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This work presented the design, development, and implementation of a low-cost IoT system for real-time monitoring of electrical
consumption and environment parameters inside social housing. The IoT monitoring system is composed of a set of remote
measurement nodes that wirelessly sense and transmit records of the air temperature and relative humidity inside the house as
well as the voltage, current, and power consumed by several electrical devices. A server coordinator composed of a Raspberry
Pi was used for the interaction with the sensors through the Message Queue Telemetry Transport (MQTT) protocol and
allowed the measured data packaging, fragmentation, transfer, storage, and cloud upload for remote multiuser visualization.
The system was experimentally evaluated in an inhabited single-story house under tropical climate conditions. Operation tests
indicate a successful performance of the protocols implemented for remote visualization and cloud storage. Moreover, an
analysis of measured data allows the feasibility of identifying the occupants’ energy consumption patterns and their
relationship with the search for comfortable environmental conditions. Thus, the proposed friendly framework is a promising
alternative to energy management. Its implementation in embedded Linux-based systems provides the flexibility to integrate
control strategies based on artificial intelligence.

1. Introduction

The application of mechanisms and instruments to obtain
satisfaction conditions into indoor environments has
become a relevant issue for the energy and building sectors.
On the one hand, thermal dissatisfaction seriously affects
people’s health, while on the other hand, artificial air condi-
tioning for space cooling in buildings represents a significant

challenge in terms of energy efficiency [1, 2]. This relation-
ship between the thermal satisfaction levels and the energy
demand to achieve it is more noticeable during extreme heat
events. Specifically, in tropical or hot climate zones (charac-
terized by present indoor temperatures above 26°C and exte-
rior temperatures above 32°C), the use of air conditioning
and ventilation mechanisms to cool and dehumidify interior
spaces can represent more than 50% of buildings’ energy
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consumption [3]. Moreover, in these zones, due to popula-
tion growth along with the temperature effects caused by cli-
mate change, electricity energy used in social housings is
expected to have a growing influence on both local and
global energy consumption rates [4, 5]. Considering this
trend, monitoring strategies are necessary to minimize the
overall energy demand while guaranteeing occupants’ ther-
mal satisfaction.

In recent years, the interest in implementing embedded
systems linked to the concept of “Internet of Things” (IoT)
has grown to represent a versatile tool with the capability
of visualization and accessibility from practically any geo-
graphical location by using mobile devices. Besides, charac-
teristics of IoT as compatibility with different devices
regardless of the manufacturer, as well as its ability to
acquire data from the environment where they are located,
process it, and transmit it through the cloud, making this
technology an ideal option for the development of low-cost
monitoring systems [6]. Based on this, IoT has been success-
fully used to continuously monitor of diverse processes. This
approach has shown broad application potential in the agri-
cultural sector to report in real time to farmers the comfort
level of comfort in crops (temperature, humidity, pH, etc.)
[7, 8]. It has also been quickly adapted to the medical field
for the storage and remote visualization of patients’ vital
signs (heart rate, oxygen saturation, blood glucose level,
etc.) [9, 10]. In the energy sector, this approach has proven
to be one of the main trends to reduce instrumentation costs
and streamline the decision-making process to improve the
performance of large photovoltaic installations [11, 12], the
real-time monitoring of offshore wind farms [13, 14], and
the automation of households to integrate them into smart
grids [15, 16].

In the specific case of monitoring systems for buildings,
Table 1 contains the studies developed in recent years based
on IoT technology. According to the table, most of the stud-
ies carried out are based on monitoring indoor environmen-
tal parameters [17–28], the most interesting being the
temperature and relative humidity inside the enclosure.
However, it is essential to emphasize that many focus their
IoT systems for air quality applications [17, 21, 26, 27]. This
leads to the fact that not all consider thermal comfort condi-
tions as a priority of the monitoring systems designed for
interiors. In the cases of Karami et al. [17], Ferdoush and
Li [21], and Ponce and Gutiérrez [27], the measurement of
the ambient temperature represents an indicator to consider
the levels of specific harmful agents in the air, which is why
they have primarily focused on laboratory conditions.
Another important factor in analyzing from the perspective
of thermal comfort is the validation of IoT systems for mea-
suring indoor conditions in inhabited buildings. Most of the
reported systems are validated under laboratory conditions
[17, 18, 22–24], with few studies reporting the interaction
among users, postoccupied buildings, and sensor networks
developed. Silva et al. [19] developed an Arduino-based
IoT system to study the thermal satisfaction effects of
churchgoers under a Mediterranean climate. For their part,
Carre and Williamson [20] and Martín-Garín et al. [25]
designed smart sensor networks (also based on Arduino)

to study the conditions of thermal satisfaction in previously
occupied apartments, both for Mediterranean and Oceanic
climatic conditions, respectively. In the same context, other
studies have addressed scenarios such as malls [26], offices
buildings [21], and universities buildings [27]. Finally, there
is great interest in the evaluation under real climatic scenar-
ios, intending to analyze the phenomena of the structure and
materials of the building in interaction with the climate as
well as the routine of the occupants.

Regarding the monitoring of electrical appliances and
devices, there are few studies in this area. However, the
most mature studies base their approach to energy con-
sumption in buildings [29, 33]. Similar to the case of ther-
mal comfort variables, laboratory conditions prevail for the
analysis of developed energy monitoring IoT systems
[29–33]. Furthermore, the state-of-the-art review reveals
that although monitoring systems based on IoT have been
designed for buildings, they have not addressed the interac-
tion between energy demand and thermal satisfaction, play-
ing these concepts in isolation. Finally, it has been found
that none of the studies carried out focused on the imple-
mentation of these monitoring systems for homes under
actual environmental conditions, which is relevant as one
of the primary buildings for people, where a large amount
of electricity is consumed as well as where the best comfort
conditions are required.

An essential factor to highlight from Table 1 is the hard-
ware devices, where Raspberry Pi and Arduino are the most
used for IoT applications [17–25, 27–31, 33]. The foregoing
is relevant given that although both are development boards
with similar characteristics, such as operating in low power
mode and having easy connection to analog and digital sen-
sors, they have different architectures and technical parame-
ters. On the one hand, the Arduino is a microcontroller that
shows its best performances in hardware applications, while
the Raspberry Pi is a Linux-based minicomputer that can be
linked to the internet and run various types of software and
firmware. Studies have shown that because the Arduino
requires additional components such as SD cards and shields
for storage and web connection, they do not make it viable
for data management. However, its low cost and easy pro-
gramming show that its best performance occurs when used
as a sensor node [34]. For its part, the Raspberry Pi works
better as a central control system; this is because its periph-
erals have an ethernet and Wi-Fi connection. These benefits
allow the Raspberry Pi to be an important resource in the
execution of multiple jobs that seek to link various areas in
the IoT. For example, Mudaliar and Sivakumar [34] imple-
mented an IoT system using a Raspberry Pi for monitoring
various energy parameters (voltage, current, power, power
factor, etc.) in a switchgear industry manufacturing com-
pany and analyzed energy consumption day by day. Nadafa
et al. [35] used the Raspberry Pi to design a home security
system. Through programming, the intrusion detection sys-
tem allows the acquisition of visuals on an Android device
through a Wi-Fi connection. Bora et al. [36] proposed a
real-time health monitoring system that with the use of
Arduino acquires the heart rate, body temperature, heart
rate and electrical activity (ECG), and location. Said data is
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processed to the Raspberry Pi, which stores the data through
a Wi-Fi connection and sends it to various users. Samson
et al. [37] proposed an intelligent power monitoring system
through the Raspberry Pi. This system is divided into two
important parts: The first, the Electricity Board (EB), inter-

acts entirely through the website. For the second part, the
user has access to an energy monitoring application. In this
system, all communications are carried out through the Wi-
Fi module of the Raspberry Pi. Shapsough et al. [33] pre-
sented the design and implementation of an IoT-based solar

Table 1: Monitoring systems developed in recent years for the measurement of indoor environmental variables and the consumption of
electrical devices in buildings.

Publication Summary
Indoor measured

parameters
Hardware
device

Building
type

Climatic
conditions

Indoor environmental parameters:

Karami et al. [17]
Continuous measurement

toolbox for indoor
environmental quality

Temperature, humidity,
air quality, and illuminance

Arduino
Indoor

environment
Laboratory
conditions

Lewis et al. [18]
Digital environmental

monitoring
Temperature, pressure,

and humidity
Raspberry Pi

Indoor
environment

Laboratory
conditions

Silva et al. [19]
Prototype to measure

environmental parameters
Temperature, humidity,

and ventilation
Arduino Church

Mediterranean
climate

Carre and Williamson [20]
Indoor environment data

collection

Temperature, humidity,
light, sound level, air

velocity, and air quality
Arduino Apartment

Mediterranean
climate

Ferdoush and Li [21]
Enable wireless sensor

network
Temperature and humidity

Arduino &
Raspberry Pi

Office
building

Subtropical
climate

Meana-Llorián et al. [22]
Adjust the indoor

temperature
Temperature Raspberry Pi

Indoor
environment

Laboratory
conditions

Vujović and Maksimović [23] Adjust the indoor
temperature

Temperature Raspberry Pi
Indoor

environment
Laboratory
conditions

Sung and Hsiao [24]
Analyze indoor

environmental data
Temperature, humidity,

CO2, wind speed
Arduino

Indoor
environment

Laboratory
conditions

Martín-Garín et al. [25]
Building environmental

monitoring
Temperature and humidity Arduino Apartment Oceanic climate

Kalia and Ansari [26]
Portable device to measure

indoor environmental
parameters

Temperature, humidity,
pressure, and dew point

ESP8266
Commercial

center
Tropical savanna

climate

Ponce and Gutiérrez [27]
Predicting climatic
conditions inside an

enclosure
Temperature and humidity Raspberry Pi

University
building

Laboratory
conditions

Shinde et al. [28]
Environment monitoring

system

Measure air pollutant
concentrations,

temperature, and humidity
Raspberry Pi

Outdoor
variables

Laboratory
conditions

Electrical energy parameters:

Arumuga Perumal et al. [29]
Building monitoring system

to understand energy
consumption

Voltage and current Raspberry pi
University
building

Laboratory
conditions

Abate et al. [30] Smart electric meter Voltage and current STM32F2
Indoor

environment
Laboratory
conditions

Agyeman et al. [31]
Design and implementation

on energy monitoring
system in homes

Power consumption
Raspberry Pi
& Arduino

Indoor
environment

Laboratory
conditions

Pereira et al. [12]
Measure PV and

meteorological variables

Voltage, current,
PV module temperature,
solar irradiance, and
relative humidity

Raspberry Pi PV system Tropical weather

Matsui et al. [32]
Sensing electricity
consumption.

Electricity power Sassor Inc.
Indoor

environment
Mild weather

Shapsough et al. [33]

Implementation of PV
system for the purpose
of evaluating power loss

due to dust

Measure in real time
IV curves

Raspberry Pi PV system
Laboratory
conditions
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monitoring system for large-scale distributed solar installa-
tions and in smart cities. Through the implementation of
the Raspberry Pi, this design allows the sending of IV curves
from modules at different points to evaluate the power loss
due to dust. Finally, Hafid et al. [38] using the Raspberry
Pi and two systems on Chip (Soc) solutions, implemented
a 3-lead complete ECG recording and an impedance cardio-
graph. This is with the purpose of developing research with
affordable and available components.

Based on those mentioned above, this work implements
the IoT technology for both energy efficiency and thermal
comfort applications in houses. The study has focused on
developing a low-cost monitoring system designed to mea-
sure energy and indoor environmental parameters. A central
control system composed of a Raspberry Pi device was used
to interact with the sensors through various communication
protocols, packaging, fragmentation, data transfer, and stor-
age measured in the cloud. The work uses a case study of the
Mexican buildings known as social housing, which cover
80% of the country’s homes [39]. Specifically, the evaluation
of the proposed IoT system is addressed under tropical cli-
mate conditions, since according to the National Institute
of Statistics, Geography and Informatics (INEGI), social
housings under this climate congregate 15% of the country’s
air conditioning and mechanical ventilation equipment [40].
Therefore, this represents an essential focus in terms of
energy efficiency and thermal comfort.

The work points to two main objectives of great interest
to improve energy performance in buildings that have not
yet been addressed:

(i) It contemplates the development and validation of a
real-time monitoring system applied to the case of a
postoccupied building under a climate scenario not
yet addressed (tropical climate conditions)

(ii) It implements the IoT approach as a tool to associate
the occupants’ routine with their habits of environ-
mental comfort and energy consumption

The work’s main contribution is the design of a friendly
framework with minimal development time and easy
implementation as a tool to monitor energy consumption
online and variables that affect the thermal comfort of the
occupants. The most outstanding characteristic of the
framework is to be based on free software and hardware,
making it an economical alternative to be implemented in
buildings with reduced space and low budgets, such as
social housing and apartments. Furthermore, as it is based
on an embedded Linux-based system (Python), it presents
the flexibility of extending its application by hybridizing
IoT with artificial intelligence for future energy manage-
ment strategies.

The content of the work is divided as follows: Section 2
provides a general description of the development, opera-
tion, coding, and visual interfacing of the IoT monitoring
system. Section 3 presents the evaluation of the system in a
house of social interest in tropical climatic conditions,
involving the feasibility of implementation and the analysis

of measurements. Section 4 engages in a discussion of fur-
ther developments, and Section 5 presents the conclusions.

2. IoT Monitoring System

The low-cost IoT monitoring system proposed in this inves-
tigation is developed for the continuous and long-term
measurement of electrical energy consumption and environ-
mental data of social housing, residential apartments, and
similar. It is designed to operate in a wireless network that
allows the data communication of sensors located in differ-
ent building areas and its subsequent collection, storage,
and display by a cloud service. The IoT monitoring system
comprises two main elements, the remote sensor nodes
(RSN) and the server coordinator (SC), illustrated in
Figure 1.

The RSN is the hardware element in charge of collecting,
digitizing, and transmitting the values of the physical vari-
ables. The RSN is divided into two types: (a) the first is
designed for measuring the voltage, current, and power con-
sumed by home electrical devices; (b) the second is intended
to measure the environmental variable of relative humidity
and temperature inside and at the surrounding environment
of the home. The inclusion of a wireless communication
structure facilitates the incorporation or replacement of
new RSNs without the need for modifications (or changes)
in the system’s current configuration. Wireless data trans-
mission is enabled through Wi-Fi interconnection technol-
ogy. Using the Wireless Local Area Network (WLAN) and
the high-level communication protocol MQTT, the RSN
measurements are sent to the SC.

The SC incorporates a set of high-level software pro-
grams (Application Programming Interfaces (APIs)) that
execute data acquisition, monitoring, cloud storing, and
visualization. For this purpose, the Raspberry Pi was used;
it is a cheap and low-power reduced board computer that
operates under a distribution of the open-source Linux oper-
ating system [41]. Into the Raspberry Pi board was imple-
mented different APIs intended to perform specific
operation processes on data. Mosquitto API [42] is used
for assigning tags to RSN and enabling communication.
Node-RED [43] is used for decoding, defragmenting, and
retrieving the data. InfluxDB [44] creates a backup database,
and ThingSpeak API [45] enables the IoT remote access by
an HTTP protocol, providing end-users a real-time visuali-
zation of the last 60 measured data. Likewise, it generates a
CSV file with all the captured data for subsequent analysis,
if required.

2.1. Remote Sensor Nodes

2.1.1. Electrical Energy Monitoring Sensors. The electrical
variables (voltage, current, and power) are measured using
the commercial device POWR2, developed by ITEAD [46].
It is a Wi-Fi-based wireless switch that can connect to a wide
range of appliances. Among its main applications are home
automatization, energy monitoring, overload protection,
and timing functions. The POWR2 was selected by its
cost-effective and open hardware/software manufacturing
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equipped with serial-TTL programming ports for burning
external firmware (Figure 2(a)), enabling it to be used as a
complement to wireless platforms and embedded systems
[47]. Conventionally, the POWR2 operates transmitting
data to a cloud platform via the smartphone application
eWeLink [48]. However, the conventional mode restricts
access to the device database. For this work, the control of
POWR2 was carried out using the custom firmware
ESPurna [49].

The POWR2 is designed to work in an operating range
of 90~250V AC to tolerate a maximum current of 16A
and a maximum power of 3.5 kW, suitable for the power
measurement of most household appliances. To measure
the electrical consumption variables, the device is equipped
with the HLW8012 integrated circuit (IC), a single-phase
energy monitor chip by HLW Technology [50]. The IC
monitors the analog voltage and current, converting these
into digital values of root mean square (RMS) voltage, cur-
rent, and active power. The IC integrates a self-calibration
process based on current and voltage peak-to-peak values,
providing measurement accuracy of ±1.0%. The sensor has
a response time of 2-3 s, enough for energy consumption

measurements in appliances that do not vary too much in
their operating time. Additionally, each POWR2 incorpo-
rates an ESP8266 module [51] integrated directly into its
printed circuit board (PCB) for remote communication via
Wi-Fi (Figure 2). A more detailed description of the POWR2
configuration and electronic instrumentation is given
in [47].

2.1.2. Indoor Environmental Monitoring Sensors. To monitor
the indoor and surrounding environmental variables, a set of
RSN were manufactured (http://www.arduino.cc). These are
designed to act as dataloggers, recording sensed humidity
and temperature values at building interest zones. The Ardu-
ino platform was selected because of its versatility, big
library repository, and extensive online support community.
Furthermore, it has proven to be reliable and easy to imple-
ment in monitoring networks [6, 10, 52].

The data logger system was manufactured using the
Arduino Mega, a development board based on the micro-
controller (MCU) ATmega2560 [53]. It is an 8-bit board
MCU with 54 digital pins, 16 analog inputs, and 4 serial
ports, characteristics more than enough for the monitoring
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Database and data storage
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User 1
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User n
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software as well as parsing
and formatting data received,
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and to local storage
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in case the ThingSpeak database
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Area of study Cloud services End users

Remote controller

Figure 1: IoT monitoring system prototype operational diagram.
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system. The Arduino Mega incorporates a USB type B port
to establish communication with computers and a power
jack powered by either AC-DC converters or batteries.
Moreover, the board produces a regulated 5.0V and 3.3V
outputs to provide the supply voltage for sensors and elec-
tronic devices.

To achieve monitoring and wireless transmission of envi-
ronmental variables, various modules were integrated into the
Arduino Mega board. The MCU is designed to measure every
5 minutes; however, the measurement time can be modified
via software. Figure 3 illustrates the schematic diagram of the
developed environmental wireless measurement device. A
detailed description of the functions of each element incorpo-
rated in the Arduino MEGA Board is provided below:

(i) Environment sensor DHT22 [54]: it is a low-cost
digital sensor based on a capacitive element for the
measurement of relative humidity and an NTC
thermistor for temperature. The sensor contains a
high-resolution ADC (16 bits) to simplify hardware
connections and provide data using a digital signal
based on a one-wire protocol. The humidity mea-
suring range covers from 0 to 100% with an accu-
racy of 2-3% RH, while the temperature measuring
range is from -40 to 125°C with ±0.5°C accuracy,
both complying with the limits defined in the stan-
dards ISO 7726 [55], EN 16242 [56], and ANSI/
ASHRAE 55 [57]. Its response time is 2 s in open
air, enough time to observe the slow heat transfer
phenomena that affect the variation of the tempera-
ture and relative humidity inside buildings [58].

(ii) Backup storage data system: it consists of a micro SD
card breakout-board (by CATALEX [59]) and a
Real-Time Clock (RTC) DS3231 [60]. It is designed
to temporarily store the recorded information in a
2GB micro SD memory and avoid data loss in case
of faults in the WLAN. Measurements are stored
with their respective date and time in a “txt” file;
during data storage, these are separated by tabs to
facilitate their possible use in spreadsheets.

(iii) LCD check display: its function is to display on a
16 × 2 LCD screen the connection or operation
faults of the components that make up the RSN,

for immediate reparation. A switching element is
connected to the LCD screen power supply to guar-
antee energy savings, turning it on only when faults
are detected.

(iv) Support cooling system: since the RSN is intended to
operate in tropical climate regions with tempera-
tures above 34°C in summer, a piece of cooling
equipment was incorporated to avoid circuit over-
heating during the operation. It is composed of a
temperature sensor and two DC fans. The tempera-
ture sensor is placed on the peripheries of the Ardu-
ino board; when the sensor detects that the
temperature exceeds 40°C, the fans are activated,
generating forced convection cooling. The fans turn
off when the temperature drops below 35°C. This
reduces the temperature inside the case and pre-
vents damage to the remote sensing device.

(v) Emergency energy supply system: this works as a
backup source that comes into operation if the elec-
trical grid does not supply energy to the RNS due to
failures. It is made up of a 9V battery connected to a
relay. When the primary power source is cut off, the
relay switches by connecting the battery to the
Arduino board. This allows the RSN operation
while the primary power source is reset.

(vi) Wi-Fi module: an ESP8666 module [51] mounted
on a breakout board was used to establish wireless
communication. This was implemented to incorpo-
rate the RSN into the WLAN and transmit the mon-
itored data to the SCN.

2.2. Server Coordinator Node. The central control system
with which all sensors communicate is a Raspberry Pi model
B. It is a low energy consumption microcomputer running
with the Raspbian operating system, a Debian-based Linux
open-source distribution [41]. The operating system and
data are stored on an SD card (with a minimum of 4GB).
The Raspberry Pi operates with a 5V power supply (and just
over 700mA) provided by a micro USB connector. Addi-
tionally, the device has various peripheral elements such as
USB ports, ethernet ports, general-purpose input, output
pins, and HDMI, SCI, and DSI ports. The Raspberry Pi
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Figure 2: POWR2 device used for remote measurement of electrical consumption of household appliances.
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Table 2: Costs per device of the equipment that make up the IoT monitoring system.

Component Company Quantity Cost per unit (USD)
Subtotal
(USD)

Electrical energy monitoring system

POWR2 ITEAD 1 $24.00 $24.00

Environmental monitoring system

Arduino Mega Arduino 1 $8.00 $8.00

DHT22 Adafruit 2∗ $7.00 $14.00

DS3231 ElectroCrea 1 $1.50 $1.50

Micro SD card breakout CATALEX 1 $1.30 $1.30

LCD HD44780 SparkFun 1 $3.00 $3.00

5V DC fan Steren 2 $5.00 $10.00

ESP8666 Haictronic 1 $5.00 $5.00

Relay RAS 0510 Sun Hold 2 $0.90 $1.80

9V battery — 1 $1.90 $1.90

Total $46.50

Coordinator server node

Raspberry Pi 2 B Raspberry 1 $56.00 $56.00
∗Each RSN is enabled to contain up to 14 sensors. The basic system is equipped with 2.

A3&A4

A1&A2

A5&A6

D

B2

A7&A8

B1

B4

B3

A9&A10

A11&A12

Figure 4: Schematic diagram of the house used for the case study with the detailed location of the devices that make up the monitoring
system.

8 Journal of Sensors



was selected over conventional computers due to its low
cost, high processing capacity, and open-source feasibility.
Moreover, the Python programming language is installed
by default, representing a significant advantage due to a large
amount of documentation on the internet, making it easy to
program and configure it and carry out the communication
between different devices.

For this work, the Raspberry Pi is connected to the inter-
net by the ethernet protocol. Because different platforms are
used to capture the environmental and energy consumption
variables, it is necessary to establish a reliable communica-
tion framework for the data capture, reception, storage,
and actual-time display. The framework established in this
work proposes the interaction of RSN with CSN through
the MQTT communication protocol. The proposed frame-
work was composed of the set of applications Mosquitto
MQTT, Node-RED, InfluxDB, and ThingSpeak, whose func-
tion is described in detail below.

MQTT is an open network protocol developed as an
extremely lightweight publish/subscribe messaging transport
between devices. It is designed for connections with remote
locations that require few computing resources or limited
bandwidth [61]. This protocol was selected for being one
of the primary standards for IoT applications due to its sim-
plicity, lightness, low power consumption, low bandwidth,
security, and robustness, ideal for devices that operate 24/7
and those powered by batteries. MQTT communication sys-
tems are made up of devices named clients that connect to a
central server known as a broker. Each client can act as a
publisher or subscriber and communicates with one or more
brokers. Clients connect with the broker through “topic
levels” made up of UTF-8 strings. Communication is carried
out through specific topics, where the client-publisher sends
the information to the broker, which is distributed to any cli-
ent subscribed to said topic [62]. In the present work, the
RSNs were assigned as clients while the broker was imple-
mented in the Raspberry Pi board.

The Mosquitto API was used to enable the Raspberry Pi
as a broker in the MQTT protocol. This software is com-
monly used to establish clients and/or brokers in MQTT
communication systems [63]. It is characterized by its light-
ness and ability to handle various connections between dif-
ferent clients, being suitable for microprocessors with low
computing power (compared to big servers). It is a free,
open-source software implemented by hobbyists, academics,
and commercial products with extensive documentation and

implementation examples on the web [42]. Within the con-
text of the proposed monitoring system, Mosquitto API per-
mits communication between the RSN and the RC,
periodically sending the collected measurements to the bro-
ker (Raspberry Pi). The MQTT communication was estab-
lished by assigning a specific topic to each RSN to identify
the origin and type of the data sensed. During the system’s
operation, the broker sequentially requests the measure-
ments of each RSN at specific intervals. On the other hand,
it is configured to operate as a remote controller with the
possibility of sending on/off commands to the RSN,
although this function is only used in case the RSN needs
to be restarted remotely.

Node-RED is a browser-based flow editor for wiring
hardware devices, APIs, and online services [43]. It is an
open-source tool focused on IoT applications, included by
default in Raspbian operating systems. It is based on node.
js, a JavaScript platform that uses an event handler to create
data-intensive and lightweight real-time applications that
can work seamlessly across many devices. Moreover, it is
compatible with a large number of services and communica-
tion protocols, among which the MQTT stands out.

Node-RED was used as a bridge to link the Raspberry Pi
to the cloud database. Monitored data sent by the MQTT
protocol are entered into the software’s process flow. The
software defragments the UTF-8 code line (specific topic)
and retrieves the relevant information from the measure-
ments. The information is then recombined and assigned
to the appropriate format for storage and/or sending to the
cloud (InfluxDB and ThingSpeak use different storage for-
mats). At the end of the process flow, the numerical mea-
surement values are sent in separate data packets to their
respective repositories for storage.

InfluxDB allows storage of the information received by
the broker in a database; it is a free and open-source time-
series database [44]. It was selected due to its multiple attri-
butes, such as the ability to work under the Python language,
compatibility with the IoT environment, and time-centered
functions to query a data structure made up of measure-
ments. InfluxDB is commonly used for storing large volumes
of data-bound-to-time values, qualities that highlight it to be
implemented in IoT systems over other databases such as
MySQL, Oracle, or SQL Server designed mainly for inven-
tory control [64]. Among its main applications are DevOps
monitoring, metric sensor storage, and real-time measure-
ment analysis.

Table 3: Technical characteristics of the electrical devices monitored with the developed IoT system.

Device Minisplit Window A/C Freezer

Model EMPRC182-Y RC2G-HW12C2 53WRC121A DCF087A1WMX

Capacity 18,000 BTU/h 12,000 BTU/h 12,000 BTU/h 8.7 ft3

Nominal voltage 220V 220V 220V 115V

Nominal current 7.56A 5.78 A 11.6A 1.4A

Nominal power 1700W 1250W 1225W 150W

Location in house Dining room Room 1 Room 2 Dining room

Assigned RSN B1 B2 B3 B4
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In the presented IoT system, this application is used to
create a backup of the data uploaded to the cloud in case
of saturated storage memory or not-available data transfer
for some reason. The data packet coming from Note-RED
is saved in a CSV file inside the SD memory incorporated
in the Raspberry Pi board. Each stored character is equiva-
lent to one byte; during each saving period, around 200 bytes
of memory are used. Thus, in the case of continuous moni-
toring with measurements 12 times per hour (every 5
minutes), it is possible to store one year’s worth of recorded
data in less than 3MB. Thus, a cheap 4GB micro SD mem-
ory is more than enough to hold the Raspbian operating sys-
tem and the database.

ThingSpeak is an IoT cloud service designed to enable
users to load, store, and view sensor data from remote loca-
tions anywhere and/or at any time with a web browser [45].
It is a free-of-cost platform to perform the analysis and
instant graphic representation of data shared by the linked
measurement devices. It is also enabled to associate with
the MATLAB application service and perform online analy-
sis and processing.

ThingSpeak operates through the creation of a user
account on its website (http://www.thingspeak.com). The
user creates several input channels based on the type and
amount of parameters monitored. Each channel is assigned
with a unique API key to guarantee access to measurements
of interest. API keys are linked to URLs to redirect the user
to a data chart of the required information. Additionally,
there is the possibility of configuring the channel as public
(visible to anyone) or private (visible only to whoever has
the user’s access codes). This process was implemented to

obtain remote access to the database stored in the cloud
through mobile devices and computers (end users).

The data packet coming from Note-RED was uploaded
to the cloud service. The monitored variables were classified
with their respective collection location and assigned to a
channel. The variables were visualized through a dynamic
graph that displays the last 40 recorded data. Table 2 com-
piles the commercial information of devices that integrate
the IoT monitoring system.

3. Case Study: Social Housing under Tropical
Climate Conditions

3.1. Description of the Study Location and the Facility. The
IoT monitoring system was set up in a single-story social
housing located in the city of Merida, Yucatan, Mexico
(20°58′N, 89°37′W). This region is characterized by present-
ing a tropical climate with high temperatures throughout the
year, reaching values above 36°C in summer and relative
humidity above 70% most of the time [65]. Combining these
environmental characteristics necessitates the intensive use
of indoor cooling equipment, making the city a suitable loca-
tion for evaluating an energy/environmental monitoring
system.

The house under study has an East-West orientation and
a built area of 10:67m × 7:51m × 2:60m (length, width, and
height, respectively). The house is distributed into seven
zones (living room, dining room, kitchen, bathroom, back-
yard, and two bedrooms) and is inhabited by six people (4
adults and 2 children). Further, for the interior air condi-
tioning, the building has three types of equipment consisting
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of two minisplit units and a window air conditioner, distrib-
uted in the areas with the highest occupancy in the house
(dining room and bedrooms).

Figure 4 provides a sketch of the house with the mount-
ing location of the measurement devices, classifying the
environmental monitoring sensors as A1-A12 and the elec-
trical energy monitoring sensors as B1-B4. The sensors for
monitoring the air temperature and relative humidity were
placed in pairs, covering specific measurement zones inside
and around the house. The sensors are arranged as follows:
A1 and A2 living room and dining room; A3 and A4 main
entrance (exterior adjoining living room and dining room);
A5 and A6 room 1; A7 and A8 backyard area adjoining
room 1; A9 and A10 room 2; and A11 and A12 backyard
area adjoining room 2. The placement of sensors in pairs
was to validate the monitored information. It is important
to emphasize that none of the sensors was directly exposed
to irradiation.

Regarding the energy consumption monitors, these were
installed in each of the space cooling equipment in the
home; additionally, an electrical energy measurement device
was incorporated in the refrigerator in the house. The mea-
surement of the electrical demand of these devices is to study
the patterns of energy consumption produced by changes in
temperature and humidity. Table 3 presents the technical
specifications of the monitored electrical devices and the
assigned sensor code for each one.

3.2. GUI and Analysis. The results of implementing the IoT
monitoring system are presented in two categories: (I) real-
time visualization by GUI and (II) recording and analysis
of measurements from the data stored into the Raspberry
Pi’s SD memory card by InfluxDB.

Figure 5 illustrates the graphical user interface, from
ThingSpeak cloud service, for real-time visualization of the
air temperature, relative humidity, and power monitored
values. Figure 5 shows the web monitor for computer view-
ing. Through this interface, any authorized user can

remotely observe the status of the sensed variables and each
of the sensors installed. The data can be accessed in two
ways; the first corresponds to a gauge (or label) that exhibits
spot measurements (Figure 5), mainly used for displaying
temperature and relative humidity values.

The graphs contained in Figures 6 and 7 depict a sam-
ple corresponding to a week of the interaction between
electrical power consumed by the cooling devices and the
indoor temperature (Figure 6) and relative humidity
(Figure 7) at the house’s interest zones. In the case of
indoor temperature, Figures 6(a)–6(c) clearly show that
air conditioners’ turn on/turn off cycles operate under a
thermal comfort threshold between 32°C and 24°C.
Figure 8 also shows the performance of two different types
of technology for space cooling. This can be seen in
Figure 6(b) (minisplit) and Figure 6(c) (window air condi-
tioner) in which, although they cool practically identical
volumes, the cooling speed to reach the comfort tempera-
ture is slower in the case of the window air conditioner,
finally impacting on electricity consumption and its associ-
ated cost. Thus, the information and knowledge gathered
by the IoT system offer the possibility of establishing con-
trol strategies to reduce energy consumption based on the
habits of occupants and the cooling devices installed in
the home. The aforementioned is essential in social hous-
ings under these types of climate that apply an intensive
use of these cooling systems.

Concerning indoor relative humidity, Figures 7(a)–7(c)
show a reduction of this parameter during the operation of
the air conditioners in the range of 50% to 30%. This is a
desired characteristic in the tropical climate regions, com-
pared to the dry climate, because excess humidity affects
the heat index of the occupants. Nevertheless, the use of dif-
ferent cooling technologies impacts the form in that the
humidity in the room is reduced. According to Figure 7(c),
the use of window air conditioning stabilizes the relative
humidity at 40%. Otherwise, with the minisplit (Figure 7
(b)), the relative humidity can fluctuate between 30% and
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50%. As can be seen, these relative humidity levels are asso-
ciated with electricity consumption since the window air
conditioner, when operating continuously for much longer,
manages to maintain this parameter. At the same time, the
electrical power consumed by the minisplit encourages these
variations.

Finally, in the case of the refrigerator, its energy con-
sumption has a cyclical behavior during its operation. On
the one hand, it can be seen that the compressor starting fre-
quency can be related to the ambient temperature inside the
room since it is relatively low when the room temperature
begins to drop, while on the other hand, the relative humid-
ity of the kitchen does not play a significant role in it as it is
an isolated system.

Another benefit provided by the information storage
scheme of the IoT system is the possibility of treating the
collected samples. In the case of environmental variables
and energy consumption of cooling devices, Figures 8 and 9
show the average behavior (after the data processing) of air
temperature and relative humidity both inside and surround-
ing the monitored house. In this figure, the relative humidity
levels reach their maximum in the morning (approximately
between 9:00 am and 10:00 am) and begin to drop during the
day due to solar radiation and wind speed factors. Observing
the humidity in this period of the day, it is higher inside the
house than outside. The above sets a guideline for integrating
natural ventilation processes during specific periods of the day
(for example, 10:00 am-6:00pm) to take advantage of the low
humidity outside.

Regarding the air temperature, the measurements reflect
that during the nights, it is higher inside the house than out-
side, leading to an increase in the use of air conditioning to
achieve comfort conditions. The above is a product of ther-
mal storage phenomena since the houses of social interest in
this region of Mexico are made of concrete, promoting heat
retention. Implementing passive systems such as ventilated
ceilings, facades, and thermal insulators would help reduce

temperatures and energy consumption within homes. Thus,
the IoT system allows an analysis to implement new technol-
ogies and passive systems to improve thermal satisfaction
and energy management in this type of housing.

Figure 9 illustrates the monthly average behavior
throughout the day for both environmental variables. It is
observed that during the sampling month, a trend is out-
lined throughout every day for the different hours, which
can be summarized in an average behavior with specific
standard deviations, both for relative humidity and air tem-
perature. The preceding demonstrates how the data collected
through the monitoring system can be disposed of and the
feasibility of acquiring these variables in the climatic condi-
tions considered.

Figure 8 shows the data processed for energy consump-
tion by the monitored devices, where the power consumed
is considered the parameter of most significant interest to
analyze. This graph shows the average power consumed by
each device throughout the day. According to the figure, it
is possible to observe that effectively; the minisplit in the
room is the electrical equipment that has the highest use
and energy consumption throughout the day. Based on its
performance curve, this device is mainly used after midday,
when the ambient temperature rises and continues to oper-
ate until around midnight. From the quantitative perspec-
tive, the collected data, on average, the most significant
energy requirement, is presented at the 19:50-hour power
cycle, consuming power equivalent to 1,051.9W. On the
other hand, in this same graph, it is possible to see that the
air conditioning equipment installed in rooms 1 and 2 are
required during the night-morning hours (22:00 hrs-
8:00 hrs), operating on average about 12 hours. The highest
average consumption recorded by these devices was
606.2W at 22:25 for the minisplit in room 1 and 542W at
23:30 for the window AC in room 2. It is also possible to
see that although both air conditioners cool space with prac-
tically the same volumes and use the same amount of time,
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Figure 7: Seven-day measurement period corresponding to the energy consumption of the refrigeration equipment and the relative
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the power consumed on average by the minisplit is less than
that of the window AC (a difference of 81W). This is
because the AC unit in room 2 is an older window air con-
ditioner, while the unit in room 1 is a modern element with
more efficient technology. Finally, the consumption of the
refrigerator was not affected by external environmental fac-
tors (temperature, humidity) because the volume to be
cooled is an isolated system; there are only disturbances
when the refrigerator is opened; however, these interactions
are so short that the influence they have on consumption is
minimal. Table 4 summarizes the most relevant information
from electrical measurements. Thus, similar to environmen-
tal variables, the feasibility of data storage related to the
characteristics of electrical equipment is viable. Finally, the
contrast of the stored information shows that the system
can be used as a tool for energy management based on the
occupants’ comfort.

4. Further Developments

From an environmental monitoring perspective, future
planned developments involve incorporating new sensors
(for example, proximity sensor, air quality sensor, wind
speed sensor, light sensor, and binary for opening doors
and windows) to improve quality in the measurement of
comfort parameters. Concerning energy monitoring, work
is being done to promote energy monitoring to an energy
management process. This takes advantage of the benefits
of using the Raspberry Pi microcomputer. Since the IoT
monitoring system currently has a robust and effective soft-
ware framework, we are working with the incorporation of
artificial intelligence to establish management strategies
based on the inhabitants’ comfort habits.

Another important aspect is the economic one, with the
knowledge that cost is the main barrier to integrating
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monitoring and/or energy management equipment in social
housings. Therefore, we continue working to reduce costs
further to make the system more affordable.

Among the main strategies addressed for this purpose
are replacing the current Arduino and Raspberry Pi cards
by versions (with the same capacity) reduced in size and
cost. This would favor a more compact and economical

development of environmental RSN as well as SCN with
lower energy consumption.

5. Conclusions

A wireless IoT system for monitoring environmental and
energy consumption parameters into homes was designed,
developed, and evaluated. The system stores and provides
real-time information regarding indoor air temperature
and relative humidity and the electrical power consumed
by cooling equipment in the residence. The system was built
using affordable hardware platforms and diverse open
license software. Communication between the measurement
devices and the server that compose the IoT system was
established using the MQTT protocol. The registered infor-
mation is stored in databases and uploaded to the cloud to
be available to users through web platforms.

The system was evaluated over in a postoccupancy
single-story house under tropical climate conditions.
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Figure 9: Description of the monthly behavior of the air temperature inside and outside the house under study.

Table 4: Quantitative measured values of the monitored cooling
systems.

Device
Average power

(W)
Room volume

(m3)
Average usage time

(hrs)

Minisplit 308.5 108.17 10

Minisplit 183.0 38.02 12

Window
AC

264.4 38.70 12

Freezer 73.4 0.25 24
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Operation tests indicate a successful performance of the pro-
tocols implemented for data sensing, communication, and
cloud storage. The implementation of measurement devices
with ESP8266 Wi-Fi modules and the use of the MQTT pro-
tocol were critical pieces for the wireless transmission of
information safely and with low power consumption. The
ease and viability of remote viewing from the graphical
interfaces were demonstrated (different access points com-
puters, smartphones, tablets, etc.), enabling as a feasible tool
for monitoring at locations (with internet access) far from
the measuring points. Moreover, the collected measure-
ments show that the system can generate a solid database,
indicating that it is suitable to operate for long sampling
periods. On the other hand, the analysis of measurements
demonstrates the feasibility of identifying the occupants’
energy consumption patterns and their link with the search
for comfortable environmental conditions, demonstrating
the relevance of implementing these systems for energy
management in regions with this type of climate.

The prototype presented can become an accessible alter-
native for monitoring and managing energy in homes based
on comfort conditions. The design and low cost of the sys-
tem make it suitable to be implemented in buildings with
reduced space and low budgets, such as social housing and
apartments. On the other hand, the communication, storage,
and real-time visualization strategies implemented in this
work have the ability to be adaptable and move to other sce-
narios where monitoring systems linked to the internet are
required, such as applications in industrial processes, renew-
able energy, and transportation. Finally, the administration
of information through low-cost microcomputers such as
the Raspberry Pi offers the possibility of applying the system
on a more advanced scale focused on developing domotic
and inmotic systems that manage energy consumption
through the knowledge of occupants’ habits. So future works
must be aimed at establishing control strategies and imple-
menting artificial intelligence for learning the energy habits
and comfort conditions and its implementation in real con-
ditions for smart homes and buildings.
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