedure. It 

is observed that the efficiency increases as the 

position of the panels is located further to the 

East, according to their corresponding section 

(table 2). 

 

 
 

Graphic 1 Efficiency per PV module (WRS procedure) 

Source: Own elaboration 

11.8

12.3

12.8

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37

Eficiency per module (WRS)  (%)
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On the other hand, graphic 2 shows the 

results of average efficiency per module section, 

for both procedures (WRS and RETScreen). For 

both methods, a profile can be observed where 

there is a tendency to increase the efficiency of 

the modules of the sections further east. 

 

 
 

Graphic 2 Average efficiency per section (WRS and 

RETScreen procedure) 

Source: Own elaboration 

 

Received energy vs produced energy by the PV 

modules 

 

An interesting exercise is to carry out the 

breakdown of the energies considered in the 

calculation of efficiency. In this way, graphic 3 

shows the results of the energy received on 

average for each section of the module set. That 

information is shown for both methods (WRS 

and RETScreen). 

 

 
 

Graphic 3 Average received energy per section of PV 

modules for both methods (WRS and RETScreen) 

 

From graphic 3, the results obtained for 

energy received using the method that involves 

the use of WRS data are lower (scale on the 

right) compared to those obtained by the method 

where the information is used. from RETScreen 

(scale on the left). On the other hand, a general 

trend can be seen in which the modules that 

receive more energy are those located in the 

sections further to the West.  

 

According to graphic 2 and graphic 3, it 

can be commented that a behavior with a 

tendency to be inversely proportional is 

observed, where the sections that receive more 

energy are those that produce less. Given the 

above, the curves of energy received against 

energy produced are plotted, for the RETScreen 

and WRS method. These curves are presented in 

graphic 4 and graphic 5, respectively. 

 

 
 
Graphic 4 Received energy vs energy produced per 

module (RETSCreen) 

Source: Own elaboration 

 

 
 
Graphic 5 Received energy vs produced energy (WRS),  

Source: Own elaboration 

 

From graphic 4 and graphic 5, the highest 

efficiency can be seen with the WRS procedure, 

where for a certain amount of received energy, 

the energy production is greater, observing a 

more efficient conversion capacity. The other 

interesting behavior is the one that has been 

observed in the sense that an inverse relation in 

the energy conversion. This is very noticeable in 

graphic 4, where the westernmost sections 

receive more solar energy, but produce less (left 

of the graph), while the easternmost sections 

receive less solar energy, but have a higher 

production (right of the graphic). Clearly, these 

behaviors are due to various factors, one of 

which may be the effect of the temperature of the 

panels on the conversion efficiency. 
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Comparison with PVSYST 

 

The average efficiency results obtained with the 

WRS and RETScreen methods are then 

compared with the efficiency value obtained in 

(1) with PVSyst. In addition, the nominal 

efficiency of the PV modules (Datasheet) is 

placed. 

 
PVSyst  RETScreen RWS Maximum 

nominal 

efficiency  

10.67 % 11.03 % 12.46 % 13.9 % 

 

Table 5 Average efficiencies for the month of June 

Source: Own elaboration 

 

In the case of the efficiency obtained 

from RETScreen, it is quite close to the value 

obtained with PVSyst in the previous study. This 

would indicate that both simulators tend towards 

a very similar value. However, these are values 

that tend to be conservative in magnitude. The 

most accurate value is considered to correspond 

to the efficiency obtained from the WRS 

information, where the efficiency value is higher 

than in the case of the simulators.  
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Conclusions 

 

The electrical energy conversion performance of 

a photovoltaic array is evaluated. For the 

evaluation, the RETScreen software (free 

software from the Canadian government) was 

used to analyze the average efficiency of the 

panels for a month. An evaluation was also made 

with radiation values measured on the campus of 

the University of Calgary, which allowed 

obtaining greater precision and very similar 

results with a small difference of approximately 

0.6%, so the data delivered by this software is 

very reliable and serve to make projections with 

a small error. In the results it can be observed 

that the panels of sections 5-6 had a higher yield 

(approximately 0.5%).  

 

 

Making a comparison between the 

modules that produced more energy and those 

that produced less, it was found that those that 

were facing east had the best yields with an 

average difference of 0.6% more than those that 

were oriented to the west, the equivalent of 

approximately 60-65 Wh and which allows a 

fluorescent bulb to be on for 5 hours. 
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Abstract 

 

An energy and exergistic analysis was carried out on the 

bagacera boiler of the sugar mill "La Joya" located in 

Champotón, Campeche, making the following assumptions: the 

process develops in a permanent state, the mass that flows 

through the control volume does not suffer variations with 

respect to time, there are no work interactions of the system with 

the environment, changes in kinetic energy and potential energy 

are considered negligible, thermodynamic data were provided by 

the mill's operation and control center. It was found that by 

increasing the mass flow of feed water (mwater) and decreasing 

the temperature of the dead state (T0) there was the least 

destruction of exergy. Simulations were carried out to determine 

the energy and exegetical efficiencies of the mill as a whole with 

the help of the Software Engineering Equation Solver (EES). 

When modifying m _̇water, with T0 at 25 ℃, and inlet water 

(Twater) 90 ℃, an increase was observed both efficiencies; the 

energetic reached a maximum of 88, and the exergetic of 31; It 

was also observed that the maximum energy efficiency is 

obtained with the Twater 45℃. On the contrary, the exergetic 

efficiency at 15.3. It was concluded that it is more important to 

increase the mass flow of inlet water to increase global 

efficiencies in mill facilities than its temperature. 

 

 

 

 

 

 

 

Energy and exergetic analysis, energy and exergetic 

efficiencies, bagasse-based cogeneration plant, sugarmill 

 

Resumen  

 

Se realizó un análisis energético y exergético sobre la caldera 

bagacera del ingenio azucarero “La Joya” situado en Champotón, 

Campeche, haciendo las siguientes suposiciones: el proceso se 

desarrolla en estado permanente, la masa que fluye por el 

volumen de control no sufre variaciones con respecto al tiempo, 

no hay interacciones de trabajo del sistema con el medio 

ambiente, los cambios en la energía cinética y la energía 

potencial son considerados como despreciables, los datos 

termodinámicos fueron proporcionados por el centro de 

operación y control del ingenio.  Se encontró que aumentando el 

flujo másico del agua de alimentación ((magua) ̇) y disminuyendo 

la temperatura del estado muerto (T0) se tuvo la menor 

destrucción de exergía. Las menores temperaturas del estado 

muerto sólo se tienen para la época de otoño-invierno. Con la 

disminución del flujo másico del agua de alimentación, el 

precalentamiento de la misma antes del ingreso a la caldera y la 

T0 más baja posible se logró la menor destrucción de exergía. Se 

realizaron simulaciones para determinar las eficiencias 

energéticas y exegéticas del ingenio en su conjunto con la ayuda 

del Software Engineering Equation Solver (EES). Al modificar 

m ̇_agua, con T0 en 25 °C, y agua de entrada (Tagua) 90 °C, se 

observó un aumento ambas eficiencias; la energética alcanzó un 

máximo de 88, y la exergética de 31; también se observó que la 

máxima eficiencia energética se obtiene con la Tagua 45 °C. Por 

el contrario, la eficiencia exergética a 15.3. Se concluyó que es 

más importante aumentar el flujo másico del agua de entrada para 

aumentar las eficiencias globales en las instalaciones de un 

ingenio, que la temperatura de la misma.  

 

Análisis energético y exergético, eficiencias energética y 

exergética, cogeneración en caldera bagacera, ingenio 

azucarero
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Introduction 

 

In the context of Mexico's energy development, 

the "La Joya" sugar mill located in the 

municipality of Champotón, Campeche, 

Mexico, acquired a 20 MW turbo mega 

generator (TMG). Mexico, acquired a turbo 

mega generator (TMG) with a capacity of 20 

MW. To date, it is fully installed. The purpose of 

this generator was to increase the company's 

own production of electricity and minimize the 

consumption of energy from the Federal 

Electricity Commission (CFE) network.  The 

start-up of the TMG revealed a reality different 

from what was foreseen; the parameters of the 

steam produced by the baghouse boiler were not 

able to sustain the efficiency and production of 

the TMG. This implied making improvements in 

the steam production; therefore, an analysis of 

the boiler was proposed to determine if its 

production was sufficient and of the required 

quality. Most baghouse boilers in the world 

operate with technology from the beginning of 

the last century. Sugar production requires high-

temperature processes obtained with steam or 

hot water; they are used for cleaning, 

evaporation and cooking of the sugarcane juice. 

In the early days of sugar production, firewood 

was used for the cooking processes; this fuel was 

a concern for landowners and administrators 

because the costs were onerous. Some time later 

(1647), sugarcane bagasse began to be used as 

fuel (Rivero, R. and Anaya, 1986). The 

introduction of steam in this industry occurred 

for the first time in Jamaica in 1768 in the 

Greenwich plantation, and was due to a John 

Stewart patent on the design of transmission of 

the energy produced by a steam engine to a sugar 

cane mill (Hugot, 2011). The first successful 

application of steam in mill and transmission 

processes was made in Cuba in 1797 at the estate 

of the Count of San Juan de Jaruco in Seibado; 

by 1808 there were already 25 mills operating 

with this type of energy (Molina Lóp ez, 2015). 

The old boilers were manufactured in three 

levels. Only the lower one was made of a single 

piece of metal, while the others were made of 

plates bolted or riveted together. This facilitated 

the replacement of the bottoms, the parts that 

wore out the most when exposed to the heat of 

the direct fire applied to them. The material used 

in their manufacture was copper; by 1880 some 

boilers were made of copper and bronze alloy, 

which made them lighter (Ruiz Labourdette, 

2012).  

It was not until the end of the 19th 

century that cast iron began to become 

widespread (Thomasset, 2011) for the 

manufacture of boilers. Innovations in boilers 

were subject to the conditions of the economic 

and social environment of the time. As new 

proposals were made, these boilers were used to 

generate electric power by coupling a turbine to 

an electric generator (Vallejo, 1982). The first 

electric power generators driven by steam 

generation were built, converting thermal energy 

into motion and motion into electric power 

generation (Molina López, 2015). 

 

The bagasse boiler 

 

This type of boiler is called bagasse due to the 

characteristic of its combustion, which uses 

bagasse (which is considered waste or garbage) 

as its raw material and converts it into fuel, 

Figure 1. The bagasse is transported by long 

belts and inserted into a furnace where 

combustion takes place, which heats the water 

supplied, until the necessary steam is obtained, 

which drives the turbine and propitiates the 

generation of electric energy through the electric 

generator coupled to the turbine. The furnaces of 

these boilers have adjustments in the 

arrangement of the bagasse supply, and a special 

ash removal system, as well as burners suitable 

for this fuel (Pistore, 2012). 
 

 
 

Figure 1 La Joya sugar mill baghouse boiler 

Source: Own elaboration. 
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The first bagasse boilers were used to 

obtain sugar in haciendas that followed a 

traditional process. Sugar production was carried 

out with traditional implements in three distinct 

stages: 

 

1. The sugar mill, where the milling process 

was carried out. 

 

2. The boiler house, where there was a 

battery of kettles, pots, pots and cauldrons, 

which produced the heat necessary to carry 

out the processes of cleaning, evaporation 

and cooking of the sugar cane juice; these 

utensils could be said to be the first 

bagasse boilers. Later on, the essential 

equipment in this sector of the sugar mill 

was the set of vessels and cauldrons where 

the successive boiling heats of the guarapo 

were carried out, complemented by some 

scarce instruments for the manipulation. 

 

3. The purging, where the crystallized sugar 

was separated from the honeys (Shield, 

1975). 

 

Nowadays, boilers are built with a high 

technological level, Figure 2, which achieve 

high yield results, all this added to the 

knowledge we have about the properties of water 

and steam. 

 

  
 
Figure 2 Top view of the dome of a modern bagasse boiler 

Source: Own elaboration 

 

It is also noteworthy the great progress 

achieved in metallurgy; it has allowed the use of 

steels and alloys that withstand both, higher 

pressures and high temperatures; materials that 

also resist corrosion significantly (Manso, W. 

and Castillo, 2015).  

 

 

 

 

Currently, the standards (NFPA 85-2019 

and NOM-122-STPS-1996) that regulate the 

design and construction of steam boilers must be 

complied with, allowing control over the critical 

parts of these, which also helps to have better 

safety levels (Tornero, 2011). However, 

although the development of boilers is much and 

their manufacturing has been improved, sugar 

mills are characterized for being highly energy 

consuming and wasteful; largely due to low 

efficiency technology, as well as to the neglect 

of their facilities. Specifically, in sugar mills; 

steam generators are little attended as carriers of 

improvement in the production and performance 

of the same despite the fact that their operation 

involves the conversion of the energy potential 

of bagasse into thermal energy which in turn 

performs the transmission of this energy to a 

medium (steam), which can be used in useful 

work both in the industrial manufacturing 

process and for mechanical work of 

turbogenerators and mills (Ramos et al., 2019). 

While modern boilers are becoming more 

prevalent in new projects, there remains a large 

majority of older equipment that needs to be 

repowered (Singh, 2019). A boiler is itself an 

assembly, containing different elements (Ruiz 

Labourdette, 2012). Figure 3 shows a scheme 

that visualizes the points where bagasse, air and 

water involved in steam production are injected: 
 

 
 

Figure 3 Main components of bagasse boiler 

Source: Tornero et al., 2011 

 
1 Burner 9 Air preheating 

2 Bagasse Feeder 10 Chimney 

3 Water level 11 Forced air duct 

4 Fluxeria 12 Induced air duct 

5 Steam overheating 13 Fuel oil spraying pipe 

(auxiliary) 

6 Water inlet 14 Fuel oil pipe (auxiliary) 

7 Steam outlet valve 15 Home 

8 Steam non-return 

valve 
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Justification  

 

This work consisted of applying the exergetic 

method in the processes or stages developed at 

"La Joya" sugar mill, particularly in the bagasse 

boiler, to achieve maximum steam production 

under optimum operating conditions, according 

to the technical sheet of a 20 MW Turbo Mega 

Generator (TMG). With data provided by the 

Mill's Production Department, the production 

and management of operating steam in a month 

for the industrial process and electric power 

generation was determined, as shown in the 

monthly summary in Graph 1. 

 

 
 
Graphic 1 Percentage of steam consumption at sugar mill 

Joya, Champotón, Campeche, Mexico 

Source: Own elaboration. 

 

Steam production in the boiler was 24.33 

kg/s, of which 21.81 kg/s were used throughout 

the industrial process (auxiliary services steam) 

and for electricity generation. The mill estimated 

an approximate loss of 2.52 kg/s (this steam may 

have escaped at joints, pipes and valves). 

Although it appeared that they had excess steam, 

the reality is that it was not injected to the TMG 

in the quantity and quality necessary for the 

proper operation of the turbogenerator. It was 

necessary to increase the quantity and check the 

conditions of the steam to the TMG. With the 

steam in the initial conditions, it was impossible 

to sustain the production of electrical energy 

from the TMG (tripping). The conditions 

required by the TMG datasheet are as follows: 

Steam injection temperature 350 °C. Operating 

pressure 3.5 MPa (superheated steam 

conditions). Graph 1 shows that only 29% 

(Molinos turbines 11% and Ingenio Services 

18%) of the steam was used directly in the 

industrial process, and 63% was used in 

electricity generation in 4 different types of 

generators. In addition, 8% of steam (purple 

tone) was not used in any part of the process.  

It is possible to present different 

proposals to increase steam injection to the 

TMG: 

 

− Change of equipment and auxiliary 

devices that are obsolete and decrease the 

steam production capacity. 

 

− Change in pipes, fittings and valves in bad 

conditions or improve their quality. 

 

− Exergetic and energetic analysis and 

redesign of the thermodynamic cycle used. 

 

The boiler is the place of maximum 

energy loss (by the amount of heat lost), but also 

the place of thermal energy creation, the focus of 

this work was to demonstrate that, by enhancing 

the efficiency of the heart of the plant, the 

operating efficiency of the system as a whole is 

increased. 

 

Objective 

 

To achieve the maximum steam production in a 

steam generator (baghouse boiler) of a sugar 

mill, at the optimum operating conditions, 

according to the technical sheet, of the TMG of 

20 MW, determined through the application of 

energy and energy analysis to the industrial 

process and electric power generation of the 

sugar mill in operation. As well as to contribute 

with low investment energy strategies, 

 

Hypothesis  

 

A fundamental parameter for the steam 

production of the boiler is the nominal power of 

the Turbo mega Generator. This power is ideal, 

it is not attached to the real power of the system. 

The manufacturer does not consider losses and 

irreversibilities; in specific climatic and 

geological situations there are important 

variations with the values according to the 

working place of the equipment. With the 

application of the exergy method, the optimal 

operating conditions of the baghouse boiler and 

the losses in strategic points, which cause its low 

efficiency and poor steam quality in the system, 

will be determined. 
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Problem Statement  

 

The mill is operated with a steam generator, fed 

with sugarcane bagasse (bagasse boiler). The 

generator produces superheated steam which is 

injected into the turbine of the 20 MW electric 

generator (TMG). However, during the 

operation of the TMG the plant was 

experiencing failures or tripping of the steam 

line feeder valves, leaving the turbine out of 

service; after reviewing the system and its 

operation, it was determined that the steam did 

not meet the specifications (quality) demanded 

by the technical sheet of the TMG electric 

generator. Therefore, the problem to be solved 

was to obtain and improve the quality of the 

steam required for the optimal operation of the 

TMG. According to the TMG data sheet, the 

required steam conditions (parameters to be met) 

were determined for this purpose. The analysis 

of the baghouse boiler was proposed to improve 

its production and efficiency. We pointed out 

that, even limiting the analysis to the boiler, 

there were problems in the equipment or 

processes. It was proposed to solve these 

problems with: 

 

− Replacement of obsolete equipment that 

reduces the capacity and quality of steam 

production. 

 

− Change in current piping, accessories and 

valves to others of higher quality. 

 

− Analysis and redesign of the 

thermodynamic cycle used. In first and 

second law. 

 

This project proposed to increase the 

efficiency of the baghouse boiler to supply 

optimum steam to the 20 MW turbogenerator. 

Also, it was proposed the energetic and energetic 

analysis applied to the steam generator, to 

identify which are and how the maximum losses 

occur in it. In this way to avoid costly 

investments, which have little impact on the 

good performance of the system (Ma et al., 

2023). 

 

 

 

 

 

 

 

Methodology proposed for the analysis of the 

baghouse boiler 

 

An energetic and energetic analysis was carried 

out on the steam generator (baghouse boiler). 

According to the literature review, several 

authors highlight that, within a traditional sugar 

mill, the steam generation area presents the main 

energy losses with 53.3% (Molina López, 2015). 

However, all these designs are based on 

technical-economic criteria from the point of 

view of the first law of thermodynamics and 

although the determining factor of efficiency is 

the fuel converted to energy, it is advisable to 

perform the energetic balance. Therefore, the 

energetic analysis of the baghouse boiler and its 

relationship with the whole cycle as a whole was 

developed in order to establish the best 

conditions under which it can operate more 

efficiently (Ma et al., 2023). We start for this 

analysis, the current operating conditions. The 

steam generator analysis was performed under 

the following thermodynamic assumptions: 

 

− The process runs in steady state.  

 

− The mass flows through the control 

volume; it does not undergo variations 

with respect to time, therefore, the 

variation of this is equal to zero. 

 

− By balance, the Enthalpy and Entropy 

difference must be equal to zero. 

 

− There are no work interactions of the 

system with the environment (no arrow 

work). 

 

− Changes in kinetic energy and potential 

energy are considered negligible. 

 

− The thermodynamic data for each point 

were obtained from the La Joya mill's 

operation and control center during normal 

operation. 
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Theoretical framework 

 

Under the above assumptions, the mass and 

energy balances for this system can be expressed 

as a ratio as follows: steam generator (baghouse 

boiler): mass, energy and exergy balances for the 

control volume. For a steady state control 

volume with negligible changes in kinetic and 

potential energies, the mass, energy and exergy 

balances are as follows (Cengel, 2015),(Cengel, 

2011): 

 

∑(1−
𝑇0
𝑇
) �̇� − �̇� +∑𝑐𝜓𝑜𝑢𝑡𝑝𝑢𝑡 − 

∑�̇�𝑖𝑛𝑝𝑢𝑡 𝜓𝑖𝑛𝑝𝑢𝑡 − �̇�𝑑𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑 =                         (1) 

(1 −
𝑇0
𝑇
) �̇� − �̇� + �̇��̇�𝑜𝑢𝑡𝑝𝑢𝑡

(𝜓𝑖𝑛𝑝𝑢𝑡 − 𝜓𝑒𝑖𝑛𝑝𝑢𝑡) 

−�̇�𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑 = 0                  (2) 

 

Being: 

ṁ mass flow rate of the process water or steam. 

�̇�   process heat 

�̇�  arrow work 

h enthalpy of a specific point 

�̇�𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑 exergy destroyed. 

ψ exergy of a specific point. 

 

The thermal exergy transfer flux due to 

heat transfer from the boiler to the environment, 

at temperature T (expressed in K) is given by: : 

∑(1 −
𝑇0

𝑇
) �̇�. Where T0 is the dead state 

temperature (room temperature expressed in K). 

The exergy of water and steam are given by the 

following equation: 

 

�̇�𝑓𝑙𝑢𝑖𝑑(𝜓𝑜𝑢𝑡𝑝𝑢𝑡 − 𝜓𝑖𝑛𝑝𝑢𝑡) = �̇�[(ℎ𝑜𝑢𝑡𝑝𝑢𝑡 − ℎ𝑖𝑛𝑝𝑢𝑡)] 

 

−𝑇0(𝑠𝑜𝑢𝑡𝑝𝑢𝑡 − 𝑠𝑖𝑛𝑝𝑢𝑡)                                               (3) 

 

Substituting Equation 3 into 2, the 

relationship for a steady flow device and a single 

current (one input and one output), is as follows: 

 

(1 −
𝑇0
𝑇
) �̇� − �̇� +𝑚[ (ℎ𝑜𝑢𝑡𝑝𝑢𝑡 − ℎ𝑖𝑛𝑝𝑢𝑡)̇  

−𝑇0(𝑠𝑜𝑢𝑡𝑝𝑢𝑡 − 𝑠𝑖𝑛𝑝𝑢𝑡)] − �̇�𝑑𝑒𝑠𝑡𝑟𝑢𝑖𝑑𝑎 = 0              (4) 

 

For our case there is no arrow work so �̇�  

is equal to zero. The energy efficiency of the 

plant is given by (Singh, 2019). 

 

∑(
1− 𝑇0
𝑇

) �̇� − �̇� =∑�̇�𝑜𝑢𝑡𝑝𝑢𝑡𝜓𝑜𝑢𝑡𝑝𝑢𝑡 

−∑�̇�𝑖𝑛𝑝𝑢𝑡𝜓𝑖𝑛𝑝𝑢𝑡 + �̇�                                             (5) 
 

The total heat used in the sugar 

production process is given by: 

 

�̇�𝑝𝑟𝑜𝑐𝑒𝑠𝑠 = �̇�boiler house + �̇�𝑚𝑖𝑠𝑐𝑒𝑙𝑙𝑎𝑛𝑒𝑢𝑠                  (6) 

�̇�𝑚𝑖𝑠𝑐𝑒𝑙𝑙𝑎𝑛𝑒𝑢𝑠 = negligible  

 

The energy efficiency of the plant is 

given by (Singh, 2019): 

 

𝜂𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑙𝑎𝑛𝑡 =
�̇�𝑛𝑒𝑡 + �̇�𝑝𝑟𝑜𝑐𝑒𝑠𝑠

�̇�𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖ó𝑛

 
(7) 

  

 

𝜂𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑙𝑎𝑛𝑡 =
�̇�𝑛𝑒𝑡+(�̇�𝑖𝑛𝑝𝑢𝑡−�̇�𝑜𝑢𝑡𝑝𝑢𝑡)

10,276
𝑘𝐽

𝑘𝑔
∗�̇�𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑏𝑙𝑒

  (8) 

  

The total exergy used during the sugar 

production process is (Kanoglu & Dincer, 2009): 
 

𝜂𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑙𝑎𝑛𝑡 =
�̇�𝑛𝑒𝑡 + �̇�𝑝𝑟𝑜𝑐𝑒𝑠𝑠

�̇�𝑓𝑢𝑒𝑙
 

(9) 

 

The fuel exergy is given by:(Singh, 2019).  

𝜓𝑓𝑢𝑒𝑙 = 𝜓𝑓𝑢𝑒𝑙 𝑐ℎ𝑒𝑚𝑖𝑠𝑡𝑟𝑦 = 12,459 
𝑘𝐽

𝑘𝑔
  

 

𝜂𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑙𝑎𝑛𝑡 =
�̇�𝑛𝑒𝑡𝑜+(�̇�𝑜𝑢𝑡𝑝𝑢𝑡−�̇�𝑖𝑛𝑝𝑢𝑡)

12,459
𝑘𝐽

𝑘𝑔
∗�̇�𝑓𝑢𝑒𝑙

𝑘𝑔

𝑠

  (10) 

 

�̇�𝑜𝑢𝑡𝑝𝑢𝑡 = �̇�𝑓𝑙𝑢𝑖𝑑𝜓𝑖𝑛𝑝𝑢𝑡 = �̇�𝑓𝑙𝑢𝑖𝑑[(ℎ𝑖𝑛𝑝𝑢𝑡 −

ℎ0) − 𝑇0(𝑠𝑖𝑛𝑝𝑢𝑡 − 𝑠0)]  

 

(11) 

     

�̇�𝑜𝑢𝑡𝑝𝑢𝑡 = �̇�𝑓𝑙𝑢𝑖𝑑𝑜𝜓𝑖𝑛𝑝𝑢𝑡 =

�̇�𝑓𝑙𝑢𝑖𝑑[(ℎ𝑜𝑢𝑡𝑝𝑢𝑡 − ℎ0) − 𝑇0(𝑠𝑜𝑢𝑡𝑝𝑢𝑡 − 𝑠0)]  

 

   

(12) 

�̇�𝑛𝑒𝑡 = �̇�𝑣𝑎𝑝𝑜𝑟
𝑘𝑔

𝑠
(ℎ𝑠𝑡𝑒𝑎𝑚 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑜𝑢𝑡𝑝𝑢𝑡 −

ℎ𝑠𝑡𝑒𝑎𝑚 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑖𝑛𝑙𝑒𝑡)
𝑘𝐽

𝑘𝑔
                                          (13) 

 

The related properties in the specified 

states are determined by steam tables (Cengel, 

2015) and EES own libraries. The "La Joya" 

sugar mill has an automated monitoring and 

control system (Computerized Command 

Center). It monitors in real time the main 

operating parameters, Figure 4. 
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Figure 4 Diagram of the steam generator with its 

operating parameters 

Source: La Joya mill computerized command center.  

 

System operating data 
 

The sugar mill's control system provided us with 

its operating data recorded and compiled during 

the harvest process, specifically for the steam 

generator (baghouse boiler). Figures 4 and 5, and 

Table 1. We used the Engineering Equation 

Solver (EES) software to determine the 

thermodynamic properties of these points, Table 

1. A schematic diagram of the boiler was made 

as a control volume for analysis. 
 

 
 

Figure 5 Diagram of the system analyzed in the steam 

generator 

Source: Ingenio la Joya control system. Own elaboration 

 

Figure 6 is the schematic diagram of the 

control volume of our analysis; the steam 

generator presented in a simplified form. It 

shows the mass flow of the feed water and the 

hearth. Steam production at 416 °C and 2.70 

MPa is considered. The assumptions of the 

problem are the same as those stated above. 

 
 

 

 

 

 

 

 

 

State ṁ [kg/s] T [oC] P [MPa] h [kJ/kg] s [kJ/(kg K)] 

1 21.6 30 0.00424 125.74 0.4368 

2 21.6 416 2.7 3272.64 7.0310 

 

Table 1 Thermodynamic properties of selected points to 

perform the analysis 

Source: La Joya Control Center. 

 

 
 

Figure 6 Schematic diagram of the control volume. 

Simplified shape of the steam generator 

Source: own elaboration. 

 

The assumptions of the problem are the 

same as those pointed out in previous 

paragraphs. The diagram allowed us to visualize 

that there was a problem in the quality of the 

steam obtained, since the requirements 

according to the technical specifications of the 

turbogenerator are: temperature and outlet 

pressure of the superheated steam 350 oC and 

3.5 MPa respectively. The exergy destroyed is 

given by equations 1, 2 and 3 (Cengel, 2015): 
 

 

�̇� = 𝑇0 𝑆𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑                                                                   

(14)                                                                                                                                       

(1 ) 

 

�̇�𝒈𝒆𝒏𝒆𝒓𝒂𝒕𝒆𝒅 = �̇�𝟏 ∗ (�̇�𝟏 − �̇�𝟐)                                  

(15)            
                                                                                                                                                                  

(2 ) 

�̇�𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑 = (1 −
𝑇0

𝑇
)𝑄 + �̇�[(ℎ1 − ℎ2) −

𝑇0 𝑆𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑]    (16)                                                                                                                                                                

(3 ) 

 

 

Energy balance 

 

For the proper operation of the integral system 

of the La Joya sugar mill, a steam mass flow was 

required at a temperature of 350 °C and a 

pressure of 3.5 MPa. On the other hand, the total 

steam produced by the mill before our analysis 

was 24.3 kg/s and wasted 2.6kg/s. It was 

proposed to increase the mass flow and steam 

quality to reach the required and adequate output 

conditions. Figure.3 represents the conditions 

required by the TMG data sheet. When 

comparing the diagrams in Figures 3 and 2, a 

difference in the outlet pressure (P2) of 0.7 MPa 

is observed with respect to the condition in 

Figure 2. There is also a difference in the steam 

mass flow rate by 10 kg/s.  
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→ → → →
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Exergetic balance 
 

Taking into account the above, it is proposed: 

 
Figure 7 Schematic diagram of the control volume with 

the required values. Simplified shape of the steam 

generator 

Source: own elaboration. 

 

1. To produce steam to what is strictly 

necessary for the needs of the mill. 

 

2. To consume the strictly necessary amount 

of steam. Fuel for the steam generator 

(sugarcane bagasse) is not a problem, it is 

in excess. There is a problem in the use of 

water needed for steam production. It 

requires extraction and subsequent 

treatment (softening it to convert it to 

steam). Therefore, it was proposed to 

focus on the efficient use and consequent 

saving of water in two ways: 
 

− Adjust the water temperature at the 

inlet to the steam generator and thus 

increase the efficiency of the system. 

 

− Adjusting the mass flow of the feed 

water to achieve greater system 

efficiency.  

 

According to what was described in the 

previous paragraph, several simulations were 

carried out applying the equations previously 

described. We note that the inlet temperature of 

the feed water is a preponderant factor for the 

generation of entropy and the consequent 

destruction of exergy. Therefore, it is 

recommended that the boiler supply water be 

preheated before entering the boiler. This can be 

achieved if a water preheater is installed in the 

cycle; it will be necessary to check if this 

proposal is economically feasible. At different 

inlet temperatures, the behavior of the steam in 

entropy generated and exergy lost were 

calculated. Another way to save energy is to 

limit the mass flow of water.  

 

Remembering that this is a necessity 

since it reduces water treatment costs 

(softening); for this analysis we used a mass flow 

rate of 16.6 kg/s. To complement this, a 

comparison is proposed at different possible 

dead state temperatures for Champotón, 

Campeche. The corresponding calculations were 

performed and the following results were 

obtained. 
 

 
 

Graphic 2 Parametric analysis of the exergy destroyed as 

a function of the dead state temperature (T0) and the feed 

water temperature in the baghouse boiler at a constant 

mass flow rate 

Source: own elaboration 

 

The exergy destroyed as a function of the 

dead state temperature (T0) and feed water 

temperature in the baghouse boiler is observed. 

We note that the lower the dead state 

temperature (ambient temperature) and the 

higher the feed water inlet temperature, the 

lower the exergy destruction. However, the 

lower dead state temperatures are only for the 

fall-winter season and it is a parameter that we 

cannot control. On the other hand, the 

controllable parameter is the inlet water 

temperature. Parametric analysis of the variation 

of destroyed exergy as a function of the dead 

state temperature (T0) and the mass flow rate of 

the feed water in the baghouse boiler was also 

performed. The results are presented in Graph 2. 

The variation of exergy destroyed as a function 

of the dead state temperature (T0) and the mass 

flow rate of the feed water in the baghouse boiler 

is observed. It can be seen that the higher the 

mass flow rate of the feed water and the lower 

the dead state temperature (ambient 

temperature), the lower the exergy destruction. 

However, the lowest dead state temperatures are 

only available for the autumn-winter season and 

it is a parameter that we cannot control. The 

controllable parameter is the mass flow rate of 

the feed water to the baghouse boiler.  
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From the previous graphs, 1 and 2, it is 

concluded: with the decrease of the mass flow of 

the feed water, and the preheating of the feed 

water before it enters the boiler and with the dead 

state temperature conditions as low as possible, 

the lowest exergy destruction is achieved. 

However, this exergy analysis is only performed 

for the steam generator or baghouse boiler. It is 

necessary to know the behavior of the sugar mill 

as a whole, to establish whether it is feasible or 

not to control the mass flows of the feed water, 

as well as its inlet temperature. 

 

 
 

Graphic 3 Parametric analysis of the variation of exergy 

destroyed as a function of the dead state temperature (T0) 

and the mass flow of the feed water in the baghouse boiler 

Source: own elaboration 

 

In addition, simulations were carried out 

by applying equations 1 to 13, to determine the 

energy and exergy efficiencies of the mill as a 

whole. The values provided by the mill's control 

center were used as input data. The Engineering 

Equation Solver (EES) software was used to 

perform the calculations. The programming 

done in EES is presented (report format) as well 

as the results obtained according to the proposed 

variations. 

 

Algorithm written in EES, report format. 

 

 
 

The results obtained are shown in Graphs 

4a) and 4b). It is observed that the temperature 

of the water entering the steam generator is an 

important factor in the variation of the 

efficiencies (energetic and exergetic), however, 

its influence on the energetic efficiency is more 

important. When going from 25 to 50 oC, the 

energy efficiency changes by 2.5 units, while the 

exergy efficiency changes only 0.08 units. 

  

In Figure 4a), a mass flow rate of 21.5 

kg/s was maintained and the dead state 

temperature was kept fixed at 25 oC. For Graph 

4b), a mass flow rate of 16.6 kg/s was maintained 

and the dead state temperature was kept fixed at 

25 oC. We also note that the energy and exergy 

efficiencies decrease considerably as the mass 

flow rate of the supply water decreases.  Both 

show that the energy efficiency decreases 

linearly as the boiler inlet water temperature 

increases; the exergy efficiency also shows a 

decrease, in a parabolic form, as the boiler inlet 

water temperature increases. Figure 5 shows the 

variation of the mass flow rate of the boiler feed 

water, keeping the dead state temperature (T0) 

fixed at 25 oC, and the inlet water temperature 

(Water) at 30 oC, and the change of the energy and 

exergy efficiencies as it changes. We note that, 

in both cases, the efficiencies increase with 

increasing mass flow rate. The increase in 

energy efficiency is more noticeable when 

increasing the mass flow from 10 to 25 kg/s, 

there is an increase of 49 units with a maximum 

of 85, while in the exergy efficiency the change 

was only 15 units from 16 to 31. 
 

 
 

Graphic 4 Parametric analysis. Variation of the energy 

and exergy efficiencies of a sugar mill as a function of the 

temperature of the water entering the boiler and the mass 

flow of the feed water to the baghouse boiler 

Source: Own elaboration 
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In Graph 5 we observe the variation of 

energy and exergy efficiencies when the mass 

flow of the baghouse boiler feed water is 

modified, keeping the dead state temperature 

(T0) fixed at 25 oC, and the inlet water 

temperature (Twater) at 30 oC. We note that, in 

both cases, the efficiencies increase as the mass 

flow rate increases. The increase in energy 

efficiency is more noticeable when increasing 

the mass flow from 10 to 25 kg/s, there is an 

increase of 49 units with a maximum of 85, 

while in the exergy efficiency the change was 

only 15 units from 16 to 31. 
 

 
 

Graphic 5 Variation of energy and exergy efficiencies by 

varying the mass flow of feed water, in a mill with 

baghouse boiler, T0 25 oC, Twater 30 oC 

Source: Own elaboration 

  

Graph 6 shows the variation of the 

energy and exergy efficiencies when the mass 

flow of the feed water is modified, keeping the 

dead state temperature (T0) fixed at 25 oC, and 

the inlet water temperature (Twater) at 90 oC. We 

observe that the efficiencies increase as the mass 

flow rate increases, but the values achieved are 

lower with respect to the case of Twater at 30 oC. 

The increase in energy efficiency is more 

noticeable with an increase of 49 units. 

However, as a point of comparison we take the 

mass flow of 21.5 kg/s, where it does not reach 

74 units; on the other hand, the exergy 

efficiency, for 21.5 kg/s the change was 

negligible.  It is more convenient to keep the 

supply water temperature at 30 oC. It is clear that 

the mass flow rate of the inlet water is more 

important as a parameter to increase the overall 

efficiencies in the complete cycle of a plant than 

the temperature of the water. 
 

 
 

Graphic 6 Variation of energy and exergy efficiencies 

when varying the mass flow of feed water, in a mill with 

baghouse boiler, T0 25 oC, Twater 90 oC 

Source: Own elaboration 

 

Graph 7 shows the variations of the 

energy and exergy efficiencies when the dead 

state temperatures are modified, keeping the 

feed water mass flow rate fixed at 21.5 kg/s and 

the inlet water temperature (Twater) at 30 oC to 

compare how the efficiencies change when the 

dead state temperature is modified. For this case 

it is observed that the exergy efficiency increases 

as the dead state temperature decreases, going 

from 25.8 units (at 40 oC) to 28.5 (at 16 oC). The 

gain is small, but it increases. It is concluded that 

the process is more efficient in the autumn-

winter season (when the ambient temperature is 

between 20 to 23 oC) in Campeche. It is observed 

that the energy efficiency remains constant at a 

value just below 74 units. This efficiency is not 

affected by the ambient temperature. It can be 

understood because in the corresponding 

equation the temperature variable of the dead 

state is not involved. Unlike the exergy 

efficiency equation where it is present in the 

entropy generation term; equations 1 to 16. 
 

 
 

Graphic 7 Variation of the energy and exergy efficiencies 

by modifying the dead state temperatures and keeping 

fixed the generator water inlet temperature (Twater) 30oC, 

and the mass flow of feed water at 21.5 kg/s. 

Source: Own elaboration 
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In Figure 8, to compensate a little for the 

null effect of the dead state temperature variation 

on the exergy efficiency (Figure 6), the variation 

of the energy and exergy efficiencies was made 

by including a variable called water temperature 

(Twater) obtained by subtracting a constant of 3 oC 

from the dead state temperature (Twater = [Dead 

test -3] oC) to reach the wet bulb temperature of 

the water, in such a way that it affects the 

thermodynamic temperatures involved in the 

energy efficiency equation.  Keeping the 

feedwater mass flow rate and inlet water 

temperature fixed. For this case it is observed 

that the exergy efficiency increases as the dead 

state temperature decreases, going from 25.6 

units at 40 oC, to 28.5 units at 15 oC. On the other 

hand, the energy efficiency also increases from 

73.3 units at 40 oC to 75.6 units at 15 oC.  As in 

Graph 5, it is concluded that the process is more 

efficient in the autumn-winter season, when the 

ambient temperature decreases in Campeche.  

Equations 1 to 16 were also used, but the 

thermodynamic changes that occur when the 

inlet water temperatures are modified are taken 

into account; this is a more realistic situation due 

to the relationship of water temperature with the 

environment. 
 

 
 

Graphic 8 Variation of energy and exergy efficiencies by 

modifying the dead state temperatures while maintaining 

the generator water inlet temperature, Twater = T0-3 
oC, and 

the feed water mass flow rate at 21.5 kg/s 

Source: Own elaboration 

 

Conclusions 

 
A baghouse boiler was modeled in 1st and 2nd 

law of thermodynamics, as well as the complete 

cycle of the sugar mill "La Joya" in the state of 

Campeche, Mexico. For the mathematical 

modeling, the equations reported in the literature 

were used. The combustion chamber is the area 

where the greatest exergy loss is concentrated.  

 

 

In this area, losses of 68% of the fuel 

input exergy are considered (Singh, 2019). It 

should be noted, that for the operation of this 

boiler the fuel (bagasse) is not necessary to save 

it. It is more necessary is to decrease the 

consumption of feed water because of the cost 

associated with the extraction, water treatment, 

as well as the care of the quality of the steam 

produced by the boiler.  From the behavior of the 

model, it is clear that a lower ambient 

temperature results in a lower exergy destruction 

and therefore in a higher second law efficiency. 

From the boiler analysis, the following 

conclusions can be drawn: 

 

− Energetic Analysis; the optimum values 

for the operation of the electric generation 

system were determined. 
 

− Energetic analysis; the parametric analysis 

of the exergy destroyed in the boiler was 

carried out, observing the factors that have 

the greatest influence on the generation of 

entropy.  

 

The variables considered were: 

 

- Inlet water temperature. 

 

- Mass flow rate.    

 

- Dead state temperature. 

 

− Simulations were carried out to determine 

the energy and exegetic efficiencies of the 

steam generator with the Engineering 

Equation Solver Software (EES).  

 

− According to Graphs 5 and 6, the 

efficiency of the boiler is affected 

according to the time of the year; that is, at 

the beginning of the harvest, when the 

dead state temperature is (T0) 20oC, there 

is a maximum efficiency with respect to 

the dead state temperature in the hottest 

seasons. 
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− The steam mass flow required for the 

boiler was determined to be 16.6 kg/s, 

which is equivalent to a saving of 5 kg/s 

with respect to the mass flow with which 

the plant was operating (21.5 kg/s). The 

boiler was more efficient in controlling the 

mass flow of water, saving treated water 

consumption and meeting the goal of 

obtaining the steam necessary for the 

process with the least destruction of 

exergy. In addition, there is a smaller 

amount of softened water, which reduces 

operating costs. 

 

− In the separate exergy analysis of the 

boiler, an increase in the feed water 

temperature produces a lower exergy 

destruction in the boiler; but when 

considering this same parameter in the 

overall exergy efficiency of the cycle, it 

results in a lower efficiency. 

 

− The behavior of the sugar mill as a whole 

was determined to establish the feasibility 

of controlling or not, the mass flows of the 

feed water, as well as its inlet temperature.  

 

− By modifying the mass flow of the feed 

water and keeping the dead state 

temperature (T0) fixed at 25 oC, and the 

inlet water temperature (Twater) at 90 oC, to 

compare how the efficiencies change, it 

was observed that they increase as the 

mass flow increases; by increasing the 

mass flow from 10 to 25 kg/s and with 

Twater at 90 oC, there was an increase of 53 

units in the energy efficiency, reaching a 

maximum of 88 units. 

 

− For Twater at 90 oC, the energy efficiency 

changed by 9 units from 6 to 15 units. It 

was concluded that, it is much more 

important to increase the mass flow of the 

inlet water to increase the overall 

efficiencies in the installations of a mill, 

than the temperature of the same. 

 

 

 

 

 

 

 

 

 

− Variations in energy and exergy 

efficiencies were determined by varying 

the dead state temperatures, keeping the 

feedwater mass flow rate and inlet water 

temperature fixed. It was observed that the 

exergy efficiency increases with 

decreasing dead state temperature. It is 

concluded that the process is more 

efficient in the autumn-winter season, 

when the ambient temperature decreases in 

Campeche.  On the other hand, it is 

observed that the energy efficiency 

remains constant at a value slightly lower 

than 74 units. This efficiency is not 

affected by the ambient temperature. It is 

understood because in the corresponding 

equation the temperature variable of the 

dead state is not involved. Unlike the 

exergy efficiency equation where it is 

present in the entropy generation term. 

 

− To compensate for the null effect of the T0 

variation in the exergy efficiency, the 

water temperature variable (Tagua) was 

included with a constant of 3 oC (Twater = 

[Dead Tested -3] oC to simulate the wet 

bulb temperature; in such a way that it 

affects the temperatures involved in the 

energy efficiency equation. Feedwater 

mass flow rate and inlet water temperature 

were kept fixed. It was observed that the 

exergy efficiency increased as the dead 

state temperature decreased from 25.6 

units at 40 oC to 28.5 units at 15 oC. The 

energy efficiency also increased from 73.3 

units at 40 oC to 75.6 units at 15 oC. 
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Abstract 

 

At present, the care of the environment as well as the use 

of solar energy are of great importance. One way to use 

solar energy for clean energy generation is through the use 

of photovoltaic modules. The performance of the 

crystalline silicon PV module is mainly determined by the 

efficiency of the silicon cells, but the properties of the 

other components, such as the encapsulant material, also 

have a high impact. The objective of this study was to 

evaluate the adherence of Thermoplastic Polyurethane 

(TPU) as an alternative material for the protection of solar 

cells, since the encapsulating material most used in solar 

production to date is Ethylene vinyl acetate (EVA) and it 

serves as a comparison of possible advantages and 

disadvantages. The tests carried out were in accordance 

with the International IEC 61215 and 61345 Standards. 

The adhesion results were sufficiently good and without 

optical defects. It is concluded that TPU can be used as an 

alternative material for encapsulating solar cells. 

 

 

 

Photovoltaic module, Encapsulating material (EVA, 

TPU), Solar cell 

Resumen  

 

Actualmente el cuidado del medio ambiente así como el 

aprovechamiento de la energía solar son de gran 

importancia. Una manera de utilizar la energía solar para 

la generación de energía limpia es por medio del uso de 

módulos fotovoltaicos. El rendimiento del módulo 

fotovoltaico de silicio cristalino está determinado 

principalmente por la eficiencia de las células de silicio, 

pero las propiedades de los otros componentes, como el 

material encapsulante, también tiene un alto impacto. El 

objetivo de este estudio fue evaluar la adherencia del 

Poliuretano Termoplástico (TPU) como un material 

alternativo para la protección de celdas solares, ya que el 

material encapsulante más utilizado en la producción solar 

hasta la fecha es el Etilen vinil acetato (EVA) y sirve como 

comparación de posibles ventajas y desventajas. Las 

pruebas realizadas fueron conforme a las Normas 

Internacionales IEC 61215 y 61345. Los resultados de 

adherencia fueron suficientemente buenos y sin defectos 

ópticos. Se concluye que el TPU se puede utilizar como 

material alternativo para el encapsulado de celdas solares. 

 

Módulo Fotovoltaico, Material encapsulante (EVA, 

TPU), Celda solar
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Introduction 

 

Polyurethanes are polymers that contain 

urethane groups in the molecular chain, and 

specifically, thermoplastic polyurethanes are 

made up of linear block copolymers in which 

rigid segments alternate, formed by a 

diisocyanate and a chain extender, and flexible, 

formed by macrodiols. Sometimes they can be 

formed by different types of molecules that 

make them have different energies and ways of 

interacting between the polymer chains and form 

a material with specific properties [1, 2, 3]. 

 

Urethane thermoplastic elastomers. They 

are block copolymers and are formed by 

polyaddition of long-chain organic compounds, 

the so-called diols. TPUs offer very good 

processing options due to a mix of hard and soft 

meltable segments. In polyaddition, short-chain 

glycols that react with diisocyanates (hard 

molecule segments) and long-chain polyesters or 

polyethers that react with diisocyanates (soft 

molecule segments) are mixed in a suitable ratio 

[2]. Different mixing ratios of soft and hard 

segments result in materials with different levels 

of hardness, but nevertheless elastic [4]. 

 

Function of the protective material 

 

Nowadays, the shielding material is one of the 

most important components of a solar module 

today and must meet many requirements [5, 6, 

7]. It is mainly used to bond and encapsulate 

solar cells and is intended to protect them from 

the effects of weather in the long term. The 

protective materials used must have the best 

possible resistance against water vapor and 

oxygen, otherwise the metal contacts and 

interconnections can corrode and as a result the 

solar module becomes unusable. The inclusion 

material can also be damaged by excess oxygen 

or water vapor absorption, whereby it turns 

yellow and therefore causes a loss of 

transmission. A high degree of transmission of 

light is very important for the materials used, 

since the transmission of the material is directly 

related to the generation of electricity. The 

higher the transmission of a material, the more 

light the cell can absorb and convert it into 

electricity [8, 9]. 

 

 

 

 

Furthermore, a good embedding material 

should have relatively high heat resistance on the 

one hand and good thermal conductivity on the 

other, as the modules can heat up to 90 degrees 

in direct sunlight [10, 11]. Materials have this so-

called blur or string slippage when the 

embedding material softens at higher 

temperatures. When the embedding material 

softens at higher temperatures or liquefies it can 

no longer provide the necessary support. The 

better the thermal conductivity of the 

encapsulation materials, the better the heat can 

be dissipated and the higher the performance that 

can be achieved [12]. The embedding material 

also ensures that the module remains stable and 

serves as protection in the event of glass 

breakage. The materials used must, among other 

things, have a high level of stability against UV 

radiation, since shortwave radiation can yellow 

the material and cause transmission losses [13]. 

Due to the different incorporated materials with 

different coefficients of thermal expansion, the 

embedding material must compensate for the 

stresses that occur so that they do not cause cell 

ruptures or damage to the module. All the 

properties listed here must be fulfilled by a good 

material so that durable and efficient modules 

can be produced. 

 

Methodology to develop 

 

This study was carried out as follows. Conforms 

to International Standards IEC 61215 and 61345. 

 

- 200 x 200 mm samples of the 

encapsulating material TPU were taken, as 

well as 200 x 200 mm samples of the 

encapsulating material EVA (Ethylene 

Vinyl Acetate). 

 

- The samples were rolled in the Spire Brand 

Laminator. Figure 1. 

 

- The lamination conditions were the 

following: Temperature 150°C ± 3°C. 

evacuation time (vacuum) of 210 seconds, 

and a pressure time at 800mbar of 360 

seconds. 

 

- Twelve laminated samples of each 

encapsulating material, were placed in the 

Temperature/Humidity climatic chamber 

with the following conditions: 1000 h at 

85°C ± 2°C and relative humidity of 85 ± 

5%. 
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- Twelve laminated samples of each 

encapsulating material, were submitted in 

a chamber for Ultraviolet tests with the 

following test conditions: 1000 h and 

irradiation of 15kWh/m2. 

 

- The measurement of the adhesion was 

carried out after the laminate with a 

dynamometer for manual use. Figure 2. 

With a capacity of 50N, applying tensile 

force with an angle of 180° for maximum 

load application. 

 

 
 

Figure 1 Laminator marca Spire 

Source: Own elaboration 

 

 
 

Figure 2 Adhesion test Dynamometer 

Source: Own elaboration 

 

Results 

 

After the tests the results obtained were the 

following: 

 

 

 

 

 

- As can be seen in Table 1. The values of 

resistance to adhesion of the EVA 

material, as well as those obtained from 

the TPU material, comply with the 

specification established in the Standard 

(25N minimum). After aging in a climatic 

chamber with (1000 h at 85°C ± 2°C and 

relative humidity of 85 ± 5%), the Eva 

presented adherence values of 25 to 40 

N/cm. On the other hand, the TPU 

withstood more than 50N/cm. 

 
Sample number EVA N/cm TPU N/cm 

1 30 ˃ 50 

2 25 ˃ 50 

3 25 ˃ 50 

4 40 ˃ 50 

5 40 ˃ 50 

6 40 ˃ 50 

7 35 ˃ 50 

8 35 ˃ 50 

9 36 ˃ 50 

10 36 ˃ 50 

11 37 ˃ 50 

12 38 ˃ 50 

 

Table 1 Resistance to adhesion in N/cm of EVA and TPU 

after aging in a climatic chamber (temperature and 

humidity) 

Source: Own elaboration 

 

- After the aging test in a UV chamber 

(1000h) with irradiation of 15kWh/ and a 

temperature of 60°C±3°C, the values 

obtained with the EVA were: 40 to 50 

N/cm, instead the values obtained with the 

TPU they were greater than 50N. Table 2. 

 
Sample number EVA N/cm TPU N/cm 

1 40 ˃ 50 

2 40 ˃ 50 

3 45 ˃ 50 

4 50 ˃ 50 

5 50 ˃ 50 

6 45 ˃ 50 

7 50 ˃ 50 

8 46 ˃ 50 

9 48 ˃ 50 

10 49 ˃ 50 

11 49 ˃ 50 

12 50 ˃ 50 

 

Table 2 Resistance to adhesion of EVA and TPU in N/cm 

after 1000h in a UV chamber 

Source: Own elaboration.  
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Conclusions 

 

The adhesion test measures the resistance 

between the individual materials and is given in 

N/cm. 

 

In all tests, the adhesion must not be less 

than 25 N/cm and must be distributed as evenly 

as possible throughout the laminate. The 

adhesion of the embedding materials must have, 

on the one hand, good adhesion to glass and, on 

the other hand, guarantee good adhesion 

properties to the carrier films. There are some 

differences in the chemical structure and surface 

treatment of the backsheets, which have a great 

influence on the adhesion to the inlay material. 

 

In this study, the adherence results 

obtained in a comparative way of the 2 materials 

EVA and TPU can be observed after having been 

submitted in a humidity and temperature 

climatic chamber (1000 h at 85°C ± 2°C and 

relative humidity of 85 ± 5% ), according to the 

results it can be deduced that the adhesion 

resistance of TPU is higher than that of the EVA 

material currently used. 

 

According to the results obtained after 

the test in a UV chamber with an irradiation of 

15kWh/m2, and a temperature of 60°C±3°C, it 

is also observed that the adhesion resistance 

values of the TPU exceed the resistance values 

of EVA. 

 

In this test, the focus was on the adhesion 

of the inlay material. good enough and without 

optical defects for the 2 materials EVA and TPU. 

 

It is concluded that the encapsulating 

material TPU is an alternative option to be used 

in the encapsulation of solar panels. 
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