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Abstract 

 
This work presents the design, development, and implementation of an 

automated drinking system with remote monitoring, aimed at promoting 

efficient and sustainable water use in livestock systems through the 

integration of Internet of Things (IoT) technologies and cloud-based 

communication platforms. The proposed system enables real-time control and 

supervision of water levels in interconnected tanks ensuring autonomous 

operation and generating preventive alerts under anomalous or critical 
conditions. Its architecture is based on an Arduino Mega central control unit, 

an Arduino R4 WiFi module for IoT connectivity, and ultrasonic and flow 

sensors that provide accurate measurements for intelligent water supply 

management. Experimental results demonstrate efficient monitoring and 

control of water levels and reliable wireless communication. Field tests 

confirmed immediate response to level variations, stable performance in real 

conditions, and an intuitive user interface accessible via Arduino Cloud, 

offering a low-cost, scalable, and sustainable solution. 

 

 

 
 

IoT, Arduino, Monitoring 

 

Resumen 
 

Este trabajo presenta el diseño, desarrollo e implementación de un 

sistema automatizado de bebedero con monitoreo remoto, orientado a 
promover el uso eficiente y sostenible del agua en sistemas ganaderos 

mediante tecnologías IoT y plataformas en la nube. El sistema permite 

supervisar y controlar en tiempo real los niveles y el consumo en 
depósitos interconectados, asegurando operación autónoma y alertas ante 

condiciones anómalas. Su arquitectura integra una unidad de control 

Arduino Mega, un módulo Arduino R4 WiFi y sensores ultrasónicos y 

de flujo que ofrecen mediciones precisas para la gestión inteligente del 

suministro. Los resultados experimentales muestran eficiencia en el 

monitoreo, estabilidad en la comunicación inalámbrica y respuesta 
inmediata ante variaciones de nivel. Las pruebas de campo validan su 

desempeño en condiciones reales y una interfaz intuitiva accesible desde 

dispositivos móviles, constituyendo una solución escalable, de bajo costo 
y alineada con los Objetivos de Desarrollo Sostenible.  
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Introduction 

 

Water is an essential resource for the survival, 

well-being and productivity of livestock, as it 

plays a direct role in physiological, metabolic 

and thermoregulatory processes that determine 

their health and productive performance. In the 

case of dairy farming, an adult cow can consume 

between 100 and 150 litres of water per day, 

depending on factors such as ambient 

temperature, type of feed, stage of lactation and 

level of production (Novus International, 2021; 

Ayadi et al., 2020). Insufficient hydration 

significantly affects metabolic efficiency, 

reduces milk volume and quality, compromises 

animal welfare and generates considerable 

economic losses for producers (FAO, 2020; Al-

Marri et al., 2022). 

 

In traditional livestock systems, water is 

typically supplied through manual drinking 

troughs, leading to recurring problems of water 

inefficiency, contamination and dehydration in 

livestock. This concern is supported by recent 

studies that highlight the need for ‘a 

comprehensive and consistent assessment of 

water use in livestock production systems and 

their supply chains’ to improve productivity and 

water sustainability (Drastig & Singh, 2025). 

 

When drinking troughs require manual 

intervention, lack of supervision can cause 

overflows, puddles, unnecessary water losses 

and conditions that facilitate the proliferation of 

pathogens, while delayed replenishment can lead 

to periods of scarcity. This variability in water 

availability and quality compromises voluntary 

consumption by livestock, affects their health 

and performance, and reduces the overall water 

efficiency of the system, all of which have been 

identified as challenges to achieving more 

sustainable use of the resource (Drastig & Singh, 

2025). 

 

Given this problem, the automation of 

water supply through emerging technologies 

represents a sustainable and accurate alternative 

to ensure water availability under controlled and 

safe conditions. In this context, the Internet of 

Things (IoT) has positioned itself as a strategic 

tool for the intelligent management of 

agricultural resources, enabling real-time 

monitoring, automated decision-making, and 

optimisation of water use (Al-Fuqaha et al., 

2015; Kumar & Singh, 2021).  

 

The integration of level and flow sensors, 

wireless connectivity modules, and cloud-based 

control platforms enables the development of 

low-cost electronic systems capable of remotely 

recording, analysing, and managing livestock 

water intake. These technological solutions not 

only increase operational efficiency but also 

align with the Sustainable Development Goals 

(SDGs 6 and 12), promoting responsible use of 

water resources and sustainable livestock 

production (UN, 2015; Zhou et al., 2021). 

 

This paper describes the design, 

development and implementation of an IoT-

based electronic prototype for the automation 

and remote monitoring of water intake in 

livestock. The system integrates an Arduino R4 

WiFi microcontroller board, level and flow 

sensors, and the Arduino Cloud platform, which 

allows the filling and emptying of the drinking 

trough to be controlled in automatic or manual 

mode, via an interface accessible from mobile 

devices, tablets or personal computers. Unlike 

conventional methods, the proposed system 

completely automates trough management, 

prevents water waste and ensures adequate 

hydration of livestock. This contributes to 

efficient water use, reduced manual labour and 

improved animal welfare, all of which are 

fundamental factors in moving towards smart 

and sustainable livestock farming. 

 

Background 

 

Efficient water management in livestock 

farming is one of the main challenges in modern 

livestock production systems, especially in 

regions with water stress or limited 

infrastructure (FAO, 2020). Several studies have 

shown that water is not only essential for the 

physiological processes of livestock, but that its 

availability and quality directly influence the 

feeding behaviour, milk production, growth and 

overall health of animals (Ayadi et al., 2020; 

Novus International, 2021).  

 

However, in most rural production units, 

water supply is carried out manually and 

empirically, which generates considerable losses 

due to overflow, water contamination and 

periods of dehydration of livestock, affecting the 

profitability and sustainability of production 

systems (Kamal et al., 2024; Drastig & Singh, 

2025). 
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Over the last decade, the development of 

emerging technologies applied to the 

agricultural sector, particularly the Internet of 

Things (IoT), has enabled significant advances 

in the automation of irrigation, environmental 

control, feeding and livestock monitoring 

processes (Al-Fuqaha et al., 2015; Kumar & 

Singh, 2021). These technologies facilitate the 

acquisition and transmission of real-time data 

through sensors, microcontrollers, and cloud 

platforms, enabling information-based decision-

making and reducing human intervention in 

repetitive tasks. In this regard, recent research 

has addressed the use of IoT in smart water 

management and livestock management, 

proposing measurement, control and early 

warning systems in different agricultural 

contexts (Mendez et al., 2022; (Simões, Furtado 

& Pinto, 2022). 

 

Among the most notable works is that of 

Sang et al. (2021), who developed an IoT system 

for monitoring humidity and temperature in 

cattle stables, achieving optimised thermal 

comfort and energy savings of 15%. 

(Abdulrahman et al., 2022)implemented an 

automated water supply system for livestock, 

based on ultrasonic sensors and NodeMCU 

controllers, which reduced water waste by 30% 

and improved supply consistency. At the 

national level, recent research highlights the 

potential of low-cost IoT platforms such as 

Arduino, ESP32 or LoRaWAN networks for 

environmental monitoring and agricultural 

applications in rural areas, with the work of 

Jaramillo Encalada and Ríos Villacorta (2024) 

standing out. They demonstrated the viability of 

IoT in precision agriculture and resource 

management using inexpensive, low-energy 

devices (Jaramillo Encalada & Ríos Villacorta, 

2024; Hernández et al., 2022). 

 

However, despite these advances, 

automation systems specifically applied to 

livestock drinking troughs remain uncommon, 

and their adoption faces challenges. Recent 

studies have shown that it is possible to 

automatically monitor water consumption and 

drinking behaviour using sensor networks — 

including RFID, flow meters, level sensors and 

drinking detection algorithms — which 

improves recording accuracy and enables more 

efficient and secure supply (Williams et al., 

2020; Tang et al., 2021).  

 

 

It is therefore necessary to design 

accessible, modular technological solutions that 

can be adapted to low-infrastructure 

environments, enabling remote control and 

optimisation of water consumption in real time, 

reducing waste and ensuring animal welfare. 

 

In this context, this project is part of the 

global trend towards Smart Livestock Farming, 

proposing an IoT-based electronic prototype that 

integrates level sensors, flow meters, WiFi 

communication modules and cloud management 

platforms, aimed at automating drinking troughs 

and remotely monitoring water consumption in 

livestock. This proposal seeks to contribute to 

the development of sustainable and replicable 

systems, aligned with Sustainable Development 

Goals (SDGs) 6 and 12 of the 2030 Agenda, 

promoting rational water use and energy 

efficiency in the livestock sector. 

 

Methodology 

 

The development of the automated drinking 

trough system with remote monitoring was 

structured in five stages, described below: 

 

Stage 1. Selection of sensors and actuators 

 

To ensure accurate monitoring of water levels 

and consumption, the following components 

were selected: 

 

− HC-SR04 ultrasonic sensors: Two 

sensors to measure water levels in the 

tank and cistern using ultrasound, 

allowing non-invasive, real-time 

measurements. 

− Float-type sensors: Two sensors 

installed in the drinking trough to detect 

minimum and maximum levels, 

preventing overflow or emptying of the 

container. 

− YF-S201 flow sensor: Measures the 

flow of water from the water tank to the 

drinking troughs, allowing real-time 

consumption to be calculated. 

− Servomotor: Controls the opening and 

closing of the valve that regulates the 

flow of water to the drinking trough. 

− Water pump: Activated by an H-bridge 

module, it transfers water from the 

cistern to the water tank according to the 

detected levels. 

 

 

https://doi.org/
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− DS1302 clock module: Manages the 

recording of consumption times and 

level monitoring. 

− TFT screen: Displays the information 

processed by the system locally. 

− SIM900 module: Sends automatic alerts 

via SMS about critical levels or system 

failures. 

− Arduino Mega: Acts as a central control 

unit, managing the monitoring and 

control logic of sensors and actuators. 

− Arduino R4 WiFi: Enables IoT 

connectivity with Arduino Cloud, 

enabling remote monitoring and manual 

or automatic control of the valve. 

 

Stage 2. Connection topology 

 

A centralised topology was implemented, in 

which the Arduino Mega functions as the main 

node: 

 

− The ultrasonic, float and flow sensors are 

connected to the Arduino Mega, which 

interprets the signals and executes 

control actions on the pump and valve. 

− Communication between the Arduino 

Mega and the Arduino R4 WiFi is carried 

out via I2C, ensuring reliable data 

transmission to the IoT platform. 

− Physical connections were made using 

direct cables, guaranteeing the stability 

and continuity of the system. 

 

Stage 3. Local communication configuration 

Within the local system: 

 

− The Arduino Mega receives readings 

from all sensors and executes control 

algorithms based on water level 

thresholds, automatically activating the 

pump as needed. 

− The status of the sensors and actuators is 

transmitted to the Arduino R4 WiFi, 

which prepares the information for 

sending to the cloud. 

 

Stage 4. Remote communication 

configuration 

 

For remote monitoring: 

 

− The Arduino R4 WiFi connects to 

Arduino Cloud, transmitting real-time 

data on water levels, consumption flow, 

pump status and valve position. 

− Arduino Cloud provides dynamic 

graphical visualisation and allows 

automatic alerts to be configured when 

water levels are outside pre-set ranges. 

− The SIM900 module allows automatic 

SMS messages to be sent to those 

responsible in the event of critical levels 

or system failures. 

− The valve is controlled automatically by 

the drinking trough sensors or manually 

from Arduino Cloud, as required. 

 

Stage 5. Real-time visualisation and control 

 

For system monitoring and control: 

 

− Monitoring panels were developed in 

Arduino Cloud, showing water levels 

and consumption flow in real time 

through interactive graphs. 

− Visual alerts and automatic notifications 

are included when levels exceed the 

established ranges. 

− The user can monitor and control the 

system from any device with internet 

access, managing the drinking fountain, 

water tank, cistern, pump and valve, 

either automatically or manually. 

 

Results 

 

Stage 1. Selection of sensors to be used. 

 

Main control unit (MCU) 

 

The automated drinking trough with remote 

monitoring system was implemented using a 

Main Control Unit (MCU), which centralises the 

management of sensors, actuators and 

communications. The MCU consists of an 

Arduino Mega board, which functions as the 

brain of the system, and is integrated with an 

Arduino R4 WiFi for remote connectivity. 
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Devices connected to the MCU include: 

 

− HC-SR04 ultrasonic sensors, located in 

the water tank and cistern, to measure 

water levels without physical contact. 

 

Box 1 
 

 
 

Figure 1 

Schematic electronic and physical diagram of 

ultrasonic sensors in the automated drinking trough     

    Source: Own 

 

− Float-type sensors installed in the 

drinking trough to detect minimum and 

maximum levels, connected to the master 

Arduino for local screen display and to 

the slave Arduino for valve control. 

 

Box 2 
 

 
 

Figure 2 

Schematic electronic and physical diagram of float-type 

sensors in the Automated Drinking Trough         

Source: Own 

 

− YF-S201 flow sensor, placed in the 

supply line, which measures the flow rate 

of the water supplied. 

 

Box 3 
 

 
 

Figure 3 

Schematic electronic and physical diagram of flow 

sensors in the Automated Drinking Trough     

Source: Own 

 

− Servomotor and control valve: to 

regulate the flow of water to the drinking 

trough, it is designed with a servomotor 

which, when moved to 0 degrees, allows 

water to flow and, when at 90 degrees, 

closes the flow. This is controlled 

automatically or manually via the 

Arduino Cloud panel. 

 

Box 4 
 

 
 

Figure 4 

Diagram and physical representation of the servomotor 

valve mechanism of the Automated Drinker    

Source: Own 
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− Water pump, controlled by an H-bridge 

module, responsible for pumping water 

from the cistern to the water tank. 

 

Box 5 
 

 
Figure 5 

Schematic electronic and physical diagram of the water 

pump for the automated drinking fountain     

Source: Own 

 

− DS1302 clock module, which records 

consumption times and level control and 

displays them locally on screen. 

 

Box 6 
 

 
 

Figure 6 

Schematic diagram of the electronic and clock module 

of the Automated Drinking Trough  

Source: Own 

 

− TFT screen, displaying water levels, 

flow rates and actuator status in real time. 

 

 

 

 

 

 

 

Box 7 
 

 
 

Figure 7 

Schematic electronic and physical diagram of the TFT 

screen of the Automated Drinking Fountain  

Source: Own 

 

The UCP operates with two power lines: 

 

− 5 VDC, dedicated to sensors and the 

valve servomotor, ensuring the safe 

operation of the control devices. 

 

− 12 VDC, for the Arduino Mega, Arduino 

R4 WiFi and the pump, guaranteeing 

sufficient power for central control and 

pump operation. 

 

Box 8 
 

 
 

Figure 8 

  AC Module (UCP) power connectivity 

Source: Own 

 

This configuration allows the UCP to 

function as the brain of the system, integrating 

all components and ensuring efficient and 

reliable control of the water supply, as well as 

data transmission for remote monitoring. 
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Stage 2. Connection topology 

 

The topology used and the communication 

channels of the prototype are shown below 

 

Stage 3. Configuration of the automated 

drinking trough with remote monitoring 

 

Master module (Main Control Unit - UCP) 

 

The master module, called the Main Control 

Unit (UCP), is responsible for acquiring, 

processing and sending data from the automated 

drinking trough system. This module is installed 

in a protected area near the hydraulic system, 

where the sensor signals are concentrated and 

the main actuators are controlled. The MCC 

consists of an Arduino Mega board, which is 

responsible for receiving and processing 

information from the sensors, and an Arduino R4 

WiFi, which is responsible for communication 

with the cloud via the Arduino Cloud platform. 

Both devices are interconnected via I2C 

communication to ensure reliable data flow. The 

master module integrates the following 

electronic components: HC-SR04 ultrasonic 

sensors, float-type sensors, YF-S201 flow 

sensor, servomotor with control valve, water 

pump, DS1302 clock module and TFT screen. 

 

Box 9 
 

 
Figure 9 

Schematic electronic and physical diagram of the 

Automated Drinking Fountain  

Source: Own 

The master module (UCP) performs the 

following tasks: 

 

− Receives signals from level, flow and 

time sensors. 

− Processes readings and generates a 

variable structure representing the 

system status (levels, consumption and 

operating conditions). 

− Sends this information to the remote IoT 

module via serial communication (I2C). 

− Executes control actions on the pump 

and valve according to the detected water 

levels. 

− Transmits alerts via the SIM900 module 

in the event of critical levels or failures. 

 

Box 10 
 

 
 

Figure 10 

Physical form of the master module (UCP) 

Source: Own 

 

Stage 4. Configuring remote communication 

 

The remote IoT module, implemented on an 

Arduino R4 WiFi board, has the main function 

of managing wireless connectivity and remote 

control of the system. This module receives the 

data structure sent by the Main Control Unit 

(Arduino Mega 2560), processes the information 

and transmits it to the Arduino Cloud platform, 

where it can be viewed in real time using 

dynamic panels and graphical interfaces. In 

addition to data transmission, the remote IoT 

module allows manual or automatic control of 

the operating valve, so that the user can open or 

close it from the cloud platform, depending on 

the operating conditions of the drinking trough 

or the requirements of the system. Main 

functions of the remote IoT module. 

https://doi.org/
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− Reception and decoding of data from the 

Main Control Unit (levels, flow rate, 

pump and valve status). 

− Transmission of information to the 

Arduino Cloud platform for remote 

monitoring using graphs, indicators and 

interactive control panels. 

− Manual or automatic activation of the 

control valve from the platform's web 

interface. 

− Issuing notifications and alerts to the user 

via the cloud or SMS messages, 

informing them of relevant system 

events. 

 

The remote module operates on a 12 

VDC power supply, provided by the system's 

main power source, thus ensuring continuous 

communication with the cloud and permanent 

interaction with the master module. 

 

Box 11 
 

 
 

Figure 11 

Schematic diagram of the IoT connectivity module  

Source: Own 

 

R4 WiFi Module with Integrated ESP32 

 

The Arduino R4 WiFi, equipped with an ESP32 

microcontroller, offers advanced wireless 

connectivity capabilities and direct integration 

with the Arduino Cloud platform, developed by 

the same company. This integration facilitates 

real-time data sampling and visualisation, as 

well as intuitive and standardised configuration 

and management of IoT devices. 

 

The procedure for establishing 

connectivity between the Arduino R4 WiFi and 

Arduino Cloud is described below: 

 

Device pairing: Connect the Arduino R4 

WiFi to the computer via the USB port. From the 

Arduino Cloud web interface, select the ‘Add 

device’ option to register the module.  

The system requests the installation of 

Arduino Cloud Agent, which acts as a 

communication bridge between the hardware 

and the cloud. Once the device is recognised, 

proceed to configure the WiFi network by 

entering the connection parameters. 

 

Creation of link variables: Next, in the 

‘Things’ section of Arduino Cloud, define the 

variables that will receive the data sent from the 

Arduino Mega 2560, as well as those that will be 

manipulated by the user from the cloud interface. 

 

Development of the integration code: 

Finally, the connection code between the 

Arduino and the cloud is generated in the 

platform's Sketch environment. The 

‘thingProperties.h’ file, which contains the 

device's connectivity and authentication 

parameters, is imported into this code. This file 

is automatically generated and updated by the 

system according to the variables created, so it 

should not be modified manually. 

 

Box 12 
 

 
 

Figure 12 

Configuring the R4 WiFi module on the Arduino Cloud 

platform  

Source: Own 

 

Implementation and configuration of the 

SIM900 SMS module  

 

The SIM900 SMS module is a device that allows 

connectivity to mobile phone networks, enabling 

SMS messages to be sent to mobile devices. This 

module operates on a 2G network, which is 

particularly useful for low-bandwidth 

communication applications, such as the 

transmission of alerts or short data messages. 

 

The SIM900 requires an active SIM card 

from any mobile phone company, preferably 

with a data plan or messaging service enabled.  
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Communication between the module and 

the microcontroller is carried out via the Arduino 

Mega 2560's software serial communication 

interface, which manages data transmission and 

the automatic sending of messages to a 

telephone number predefined in the source code. 

 

SIM900 module configuration procedure 

 

The physical connection between the SIM900 

module and the Arduino Mega 2560 board is 

established via software serial communication 

(I2C) using two main data transmission and 

reception lines, plus a third line used for remote 

power-up of the module from the Main Control 

Unit. The corresponding code for SMS message 

transmission is integrated, specifying the 

destination number and message content within 

the programme. Once the system was 

configured, the successful sending of messages 

from the SIM900 module was verified, 

confirming the correct interaction between 

hardware and software and the efficiency of the 

GSM communication channel. 

 

Box 13 
 

 
 

Figure 13 

Schematic electronic and physical diagram of the 

connection between the SIM900 module and the 

Arduino Mega 2560 in the automatic water dispenser.  

Source: Own 

 

Box 14 
 

 
 

Figure 14 

Example of sending messages to a mobile device 

Source: Own 

 

Stage 5. Plotting data in real time 

 

Application using the Arduino Cloud platform 

 

The application developed is based on the 

Arduino Cloud Internet of Things (IoT) 

platform, whose purpose is to display 

information from the variables monitored by the 

system in real time, both numerically and 

graphically. This tool facilitates interaction 

between the user and IoT devices, allowing both 

remote monitoring and control of operational 

variables within the project. 

 

Arduino Cloud platform configuration 

procedure 

 

1. Creation of the work panel 

 

The first step is to generate a new work panel 

(dashboard) within the platform, assigning it an 

identifying name and specifying the type of 

device that will send the data. In this case, the 

Arduino R4 WiFi module was used, which has 

an integrated ESP32 microcontroller, optimised 

for wireless communication and direct 

connection to the cloud. With this initial 

configuration, the project is registered and 

operational on the platform. 

 

2. Incorporating visual modules (widgets) 

 

Once the panel has been created, the display 

modules (widgets) are added, which allow the 

data to be displayed and facilitate user 

interaction with the system. Arduino Cloud has 

a wide variety of configurable widgets, which 

can be adapted to the needs of each IoT 

application. In this development, the following 

elements were selected: 

 

− Two switch-type buttons to activate the 

valve's automatic or manual mode. 

− Two digital indicators showing the 

valve's open or closed status and the 

device's operating mode. 

− An analogue meter, used to display 

instantaneous water consumption. 

− A trend graph, which shows cumulative 

water consumption over time. 

− Three percentage indicators, used to 

show the fill level of the cistern, the 

drinking trough and the water tank, 

respectively. 
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These components enable an intuitive 

user interface, offering a comprehensive view of 

the system and its dynamic behaviour. 

 

3. Association of variables and control 

configuration 

 

Subsequently, the individual configuration of 

each widget is accessed, where the 

corresponding variables that control or receive 

data from the microcontroller are assigned. 

 

Each variable is associated with a 

specific data type (Boolean, numeric or floating 

point) and an update frequency, defined 

according to the nature of the measurement or 

action to be performed (Table 1). 

 

Box 15 
 

Table 1 

Control Variables and Configuration  

 

Variable Type 

 

Unit  Widget 

tinacoLevel Float Percentage 

(%) 

Water tank 

level 

cisternLevel Float Porcentaje 

(%) 

Tank level 

drinking 

fountainLevel 

Float Porcentaje 

(%) 

Water drinker 

level 

consumptionLitres Float Litros(l) Consumption 

Consumption 

chart 

state: Valve Bool N/A Valve 

(switch) 

Valve status 

(display) 

mode: Manual Bool N/A Modo manual 

or automatic 

valve (switch) 

 

Manual or 

automatic 

valve mode 

(display)) 

 

Own source 

 

4. Sampling and functional validation tests 

 

In the final stage, data sampling was carried out 

for water levels and consumption, in addition to 

functional verification of the control buttons. 

During this phase, two-way communication 

between the IoT device and the Arduino Cloud 

platform was tested, ensuring the consistency of 

the transmitted signals and the accuracy of the 

data display. 

 

 

 

The performance of the interface was 

also evaluated on different devices such as 

smartphones and tablets to ensure its multi-

platform compatibility and the correct graphical 

representation of the monitored variables.  

 

Box 16 
 

 
 

Figure 15 

Control panel display from the mobile phone and tablet 

app  

Source: Own 

 

Conclusions 

 

The development of the automated drinking 

fountain system with remote monitoring, based 

on IoT technologies and cloud communication 

platforms, represents a significant advance in the 

intelligent and sustainable management of water 

resources. The coordinated integration between 

the Main Control Unit (Arduino Mega) and the 

IoT module (Arduino R4 WiFi) enabled 

continuous monitoring of water levels, accurate 

recording of consumption flow, and autonomous 

control of pumps and valves, ensuring the 

operational efficiency of the system and 

reducing water waste. 

 

The results obtained demonstrate the 

technical and functional viability of a modular, 

scalable, and low-cost architecture capable of 

adapting to different application environments—

from rural installations to agricultural or 

community systems—where water control is a 

critical factor. The incorporation of the SIM900 

module reinforces communication resilience by 

enabling SMS alerts to be sent in the event of 

failures or critical levels, extending coverage in 

regions without stable internet connectivity. 

 

Likewise, the Arduino Cloud platform 

consolidated an interactive, accessible and 

multi-platform monitoring interface, enabling 

real-time visualisation of operating variables, 

configuration of preventive alerts and manual or 

automatic intervention of the system from any 

device with a network connection. 
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Overall, the prototype demonstrates the 

potential of IoT-based automation and 

digitisation of hydraulic systems as a strategic 

tool for rational water use, optimisation of 

agricultural processes, and prevention of risks 

due to shortages or operational failures. This 

work contributes to the fulfilment of the 

Sustainable Development Goals (SDGs 6 and 

11) of the 2030 Agenda, promoting accessible 

technological solutions that link electronic 

engineering, computer science, and 

environmental sustainability. 

 

Finally, future work will incorporate 

solar energy modules and predictive analysis 

algorithms to strengthen the system's autonomy, 

energy efficiency, and diagnostic capabilities, 

consolidating it as a replicable tool for smart 

water management in rural communities and 

sustainable production environments. 
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Abstract 

 
The aim of this project was to examine the densification process in a SiO2/PDMS hybrid 

ceramic, with the objective of eliminating porosity and enhancing its anticorrosive 

properties, consequently improving its chemical stability. The synthesis of the ceramic 

was achieved through the modulation of the weight percentage of PDMS within the 

ceramic structure. The weight percentage of PDMS ranged from 10 to 40%, and its 

application was conducted on an aluminum alloy (Al-6061). The integration of the organic 

and inorganic phases of the ceramic was evaluated by infrared spectroscopy. The 

material's response to heat treatment was ascertained through the utilization of infrared 

thermography (IR-TF) and optical microscopy. Furthermore, the material's 

characterization prior to and following the heat treatment process indicated an 

enhancement in its hardness. The anticorrosive capacity was determined using 

electrochemical impedance analysis (EIS) in a saline-acid corrosive medium (3.5% NaCl 

acidified to a pH of 3), revealing a substantial enhancement in corrosion resistance when 

the ceramic is densified. 

 

 
 

SiO2/PDMS; densification; corrosion 

 

 

 

Resumen 

 

En este proyecto se estudió el proceso de densificación en un cerámico híbrido 

SiO2/PDMS con la finalidad de eliminar la porosidad e incrementar el 

comportamiento anticorrosivo del mismo; mejorando la estabilidad química del 

mismo. El cerámico fue sintetizado variando el porcentaje en peso de PDMS en la 

estructura; la cual fue del 10-40%peso, estos se aplicaron en una aleación de 

aluminio (Al-6061). La integración de la fase orgánica e inorgánica del cerámico 

se evaluó por espectrosopía de infrarrojo. El efecto del tratamiento térmico del 

material se determinó por IR-TF y microscopía óptica; por otra parte, la 

caracterización del material antes y después del tratamiento térmico indicó una 

mejora en la dureza del cerámico. La capacidad anticorrosiva se determinó 

empleando el análisis de impedancia electroquímica (EIS) usando un medio 

corrosivo salino-ácido (NaCl al 3.5%w acidificada a un pH de 3) observando una 

mejora importante en la resistencia a la corrosión cuando se densifica el cerámico. 
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Introduction 

 

Anti-corrosive coatings are used to mitigate the 

effects of corrosion on metals. The anti-

corrosive agent employed in industrial settings is 

chrome anodizing, a process that entails the 

application of a chrome layer that functions as a 

sacrifice anode (i.e., it undergoes corrosion 

instead of the metal it protects) (Burkov A.A.; 

2020; Agudelo Arcilia JC, 2025; Berlanga-

Labori, 2020; Linder C, 2024). Despite its 

noteworthy anti-corrosive properties, chromium 

is a toxic element that necessitates replacement 

with more environmentally friendly coatings 

(Yunactil M; 2023; Panda R, 2023; Liang H, 

2024; Li Y, 2025). Recently, C. Salazar-

Hernández and colleagues have developed 

hybrid coatings based on silica and 

polydimethylsiloxane (PDMS). PDMS 

crosslinks in the silica network enable the 

development of coatings with enhanced 

mechanical stability, adhesion, and corrosion 

resistance on Al-6061. The chemical structure of 

these coatings is depicted in the figure. 

Fragments of silica, formed through 

polycondensation reactions of tetraethyl 

orthosilicate (TEOS), interweave with the chains 

of polydimethylsiloxane (PDMS) (Salazar 

Hernández; 2024; Salazar Hernández C; 2018; 

Salazar-Hernández C; 2019). 

 

Box 1 
 

 
Figure 1 

Chemical structure of the SiO2/PDMS hybrid material 

Source [C. Salazar-Hernández et.al, Progress in Organic 

Coatings, (2019) 136, 105220] 

 

The present study examined the effect of 

the functional group in the PDMS chain on 

anticorrosive behavior. This effect was 

evaluated using electrochemical impedance 

spectroscopy (EIS), which simulates the 

electrochemical system in equilibrium as an 

electrical circuit with various components, such 

as resistors, capacitors, and inductors that can be 

connected in different ways (in series or parallel) 

(Lazanas A; 2023; Magar H, 2021).  

The impedance (Z) for any system is 

calculated according to Equation 1, where E is 

the potential, I is the current,  is the frequency, 

and  is the phase angle. This expression is 

subdivided into a real part, which is plotted on 

the X-axis, and an imaginary part, which is 

plotted on the Y-axis. The intersection of these 

two curves is referred to as the Nyquist curve. 

 

𝑍 =
𝐸

𝐼
= 𝑍0 exp(𝑖∅) = 𝑍0(𝑐𝑜𝑠∅ + 𝑖𝑠𝑒𝑛∅)          (1) 

 

Experimental procedure 

 

SiO2/PDMS hybrid ceramic synthesis 

 

The coatings were obtained using the sol-gel 

method, employing tetraethyl orthosilicate 

(TEOS, 99%; Fluka) as the starting reagent for 

silica formation and hydroxyl-terminated 

polydimethylsiloxane (DMS-15; GELEST; 

9912-32cst). To achieve this objective, a 

solution was formulated by combining the 

quantities indicated in Table 1 and adding 1% by 

weight of TEOS of dibutyldilauryl tin, DBTL 

(95% Aldrich) as a polycondensation catalyst. 

This catalyst promoted the cross-linking of the 

silica fraction and the siloxane chains of the 

PDMS (Salazar Hernández C, 2017; Cervantes 

J, 2012). The solutions were heated to 50°C, 

maintaining a constant temperature, and applied 

to Al-6061 surfaces previously treated with 200, 

300, 400, and 600 grit sandpaper. The surfaces 

were then washed in an ultrasonic bath with 

distilled water and ethanol. 

 

Box 2 
 
Table 1 

Hybrid ceramic composition 

 

 TEOS (g) DMS-15 

(g) 
DBTL (g) 

SiO2/PDMS-1 10 1 0.01 
SiO2/PDMS-2 10 2 0.01 
SiO2/PDMS-4 10 4 0.01 

 

Heat Treatment 

 

Following a 24-hour drying period at ambient 

temperature, the coatings were exposed to the 

designated heat treatment, as outlined in Table 2. 

This procedure involved subjecting the samples 

to a controlled heating process in a Felisa-340 

muffle furnace, characterized by a 

programmable temperature ramp of 10°C–min1. 

 

 

https://doi.org/
https://doi.org/10.1134/S2070205120060064
https://doi.org/10.1134/S2070205120060064
https://repositorio.utp.edu.co/items/34d40a3d-4f45-45d9-920d-142e8750eab5
https://doi.org/10.3390/met10101384
https://doi.org/10.3390/met10101384
https://doi.org/10.1038/s41529-024-00459-5
https://doi.org/10.3390/coatings13122046
https://doi.org/10.1016/B978-0-323-99659-4.00006-1
https://doi.org/10.3390/coatings14121487
https://doi.org/10.3390/coatings14121487
https://doi.org/10.1016/j.ceramint.2025.02.258
https://doi.org/10.35429/JOES.2024.11.31.4.7
https://doi.org/10.35429/JOES.2024.11.31.4.7
https://doi.org/10.1007/s10971-018-4732-9
https://doi.org/10.1016/j.porgcoat.2019.105220
https://doi.org/10.1021/acsmeasuresciau.2c00070
https://doi.org/10.3390/s21196578
https://doi.org/10.1007/s10971-016-4198-6
https://doi.org/10.1002/aoc.2832
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Box 3 
 

Table 2 

Heat treatment conditions 

 

Densification 

Treatment 

% 

PDMS 

Temperature 

(ºC) 

Time 

(min) 

T1 10 y 20 

50 15 

80 120 

200 120 

T2 30 y 40  

50 15 

80 120 

200 120 

400 60 

  

Coatings Characterization  

 

Infrared Spectroscopy 

 

Infrared spectra was obtained using Thermo 

Scientific Nicolet iS10 ATR-FTIR equipment. 

The average of 32 scans was measured in a 

spectral window of 4000–600 cm–1 with a 

resolution of 4 cm–1. 

 

Optical Microscopy 

 

Visual inspection of the ceramics, both with and 

without heat treatment, was performed using an 

NJ-13415 digital microscope. 

 

Leeb hardness test 

 

Leeb hardness was measured using UNI-T UT-

347A equipment in accordance with the 

recommendations of ASTM A956/A956M-17a. 

 

Corrosion estimation 

 

Electrochemical impedance spectroscopy (EIS) 

tests were performed using a Gamry-1010T 

potentiostat. The test medium was a 5% NaCl 

saline solution that was acidified with 

hydrochloric acid to a pH of 3. The readings 

were taken in a frequency range of 10,000–0.1 

Hz, using platinum as the counter electrode and 

Ag/AgCl as the reference electrode. 

 

Results  

 

Characterization of the chemical and physical 

properties of SiO2/DMS-15 coatings 

 

Figure 2a shows the infrared spectra obtained by 

ATR for SiO2/PDMS coatings with different 

siloxane chain concentrations (10-40% by 

weight).  

The spectra are shown before (blue 

graphs) and after heat treatment (red graphs). 

The main signals are marked with numbers. The 

siloxane bond (Si–O–Si) of the silica network is 

at 1007 cm–1 (peak 1). The bond for the PDMS 

siloxane chain (linear chain) is seen as a thin, 

strong band at 856 cm–1 (peak 1a). The Si–C 

bond is seen at 1257 cm–1 (peak 2). The C–H of 

the methyl groups is seen as a triplet at 2917 cm-
–1 (peak 3). After heating the samples (Launer, 

2013), the Si–C signal (peak 2) decreases, as do 

the peaks for the methyl groups (C–H; peak 3) 

(Launer P; 2013). 

  

Box 4 
 

 

 

 

 
Figure 2 

IR-FT Spectroscopy for SiO2/PDMS 

Own Source 
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Therefore, it is proposed that the process 

of making the material denser allows the 

formation of the structure shown in Figure 3. In 

this structure, the PDMS chains combine with 

each other and with the silica network, reducing 

the amount of organic matter (Salazar-

Hernández C, 2017; Cervantes J, 2012). 

 

Box 5 

 
Figure 3 

Effect of heat treatment on the structure of SiO2/PDMS-

15 ceramic 

 Own Source  

 

Figure 4 shows the effect of heat 

treatment on the hardness of ceramic. A linear 

increase in physical properties can be observed 

in accordance with the increase in the PDMS 

chain in the ceramic structure. After 

densification treatment, the HL showed an 

increase from 470–500 HL to 510-518 HL, 

representing a 4–9% enhancement. 

 

Box 6 
 

 
 

Figure 4 

Thermic treatment effect on Leeb hardness for 

SiO2/PDMS ceramic 

      Own Source  

The material's porosity was also 

influenced by the application of heat treatment. 

As shown in Figure 5, optical microscopies of 

the coatings obtained with 10, 30, and 40% 

PDMS weight were conducted before and after 

densification. This figure demonstrates a 

decrease in the porosity of the material, which is 

marked with a yellow circle (micrographs before 

heat treatment) and with an arrow of the same 

color in the micrographs after heat treatment. 

 

Box 7 
 

Before thermal treatment: 

SiO2/10PDMS 

 
SiO2/40PDMS 

 

 

After thermal treatment 

SiO2/10PDMS-T1 

 
SiO2/40PDMST2 

 

 

Figure 5 

Effect of heat treatment on the structure of SiO2/PDMS 

ceramic. 

      Own Source  

 

Anti-corrosive behavior for SiO2/DMS-15 

ceramics 

 

As shown in Figure 6, the Nyquist curves were 

obtained for Al-6061 without coatings and with 

ceramic coatings with and without heat 

treatment. The data were processed using the Z-

View-4 program, and the estimated Rp 

(Resistivity to Charge Transfer) value was 

determined and reported in Table 3. The Rp 

increased according to the percentage of PDMS 

in the ceramic; this increase was 10.7-15.9 times 

the increase in the Rp value of aluminum 

(Lazanas A, 2023; Magar H, 2021). However, 

the ceramics demonstrated enhanced corrosion 

resistance when subjected to heat treatment, with 

an increase ranging from 30 to 48 times. 
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Box 8 

 

(a) 

 
(b) 

 
(c) 

 
Figure 6 

Nyquist curve (a) Aluminium without coating (b) Al/ 

SiO2/DMS-CH3-1 (c) Al/ SiO2/DMS-CH3-4 

 

 

 

 

 

Box 9 
 
Table 3 

Heat Treatment effect on Rp values 

 
 Rp 

Estimated (Ohms) 

%Increased of 

Rp 

Aluminum 243  

Al/SiO2-10PDMS 2579 10.7 

Al/SiO2-10PDMS-T1 7301 30.17 

Al/SiO2-20PDMS 3251 13.4 

Al/SiO2-20PDMS-T1 8018 33.13 

Al/SiO2-40PDMS 3251 15.9 

Al/SiO2-40PDMS-T2 11605 47.96 

 

Conclusions 

 

The purpose of densification is to reduce 

porosity in the ceramic, thereby preventing 

corrosive agents from permeating the metal 

surface. Furthermore, observations made using 

optical microscopy demonstrate that porosity is 

eliminated, thereby considerably increasing 

corrosion resistance. For non-densified coatings, 

corrosion resistance ranged from good to 

excellent; for heat-treated ceramics, it was 

extraordinary, exhibiting high resistance to 

polarization or charge transfer, as indicated by 

the following behavior in the Rp value: The 

sequence of silicon dioxide (SiO2)/10-

phosphodimethylsiloxane (PDMS)-chloroform-

trimethylsilane (CH3-T1) is preceded by the 

sequence SiO2/20-PDMS-CH3-T1, which is, in 

turn, preceded by the sequence SiO2/10-PDMS-

CH3-T2 (SiO2/10PDMS-CH3-T1 < 

SiO2/20PDMS-CH3-T1 < SiO2/10PDMS-CH3-

T2.). 
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Abbreviations 

 

TEOS Tetraethyl-ortho-silicate 

PDMS Polydimethylsiloxane 

DBTL Dibutyl-dilaurate tin 

SiO2/10PDMS 
Silica coating with 10%w of 

PDMS 

SiO2/20PDMS 
Silica coating with 20%w of 

PDMS 

SiO2/40PDMS 
Silica coating with 40%w of 

PDMS 

SiO2/10PDMS-T1 

Silica coating with 10%w of 

PDMS and Thermic 

Treatment under condition 

T1 

SiO2/20PDMS-T1 

Silica coating with 20%w of 

PDMS and Thermic 

Treatment under condition 

T1 

SiO2/40PDMS-T2 

Silica coating with 40%w of 

PDMS and Thermic 

Treatment under condition 

T2 

Z Electrochemical impedance 

Z’ 
Electrochemical impedance 

real component 

Z’’ 
Electrochemical impedance 

imaginary component 
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Abstract  

 

A key challenge in robotic navigation is the complexity of localization 
algorithms, the need to implement more robust sensors, and the ability to 

adapt to environments with unfavorable lighting conditions. To meet 

these needs, technologies and techniques based on laser, vision, and 
multisensor fusion have been developed; however, these also present 

challenges due to environmental conditions. This work aims to study the 

statistical and spatial intensity characteristics of a speckle pattern 
obtained at the output of a rotating optical fiber. Intensity distribution and 

image classification are used to establish its characteristics. The results 

indicate that it is feasible to develop a robotic localization model based 

on the statistical and spatial characteristics of the speckle patterns 

generated at the output of the optical fiber. Furthermore, the findings 

demonstrate that the optical fiber can serve as a diffusive medium 
capable of monitoring variations on the positioning system 

 

 
 

Speckle Pattern, Robotic Navigation, Optical Fiber Sensor 

 

 

 

 

 

Resumen 

 
Un problema clave dentro de la navegación robótica es la complejidad de los 

algoritmos de localización, la necesidad de implementar sensores más 

robustos, así como la capacidad de trabajo en entornos con condiciones de 
iluminación poco favorables. Para satisfacer estas necesidades se han 

desarrollado tecnologías y técnicas que basan su funcionamiento en láser, 

visión y fusión de multisensores, sin embargo, también presentan desafíos por 

las condiciones del entorno. Este trabajo tiene como objetivo el estudio de las 

características estadísticas y espaciales de intensidad de un patrón de speckle 

obtenido a la salida de una fibra óptica sometida a rotación, se utiliza la 

distribución de la intensidad y la correlación de imágenes para establecer sus 

características. Los resultados presentados sugieren que es factible generar un 
modelo de localización robótica en base a las características estadísticas y 

espaciales de los patrones de speckle generados a la salida de la fibra óptica. 

Asimismo, se muestra que la fibra óptica puede ser un medio difusor capaz de 

monitorear variaciones en sistemas de posicionamiento robótico. 

 

 
 

Patrón de Speckle, Navegación Robótica, Sensor de Fibra óptica 

 

 

 

 

Area: Promotion of frontier research and basic science in all fields of knowledge 

 

Citation: López-Álvarez, Yadira Fabiola, Peña-Lecona, Francisco Gerardo, Rodríguez-Franco, Martín Eduardo and Jara-

Ruiz Ricardo. [2025]. Principles of speckle pattern correlation for fiber optic sensors. Journal of Technological Prototypes. 

11[26] 1-6: e31126106. 
 

 

 
 

 

 

 
 

 

 

 

ISSN 2444-4995/© 2009 The Author[s]. Published by ECORFAN-Mexico, S.C. for its 
Holding Spain on behalf of Journal of Technological Prototypes. This is an open access 

article under the CC BY-NC-ND license [http://creativecommons.org/licenses/by-nc-

nd/4.0/] 
 

Peer Review under the responsibility of the Scientific Committee MARVID®- in contribution 

to the scientific, technological and innovation Peer Review Process by training Human 
Resources for the continuity in the Critical Analysis of International Research. 

 

 

https://ror.org/043xj7k26
https://ror.org/03vncyz18
https://www.webofscience.com/wos/author/record/858292
https://www.webofscience.com/wos/author/record/858292
https://orcid.org/0000-0002-9041-1908
https://ror.org/043xj7k26
https://orcid.org/0000-0002-9537-8633
https://ror.org/03vncyz18
https://www.webofscience.com/wos/author/record/875499
https://www.webofscience.com/wos/author/record/875499
https://orcid.org/0000-0002-6804-4777
https://ror.org/03vncyz18
https://www.webofscience.com/wos/author/record/321337
https://orcid.org/0000-0001-7725-4138
https://doi.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.marvid.org/
https://crossmark.crossref.org/dialog/?doi=10.35429/JTP.2025.11.26.3.1.6&domain=pdf&date_stamp=2025-12-30


2 

Journal of Technological Prototypes                                                               11[26]1-6: e31126106 

Article 

  

 ISSN: 2444-4995 

RENIECYT-SECIHTI: 1702902 
ECORFAN® All rights reserved 
 

López-Álvarez, Yadira Fabiola, Peña-Lecona, Francisco Gerardo, 

Rodríguez-Franco, Martín Eduardo and Jara-Ruiz Ricardo. [2025]. 

Principles of speckle pattern correlation for fiber optic sensors. Journal of 
Technological Prototypes. 11[26] 1-12: e31126106. 

https://doi.org/10.35429/JTP.2025.11.26.3.1.6 

 

Introduction 

 

Recent advances in robotics, as well as the 

incorporation of microelectromechanical 

systems (MEMS), have driven the use of new 

technologies and techniques to perform assigned 

tasks more efficiently and with greater precision. 

Robotic navigation is one area that has led to the 

integration of multisensors and the combination 

of methods to achieve better results in system 

performance (Masalskyi, 2025).  

 

These models use artificial intelligence 

(AI) to determine their location and are mainly 

focused on minimising location loss (Gao, 

2025), incorporating neural networks to 

establish routes with real constraints (Zhichao, 

2025) using a combination of multiple sensors 

(Ušinskis, 2025), optical flow measurement to 

navigate in unknown spaces (Raju, 2024), and 

even adaptations in fibre optic gyroscopes (Xu, 

2023), either using interferometry 

(Shuangxiang, 2022), multicore (Sun, 2024) and 

Bragg gratings (Lu, 2022), these new sensors 

have been able to measure stress, angular 

velocity, vibration, among others, with a 

resolution of up to °/hour (Renjie, 2024). 

 

Other studies use fibre optic sensors 

based on specklegram measurement, focusing on 

the measurement of temperature, weight, 

refractive index (Wang, 2017), displacement 

(Osório, 2022), mechanical disturbances 

(Gómez, 2013), rotation and translation with an 

approximate RMS error of 2-2. 4 μm (Csencsics, 

2022), observing that the angular displacement 

of the speckle pattern corresponds to the angle of 

rotation of a birefringent crystal (Gangwar, 

2021), as well as the application of semi-

automatic systems to detect the angle of rotation 

of the pattern by comparing images before and 

after deformation (Hasegawa, 2013). 

 

In general, the analysis of speckle 

patterns is performed by cross-correlating 

images, where one image is acquired before 

deformation and another after. This can be done 

in full field or through the use of windows, 

presenting greater robustness.  

 

Data analysis using systems for angular 

displacement has also been reported, which are 

faster but they require a more stable optical 

system setup and are complex to integrate. 

 

 

Despite the good results in the 

implementation of optical sensors, there are still 

limitations in environmental conditions, high 

computational consumption, complex 

algorithms, low robustness, and even frequent 

calibration and maintenance, which make the 

monitoring of a system's position an area where 

further work is needed. 

 

This work focuses on the study of 

speckle patterns subjected to rotation for 

integration into robotic systems. 

 

First, we propose to identify random 

specklegrams within the rotation model by 

applying the correlation between the base 

speckle and the deformed speckle with arbitrary 

rotations. Next, we analyse the frequency 

characteristics of each set of specklegrams using 

the limitations of digital holography as a source 

of validation for the results. 

 

Theoretical análisis 

 

The speckle pattern effect can be used in various 

techniques such as speckle interferometry, 

which is used to verify phase changes, and 

speckle photography or correction. In general, 

these techniques allow the measurement of 

displacement components in the plane on the 

surface of any rough object. The importance of 

using optical techniques lies in their non-contact 

characteristics and their high speed of obtaining 

results. 

 

In the case of pattern correlation, sub-

images of 16 x 16 or 32 x 32 pixels are 

subtracted. Surface deformation is analysed 

using a digital cross-correlation approach. 

 

The algorithm used to obtain the 

correlation between the two images is performed 

using a Fourier Transform (FFT), equation [1]. 

  

𝑓(𝑝, 𝑞) = 𝐹−1(𝐼𝑆1
∗ 𝐼𝑆2)               [1] 

 

Where 𝑓(𝑝, 𝑞), represents a discrete two-

dimensional cross-correlation between sub-

images, 𝐹−1 is the inverse Fourier transform, * 

represents the complex conjugate, and 𝐼𝑆1 y 𝐼𝑆2 

represent the subimages, reference and distorted, 

respectively (O. Yalukava, 2005). 
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On the other hand, when two wavefronts 

overlap, a specklegram is generated, which uses 

Fourier window-based processing to recover 

both intensity and phase information. A CCD 

sensor is used, and the behaviour corresponds to 

the equation [2]. 

 

𝐼𝐻(𝑥, 𝑦) = |𝑈𝑅(𝑥, 𝑦)|2 + |𝑈0(𝑥, 𝑦)|2 +
𝑈𝑅

∗(𝑥, 𝑦)𝑈0(𝑥, 𝑦) + 𝑈𝑅(𝑥, 𝑦)𝑈0
∗(𝑥, 𝑦)               [2] 

 

Where 

 

𝑈𝑅(𝑥, 𝑦) = 𝑢𝑟(𝑥, 𝑦)𝑒𝑥𝑝𝑖𝜑(𝑥,𝑦)    [3] 

 

and 

 

𝑈0(𝑥, 𝑦) = 𝑢0(𝑥, 𝑦)𝑒𝑥𝑝−𝑖𝜑1(𝑥,𝑦)    [4] 

 

Equations [2,3] represent the reference 

beam and the deformation beam, respectively, 

(x, y) denote the coordinates in the hologram 

plane, describe the spatial frequencies, and * 

denotes the complex conjugate. 

 

Applying the Fourier Transform: 

 

𝐹{𝐼𝐻(𝑥, 𝑦)} = 𝐼(𝑢, 𝑣) = 𝐴(𝑢, 𝑣) + 𝐶(𝑢 − 𝑓𝑥 , 𝑣 −

𝑓𝑦) + 𝐶∗(𝑢 + 𝑓𝑥, 𝑣 − 𝑓𝑦)     [5] 

 

A bandpass filter is applied by separating 

one of the last two terms of the previous 

equation, finally obtaining the phase distribution 

and obtaining the equation: 

 

𝜑(𝑥, 𝑦) + 2𝜋(𝑓𝑥𝑥 + 𝑓𝑦𝑦) = arctan⁡
𝐼𝑚[𝐶(𝑢−𝑓𝑥,𝑣−𝑓𝑦)]

𝑅𝑒[𝐶(𝑢−𝑓𝑥,𝑣−𝑓𝑦)]
   [6] 

 

Therefore, the characteristic stripe 

pattern will be determined by a phase difference 

between the two states studied. 

 

𝛥𝜙𝑚 = 𝜑1
′ (𝑥, 𝑦) − 𝜑(𝑥, 𝑦)                [7] 

 

However, this technique is only viable 

when the maps do not have high frequencies, 

meaning that the measurement cannot be 

determined over large ranges. In these cases, 

simulation algorithms are developed that 

generate an ideal phase difference, but the 

computational cost remains high (Chae, 2024). 

 

 

 

 

 

 

 

Methodology 

 

Experimental development 

 

For the development of the experiment, a He -Ne 

laser with a wavelength of 632.8 nm was used as 

the light source. It was divided into two beams, 

one of which was used as a reference and 

reflected onto a mirror with a 5-degree 

inclination. The second beam was focused onto 

the input of a single-mode optical fibre, used as 

a diffuser medium. The output beam from the 

fibre was superimposed on the reference beam, 

creating the characteristic speckle pattern. To 

simulate mechanical deformation on the 

diffusing medium, a high-precision rotation 

mount was placed, and the rotation angles were 

recorded every 12 arc minutes, with a complete 

rotation (360°). 

 

A CCD (Charge Coupled Device) 

camera, a computer, and an acquisition system 

designed in MATLAB were used to acquire the 

specklegrams. 

 

Data análisis 

 

After acquiring the base images, the diffuser 

medium was rotated arbitrarily, generating new 

images with. 

 

To identify the closest correlation 

coefficient for each value of I, sub-images of 32 

x 32 and 16 x 16 pixels were subtracted, as 

indicated in Table 1. 

 

The process for detecting and classifying 

random specklegrams followed these steps: 

 

1. Read the images, place a base image. 

2. Calculate and compare the correlation of 

the images in the analysed folder, 

without comparing them to the base. 

3. Display the image with the highest 

correlation coefficient with the base 

image. 

 

To purchase the correlation classifier, we 

used the limitations of the digital holography 

technique. This technique is used to verify at 

least one phase shift between the specklegrams 

obtained with arbitrary 0.2° rotations of the 

mount. 
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Results 

 

Table 1 shows the results of the correlation 

between the base images and the arbitrarily 

rotated specklegrams (In, n=1,2,3,4,5,6). The 

calculations were performed for two subimage 

sizes (32 and 16 pixels). The image with the 

highest correlation is also shown, as well as the 

correlation coefficient for each one. It can be 

observed that the correlation coefficient values 

for the 32x32 pixel sub-images show a lower 

correlation with the base images than those 

obtained for 16x16 pixels. Figure 1 shows the 

specklegrams for the base image and their 

respective classification. 

 

Box 1 
 

Table 1 

Correlation coefficient value for each sub-image 

of 32x32 and 16x16 pixels. 

 
Base 

image 

Subimage 

size 

(pixels) 

Correlation 

image 

Correlation 

coefficient 

(r) 

I1 32x32 

16x16 

80° 

80° 

0.9683 

0.9941 

I2 32x32 

16x16 

30° 

30° 

0.9470 

0.9876 

I3 32x32 

16x16 

160° 

160° 

0.9937 

0.9989 

14 32x32 

16x16 

200° 

220° 

0.9610 

0.9883 

15 32x32 

16x16 

8.6° 

8.6° 

0.9847 

0.9975 

I6 32x32 

16x16 

340° 

340° 

0.9207 

0.9785 

 

Own Elaboration 

 

Box 2 
 

 
                      a                                            b 

 

Figure 1 

Corresponding speckle patterns of (a) I3 and (b) 160° size 

of 16x16 pixels 

Own Elaboration 

 

 

The specklegrams between 0.2° and 06° 

were verified, and the results are shown in Figure 

2, where (a) indicates the interference fringes 

resulting between a 0° and 0.2° base image, (b) 

shows the fringe pattern resulting between the 0° 

and 0.4° correlation, and (c) indicates the 

resulting pattern between 0° and 0.6°. With these 

measurements, it can be verified that as the 

deformation increases, the interference fringes 

are lost within the pattern distribution. 

 

Box 3 
 

 
                          a                                            b 
 

Table 2 

Corresponding speckle patterns of (a) I5 and 8.6° degrees 

and (b) I3 and 160° degrees 

Own Elaboration 

 

Figure 3 shows the results obtained using 

the digital holography technique. The technique 

was applied to the images showing the highest 

correlation, as shown in Table 1. In both cases, 

stripe patterns formed between the two 

superimposed wavefronts were identified. In this 

case, Figure 3(a) corresponds to 8.6° degrees of 

correlated base image with I5 for a subimage size 

of 16x6 pixels, with a correlation coefficient of 

0.9975.  

 

Considering that a value of 1 would be 

the maximum correlation, it can be said that the 

system for classifying speckle patterns is 

showing good results. and (b) shows the 

interference fringe pattern resulting from the 

holographic technique between I3 and 160°, 

with a subimage of 16x16 pixels. In this case, the 

visibility of the fringes is more noticeable, and 

the reported correlation coefficient has a 

difference of 0.0025.  
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Box 4 
 

 
                   a                           b                            c 

 

Figure 3 

Corresponding speckle patterns of (a) 0.2°, (b) 0.4°, and 

(c) 0.6° 

Own Elaboration 
 

Conclusion 

 

An analysis of the spatial characteristics of 

holograms obtained for rotational deformation 

has been developed with a view to their future 

application in robotic systems. It was possible to 

determine the location of the deformation based 

on the correlation function, and the limitation of 

the digital holography technique at high 

frequencies was applied, obtaining a distribution 

of fringes in the specklegrams with a higher 

correlation coefficient. 

 

Although these are preliminary results 

for the classification of speckle patterns in an 

optical fibre, as well as for a solution that 

provides an alternative to the bandwidth 

limitations of digital specklegrams, the results 

show that the use of optical fibre as a diffuser 

system is viable and that results correlated with 

deformation measurements can be obtained. 
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Abstract 

 

Today’s energy requirements for socio-industrial sectors have been 
compromised due to the global warming issue, one of the renewal energy 

most profitable is solar energy, this energy has levels of estimated peta 

watts per second (PW/s) which is impressive and highly usable, the most 

used device for its obtainable energy are solar panels because of the 

technique it needs, from converting photon energy to electrical usable 

energy, but today we need more alternatives to get and take advantage of 
transforming the energy, the development of a new semiconductor has 

been the principal alternative to helping us getting all the energy possible 

from the sun, this aims for the designing and simulating of this power 
generation system, the físic model of the semiconductor material is 

BixSb2-dTe3, the principal way of optimize our Artificial Neural Network 

(ANN) for its correctly function is enabling optimization of the 𝛼(𝑇), 

𝜎(𝑇), and 𝜅(𝑇) parameters to match the output values of the electrical 

generation. 

 

 
 
Energy, Global warning, semiconductors, Deep Learning, Informed-

Physics 

Resumen 

 

Los requisitos de energía actuales para los sectores socio-industriales se 
han visto comprometidos debido al problema del calentamiento global. 

Una de las energías de renovación más rentables es la energía solar, esta 

energía tiene niveles estimados de peta watts por segundo (PW/s), que es 

impresionante y altamente utilizable, el dispositivo más utilizado para su 

energía obtenible son los paneles solares debido a la técnica que necesita, 

desde la conversión de energía de fotones en energía eléctrica, pero hoy 
necesitamos más alternativas para obtener y aprovechar la 

transformación de la energía. El desarrollo de un nuevo semiconductor 

ha sido la principal alternativa para ayudarnos a obtener toda la energía 
posible del sol, que tiene como objetivo el diseño y la simulación de este 

sistema de generación de energía, el modelo del material semiconductor 

es BixSb2-dTe3, y la principal forma de optimizar nuestra Red Neural 

Artificial (ANN) para su funcionamiento correcto es permitir la 

optimización de los parámetros 𝛼(𝑇), 𝜎(𝑇), and 𝜅(𝑇). 
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Introduction 

 

Nowadays, it is important to be interested in the 

issue of global warming, and that requires a few 

things to keep in mind. One of the most worrying 

problems is the excessive use of electricity 

worldwide, and the aspect we want to address is 

minimising its use, especially that generated 

from coal and hydrocarbon derivatives. The use 

of these methods to generate electricity, which 

involves all the requirements for using them, has 

left a mark on climate change, causing glaciers 

to melt and terrible rains in some specific areas. 

This is really causing the climate to change in an 

extreme way, and this can be really dangerous 

for human and animal welfare. 

 

As mentioned by Iturbe & Mendoza 

(2025), there is a high consumption of energy in 

Mexico, so the government has adapted to the 

increased use of new technologies to obtain 

clean energy. It is mentioned that there are 

several states where solar irradiance is highly 

usable for technologies involving solar energy 

(photonics) to generate electricity. They are also 

implementing IoT technology for remote data 

recovery, which will be useful in future 

generations for the implementation of 

technologies that take advantage of this type of 

energy. They conducted an experiment 

connecting a solar panel to collect this data, 

obtaining variables such as voltage, temperature, 

and irradiance. 

 

To resolve some issues related to global 

warming and the problems caused by CO2 

emissions, we researched new technologies that 

can be implemented to combat the problem that 

concerns us. This research deals with the 

renewable sources available on Earth and the 

easiest way to harness energy due to the 

problems of use and generation that cause global 

warming. 

 

In our specific case, the sun is 

responsible for the nuclear fusion process that 

reaches the earth through photons, which are 

known as packets of electromagnetic wave 

energy. 

 

Baquero (2025) aims in his research to 

enable remote areas that do not have access to 

electrical energy to take advantage of and make 

use of this photovoltaic system technology, thus 

increasing the area of opportunity by using it for 

cultivation, agricultural tasks, among others. 

The plan we want to achieve with this 

information is to use this renewable energy 

source, and at this point, the most practical way 

to use it is with solar panels, as this device is 

capable of capturing photonic energy and 

transforming it into electrical energy. 

 

Its use is crucial today for generating 

electrical energy, but these devices do not 

manage to use 100% of the photonic energy 

emitted by the sun. They have an average 

efficiency of 20 to 30%, which makes us wonder 

about other methods or solutions to make the 

device more cost-effective. Since we know the 

capacity of solar panels, they have an important 

role to play, and their use is crucial today for 

generating energy in certain parts of Mexico and 

the world. However, they also have certain 

disadvantages. For example, they can only be 

used to their full capacity in places far from the 

Earth's poles, where sunlight is very limited and 

can only provide light for a short period of time 

each day. To address this, we created a self-

learning neural network using linear, quadratic, 

and cubic polynomials for experimentation and 

training. 

 

Likewise, as Cañamero (2025) mentions 

in his research, the principle proposed for using 

this type of device is to improve certain areas, 

specifically to obtain free internet. In this 

particular case, the aim is to take advantage of 

the leftover energy to charge a capacitor bank, 

store energy, or even use the energy obtained in 

a particular device and electromobility. 

 

The basis of our research was based on 

Peltier cells, which contain p-type and n-type 

semiconductors. Taking this principle and their 

composition into account, we have proposed to 

manufacture a cell in the future, but one whose 

coating is no longer composed of a dielectric 

substrate, but rather of bismuth telluride, which 

is capable of withstanding even more heat 

energy, allowing us to carry out more centralised 

experiments with the expectation of better 

results. 

 

The aim is to harness residual thermal 

energy to mitigate the problem of global 

warming caused by the use of fossil fuels for 

electricity generation. This method was chosen 

mainly because many daily tasks involve 

residual thermal or kinetic energy,  
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Therefore, we seek to harness the 

residual thermal energy by means of a thermo-

generator based on the principles of a 

semiconductor, which is capable of harnessing 

all the residual thermal energy from a vehicle or 

means of transport whose main task is to 

transport, or also the residual hot water from 

solar heaters, among others. In this way, we 

would address the problem of electricity 

generation and global warming to some extent, 

as it will be implemented in various daily tasks, 

making them not only efficient but also 

environmentally friendly. 

 

Methodology 

 

For this research, an experiment will be carried 

out with thermoelectric cells, which we are 

representing with the main idea of Seebeck 

effect generator cells, which are shown below in 

schematic form, explaining their content and 

basic operation. 

 

Box 1 
 

 

 
 

Figure 1 

Representation of a simple diagram of a semiconductor 

cell. 

      

In Figure 1, the diagram of a Peltier cell 

and its colloquial physical composition, which is 

based on its cold side, hot side, along with its 

dielectric substrate coating and its two blue and 

red power cables. 

 

 

 

 

 

 

 

 

 

 

 

Box 2 
 

 
Figure 2 

Representation of a general diagram of a semiconductor 

cell. 

      

The output in Figure 2 is a general 

representation of Peltier cells with their 

respective internal semiconductors, P and N, 

which are responsible for supplying heat through 

their two current cables, blue and red, their 

copper conductor and their two sides, hot and 

cold. 

 

Mathematical model for thermo-generation 

(1D) 

 

To construct a suitable design for Seebeck effect 

thermo-generated material, we start from Eq. 

[1]-[2], which represent charge transport and 

heat transport: 

 

𝐽𝑒  ⃗⃗⃗⃗   =  𝜎𝐸 − 𝜎𝑆∇𝑇                                                  [1] 

 

𝐽𝑞  ⃗⃗⃗⃗   =  𝑆𝑇𝐽𝑞  ⃗⃗⃗⃗ − 𝜅∇𝑇                                                   [2] 

 

Where E represents the electric field, 𝐽𝑒  ⃗⃗⃗⃗   

current density, T temperature,  𝐽𝑞  ⃗⃗⃗⃗   heat flow, 

𝜎electrical conductivity,  𝜅⁡thermal conductivity, 

and S (𝛼) the Seebeck coefficient.  

 

In a particular case of the thermo-

generation system, we consider a quasi-steady 

state of the system with respect to the conditions 

of Eq. [3] and [4]: 

 

∇ ⋅ 𝐽𝑒⃗⃗⃗  = 0⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡[3] 

 

∇ ⋅ 𝐽𝑞⃗⃗  ⃗ = 𝐽𝑒⃗⃗⃗  ⋅ 𝐸⁡⁡[4] 

 

Applying a particular case of 1D in the 

direction 𝑥  and a current density of  𝐽𝑒⃗⃗⃗  = 𝑗𝑒  𝑒𝑥⃗⃗⃗⃗ , 

we can estimate the general equation for thermo-

generators Eq. [5]: 
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𝜕

𝜕𝑥
(𝜅

𝜕𝑇

𝜕𝑥
) − 𝐽𝑒 

𝜕(𝛼𝑇)

𝜕𝑥
− 𝛼𝐽𝑒 

𝜕𝑇

𝜕𝑥
= −

𝐽𝑒
⁡⁡ 2

𝜎
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡[5] 

 

The Eq. [5] is the representative model of 

a thermo-generation system. In the following 

section, we will address the process of training a 

neural network in the informed physics 

approach, which will enable the design of the 

electricity generation system. 

 

Deep learning informed physics 

 

Currently, artificial intelligence has proven to be 

a tool that has triggered academic production. 

The tool behind this advance lies in artificial 

neural networks, which allow for in-depth 

analysis of the state of knowledge. In the context 

of the laws of physics, deep learning can be 

presented as a potential tool for the design and 

simulation of new physics-based systems, for 

example, the design of thermo-generation 

materials, which are the subject of research in 

our proposal. 

 

In Figure 3, we show an example of how 

an informed physics neural network works. Its 

general scheme is based on an input layer, in 

which the input values correspond to the points 

of the discretisation of space in its one-

dimensional component.  

 

Secondly, there is the hidden layer, 

which can vary from one to N layers depending 

on the needs of the system. Finally, we show the 

output layer, which in our model corresponds to 

the approximate temperature calculated by the 

deep learning system. 

 

Box 3 
 

 
 

Figure 3 

Representation of a general diagram of an artificial neural 

network for physics-informed computing      

In the output of Figure 3, deep learning 

calculates the temperature that most closely 

approximates the semiconductor's response 

using the cost function, Eq. 6 

 

 𝐿1 = (𝜅(𝑇)
𝜕 2𝑇

𝜕𝑥  2 +
𝑑𝜅

𝑑𝑇
(
𝜕𝑇

𝜕𝑥
)
 2

− 𝐽𝑇
𝑑𝛼

𝑑𝑇

𝜕𝑇

𝜕𝑥
+

𝐽 2 

𝜎(𝑇)
)
 2

[6] 

 

Where the values of 𝜅, 𝛼, Eq. [7], [8], y 

[9]: 

 

𝜅(𝑇) = ∑ 𝑎𝑖 
 𝑛
 𝑖=0 𝑇  𝑛                                            [7] 

  

𝛼(𝑇) = ∑ 𝑏𝑖 
 𝑛
𝑗=0  𝑇  𝑗                                                     [8] 

 

𝜎(𝑇) = ∑ 𝑐𝑘
 𝑛
 𝑘=0 𝑇  𝑘                                                       [9] 

 

Each coefficient in Eqs. [3]-[5] is 

calculated during the neural network training 

process. In another context, the cost function is 

balanced with the following boundary condition 

Eq. [10]: 

 

𝐿2 = (𝑇 − 𝑇𝑐𝑜𝑜𝑙)
 2 + (𝑇 − 𝑇ℎ𝑜𝑡)

 2                               [10]  
 

Where 𝑇𝑐𝑜𝑜𝑙 and 𝑇ℎ𝑜𝑡 represent the 

boundary conditions imposed for the design of 

thermo-generator materials. 

 

In general terms, the learning system 

minimises the cost function constructed by the 

values of Eq. [11]: 

 

𝐿𝑙𝑜𝑠𝑠𝑒  =  𝜆1𝐿1 + 𝜆2 𝐿2                                                   [11] 

 

Where 𝜆1 and 𝜆2 These are parameters 

that allow the information contributed by each of 

the cost functions to be modulated, with the aim 

of minimising convergence errors in the 

termination system simulation. 
 

Thermo-generator learning algorithm 

 

In order to illustrate the main characteristics of 

how the methodology works, in Algorithm 1, we 

present the main steps for searching for 

parameters and modulating the loss function that 

allows the differential equation of the thermo-

generator to be modelled: 

 

As a first step, the initial parameters are 

determined, such as the electrical, thermal and 

Seebeck effect coefficients. These parameters 

must be introduced as a polynomial degree 

function.  
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In the second stage, the algorithm adjusts 

the neural network with respect to the weights of 

its architecture. It should be noted that the 

architecture is open to the different 

characteristics of the problem. In the third stage, 

the algorithm estimates the weights that 

minimise the convergence error. If this occurs, 

the neural network has found the appropriate 

thermo-generation parameters for the imposed 

boundary conditions. 

 

Algorithm 1 

Input: Initial parameters 𝜃𝑖 =
[𝛼(𝑇), 𝜎(𝑇), 𝜅(𝑇)], learning rate η, number 

of epochs 𝑁 . 
2.  Output: Optimised parameters 𝜃𝑖  =

[𝛼 ̂,  𝜅̂,  𝜎̂] 
3. Iinitialise the neural network with 

parameters 𝜃𝑖 

4. Generate training data by sampling 

spatial points 𝑥𝑖  and corresponding 

temperature 𝑇(𝑥𝑖). 

5. Calculate the loss reported by the 

physicist £(θi) using the given PDE. 

6. Update the parameters of 𝜃𝑖 . 

7. Repeat steps 3 and 4 for N iterations or 

until convergence. 

 

In the following section, we will present 

the convergence results for a neural network 

based on Algorithm 1. On the other hand, the 

results shown will allow us to construct a 

thermo-generation scheme through the 

interaction of semiconductor materials. 

 

Results 

 

In this section, we show the results of simulating 

the parameters of a semiconductor system using 

the equations mentioned in the previous 

sections. The research is configured in three 

experimental simulation schemes: degree 1, the 

Seebeck, electrical and thermal coefficients are 

approximated to a linear, quadratic and cubic 

trend. 

 

Linear approximation coefficients 

 

In Figure 4, we show the approximation results 

of the thermo-generation system for a linear 

configuration of the simulation parameters. 

Next, we have imposed a boundary condition of 

25 to 70 °C. 

 

 

Consequently, Figure 4 shows that the 

temperature of the thermo-generator system 

exceeds the boundary conditions, even though 

the solution is stable in physical terms of 

simulation, since in the context of the material it 

breaks its semiconductor structure and would not 

have the appropriate result for electricity 

generation. 

 

In conclusion, using a linear model in the 

thermo-generation parameters allows us to 

construct a stable mathematical system, but the 

temperature exceeds the physical properties of 

the material. Therefore, we need to find a stable 

degree of convergence of the thermo-generator 

parameters. 

 

Box 4 
 

 
 

Figure 4 

Convergence results of a neural network with linear 

approximation 

      

𝛼(𝑡) = 1.7 + 0.6 ⋅ 𝑇                                                 [12] 

 

𝜎(𝑇) = 1.2 + 0.2  ⋅ 𝑇                                                [13] 

 

𝜅(𝑇) = 1.3 + 0.5 ⋅ 𝑇                                                  [14] 

 

Quadratic approximation coefficients 

 

Based on the linear results, the simulation has 

motivated the configuration of the degree; in this 

case, we will calculate the coefficients using a 

quadratic polynomial. In Eqs. [15]-[17], we 

show the training results that the coefficients 

must satisfy. 

 

On the other hand, Figure 5 shows the 

simulation results. Here, the material maintains 

smooth and stable growth to maintain the 

boundary conditions, which adequately satisfies 

both the simulation conditions and the stable 

behaviour of the material. 
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Box 5 
 

 
Figure 5 

Simulation results for a set of quadratic polynomials 

 

In conclusion, the result of quadratic 

polynomials meets the conditions for material 

design. However, 

 

𝛼(𝑇) = 6.1 + 1.4 ⋅ 𝑇 − 0.5𝑇  2                      [15] 

 

𝜅(𝑇) = 3.2 + 1.4 ⋅ 𝑇 + 0.6 ⋅ 𝑇  2                   [16] 

 

𝜎(𝑇) = 1.1 + 4.3 ⋅ 𝑇 + 2.1 𝑇  2                      [17] 

 
Cubic approximation coefficients 

 

To contrast the quadratic convergence 

experiment, we have designed an experiment 

that consists of giving a cubic degree to the 

thermo-generation coefficients. Figure 6 shows 

the convergence result of the neural network. We 

can see from its profile that the temperature 

remains within the convergence range of the 

boundary conditions. However, compared to the 

quadratic results, the solution remains within a 

similar range. 

 

Box 6 
 

 
Figure 6 

Convergence results for a cubic simulation 

In Eqs. [18]-[20], we show the results 

calculated from the convergence polynomials, 

which contribute to the solution of the general 

equations of the thermo-generator. 

 

Comparing the results shown in the 

quadratic and cubic polynomials, similar 

configurations can be observed. Therefore, we 

have considered using the quadratic results, as 

they simplify the calculations and manufacture 

of the thermo-generator material. 

 

𝛼(𝑇) = 4.2 + 1.5  ⋅ 𝑇 − 0.08𝑇  2 − 0.4𝑇  3            [18] 

 

𝜅(𝑇) = 2.2 + 1.2 ⋅ 𝑇 + 0.7𝑇  2 + 0.4𝑇  3               [19] 

 

𝜎(𝑇) = 1.1 + 3.6 ⋅ 𝑇 + 2.6𝑇2 + 1.3𝑇  3                [20] 

 

Optimal coefficient results 

 

Finally, the results presented in the previous 

sections have demonstrated that it is possible to 

determine thermo-generation parameter design 

based on polynomial modulation. In conclusion, 

quadratic degree polynomials are sufficient 

elements to determine thermo-generators at the 

design level.  

 

To determine a graphical representation 

of the Seebeck, thermal, and electrical 

coefficient results. In Figure 7, we show the 

trend profiles with respect to the system 

temperature. The results are consistent with the 

results of Eq. [15]-[17]. 

 

Box 7 
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Figure 7 

Results of Seebeck effect coefficients, electrical and 

thermal conduction 

 

Conclusion 

 

We have presented a research analysis of 

thermo-generation material design using 

artificial intelligence techniques, particularly 

physics-informed deep learning. Based on the 

results, it is possible to design a thermo-

generation material using fundamental laws of 

physics and artificial neural networks, under the 

physics-informed scheme. 

 

The results shown determine that, due to 

the nature of the boundary conditions imposed, 

the thermoelectric generation material is 

determined from a quadratic trend, since the 

linear approximation is not a good approach, as 

the differential conditions are outside the 

properties of the material. Consequently, the 

quadratic trend is the best approximation by 

degree of complexity compared to the cubic one. 

Future research will involve implementing the 

thermo-generated material design results in 

bismuth telluride materials to verify their 

electricity generation capabilities. Furthermore, 

once a thermoelectric generation unit cell has 

been manufactured, we will build a set of cells to 

produce electricity according to consumption 

demand. 
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Abstract  

 

Fruit dehydration increases shelf life. The objective of this study was 

to dehydrate sliced peaches (Prunus persica) using a direct solar 

dryer, operating under natural convection (NC) and forced 

convection (FC), to determine whether their organoleptic properties 

are preserved. The fruit was cut into slices (4.8 ± 0.3 cm in diameter 

and 0.3 ± 0.06 cm thick) and placed on polymeric mesh trays 

measuring 24 cm x 32 cm inside the dryers. Humidity, temperature, 

and weight were recorded. Records were kept every 30 min until no 

weight change occurred. The results were dehydration time 5.5 h, 

and moisture content of 10.06% and 13.05% for NC and FC, 

respectively. It is concluded that forced convection is the most 

efficient method due to the product's organoleptic characteristics. 
 

 
 

Peach, Solar dehydration, Natural and Forced Convection 

 

 

 

 

 

 

Resumen 

 

El deshidratado de frutas incrementa la vida de anaquel. El objetivo de 
este trabajo es deshidratar durazno en formas de rodajas (Prunus pérsica) 

mediante un secador solar directo, operando en convección natural (CN) 

y en convección forzada (CF), para determinar si se conservan sus 

propiedades organolépticas.  La fruta se cortó en rebanadas (4.8 ±
⁡0.3⁡cm⁡de diámetro y 0.3 ±⁡0.06⁡ cm de grosor), fueron colocadas en 

charolas de malla polimérica con dimensiones de 24 cm x 32 cm, se 
colocan dentro de los secadores. Se registraron los datos de humedad, 

temperatura y peso. El registro se realiza cada 30 min hasta que no haya 

variación del peso. Los resultados fueron: Tiempo de deshidratado 5.5 h, 
% de Humedad de 10.06% y 13.05% para CN y CF respectivamente. Se 

concluye que la convección forzada por las características organolépticas 

del producto es la más eficiente. 
 

 
 

Durazno, deshidratación solar, natural y forzada 
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Introduction 

 

For some time now, techniques have been 

observed that help extend the life of foods. 

Because some of these foods are climacteric or 

seasonal, their quality and shelf life are affected 

by the inadequate treatment they receive from 

cultivation to sale, where the consumer may 

reject the product at the time of purchase, and 

this implies losses for the seller.  

 

The best-known and most widely used 

technique is food dehydration. Solar dehydration 

in Mexico, as well as in the rest of the world, has 

been practiced since ancient times for the drying 

of meat, plants, vegetables, and fruits because it 

is an accessible technique that only requires the 

sun (García, V. O., Pilatowsky, F. I., 2017). In 

recent years, studies have been conducted on 

ways to harness solar energy, as well as other 

renewable sources, for different processes. This 

is why this type of energy is being implemented 

in this research and is helping the environment 

(Ortiz Q. M., 2019). 

 

Food dehydration is a method used to 

preserve food for longer by reducing the amount 

of water present, which inhibits microbial 

growth and enzymatic activity, making it 

available for longer. The method used is the 

application of heat, more specifically hot air. It 

is a simultaneous process of heat and mass 

transfer. 

 

In 2023, the peach harvest in Mexico 

reached 258,000 tons. Table 1 shows the 

country's main peach producers (SIAP, 2023). 

 

Box 1 
 

Table 1 

Top 10 of the main Mexican entities in peach 

production 

 
Rank Federative Entity Region Volume 

[Tons] 

1 Zacatecas Northeast 100,588 

2 Michoacan Western Center 32,158 

3 Chihuahua Northeast 30,395 

4 Puebla Center 20,682 

5 Mexico Center 17,214 

6 Chiapas South Southeast 11,767 

7 Tlaxcala Center 9,806 

8 Guerrero  Center 7,257 

9 Aguascalientes Western Center 7,039 

10 Morelos Center 5,314 

Rest of the states 15,564 
 

 

 

 

 

The municipalities of Fresnillo, Jalpa, 

Jerez, Ojocaliente, Rio Grande, and Zacatecas 

are those with the largest area dedicated to this 

fruit (SIAP, 2023). The peach is a fruit grown in 

temperate zones; its fruit contains a seed 

enclosed in a hard shell, lined with velvety skin 

with yellow pulp (Mireles, 2019). Due to its 

properties, it is excellent as a snack; it can be 

fully utilized since its shell is rich in vitamin A 

(Quispe, 2017), (Castorena, 2020). 

 

Drying Kinetics and Psychrometric 

Properties 

 

Drying kinetics studies the moisture content 

removed by evaporation, time, or energy 

consumption. The drying process is a unitary 

operation that involves the transfer of heat from 

the surrounding hot air to the surface of the 

product to be dried, and the transfer of water 

within the product to the surface due to a 

difference in concentration and thermodynamic 

equilibrium, followed by the transport of 

moisture to the surrounding air (Pérez, 2019). 

Figure 1 a show a typical drying curve. There is 

an induction period (A), a period of constant rate 

(B), and a period of decreasing rate (C). 

 

Psychrometrics is the science that studies 

the thermodynamic properties of humid air and 

the effect that humidity has on products. The 

difference in the partial pressure of water vapor 

in the air and the pressure of the moisture content 

in food is the driving force behind dehydration 

(Jayas, 2016). Changes in the properties of air 

and water vapor can be used to analyze the 

dehydration process and are found in the 

psychrometric chart (Figure 1 b)). 

 

Box 2 
 

 
Figure 1 

a) Typical drying curve (Ortiz C. E., 2018). b) 

Psychometric chart (Jayas, 2016) 

 

 

 

 

 

 

https://doi.org/
http://www.fordecyt.ier.unam.mx/pdf/pdfTermoSolar.pdf
http://www.fcb.uanl.mx/IDCyTA/files/volume4/4/3/57.pdf
https://nube.agricultura.gob.mx/cierre_agricola/
https://nube.agricultura.gob.mx/cierre_agricola/
http://www.fcb.uanl.mx/IDCyTA/files/volume4/4/3/58.pdf
https://revistas.ulcb.edu.pe/index.php/REVISTAULCB/article/view/61
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The objective of this study is to 

dehydrate peaches (Prunus persica) using a 

direct solar dryer in natural convection and 

forced convection to observe which of the two is 

more efficient in its operation, with regard to the 

conservation of its organoleptic properties, as 

well as the reduction of humidity. 

 

Cervantes (2017) dehydrated Diamante 

peaches using flat-bed solar dehydrators. The 

results show a dehydration yield of 20.0% (from 

fresh to dry), which is considered adequate for 

the dried product to retain most of its sensory and 

nutritional properties. 

 

Japa (2022) presented the effects of 

dehydration by surface evaporation, 

microwaves, and freeze-drying on the nutritional 

and sensory properties of fruits. The information 

obtained supports food industries in selecting the 

most appropriate dehydration method, 

depending on the nature of the fruit and the 

desired quality level. 

 

Moreno (2022) nutritionally compared a 

dehydrated orange (Citrus X sinensis) and peach 

(Prunus persica) fruit snack. The economic 

analysis determined a higher cost/benefit ratio 

when producing the orange snack, presenting a 

profit of $0.13, with a production cost of $3.00 

per 100 g of product. 

 

Cedillo (2024) proposes alternatives for 

processing and preserving surplus seasonal fruit 

production in order to promote its preservation, 

highlighting the importance of practices that 

preserve fruit flavors. Dehydration is one of the 

suggested methods. 

 

Olivares (2024) used geothermal energy 

to dehydrate pineapple. Among his conclusions, 

he notes that the trend toward consuming 

natural, low-fat, and non-perishable products to 

improve eating habits has generated an increase 

in the supply and demand for dehydrated 

products. However, it was found that these types 

of products still need to be regulated to establish 

different quality parameters in order to offer 

consumers a safe and reliable food. 

 

Zazueta et al. (2024) proposed an 

innovative project with a large-scale prototype to 

reduce the annual losses of mango, peach, and 

guava through the production and sale of these 

dehydrated products using artisanal methods.  

 

This project offers 100% natural 

products at low production costs, with an 

estimated profit of $20 per bag of product. This 

leaves open the possibility of new projects using 

fruit waste. 

 

Amaguayo et al. (2025) identified and 

quantified bioactive compounds such as 

flavonoids, antioxidants, and total phenols in 

mandarins. Furthermore, they evaluated the 

impact of two drying techniques: freeze-drying 

and hot air drying. Results indicated that freeze-

dried samples retained higher contents of 

hesperidin (27.03%–27.20%) and total phenols 

(50.54–54.19 mg GAEL^-1) compared to hot 

air-dried samples (17.99% hesperidin). Freeze-

drying was found to be the most effective 

technique for preserving bioactive compounds. 

 

Methodology 

 

The experimentation was carried out in Building 

6 of the UAZ Siglo XXI Campus (Latitude 22.77 

° N, Longitude 102.64 ° W, which has an altitude 

of 2,440 m above sea level) using peach from the 

region.  

 

The equipment and instruments used 

were: A CMP-22 pyranometer from Kipp and 

Zonen to evaluate global solar radiation while 

the experimentation was being carried out, a 

ClimaVUE50 Station that measures air 

temperature, relative humidity, vapor pressure, 

atmospheric pressure, wind (speed, taste and 

direction), coupled to the previous two 

temperature sensors, a CR-1000 data logger 

from Campbell Scientific, a Thermobalance and 

an analytical balance, both from the OHAUS 

brand, a TPM colorimeter and two 

thermohygrometers, Professional Instruments. 

 

Also two transparent acrylic booths with 

the following dimensions: 74 cm x 80 cm base, 

13 cm high at the front and 40 cm deep. One of 

them was fitted with a 5 W fan for forced 

convection operation. Polymer mesh trays 

measuring 34.2 cm long and 24 cm wide were 

also used. 

 

 

 

 

 

 

 

 

 

https://doi.org/
https://www.ecorfan.org/spain/researchjournals/Ciencias_Ambientales_y_Recursos_Naturales/vol3num10/Revista_de_Ciencias_Ambientales_y_Recursos_Naturales_V3_N10_3.pdf
https://dspace.espoch.edu.ec/items/97c02586-3538-4ae1-8562-01bde512dd0e
https://revistainvestigacionacademicasinfrontera.unison.mx/index.php/RDIASF/article/view/712
https://www.revistainvestigo.com/EditorInvestigo/index.php/hm/article/view/167
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Box 3 
 

 
 

Figure 2 

Equipment, peaches and instruments used 

 

Dehydration procedure: Peaches with 

similar ripeness were purchased to avoid 

variations in the procedure. They were washed 

and disinfected in order to proceed with cutting 

the slices so that they were the same size (4.833 

± 0.3 cm in diameter and 0.333 ± 0.06 cm thick). 

Humidity was measured at the beginning of the 

dehydration process with a sample of the peach 

slices, obtaining the following results: Initial 

weight: 4.692 ± 0.71 g, % Initial humidity; 

83.287 ± 0.82 and % Solids 16.713 ± 0.824. The 

trays were placed in the dryer cabin, which are 

at floor level. Subsequently, the weight loss in 

each tray was determined, weighing each one for 

a period of 30 minutes, until the weight was 

constant. For the analysis of the fruit color, it was 

evaluated with the CIElab system using a TPM 

colorimeter. 

 

Results 

 

Figure 3 shows the samples used in the 

thermobalance at the beginning and end of 

dehydration. 

 

Box 4 
 

 
 

Figure 3 

Initial and final sample of peach in the thermobalance 

 

Dehydration was carried out over three 

days (due to the sunlight intervals, Figure 5). 

During this time, both forced and natural 

convection were used. The operation was carried 

out during daylight; the huts were stored at night. 

The tests were performed in triplicate, and the 

results were averaged. 

 

Table 2 presents the data obtained from 

peach dehydration using natural and forced 

convection, including the internal temperature 

[°C] of the dehydrators, the change in the 

average mass of each sample over time, and their 

respective deviation. 

 

Box 5 
 

Table 2 

Results of the Operation in Natural and Forced 

Convection 

 

Time 

[min] 

Natural Convection Forced Convection 

Temperature  

[°C] 

Average mass 

of the samples  

[g] 

Standard 

Deviation  

[g] 

Temperature 

[°C] 

Average 

mass of the 

samples  

[g] 

Standard 

Deviation  

[g] 

0 37.5 168.0 5.6 36.8 187.6 21.1 

30 37.5 145.6 6.8 39.5 144.2 23.1 

60 42.1 126.0 3.6 35.4 99.4 21.1 

90 37.6 107.8 4.4 29 74.2 14.7 

120 30.5 88.9 1.2 33.9 54.6 11.1 

150 33.1 82.6 4.4 28.6 43.4 10.6 

180 35.6 72.1 3.2 30.1 37.8 8.4 

210 43.3 42.0 3.6 36.6 32.2 6.4 

270 41.4 21.0 2.1 41.3 29.4 4.2 

330 48.7 20.3 1.2 29.4 29.4 4.2 
 

 

Figure 4 presents a comparison of water 

loss in peach using natural and forced 

convection. 

 

Box 6 
 

 
 Figure 4 

Percentage of Water Loss with Operation in Natural and 

Forced Convection 

 

It is observed that water loss in the forced 

convection operation is constant throughout the 

experimental period. The most irregular pattern 

of water loss during the process is observed in 

the natural convection of dehydrated peaches.  
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An important observation is that water 

loss at the end of the forced convection test 

begins to become constant, indicating that this is 

the maximum percentage of water that can be 

removed by this method. 

 

Table 3 presents a comparison with the 

work of other authors who conducted similar 

studies. 

 

Box 7 
 

Table 3 

Comparison of the results obtained with research carried 

out by other authors 

 
Authors Dehydration 

Time [h] 

% Final 

Moisture 

Average 

Temperature 

[°C] 

Average 

Daily 

Irradiance 

[W/m²] NC FC NC FC NC FC 

Trabajo 

Actual 

5.50 5.50 10.06 13.05 38.73 34.06 446.43 

(Mireles, 
2019) 

11.67 11.67 9.00 11.00 40.00 30.00 569.90 

(Castorena, 

2020) 

7.00 7.00 12.58 18.79 NR NR 558.17 

 

The difference in average irradiance of 

this work (446.43 W/m²) with that of the cited 

authors was due to the fact that on those specific 

days it was cloudy for most of the day, although 

the results obtained in the reduction of the % of 

humidity are acceptable due to the dehydration 

time used. 

 

In Figure 5, the first day of 

experimentation shows a decrease in the 

measured global irradiance after one hour of 

experimentation. For the second day starting 

after three hours of experimentation, cloudy 

intervals began, which are very identifiable by 

the shape of the figure. Finally, the graph shown 

shows that the day was cloudy, preventing the 

total use of the solar energy received by the huts 

and the peach that was dehydrating. 

 

Box 8 
 

 
 

Figure 5 

Irradiance measured and compared with the Zacatecas_04 

Station of the Mexican Solarimetric System at the time of 

the experimentation 

 

Table 4 presents the fruit color tests 

before and after dehydration in natural and 

forced convection operations. 

 

Box 9 
 

Table 4 

Chromatic color coordinates at the end of dehydration 

 
 Natural convection Forced convection 

Initial Values Values at the end of 

the test 

Values at the end of 

the test 

L* a* b* L* a* b* L* a* b* 

62.05 14.7 47.79 38.90 16.96 23.53 49.23 19.42 41.35 

 

Comparing the data in Table 4, it can be 

seen that forced convection maintained a 

constant color, while natural convection 

oxidized the fruit, giving it a darker color. 

Therefore, in this case, forced convection is 

more efficient, preserving the peach's fresh 

appearance and giving it a more visually 

appealing look. 

 

The heat used during the dehydration 

process was supplied by the air entering the 

sheds for both natural and forced convection, at 

a temperature and relative humidity determined 

by the environment. 

 

Using a psychrometric chart, the 

properties of the air entering the sheds were 

determined; the results are shown in Table 5: 

 

Box 10 
 

Table 5 

Psychrometric properties of air for CN and CF 
 

 Natural 

convection 

Forced convection 

Temperature BS (°C) 45.66 35.37 

Relative humidity (%) 30.64 32.28 

Enthalpy (kJ/kg) 95.612 65.307 

 

To verify that the energy obtained from 

the psychrometric chart is being supplied, the 

enthalpy of water evaporation is calculated using 

thermodynamic tables, along with the 

barometric pressure during the dehydration days 

and the internal temperature inside the sheds. 

The results are shown in Table 6: 

 

Box 11 
 

Table 6 

Thermodynamic properties of water for CN and CF 

 
 Natural 

convection 

Forced 

convection 

Temperature (°C) 45.66 35.37 

Pressure (bar) 0.774 0.774 

Enthalpy (kJ/kg) 2394 2417.9 
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The air mass supplied to the booth 

operating by natural convection was calculated 

using the wind speed that occurred on those 

days, if it entered directly through the 12-inch 

diameter hole located at the back of the booth. 

 

Box 12 
 

Table 7 

Air flow entering the booth through CN 

 

 Value 

Wind (m/s) 1.314 

Inlet area (m) 0.0729 

Air flow (m3/s) 0.0958 

 

It is necessary to calculate air density 

based on the altitude and temperature at a given 

location. To this end, equation 1 allows for the 

necessary adjustment of air density: 

 

𝜌 = 1.225𝑒−
𝑧

8435
+

𝑇𝑚−15

288                                         [1] 

 

Where: 

ρ = density of dry air at the temperature and 

pressure conditions of the location of interest 

z = altitude above sea level at which the 

measurement is being taken 

Tm = average ambient temperature (Gaytán, 

2018) 

 

Substituting the values into equation 1, 

we have: 

 

ρ = 1.225 exp (−
2490

8435
+

24.67−15

288
) = 0.9430 

kg/m3  

 

Multiplying the air flow rate by the 

density of the air itself gives the mass being 

supplied to the booth operating by natural 

convection: 

 

Air mass = (0.0958 m3/s) (0.9430 kg/m3) = 

0.0903 kg/s 

 

For the mass of air entering the booth by 

forced convection, the flow rate obtained is 

multiplied by the fan speed, the inlet area, and 

the air density: 

 

Air mass = (12 m/s) (0.0729 m2/s) (0.9430 

kg/m3) = 0.8246 kg/s 

 

 

 

To obtain the total energy supplied by the 

air through natural convection and forced 

convection, multiply the air masses obtained by 

the time (in seconds) of the dehydration process 

and the enthalpies obtained using the 

psychrometric chart: 

 

Natural convection shed: 

 

Energy supplied = (0.0903 kg/s) (25,200 s) 

(95.612 kJ/kg) = 217,570.84 kJ 

 

Forced convection shed: 

 

Energy supplied = (0.8249 kg/s) (19,800 s) 

(65.307 kJ/kg) = 1,066,660.54 kJ 

 

Table 8 shows the energy required to remove 

147.7 g (natural convection) and 158.2 g (forced 

convection) of water from the peach slices 

during the process. of dehydration using the 

enthalpies of evaporation of water in Table 6. 

 

Box 13 
 
Table 8 

Energy required to remove water from peach samples 

 
 Natural 

convection 

Forced 

convection 

Initial mass of slices (g) 168.0 187.6 

Final mass of slices (g) 20.3 29.4 

Mass of water removed (g) 147.7 158.2 

Energy required (kJ) 353.6 382.6 
 

 

Comparing the results of the energy 

supplied by the air and the energy of the mass of 

the evaporated water in Table 8, it is evident that 

the energy of the air is much greater than that 

required by the slices, this is due to the losses 

that occur through the walls of the booth, the 

stability of temperature that occurred inside the 

booth at the time of removing the samples to be 

weighed, since that is where there is a greater 

loss of energy from the air, the speed of the wind 

through forced convection that made the air 

circulate faster so that all the energy contained in 

the air was not used for the most part. 

 

Conclusions 

 

After conducting and observing the results 

obtained from peach dehydration, it can be 

concluded that the method with the best 

dehydration conditions is forced convection, as 

moisture loss was more constant and the peach 

properties, such as color and aroma, after 

dehydration are improved. 

 

https://doi.org/
https://revistas.uaz.edu.mx/index.php/MemUni/article/view/804/739
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The state of Zacatecas has the solar 

potential necessary to implement more solar 

food dehydration projects or businesses. 

Depending on the characteristics of the desired 

final product, forced or natural convection can 

be used to obtain a quality product. 
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Abstract 
 

This project presents two proposals for energy savings in a bar located in 

Jiquilpan, Michoacán, Mexico. To prepare this proposal, a plant visit was 
previously conducted, a survey of the equipment and installation was 

made, and an energy consumption billing history was obtained. The first 

proposal addresses the sizing of a photovoltaic system, and the second, 
an LP gas electric motor. The evaluation of the plant resulted in the need 

for a photovoltaic system that can meet all the establishment's electrical 

consumption. There is also the possibility of using an LP Gas motor with 
a nominal power of 7.2 kW that can also cover all electrical consumption. 

The investment costs are $112,400 (5,352.38) USD for the solar panels 

and $48,900 or (2,328.57) USD for the LP gas engine, since the payment 
for the generator motor would be distributed over the 15 years of 

operation that it has. With a return on investment of 2.7 years for solar 

panels and the gas engine, a return on investment is not possible since 
the cost per kWh is much higher than the price per kWh offered by CFE. 

 
Energy saving proposal project implementing an LP gas engine and solar 

panels in a bar 

 

Objectives Methodology Contribution 

 

Reduce the cost of 

electricity in a bar 

located in Jiquilpan, 

Michoacán, by 

implementing renewable 

generation technologies 

such as solar panels or an 

LP gas generator. 

A technical visit to the 

facility was conducted to 

inventory the electrical 

equipment, obtain 

energy consumption 

records, and analyze 

local solar radiation 

conditions. Based on this 

data, energy simulations 

and economic analyses 

of both proposals were 

conducted. 

To demonstrate the 

technical and economic 

feasibility of using solar 

panels to cover total 

energy consumption, 

generating an estimated 

annual savings of 

$40,591.67 MXN. It is 

concluded that the use of 

solar panels represents a 

cost-effective and 

sustainable alternative, 

while the use of an LP gas 

generator is economically 

unviable due to its high 

operating costs. 

 

LP Gas, Solar Panels, Generator 
 

 
 

Resumen 

 

Este proyecto presenta dos propuestas para reducir el consumo de energía 

en un bar ubicado en Jiquilpan, Michoacán, México. Se realizó una visita 
técnica para realizar un levantamiento del equipo instalado y obtener el 

historial de facturación eléctrica. La primera propuesta consiste en la 

implementación de un sistema fotovoltaico capaz de cubrir la totalidad 
del consumo eléctrico del establecimiento. La segunda opción considera 

el uso de un motogenerador a Gas LP con una potencia nominal de 7.2 

kW, también suficiente para cubrir el consumo. La inversión estimada es 
de $112,400 MXN (5,352.38 USD) para los paneles solares y $48,900 

MXN (2,328.57 USD) y para el motogenerador, considerando una vida 

útil de 15 años. El sistema fotovoltaico ofrece un retorno de inversión de 
2.7 años. Mientras que el motogenerador no resulta rentable debido al 

alto costo por kWh que supera al ofrecido por la CFE. Por lo tanto, se 

concluye que la mejor opción es la solar. 
 

 
Proyecto de propuesta de ahorro de energia implememntando un motor de 

gas LP y paneles solares en un bar. 

 

Objetivos Metodología Contribución 

Reducir el costo de la 

energía eléctrica en un 

bar ubicado en Jiquilpan, 

Michoacán, mediante la 

implementación de 

tecnologías de 

generación renovable 

como paneles solares o 

un moto generador a gas 

LP. 

Una visita técnica al 

establecimiento para 

levantar el inventario de 

equipos eléctricos, 

obtener el historial de 

consumo energético y 

analizar las condiciones 

de radiación solar local. 

A partir de estos datos, 

se realizaron 

simulaciones 

energéticas y análisis 

económicos de ambas 

propuestas. 

Demostrar la viabilidad 

técnica y económica de 

emplear paneles solares o 

moto generador de gas LP 

para cubrir el consumo total 

de energía, generando un 

ahorro anual estimado de 

$40,591.67 MXN con los 

paneles solares. Se concluye 

que el uso de paneles solares 

representa una alternativa 

rentable y sustentable, 

mientras que el uso del moto 

generador a gas LP resulta 

económicamente inviable por 

su alto costo operativo. 

 

Paneles solares, motogenerador, Gas LP
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1. Introduction 

 

Tequila is one of the most popular traditional 

beverages in Mexico, especially in the western 

region of the country where it originates. For this 

reason, there are several establishments 

dedicated to the production of prepared drinks 

that include tequila, soda, and ice. Ice is 

particularly emphasized, as it requires 

refrigerators for storage, which are major 

consumers of electricity (Susanto et al., 2013). 

This presents a great opportunity to implement 

renewable energy generation technologies, such 

as solar panels, or to consider other alternatives 

like a power generator. Given the 

establishment's energy consumption, which 

averages 1,559.54 kWh per bimonthly period, 

two proposals were developed: the installation of 

600W solar panels or the use of a gas-powered 

generator with a nominal power of 7.2 kW. 

 

Globally, there is an ongoing shift from 

conventional to renewable energy sources to 

reduce environmental impact. Renewable 

energies offer the advantage of minimizing 

ecological damage and, unlike fossil fuels, are 

not associated with greenhouse gas emissions 

(Hernández et al., 2023). A key solution 

involves replacing fuels by adopting new 

technologies, improving efficiency, and 

implementing energy-saving strategies (Encino-

Chavez, 2019). (Coelho et al., 2024) developed 

and implemented an optimized model of hybrid 

renewable energy systems applied to small 

communities, comparing standalone and grid-

connected configurations through a technical, 

economic, and environmental analysis. 

 

The study evaluated four specific 

scenarios: solar–wind systems with hydraulic 

storage, with and without batteries, and two grid-

connected systems combining solar or wind 

energy with hydraulic storage. 

 

The results showed that grid-connected 

configurations require a lower initial investment, 

while standalone solutions achieve relatively 

competitive levelized energy costs. The best 

performance was obtained with the wind–

storage–grid configuration, achieving 91.7% 

energy independence and a stable cash flow. 

These changes are not limited to high-

consumption industries; they can also be applied 

to smaller businesses to reduce costs and 

enhance competitiveness at the local and 

regional levels, while also benefiting the 

environment (Vera -Romero et al., 2025). 

The objective of this project is to reduce 

the electricity costs of the establishment by 

implementing renewable technologies or a gas-

powered generator, aiming to achieve greater 

energy efficiency and lower operational costs. 

Additionally, the project seeks to be 

economically viable for the business owner and 

to create economic savings that could support 

the future growth of the establishment, all in an 

environmentally responsible way. To achieve 

this, a field visit was conducted to assess the 

equipment in use, recording nameplate data for 

each device. Based on this assessment, two 

energy generation proposals were developed 

with the aim of achieving economic savings: 

 

1. The design of a solar panel system to 

generate clean energy, and 

2. The implementation of a 7.2 kW gas-

powered generator to self-generate 

electricity using LP gas. 

 

2. Methodology 
 

To carry out the two aforementioned proposals, a 

visit to the site was conducted, during which an 

inventory of all installed equipment was made in 

order to determine the total installed power capacity. 

(Table 1) 

 

Box 1 
 

Table 1 

Equipment Inventory of the Establishment 

 
Equipment Amount Power / W Total Power / W 

TV 3 155 465 

Fan 4 100 400 

Blender 3 200 600 

Fridge 3 280 840 

Freezer 2 280 560 

Horizontal freezer 2 147 294 

Spotlights 20 3 60 

Total ----------- ------------- 3159 

 

In addition, consumption history data 

from the Federal Electricity Commission also 

known as (CFE) was requested to determine the 

plant's average, maximum, and minimum energy 

consumption. This information was essential for 

developing an optimal proposal and ensuring 

compliance with monthly energy requirements. 

(Table 2). 
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Box 2 
 

Table 2  

Consumption History of the Evaluated Establishment 

 

Month 
Consumption 

kWh 
Cost MXN Cost USD 

24 May- 24 July 

2023 
1666 $7,650.00 $364.29 

24 July- 21 Sept 

2023 
1577 $7,267.00 $346.05 

21 Sep- 22 Nov 

2023 
1723 $7,889.00 $375.67 

22 Nov- 22 Jan 2023 1838 $8,300.00 $395.24 

22 Jan - 22 Mar 

2024 
1535 $7,003.00 $333.48 

22 Mar -23 May 

2024 
1555 $7,147.00 $340.33 

23 May- 24 Jul 2024 1527 $7,020.00 $334.29 

24 July --25 Sep 

2024 
1509 $7,095.00 $337.86 

25 Sep- 26 Nov 

2024 
1436 $6,758.00 $321.81 

26 Nov- 24 Jan 2025 1446 $6,737.00 $320.81 

24 Jan- 26 Mar 2025 1343 $6,325.00 $301.19 

Max 1838 $8,300.00 $395.24 

Min 1343 $6,325.00 $301.19 

Average 1559.545455 $7,199.18 $342.82 

Total 17155 $48,085.00 $2,289.76 

 

For the implementation of the 

photovoltaic system, the plant's consumption 

was analyzed to know how many kWh the plant 

uses and in this way obtain a monthly average of 

the kWh to know what type of characteristics the 

solar panels need. (Table 2). Depending on the 

number of solar hours at the place where they 

will be installed. To obtain the number of peak 

solar hours, we based ourselves on (Vera-

Romero, et al 2025) who carried out a study in 

the same región (Table 3). 
 

Box 3 
 

Table 3 

Average solar irradiation in the region 

 

Month 

Average Solar 

Radiation𝑾/
𝒎𝟐 

Monthly 

Average 

Solar 

Radiation 

𝑾/𝒎𝟐 

Peak Solar 

Hour 

(HSP) 

January 424 4023 4.02 

February 306 2910 2.91 

March 575 5463 5.46 

April 508 4822 4.82 

May 479 4548 4.55 

June 429 4076 4.08 

July 410 3896 3.9 

August 377 3582 3.58 

September 426 4,043 4.04 

Octubre 409 3888 3.89 

November 393 3733 3.73 

Max 373 3542 3.54 

Min 575 5463 5.46 

Average 306 2910 2.91 

 

 

Next, the best option for solar panels was 

selected, featuring 20% efficiency and a power 

output of 600 W. Based on these specifications, 

the required number of panels was calculated 

using the following equation (eq. 1). (Lázaro 

Castillo et al,.2023) 

 

  The solar panel was sourced from 

Mercado Libre (2025a), where its full technical 

specifications were also provided.  

 

𝑁𝑜. 𝑑𝑒⁡𝑃𝑎𝑛𝑒𝑙𝑠
𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛⁡

𝑊ℎ

𝑑𝑎𝑦

𝜂𝑝𝑎𝑛𝑒𝑙∗𝑃𝑎𝑛𝑒𝑙⁡𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦⁡(𝑊)∗𝐻𝑆𝑃
     [1] 

 

The evaluations were carried out based 

on the maximum, minimum, and average energy 

consumption. As a result, the following numbers 

of solar panels were determined. 
 

Box 4 
 

Table 4 

Number of panels needed 
 

Consumption 
Number of 

panels 
Rounder 

panels 
Installed 

power/ kW 
Max 13.68 14 8.4 
Min 11.81 12 7.2 
Average 13.01 13 7.8 

 

Subsequently, evaluations were 

conducted on the simulated energy produced by 

the panels on a daily basis, which were then 

converted to monthly values (Table 4). This 

allowed for a comparison of the potential energy 

generation from the solar panels under average, 

minimum, and maximum conditions (Tables 

5,6,7). 

 
Box 5 
 

Table 5 

Energy simulation with the maximum number of solar 

panels on a daily and monthly basis 

 
Energy simulator for maximum values 

Month E. maximum day 

(Wh/day) 

E. maximum month 

(kWh/month) 

January 26001.4 806.0 

February 18821.9 527.0 

March 35315.3 1094.8 

April 31175.8 935.3 

May 29429.4 912.3 

June 26389.4 791.7 

July 25225.2 782.0 

August 23155.4 717.8 

September 26130.7 783.9 

October 25160.5 780.0 

November 24125.6 723.8 

December 22896.7 709.8 

Total annual energy produced 9,564.36 

Total energy produced by project 143,465.41 

Cost per kw of the project  $ 1.19 MXN ($0.05 USD) 

https://doi.org/
https://rgsa.openaccesspublications.org/rgsa/article/view/12431/6918
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Box  6 
 

Table 6 

Energy simulation with the average number of solar panels 

on a daily and monthly basis 
 

Energy simulation for average values 

Month E. maximum day 

(Wh/day) 

E. maximum month 

(kWh/month) 

January 24144.1 748.5 

February 17477.5 489.4 

March 32792.8 1016.6 

April 28948.9 868.5 

May 27327.3 847.1 

June 24504.5 735.1 

July 23423.4 726.1 

August 21501.5 666.5 

September 24264.2 727.9 

October 23363.3 724.3 

November 22402.4 672.1 

December 21261.2 659.1 

Total annual energy produced 8881.19 

Total energy produced by project 133217.88 

Cost per kw of the project   $ 1.19 MXN  ($0.05 USD) 

 

Box 7 
 

Table 7 

Energy simulation with the minimum number of solar 

panels on a daily and monthly basis 

 
Energy simulation for min values 

Month 

E. Maximum 

day (Wh/day) 

E. Maximum month 

(kWh/month) 

January 22286.9 690.9 

February 16133.0 451.7 

March 30270.2 938.4 

April 26722.1 801.7 

May 25225.2 782.0 

June 22619.5 678.6 

July 21621.6 670.3 

August 19847.5 615.3 

September 22397.8 671.9 

October 21566.2 668.6 

November 20679.1 620.4 

December 19625.8 608.4 

Total annual energy produced 8198.02 

Total energy produced by project 122970.36 

Cost per kw of the project $ 1.18 MXN 

($0.05 USD) 

 

After completing the energy production 

simulation, a comparison was made between the 

actual consumption and the simulated energy 

generation to determine the difference in kWh 

and assess whether the system can meet the 

establishment’s energy needs (Tables 8,9,10). 

This analysis was also conducted using 

minimum, maximum, and average consumption 

parameters. 
 

 

 

 

 

 

 

 

 

 

Box 8 
 

Table 8 

Comparison of energy produced with actual consumption, 

with maximum parameters 
 

Maximum difference / kWh/month 

Month 
E. Maximum 

day  (Wh/day) 

E. Maximum month 

(kWh/month) 

January 806.0 767.5 

February 527.0 767.5 

March 1094.8 777.5 

April 935.3 777.5 

May 912.3 763.5 

June 791.7 763.5 

July 782.0 754.5 

August 717.8 754.5 

September 783.9 718 

October 780.0 718 

November 723.8 723 

December 709.8 723 

Total annual energy produced 317.27 

Total energy produced by project -240.48 

Cost per kw of the project 46.36 

 

Box 9 
 

Table 9 

Comparison of energy produced with actual consumption, 

with minimum parameters 
 

Minimum difference / kWh/month 

Month 

Simulated 

Minimal 

(kWh) 

Actual 

consumption 

Difference 

kWh/month 

January 690.9 767.5 -76.6 

February 451.7 767.5 -315.8 

March 938.4 777.5 160.9 

April 801.7 777.5 24.2 

May 782.0 763.5 18.5 

June 678.6 763.5 -84.9 

July 670.3 754.5 -84.2 

August 615.3 754.5 -139.2 

September 671.9 718 -46.1 

October 668.6 718 -49.4 

November 620.4 723 -102.6 

December 608.4 723 -114.6 
Maximum 160.87 
Minimum -315.77 
Average -66.66 

Total difference -733.36 

(kWh/year) 
 

Box  10 
 

Table 10 

Comparison of energy produced with actual consumption, 

with average parameters 
 

Average difference / kWh/month 

Month Simulated 

average (kWh) 

Actual 

consumption 

Difference 

kWh/month 

January 748.5 767.5 -19.03 

February 489.4 767.5 -278.13 

March 1016.6 777.5 239.08 

April 868.5 777.5 90.97 

May 847.1 763.5 83.65 

June 735.1 763.5 -28.37 

July 726.1 754.5 -28.37 

August 666.5 754.5 -87.95 

September 727.9 718 9.93 

October 724.3 718 6.26 

November 672.1 723 -50.93 

December 659.1 723 -63.90 

https://doi.org/


5 
Journal of Technological Prototypes                                                               11[26]1-9: e61126109 

Article 

 

 ISSN: 2444-4995 

RENIECYT-SECIHTI: 1702902 
ECORFAN® All rights reserved 
 

Manzo-Hurtado, Juan, Vera-Romero, Iván, Martínez-Reyes, Joséc and 

Méndez-Ábrego, Víctor Manuel. [2025]. Energy saving proposal project 

implementing an LP gas engine and solar panels in a bar. Journal of 
Technological Prototypes. 11[26]-1-9: e61126109. 

https://doi.org/10.35429/JTP.2025.11.26.6.1.9 

 

Maximum  239.08 

Minimum -278.13 

Average -10.57 

Total difference -126.81 (kWh/ year) 

 

Box 11 
 

 
 

Figure 1 

Actual consumption vs. simulation of electricity 

generation using the proposed solar panels. 

 

Based on the previous figure, it can be 

observed that with the average number of solar 

panels installed (13), nearly all of the bar’s 

annual electricity demand is covered. Analyzing 

the results of all simulations, we find that with 

14 panels there is a surplus of 556.36 kWh per 

year; with 13 panels, a deficit of -126.81 kWh 

per year; and with 12 panels, a larger deficit of 

733.36 kWh per year. For this type of project, it 

is best to minimize the amount of electricity sent 

back to the grid. Therefore, the most suitable 

option is to install the average number of panels. 

If energy demand exceeds production at any 

point, it is advisable to use electricity from CFE, 

as otherwise, the cost-benefit ratio would 

decrease and the investment cost would rise 

(Figure 1). 
 

To calculate the project’s cost-benefit ratio, 

the following equation was used (eq. 2). 
 

𝐶𝐵 =
𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡⁡𝑐𝑜𝑠𝑡

𝐴𝑛𝑛𝑢𝑎𝑙⁡𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑐⁡𝑠𝑎𝑣𝑖𝑛𝑔𝑠
                                  [2] 

 

To calculate the investment cost, the 

following parameters were taken into account: cost 

of the solar panel, cost of the mounting structure, 

labor cost, and cost of the inverter. Tables (11,12). 

 

Box 12 
 

Table 11 

Parameters for considering investment costs. Equipment 

prices were quoted in (Mercado Libre, 2025b, 2025c) 
 

Panel price $ 3,700.00 MXN ($176 USD) 

Structure price  $ 1,500.00 MXN ($71.42 USD) 

Total price per panel without installation $5,200.00 MXN ($247.61 USD) 

Labor 50%  

Total labor $ 2,600.00 MXN ($123.80USD) 

Total per panel with labor $ 7,800.00  MXN ($371.42 USD) 

Box 13 
 

Table 12 

Comparison of energy produced with actual consumption, 

with average parameters 

 
Cost investment panels 

Maximum investment cost $120,200.00 MXN ($5,714.28 USD) 

Minimum investment cost $104,600.00 MXN ($4,980 USD) 

Avgerage. Investment cost $112,400.00 MXN ($5,352 USD) 

 

To determine the economic savings from the 

solar panels, the annual cost over the 15 years of 

optimal operating conditions was analyzed, using the 

following equation (eq. 3). 
.  

𝐴𝑛𝑢𝑎𝑙⁡𝑝𝑟𝑖𝑐𝑒 =
𝐴𝑚𝑜𝑢𝑛𝑡⁡𝑖𝑛𝑣𝑒𝑠𝑡𝑒𝑑

𝑌𝑒𝑎𝑟𝑠⁡𝑜𝑓⁡𝑢𝑠𝑒𝑓𝑢𝑙𝑛𝑒𝑠
                             [3] 

 

And then a difference was made between 

what is paid annually to CFE and the annual amount 

invested per year. (Table 13) 

 

Box 14 
 

Table 13 

Saving money through solar panels 

 
Solar panels savings 

CFE annual payment Annual panels payment Total savings 

$48,085.00 MXN 

($2,289 USD) 

 $ 7,493.33 MXN 

($356.80 USD) 

$40,591.67 MXN      ( $ 

1,932 USD) 

 

2.2 For the implementation of the LP Gas 

generator, an analysis of electrical consumption 

was also conducted to determine how many kWh 

are used per day. This was done in order to 

identify the required capacity of the generator 

needed to meet the daily electrical demand. 

(Table 14). 

 

Box 15 
 

Table 14 

Electricity consumption 

 
Consumption 

Month kWh/ Bimester kWh/ Month 
kWh/ 

Day 

January 
1535 767.5 

25.23 

February 25.23 

March 
1555 777.5 

25.56 

April 25.56 

May 
1527 763.5 

25.10 

June 25.10 

July 
1509 754.5 

24.80 

August 24.80 

September 
1436 718 

23.60 

October 23.60 

November 
1446 723 

23.76 

December 23.76 

January 
1343 671.5 

22.07 

February 22.07 

Max 1555 777.5 25.56 

Min 1343 671.5 22.07 

Average 1478.71 739.35 24.30 

 

https://doi.org/
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Based on the daily electricity 

consumption, the required capacity of the 

generator was determined in order to meet the 

demand. A generator with a nominal power of 

7.2 kW was selected. Subsequently, it was 

necessary to calculate how many hours the 

generator needs to operate each day to cover the 

daily consumption. The following equation was 

used for this calculation (eq. 4). 

.  

𝐻. 𝑑𝑎𝑦 =
𝑘𝑊ℎ

𝐸𝑛𝑔𝑖𝑛𝑒⁡𝑝𝑜𝑤𝑒𝑟⁡∗⁡ℎ𝑜𝑢𝑟𝑠⁡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛
                  [4] 

 

Next, the energy produced by the 

generator per day must be calculated to 

determine whether it is sufficient to meet the 

daily energy demand (eq. 5). 

 

𝐸. 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 = 𝑃𝑜𝑤𝑒𝑟⁡𝑥⁡𝐻. 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛                             [5] 
 

Table 15, Shows the characteristics of the 

engine, the LP Gas and its operating parameters. 

 

Box 16 
 

Table 15 

Calculations for the LP gas engine. Fuel prices were 

obtained from (CNE, 2025) and the engine Price 

 
Motor gas LP 

  Date Unit 

LP gas motor rated power 7.2 kW 

LP gas heating power (conuee,2023) 55,000 kJ/kg 

LP gas price 11.04 $/L 

Motor efficiency 0.25  % 

Hours of operation 3.354  h 

Energy produced 24.153 kW/day 

 

A simulation of the energy generation by 

the LP Gas generator was then carried out to 

analyze its performance throughout the year 

(Table 16). The goal was to determine whether it 

could meet the monthly energy demands or if, at 

any point, it would be necessary to draw 

electricity from the CFE, and if so, how much 

energy would be required. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Box 17 
 

Table 16   

Simulation of energy generated by the LP Gas generator 

engine and difference between simulated energy and 

actual consumption 

 
LP gas engine 

Month 

Simulated 

energy kW/hour 

month 

Energy 

required kWh 

mounth 

Difference 

kW/hour 

January 748.8 767.5 -18.74 

February 676.3 767.5 -91.20 

March 748.8 777.5 -28.74 

April 724.6 777.5 -52.90 

May 748.8 763.5 -14.74 

June 724.6 763.5 -38.90 

July 748.8 754.5 -5.74 

August 748.8 754.5 -5.74 

September 724.6 718 6.60 

October 748.8 718 30.76 

November 724.6 723 1.60 

December 748.8 723 25.76 

Maximum 748.8 777.5 30.8 

Minimum 676.3 718.0 -91.2 

Average 734.7 750.7 -16.0 

Total annual 8816.0 9008 -192 kWh/year 

 

Total generation by the generating 

engine vs. actual consumption of the 

establishment. (Figure 2)  

 

Box 18 
 

 
Figure 2 

Total generation by the generator motor vs. actual 

consumption of the establishment. 

 

The next step was to calculate the 

expected fuel consumption required to supply 

the LP Gas generator (Table 17). 

 

Box 19 
 

Table 17    

LP Gas consumption to cover operating hours and kW/h 

price 
 

LP gas consumption 

Mc 
𝐸𝑛𝑔𝑖𝑛𝑒⁡𝑝𝑜𝑤𝑒𝑟

𝑃𝐶⁡𝐺𝑎𝑠⁡𝐿𝑃⁡∗𝜂⁡𝑚𝑜𝑡𝑜𝑟⁡
   5.24E-04 kg/s 

Mc 𝑚𝑐 ∗ 3600𝑠  1.89 kg/h 

Vc 
𝑚𝑐

𝜌⁡𝐺𝑎𝑠⁡𝐿𝑃
  3.49 L/h 

Price per 

hour 𝑉𝐶 ∗
$

𝐿
𝐺𝑎𝑠𝐿𝑃  

$38.53 MXN (1.83 

USD) $/h 

Price kWh 
𝑃𝑟𝑖𝑐𝑒⁡𝑝𝑒𝑟⁡ℎ𝑜𝑢𝑟

𝐸𝑛𝑔𝑖𝑛𝑒⁡𝑝𝑜𝑤𝑒𝑟
  $5.35 MXN (0.24 USD) 

$/kW

h 

Cost per day 

𝐶. ℎ𝑜𝑢𝑟⁡ ∗
𝐻. 𝑜𝑓⁡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛  

$129.28 MXN  

(6.41 USD) $/day 

https://doi.org/
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Subsequently, the cost of LP Gas needed 

to cover the generator’s annual consumption was 

calculated, to assess the project's potential 

profitability based on its cost-benefit ratio (Table 

18, 19). 

 

Box 20 
 

Table 18 

LP Gas costs by consumption 

 

Gas costs 

Time period MXN USD 

Cost per day $129.29 $6.16 

Cost per month $4,007.89 $190.85 

Cost per bim $7,757.20 $369.39 

Cost per year $47,189.64 $2,247.13 

Total cost per project $707,844.65 $33,706.89 

 

Box 21 
 

Table 19 

Investment cost for the use of an LP Gas generator 

 

LP gas engine investment 

  MXN USD 

Engine $22,000.00 $1,047.62 

Lp gas $47,189.64 $2,247.13 

Total investment $48,881.95 $2,327.71 

1-year investment $69,189.64 $3,294.74 

 

To estimate the potential savings for the 

bar using the LP Gas generator, a comparison 

was made between the amount currently paid to 

CFE and the cost of generating electricity with 

the proposed generator (Table 20). 

 

Box 22 
 

Table 20 

Possible economic savings with a proposed LP gas 

generator motor 

 

Saving gas LP 

Currency 

CFE annual 

payment 

Annual 

investment 

Saving 

MXN $48,085.00 $48,881.95 -$796.95 

USD $2,289.76 $2,327.71 -$37.95 

 

After conducting the savings analysis for 

the gas ggenerator, it becomes clear that it is not 

a viable option, as the annual cost of LP Gas 

would consistently exceed the amount paid to 

CFE for electricity. Therefore, it is not 

economically convenient. Additionally, the cost 

per kWh is $5.35 MXN, which is significantly 

higher than CFE’s rate (Table 17). The 

methodology used was based on (Vera et al. 

2025). 

 

3. Results 

 
The cost of the PDBT tariff in the region where the 

bar is located includes a fixed monthly charge of 

$24.53 MXN ($1.16 USD) for being connected to the 

grid, and a variable charge of $3.979 MXN ($0.18 

USD) per kWh consumed (CFE, 2025). This means 

that for every kilowatt-hour the bar consumes, this 

variable rate applies. However, the proposed solar 

panel system would produce electricity at a cost of 

$1.19 MXN per kWh, calculated using the following 

equation. [6] 

 

𝐶𝑜𝑠𝑡⁡𝑘𝑊ℎ =
𝐸𝑛𝑒𝑟𝑔𝑦⁡𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡⁡𝑐𝑜𝑠𝑡⁡
                           [6] 

 
When comparing the kWh price from 

CFE to the cost of generating electricity through 

the proposed solar system, there is a clear price 

difference that results in economic savings for 

the business owner. These savings are 

significant on an annual basis, amounting to 

$40,591.67 MXN. On the other hand, the LP Gas 

generator proposal is not economically viable 

due to the high cost of LP Gas, which increases 

the cost of electricity generation and makes it 

financially unfeasible. 

 

4. Conclusions 

 

The use of renewable technologies for electricity 

consumption is currently highly cost-effective, 

providing energy savings and increasing profit 

margins for businesses that implement such 

solutions (Leon Gomez et al., 2023). In this case, 

the installation of solar panels in the bar resulted 

in annual savings of $40,591.67 MXN or $1,932 

USD. This saving reaffirms what was stated by 

(Aguilera Acosta 2017), that the implementation 

of renewable energy systems in small enterprises 

within the tourism sector allowed a significant 

reduction in energy costs and a payback period 

of less than five years, demonstrating the 

economic and environmental feasibility of this 

type of project. 

 

On the other hand, the implementation of 

an LP Gas generator proves to be economically 

unfeasible. This result reaffirms the findings of 

(Joe et al, 2023), whose analysis of solar-

tracking systems in commercial buildings 

demonstrated great energy efficiency and cost 

recovery in large-scale installations. By adopting 

clean energy technologies, the project also 

complies with Mexican legislation on the Use of 

Renewable Energy and the Financing of the 

Energy Transition, established by SENER. 
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Abstract 

 

Conventional circuit breakers have technical limitations that reduce their 

durability and adaptability. The aim of this research was to suggest 

modifications to the IEC 60947-2 standard and to consider technological 
advances in industrial circuit breakers, in order to promote sustainable 

and efficient alternatives. Furthermore, modern devices extend their 

useful life and reduce energy losses. However, their adoption is limited 
by incompatibility with traditional systems and the lack of updated 

regulations. A mixed analysis was conducted between the IEC 60947-2 

standard and current technological advances, considering energy 
efficiency, compatibility, and integration in environments with limited 

infrastructure. Based on the data obtained, areas of opportunity were 

identified, and regulatory modifications were proposed, aimed at 
standardization, technical updating, and sustainability. The widespread 

implementation of these devices and the transformation of electrical 

systems will be the focus of future work in the electrical sector. 
 

 
 

Smart circuit breakers, energy efficiency, industrial sustainability 

 

 

Resumen 

 
Los interruptores automáticos convencionales presentan limitaciones técnicas 
que reducen su durabilidad y adaptabilidad. El objetivo de esta investigación 

fue sugerir modificaciones a la norma IEC 60947-2 y considerar los avances 

tecnológicos en interruptores automáticos industriales, con el fin de promover 

alternativas sostenibles y eficientes. Por otro lado, los dispositivos modernos 

prolongan su vida útil y reducen perdidas de energía. Sin embargo, su 

adopción está limitada por la incompatibilidad con sistemas tradicionales y la 

falta de normativas actualizadas Se realizó un análisis mixto entre la norma 

IEC 60947-2 y los avances tecnológicos actuales, considerando eficiencia 
energética, compatibilidad e integración en entornos con baja infraestructura. 

A partir de los datos obtenidos, se identificaron áreas de oportunidad y se 

propusieron modificaciones normativas, orientadas a la estandarización, 

actualización técnica y sostenibilidad. La implementación masiva de estos 

dispositivos y la transformación de los sistemas eléctricos será motivo de 

trabajos futuros en el sector eléctrico. 
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Introduction 

 

In industrial electrical systems, ensuring the 

integrity of facilities and the safety of personnel 

requires efficient, rapid, and technologically 

advanced solutions. In this regard, circuit 

breakers play an important role by detecting and 

isolating abnormal conditions, such as 

overcurrents or short circuits, mitigating 

equipment damage and reducing human risks. 

 

Historically, protection has been based 

on electromechanical mechanisms due to their 

low cost. The most used devices are molded-case 

circuit breakers (MCCBs), miniature circuit 

breakers (MCBs), and insulated-case circuit 

breakers (ICBs). Table 1 shows the main 

characteristics of each. 

 

Box 

 
Table 1 

Typical features of circuit breakers. 
 

 MCB MCCB ICB 

Current range ≤ 100 A 15- 6000 A Similar to 

MCCB (high 

capacity) 

Shot Fixed 

thermal-

magnetic 

Thermal-

magnetic or 

electronic 

Thermal-

magnetic or 

electronic 

Shooting time Millisecond

s (short 

circuit) 

Milliseconds 

(short circuit) 

A little faster 

than an 

MCCB 

A Protection 

setting 

Not 

adjustable 

Adjustable 

only in 

electronic 

version 

Highly 

adjustable 

Construction Small box 

made of 

insulating 

material 

Molded box 

made of 

insulating 

material 

Rugged 

molded case 

with 

enhanced 

insulation 

maintenance can 

be performed 

Don't Don't Yes (limited) 

Short circuit 

resistance 

Low-

Medium 

High Very high 

    

Typical 

application 

Residential Industrial, 

motors, 

general 

boards 

Critical 

control 

centers, main 

boards 

 
Source: Prepared by the authors based on data from the 

Institute of Electrical and Electronics Engineers (2025) 

and Jose et al. (2020). 

 

These types of devices stop the flow of 

current upon identifying a fault. This is achieved 

through a trip unit that can be thermal-magnetic 

or electronic. 

 

Thermal-magnetic tripping operates 

using two mechanisms. In the event of a short 

circuit, an electromagnet is activated, moving a 

metal part that acts as a piston and opens the 

circuit breaker.  

 

In the event of an overload, a bimetallic 

strip expands due to the Joule effect; when 

connected in series, its expansion activates the 

circuit breaker and causes the contacts to 

separate (Condumex, 2009; Gill, 2016). The 

most important components responsible for 

thermal-magnetic protection in a circuit breaker 

are shown in Figure 1. 

 

Box 

 

 
Figure 11 

Key components of a thermal-magnetic trip circuit 

breaker. 

Source: Own elaboration 

 

In contrast, in electronic tripping, sensors 

measure current parameters, and these are 

powered by the same current they measure 

through transformers.  

 

When they detect an abnormal level, they 

send a signal to an integrated logic circuit, which 

analyzes the pulse and based on preset 

configurations, sends a signal to the actuator 

(usually magnetic), causing the switch contacts 

to open (Gill, 2016). The key components in this 

type of tripping can be seen in Figure 2. 

 

 

 

 

 

 

 

Terminal 

Actuating 

mechanism 

Lever 

Electric arc 

cutting 

chamber 

Coil 

Bimetallic 

strip 

 

Piston 

https://doi.org/
https://books.google.com.mx/books/about/Manual_t%C3%A9cnico_de_instalaciones_el%C3%A9ctr.html?id=kDYCOAAACAAJ&redir_esc=y
https://www.taylorfrancis.com/books/mono/10.1201/9781420017557/electrical-power-equipment-maintenance-testing-paul-gill
https://www.taylorfrancis.com/books/mono/10.1201/9781420017557/electrical-power-equipment-maintenance-testing-paul-gill


3 
Journal of Technological Prototypes                                                             10[25]1-12: e71126112 

Article 

  

 
 
ISSN: 2444-4995 

RENIECYT-SECIHTI: 1702902 
ECORFAN® All rights reserved 
 

López-Báez, José Julián, Cruz-Gomez, Marco Antonio, Mejía-Pérez, 
José Alfredo and Castillo-Pensado, Juan Luis. [2025]. Smart and 

sustainable industrial circuit breakers; Improvement proposals for IEC 

60947-2. Journal of Technological Prototypes. 11[26] 1-12: e71126112. 
https://doi.org/10.35429/JTP.2025.11.26.7.1.12 

 

Box 1 

 

 
Figure 2 

Operating diagram of an electronic trigger unit. 

Source: Prepared by the authors based on Gill 

(2016) 

 

Circuit breakers, for their part, ensure the 

safety of the equipment under their protection 

and that of the personnel who operate it. Some 

modern models even allow for configurable 

tripping parameters, such as voltage and 

frequency (Katare et al., 2024). However, their 

traditional design presents technical limitations 

such as their fixed nature, wear from repetitive 

use, and the presence of moving parts, which 

shorten their durability and adaptability. 

 

In response to these design, material, and 

mechanism limitations, solid-state circuit 

breakers (SSCBs) emerged, which use 

semiconductors and microprocessors to switch 

without the use of mechanical components. 

These devices stand out for their response speed, 

quiet operation, high reliability by eliminating 

electrical arcing, and lack of physical wear. 

Furthermore, they are suitable for both AC and 

DC applications and can be configured in 

different ways: as a hybrid switch (combining an 

electronic and a mechanical switch) or a solid-

state-electronic switch. These alternatives 

integrate efficiently into industrial automation 

environments and allow for continuous power 

supply (Jose et al., 2020; Wan et al., 2019). 

 

With the advancement of the digital age, 

smart circuit breakers (SCBs) emerged, capable 

of combining protection functions with real-time 

monitoring, digital communication, predictive 

maintenance, and remote control. These devices 

contribute to improving power supply quality, 

enhancing system performance, and anticipating 

faults through data analysis (Tan et al., 2022). 

In addition to playing a role in system 

safety and reliability, new circuit breakers 

(especially smart ones) have become important 

tools in energy efficiency strategies. Their 

ability to record, process, and transmit 

information allows organizations to integrate 

these devices into an EnMS (Energy 

Management System), enabling more rational, 

automated, and sustainable energy management 

in industrial settings. 

 

An important aspect in the design of 

industrial electrical networks is protection 

coordination, also known as selectivity. Its 

objective is to ensure that only the affected 

segment remains out of operation, thus 

maintaining the continuity of the rest of the 

system. To achieve this, disconnection 

mechanisms must operate sequentially and 

precisely, and they must have well-defined 

settings at each protection level (Morais et al., 

2022). This coordination is most effective when 

using circuit breakers with programmable 

functions, as they allow their parameters, for 

example, tripping times to be adapted to the 

location of the fault or prioritizing the protection 

of certain sensitive loads. 

 

On the other hand, energy consumption 

represents a large portion of costs in industrial 

environments. As a solution to this, the 

implementation of an EnMS (Energy 

Management System) compliant with ISO 

50001 has become a fundamental strategy to 

increase efficiency, reduce operating expenses, 

and promote environmental sustainability 

through continuous improvement processes 

(Comisión Nacional para el Uso Eficiente de la 

Energía, 2018). Regarding the above, European 

and Russian experts estimated that the 

implementation of an EnMS (Energy 

Management System) can provide savings 

ranging from 5% to 12% (Aleksandr et al., 

2021). 

 

In this context, modern equipment (such 

as smart circuit breakers) not only performs 

protection functions, but also provides 

information for energy management, facilitating 

informed decision-making and enabling the 

creation of energy-saving strategies. To properly 

manage energy resources, companies must 

invest in emerging technologies, modernize their 

infrastructure, and efficiently utilize available 

resources, both primary and secondary. 

Switch 

mechanism 

(solenoid) 

Logic 

circuit 

Current 

sensor 

Charge 

Power supply 
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According to ISO 50001:2018, energy 

targets must be achievable, compatible with 

environmental safety criteria, and economically 

feasible (International Organization for 

Standardization, 2018). To achieve this, it is 

necessary to conduct an accurate assessment of 

consumption and implement effective measures 

that generate tangible results in operations 

(Aleksandr et al., 2021). 

 

In the current context of technological 

evolution, automation, and the pursuit of energy 

efficiency, the aim of this research was to 

suggest modifications to the IEC 60947-2 

standard and consider technological advances in 

industrial circuit breakers, in order to promote 

sustainable and efficient alternatives. Based on 

the data obtained, areas of opportunity were 

identified, and regulatory modifications were 

proposed, aimed at standardization, technical 

updating, and sustainability. The study 

contributes to the development of regulatory 

guidelines in line with the digital transformation 

of the sector and suggests parity between current 

technology and current regulations under an 

approach that meets several of the sustainable 

development goals mandated by the UN (United 

Nations) as part of the 2030 Agenda. 

 

The widespread implementation of these 

devices and the transformation of electrical 

systems will be the focus of future work in the 

electrical sector. 

 

International regulatory framework 

 

The IEC 60947-2 and ISO 50001:2018 standards 

are important in the industrial field for ensuring 

electrical safety and energy efficiency. IEC 

60947-2 regulates the technical, construction, 

and performance requirements of low-voltage 

circuit breakers, ensuring their safe operation 

through thermal, mechanical, and dielectric 

testing, as well as through additional functions 

such as residual current protection and the use of 

electronic trip units (International 

Electrotechnical Commission, 2024). 

 

ISO 50001:2018, for its part, establishes 

a framework for implementing an EnMS 

(Energy Management System) based on the 

PDCA (Plan-Do-Check-Act) cycle. It promotes 

the identification of significant energy uses, the 

establishment of performance indicators, and 

decision-making based on energy data.  

Its application improves energy 

efficiency, reduces costs, and contributes to 

environmental sustainability (International 

Organization for Standardization, 2018). 

Together, both standards complement technical 

operation and strategic energy management of 

industrial electrical systems. 

 

Research methodology 

 

This research took a mixed approach, with a 

documentary design, based on the collection, 

analysis, and synthesis of technical information 

from international standards (IEC 60947-2 and 

ISO 50001:2018), scientific literature, and 

specialized articles. The aim of this research was 

to suggest modifications to the IEC 60947-2 

standard and consider technological advances in 

industrial circuit breakers, with the goal of 

promoting sustainable and efficient alternatives. 

To this end, the qualitative approach focused on 

the interpretive analysis of regulatory documents 

and technical literature, considering aspects such 

as energy efficiency, compatibility, and 

integration in environments with limited 

infrastructure, all from a critical perspective. 

 

Instead, the quantitative approach was 

applied by integrating specific technical data 

(such as energy savings, response and repair 

times, among others) from reliable sources and 

previous studies. This data made it possible to 

relate the performance of current circuit breakers 

to the requirements established by the IEC 

60947-2 standard. 

 

The combination of both approaches 

allowed for the integration of regulatory content, 

technological developments, and the principles 

of sustainable development. Furthermore, the 

mixed approach facilitated a broader 

understanding of the problem, enabling 

interpretive analysis with quantifiable technical 

evidence. 

 

Based on the data obtained, a critical 

discussion was held, areas of opportunity were 

identified, and regulatory modifications were 

proposed in areas where the IEC 60947-2 

standard was not keeping pace with 

technological advances and lacked a sustainable 

perspective. Finally, regulatory modifications 

aimed at standardization, technical updating, and 

sustainability were proposed. 

 

 

https://doi.org/
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Technological trends in circuit breakers 

 

In recent years, circuit breakers have undergone 

technological changes that respond to the 

growing demands for efficiency, safety, and 

digitalization in electrical installations. The main 

trends shaping the current direction in the 

development of these devices are described 

below. 

 

Smart circuit breakers and grids 

 

Modern electrical systems require solutions that 

integrate management, increased connectivity, 

and real-time data analysis.  

 

Smart circuit breakers (SCBs) are the 

answer to today's low-voltage system needs, as 

they not only offer the traditional protection that 

any other circuit breaker can provide, but also 

include advanced features for system 

management and even remote monitoring. 

 

One of the most notable innovations in 

these devices is the integration of multiple layers 

of operations, allowing the smart device to work 

in conjunction with sensors and other smart 

devices. This architecture is composed of four 

levels: cloud, network, edge, and terminal (Tan 

et al., 2022). 

 

Under this architecture, sensors (also 

called endpoint devices) constantly send 

information to the computing node, or edge 

node. This node processes data locally, thus 

preventing the cloud from becoming overloaded 

with data.  

 

When the edge node detects anomalous 

activity, it must follow its previously configured 

protocol: it sends a report to the cloud, notifies 

monitoring programs (applications or software), 

and sends a signal to the actuators (also part of 

the endpoint devices) to activate them, opening 

the circuit. This system can be seen graphically 

in Figure 3. 

 

 

 

 

 

 

 

 

 

 

Box 2 

 
 

Figure 3 

Architecture and data flow in Internet of Things 

devices. 

Source: Prepared by the authors based on 

information from Tan et al. (2022). 
 

This internal organization allows for an 

orderly flow of information and systemic 

management. For this reason, the devices have 

more specialized functions, such as receiving 

updates from the cloud, performing self-

diagnostics, generating reports on the status of 

the electrical grid, and operating and processing 

information in real time.  

 

This helps when scheduling maintenance 

for connected equipment and its protection 

devices. Previous studies reported that, in pilot 

tests conducted on electrical systems located in 

different provinces of China, circuit breakers 

with this four-level architecture were able to 

reduce installation times to 5 minutes and repair 

times due to power outages were reduced by 

approximately 15 minutes. Consequently, the 

implementation of these smart circuit breakers 

improved safety and operational efficiency in 

real electrical grids (Tan et al., 2022). 

 

Another advancement in these devices is 

the integration of microprocessors, which allows 

circuit breakers to function as a tiny computer. 

This upgrade provides greater capacity to store 

and analyze data locally and send it to the cloud 

or other devices, achieving high accuracy in the 

measurement of electrical parameters, rapid 

response to anomalous events, and greater 

resistance to external interference.  
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Furthermore, the implementation of 

microprocessor-based circuit breakers in real-

world power grids in China has reduced the 

number of failures, improved maintenance 

processes, and increased electrical system 

reliability (Zhaobin et al., 2023). Even in 

contexts with limited infrastructure, 

technological advances have made it possible to 

use smart circuit breakers (SCBs) and achieve 

energy management under any circumstances. 

The key lies in the use of low-cost 

microprocessors (such as ESP32), which 

maintain key connectivity functions and enable 

remote control. These devices have offered a 

viable and cost-effective solution to energy 

management even in contexts of technological 

constraints (El-Khozondar et al., 2024). 

 

Finally, technological advances in circuit 

breakers are not limited to reporting data and 

performing analysis; there are even models that 

allow automatic reconnection in specific 

situations, eliminating operator intervention. An 

example of this is a smart switch that offers 

functions such as parameter analysis (voltage or 

current) and protection against overloads and 

short circuits. What's new about this device is its 

ability to automatically reconnect in the event of 

undervoltages, which allows for continued 

electrical service (Chai et al., 2021). These 

technological advances are changing the way 

energy is managed in electrical systems, creating 

safer, more efficient, and longer-lasting 

networks. 

 

Predictive maintenance 

 

Since their inception, devices such as circuit 

breakers have had a limited lifespan, which can 

be reduced by wear and tear and the occurrence 

of failures. Therefore, predictive maintenance is 

essential to prolong their operation and optimize 

their utilization. Currently, this fault diagnosis 

technology focuses primarily on mechanical 

failures, particularly high-voltage circuit 

breakers. At the same time, there is less research 

on low-voltage devices (Sun et al., 2021a). 

 

Despite this, there are several methods 

for diagnosing mechanical faults, and research 

has currently focused on data analysis. The main 

tools for achieving a correct diagnosis are the 

integration of emerging technologies, such as 

artificial intelligence (AI) and neural networks. 

These significantly improve data analysis and 

the ability to detect faults or anomalous events. 

By recording parameters such as 

vibrations or currents, these predictive models 

can deduce the mechanical condition of the 

circuit breaker, providing useful information for 

performing maintenance and preventing 

mechanical failures such as asynchronous 

closing, false closing, and incomplete closing. 

 

There are models that continuously 

analyze signals in real time, estimating the 

device's lifespan before it fails. An example of 

this was shown by (Sun et al., 2021b), who 

developed a system for analyzing mechanical 

vibrations. They first measured the vibrations of 

several circuit breakers during their closing 

process and extracted the segment of effective 

vibration. The signals were then input into a 

neural network that analyzes the data in time 

order, allowing the breaker mechanism to be 

seen as degrading. This method represents a 10% 

improvement compared to traditional fault 

prediction methods. 

 

One of the main problems with these 

systems is the scarcity of actual fault signals, as 

these events are very rare and difficult to record 

in operating environments. To address this issue, 

Yang et al. (2023) implemented a new method 

that augments the database available to AI 

(artificial intelligence). This system uses 

vibrations as a source of analysis; by using 

synthetic vibration signal generators (which are 

similar to real signals), typical mechanical faults 

such as incomplete opening, false closing, or 

loose bolts are simulated. This enriches the 

dataset without requiring real physical signals. 

The implementation of this technique increased 

diagnostic accuracy by more than 90%, 

strengthening the safety and reliability of the 

distribution system. 

 

Another issue with these analysis models 

is the amount of data they can handle, as many 

do not support large volumes. In response, (Sun 

et al., 2023) developed a diagnostic model based 

on an improved deep neural network. This 

system analyzes grayscale images generated 

from one-dimensional current signals.  

 

Thanks to this, the neural network can 

accurately classify the different types of 

mechanical failures in switchgear accessories, 

which represents a step forward in improving the 

operational reliability of these devices. 

 

https://doi.org/
https://ieeexplore.ieee.org/document/10475114
https://www.sciencedirect.com/science/article/pii/S2772671124002468?via%3Dihub
https://ieeexplore.ieee.org/document/9713207
https://ieeexplore.ieee.org/document/9300201
https://ieeexplore.ieee.org/document/9512074
https://ieeexplore.ieee.org/document/9969621
https://ieeexplore.ieee.org/document/9969621


7 
Journal of Technological Prototypes                                                             10[25]1-12: e71126112 

Article 

  

 
 
ISSN: 2444-4995 

RENIECYT-SECIHTI: 1702902 
ECORFAN® All rights reserved 
 

López-Báez, José Julián, Cruz-Gomez, Marco Antonio, Mejía-Pérez, 
José Alfredo and Castillo-Pensado, Juan Luis. [2025]. Smart and 

sustainable industrial circuit breakers; Improvement proposals for IEC 

60947-2. Journal of Technological Prototypes. 11[26] 1-12: e71126112. 
https://doi.org/10.35429/JTP.2025.11.26.7.1.12 

 

Finally, the implementation of these 

innovative data analysis technologies is crucial 

to overcoming current challenges. Anticipating 

failure is a solid step toward making electrical 

systems more reliable and durable. 

 

Solid state circuit breakers 

 

Thermal-magnetic trip circuit breakers are the 

most widely used option due to their low cost 

and simplicity. However, they have drawbacks 

such as the presence of electrical arcing and their 

tripping time, which is generally in the 

millisecond range. This makes them a poor 

choice for protecting sensitive loads or 

transferring a power supply. 

 

Advances in the semiconductor industry 

have made it possible to integrate them into 

switching devices, resulting in the emergence of 

solid-state circuit breakers (SSCBs). These 

devices integrate technologies such as silicon 

carbide (SiC) semiconductors or metal-oxide 

semiconductor field-effect transistors 

(MOSFETs). Table 2 summarizes the 

characteristics of SSCBs and compares them 

with a thermal-magnetic trip device. 

 

Box 3 

 
Table 2 

Comparison between MCB and SSCB. 
 

MCB SSCB 

− Electromechanical operation − Solid-state operation (using 

power electronics) 

− Arcing occurs during opening 

or closing. 

− No electric arc is produced 

during opening or closing. 

− Switching speed: slow 

(milliseconds or seconds). 

− Switching speed: fast 

(microseconds). 

− Thermal and magnetic 

tripping. 

− Microprocessor-based 

shooting. 

− Noisy operation. − Silent operation. 

− Shows wear. − No wear. 

− Permanent trigger 

configuration. 

− Dynamic shooting settings. 

− Applicable only in alternating 

current (AC) systems. 

− Applicable in alternating 

current (AC) and direct 
current (DC) systems. 

− Limited automation. − It can be automated. 

 
Source: Taken from Jose et al. (2020) 

 

The SSCB operates by detecting current 

levels, which are processed by integrated 

circuits. When it detects abnormal activity, it 

sends a signal to open the circuit. Its entire 

operation is based on power electronics and 

requires no mechanical components. The 

SSCB's key components can be seen in Figure 4. 

 

Box 4 
 

 
Figure 4 

Topology and key components of SSCBs. 

Source: Taken from Roslan et al. (2024) 
 

SSCB’s provide improved switching 

performance, with switching times ranging from 

tens of microseconds to tens of nanoseconds. 

This performance depends primarily on the 

speed and accuracy of the fault detection circuit, 

as well as the type of semiconductor used 

(Roslan et al., 2024). Figure 5(a) shows graphs 

comparing the SSCB’s responsiveness with a 

mechanical breaker (MB). Figure 5(b) shows 

typical current-time curves comparing a 

mechanical device with a solid-state device. 
 

Box 5 

Figure 5 

(a) Comparison of the performance of an SSCB 

and an MB. (b) Typical performance curves of an 

SSCB and an MB   
Source: Taken from Roslan et al. (2024) 
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In general, solid-state circuit breakers 

(SSCB’s) are a significant advancement in 

electrical protection and power electronics. Due 

to their microprocessor-based programming and 

processing capabilities, they enable efficient 

energy utilization. 

 

Future implementation prospects 

 

Due to the emergence of these new technologies, 

widespread adoption of SCB´s (Smart circuit 

breakers) is expected in the long term, as they 

combine electrical protection with real-time 

monitoring capabilities. Currently, China has 

positioned itself as a pioneer in its small-scale 

implementation. Research in this area is 

expected to continue through testing and 

development of new SCB’s designs until this 

technology becomes a standard. 

 

Furthermore, growth is anticipated in the 

use of artificial intelligence and neural networks 

as a tool for fault diagnosis. This outlook 

suggests that companies will focus on smart 

solutions, which will reduce costs, improve 

sustainability, and transform the traditional 

electrical system. 

 

Finally, research and development of 

new semiconductor technologies is expected to 

continue. This will allow for the optimization of 

solid-state circuit breakers (SSCBs). This means 

that in the future they will be even more efficient 

in terms of operating times and interruption 

capacities, will allow their use over a wider 

range of voltages, and their composition will be 

less robust. 

 

Relationship between technological advances, 

sustainable development and the ISO 50001 

standard 

 

The current context of industrial transformation 

has transformed sustainable development from a 

theoretical dream or ideal into a real necessity. 

The sustainable approach aims at the responsible 

use of resources, reducing environmental 

impact, and ensuring that processes are 

economically viable. 

 

The technological evolution of industrial 

circuit breakers has led to smarter; more energy-

efficient devices aligned with sustainable 

development goals.  

 

 

Circuit breakers have undergone 

transformations, moving away from their 

traditional model, which functioned through 

electromechanical mechanisms; consequently, 

they were limited by wear and tear and lack of 

adaptability. Now, there are more complex and 

cutting-edge solutions, such as SCBs (Smart 

circuit breakers). 

 

SCB’s not only offer protection functions 

against electrical faults, but also provide real-

time monitoring, digital communication, and 

remote control. This has positioned them as 

devices that directly promote sustainability. 

Their ability to record, analyze, and 

communicate data allows for detailed 

monitoring of the performance of electrical 

installations, facilitating efficient energy 

management. This responds to one of the 

principles of sustainable development: doing 

more with less, minimizing the environmental 

impact generated by inefficient energy use and 

seeking its optimization. 

 

Smart features make these devices key 

components of an EnMS (Energy Management 

System), which aims to achieve a more rational 

and sustainable management of electrical energy 

in industrial facilities. From this perspective, the 

ISO 50001:2018 standard establishes the 

regulatory framework for the implementation of 

these management systems.  

 

This standard allows for the 

identification of significant energy uses, the 

establishment of energy targets, and the 

enhancement of performance through 

continuous improvement. The inclusion of SCBs 

(smart circuit breakers) in these systems, in 

addition to meeting the technical requirements of 

this international standard, also provides a 

digital medium through which companies' 

energy actions are evidenced, enabling the 

implementation of sustainable and measurable 

energy efficiency measures. 

 

One of the fundamental pillars of 

sustainable development is the optimization of 

resources with a long-term focus. In response, 

advances in predictive maintenance are 

important tools for achieving this goal. By using 

sensors, AI, and neural networks, modern circuit 

breakers can anticipate mechanical failures, 

avoiding downtime and extending the lifespan of 

these devices.  

https://doi.org/
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From an environmental perspective, this 

translates into reduced material waste, reduces 

the need to replace equipment, and enables more 

rational energy consumption, aligning with the 

principles of sustainability. 

 

Finally, sustainable development 

involves not only adapting existing technologies 

but also establishing an appropriate organization 

that ensures efficient energy management. This 

approach not only seeks efficiency in the 

present, but also the ability of systems to adapt 

to new conditions in the future. All with the goal 

of achieving sustained energy stability over 

time. 

 

Proposals for improvements to the IEC 

60947-2 standard, from a sustainable 

perspective 

 

Constant technological evolution is causing 

standards to lose parity in regulating new 

technology. Specifically, the IEC 60947-2 

standard establishes the construction and 

technical criteria for low-voltage circuit 

breakers, but these criteria could be expanded to 

include elements that address technological 

advances while also directly addressing the 

principles of sustainable development. This 

requires considering both electrical performance 

(currently covered by the standard) and energy 

efficiency and the rational use of resources 

through data management and predictive 

maintenance. 

 

As a first suggestion, the standard should 

incentivize the manufacture of sustainable 

devices and encourage designs geared toward 

improved energy management, which can be 

easily integrated into an EnMS (Energy 

Management System). 

 

Regarding manufacturing requirements, 

the standard should urge that new models of 

conventional circuit breakers be prepared to 

become advanced models, such as smart circuit 

breakers with data analysis capabilities. This 

implies, from the outset, adapting them to be 

compatible with microcontrollers, data 

processing units, and current, vibration, and 

temperature sensors, which allows for their 

evolution (even if they are not originally smart 

devices) and the implementation of systems with 

real-time monitoring capabilities. 

 

Likewise, to facilitate the transition of 

these devices, it would be recommended to adopt 

a module-based system, for example, 

communication, data analysis, or sensor 

modules. This would allow these technologies to 

be flexibly incorporated into conventional 

equipment. In this way, companies could 

gradually migrate and implement systems that 

improve energy efficiency, contributing to 

reducing unnecessary consumption and saving 

energy. 

 

Regarding circuit breakers designated as 

smart from the outset, the standard could 

regulate their manufacturing through 

performance testing, both for the electrical 

protection component and for their contribution 

to energy efficiency. Furthermore, it would be 

advisable for manufacturers to standardize their 

devices. This way, the architecture and internal 

mechanisms will be similar, allowing for their 

repair, maintenance, and, consequently, a longer 

lifespan. 

 

Finally, it would be appropriate for the 

standard to incorporate requirements that ensure 

compatibility and interoperability between 

technologically advanced devices and existing 

traditional devices. This would allow SCB´s 

(Smart circuit breakers) to be easily adopted in 

technologically limited environments without 

rendering traditional circuit breakers obsolete. 

 

The above proposals could meet the 

following sustainable development goals (SDG) 

established by the UN (Organización de las 

Naciones Unidas, n.d.): 

 

− SDG 7, target 7.3: For suggesting 

improvements in the pursuit of energy 

efficiency. 

− SDG 9, target 9.4: For suggesting the 

modernization of infrastructure and the 

conversion of industries to become 

sustainable through the adoption of 

efficient technologies. 

− SDG 12, target 12.2: For suggesting 

sustainable management and efficient 

use of natural resources. 

 

With these suggestions, the IEC standard 

would maintain its technical relevance and 

become a strategic tool for promoting industrial 

sustainability in constantly evolving 

environments. 

 

https://doi.org/
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Conclusions 

 

Emerging technologies and the application of an 

EnMS (Energy Management System) are the 

answers to our energy optimization challenges. 

Thus, smart circuit breakers and modern 

predictive maintenance systems are the first step 

toward a sustainable technological transition. 

International regulations must be pioneers in 

fostering change and the evolution of systems 

and infrastructures, seeking and aligning 

progress with the sustainable development goals 

established by the UN (United Nations) for 

2030. 
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