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Abstract: Maintaining optimal Indoor Environmental Quality (IEQ) requires continuous measurement
of certain variables. To this end, ASHRAE and BPIE recommend that at least the following areas of
interest be considered when measuring IEQ: thermal comfort, illuminance, indoor air quality, and
noise. At this time, it is not common to find an IoT device that is suitable for dense deployments in
schools, university campuses, hospitals, and office buildings, among others, that measures variables
in all of the above areas of interest. This paper presents a solution to the problem previously outlined
by proposing an IoT device that measures variables across all of the aforementioned areas of interest.
Moreover, in a radio frequency network with a tree-like structure of IoT devices, this device is able
to assume the roles of sensor and hub node, sensor and router node, and only sensor node. The
experimental results are satisfactory, and the detailed system design ensures the replicability of the
device. Furthermore, the theoretical analysis paves the way for high scalability.

Keywords: remote sensors; sensor networks; sensor applications in the environment

1. Introduction

Indoor Air Quality (IAQ) has been a topic of general interest for a long time, as
evidenced by the existence of regulations in different countries [1]. However, it is part of a
broader concept called Indoor Environmental Quality (IEQ), which some authors consider
to encapsulate IAQ (see section GreenTip 9-5 of [2]). Although some current regulatory
attempts on IEQ only partially address the new concept [3], there are others that consider it
comprehensively [4]. Given that standards and regulations typically appear as a result of
current or future needs, it is reasonable to expect that the emerging field of IEQ will require
new scientific and engineering contributions.

At present, and in relation to IAQ first and IEQ later, it can be said that the topics
that have been and are being most frequently addressed in the scientific literature are
the following:

¢  Ventilation status and contaminant detection: Indoor ventilation status is generally
related to the concentration of naturally generated contaminants. This often affects
the health and productivity of the compartment’s occupants [5-9]. In addition to
the above, the detection of non-natural contaminants, introduced accidentally or
intentionally [10], is also a matter of interest because they can also affect the health of
living beings.

. Energy consumption: The energy consumption of Heating, Ventilation, and Air Con-
ditioning (HVAC) systems is usually significant compared to other energy-consuming
systems in buildings. As a result, this is a topic where proposals are continually being
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made [11-16]. In [17], a set of circuits of complementary activities is designed and
successfully used to both measure variables related to IEQ and detect inappropriate
energy consumption. Particularly noteworthy is the effort made to obtain low-cost
devices that are also open hardware and software. The extensive literature review
presented in [18] discusses how various IoT systems have been used to reduce energy
consumption in buildings while increasing occupant comfort. Although the term IEQ
is commonly applied to buildings for people, there are some industrial facilities, such
as greenhouses, where controlling environmental variables while optimizing energy
consumption is equally important [19].

Comfort levels: According to chapters 8 of [2] and 3 of [9], the areas of interest of
variables to establish IEQ conditions are as follows: thermal comfort, illuminance,
indoor air quality, and noise.

Aside from the limitations imposed by the absence of health hazards, the fact is that
comfort levels with respect to various parameters of environmental interest are not
the same for all individuals in all scenarios. Several researchers say that different
factors that have an influence are age [20], activities prior to entering a new space [21],
the metabolic rate of individuals, the insulation provided by clothing [22], and the
gender of people (chapter 2.1 in [23]), among others. Therefore, in multi-user rooms,
it is sometimes difficult to satisfy everyone equally. This makes measures such as
Predicted Mean Vote (PMV), Actual Mean Vote (AMYV), and Predicted Percentage of
Dissatisfied (PPD) interesting [22].

Another alternative to explain the complicated thermal scenarios related to com-
fort sensations and to facilitate decision making is the one presented in [24], which
proposes the creation of a system based on artificial intelligence.

In addition, the approach taken in [25] proposes to couple a network of sensors to the
user in order to measure their state of comfort. By comparing the obtained data with
the environmental conditions, a thermal comfort model is obtained.

Technological details of the IoT sensor networks: Currently, system architectures com-
monly used in the Internet of Things (IoT) field are emerging as interesting alternatives
for rigorous monitoring of quantities that influence the quality of environmental condi-
tions inside buildings [26]. In addition, IoT systems generally facilitate the distribution
of results among registered subscribers. The technological challenges faced by IoT
systems regarding indoor environments are generally not very different from those
faced by other IoT systems. Scalability is one of them. In this respect, the development
proposed in [27] stands out. This reference shows the deployment of 165 sensor units
throughout New Zealand to provide IAQ measurements in school classrooms.
Another decision of great relevance is to determine which communication alternative
is the most suitable for the different devices of an IoT system. In this respect, the
hardware approach proposed in [28] adds flexibility to this decision. The authors
provide several wired and wireless communication alternatives for each sensor unit.
According to [29], low-cost sensors such as those presented in this paper do not
require a calibration certificate. The opposite is true for professional sensors, which
are typically used in the construction of high-end laboratory equipment.

In [30], the deployment of a sensor node network with infrared communication is
shown to avoid electromagnetic interference problems. This could be of interest in
hospitals and other applications where there is equipment whose operation could be
affected by electromagnetic radiation.

Finally, it should be noted that when sensor nodes cannot rely on an external power
source, it is necessary to use batteries or some energy harvesting strategy. Although
this problem is not frequent when measuring indoor variables, since usually all
buildings offer electric power, sometimes the location of the sensors may be far from
any power outlet. Therefore, contributions like [31] are of interest. The authors
of [31] show that they consume much more energy when using the sensors than when
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transmitting the information obtained. This observation could be used to optimize the
time interval selected to collect information from the sensors.

e  Stakeholders: From our point of view, the beneficiaries of using an IoT network to
measure indoor variables are as follows:

—  The users of the space, because they can establish more rigorous indoor environ-
mental control strategies and allow them to detect extreme scenarios that require
specific actions.

—  Architects and building designers, because the feedback from low-cost sensor
networks helps them improve their designs by studying environmental and
behavioral data over time, improving the comfort and experience of people in
buildings [32,33].

—  Decisions makers also gain benefits because they can implement their regulations
with scientific rigor [34].

The main objective of this work is to present a sensor device for measuring temperature,
relative humidity, CO, concentration, illuminance, and noise in classrooms of a university
campus. In order to get an idea of how suitable the environment is for the users of an indoor
space, the measurement of these variables could be of great importance. This contributes
to practically all the above-mentioned research lines. This device has the capability to be
integrated into a Radio Frequency (RF) sensor network for IoT systems. In addition, with
the intention of being able to operate in university campuses of different sizes, the device
facilitates a sufficient scalability of the IoT sensor network due to the different roles the
device can assume in the network, and the flexibility the whole sensor system offers in the
way it behaves. The device can assume the roles of sensor and hub node, sensor and router
node, and only sensor node.

There are several devices in the literature that measure different indoor environmental
variables. Nevertheless, these devices frequently fail to perform measurements in all areas
of interest for IEQ [2,9], or they are not IoT. Therefore, in the scenario of needing to measure
variables in these areas and that the system is also IoT, it is necessary to combine several of
the devices mentioned above. Nevertheless, this is costly due to the replication of units in
several devices (e.g., power supplies, chassis, communication devices, and so on), decreases
the reliability of the set, increases the power consumption, etc. The subject of this work
is to propose a solution to the above mentioned drawbacks. In this context, it should be
emphasized that our goal is not to use the cheapest sensors and microcontrollers available
on the market, but to use the most suitable ones in terms of performance and to integrate
them all on the same Printed Circuit Board (PCB).

The above was the main motivation for this work, which led to the design of an IoT
sensor device. Such a device can measure variables in all areas of interest for IEQ according
to ASHRAE [2] and BPIE [9]. Therefore, the contributions of this work are as follows:

1.  To develop a device that measures a selected set of variables, namely: air temperature,
relative humidity, illuminance, noise, and CO; concentration, that may be of interest
to indoor users according to [2,9].

2. To enrich the above sensor with high scalability.

This device could be useful in a number of applications, including the following:
(1) IEQ scoring; (2) detecting extreme environmental scenarios in classrooms, hospitals,
libraries, offices, etc.; (3) obtaining information that allows for more effective energy
consumption planning in buildings; (4) verifying the occupancy status of spaces, and so on.

The remainder of this paper is organized as follows: Materials and methods are
detailed in Section 2. In Section 3, results and discussion are shown. Finally, the conclusions
are given in Section 4.
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2. Materials and Methods

First, the capabilities of the sensor device to be developed were established. This is
covered in Section 2.1. Section 2.2 is dedicated to explaining the choice of the communi-
cation alternative between sensors. In addition, the design and construction of the sensor
node is presented in Section 2.3. Moreover, a final series of tests was conducted to verify
the correct operation of the sensor node in a real-world deployment scenario, which is
explained in Section 2.4.

2.1. Capabilities That the Sensor Node Should Have

In general, as explained in Section 1, to respond to the topics of common interest in
IEQ, the capabilities that the sensor node should have are the following:

*  Topic “Comfort levels”: In accordance with [2,9,35,36], it is important to measure tem-
perature, humidity, illumination, CO, concentration, and noise. It is worth mentioning
that the measurement of air temperature and relative humidity allows one to obtain
an estimation of thermal comfort according to [37-43].

¢ Topic “Ventilation status and contaminant detection”: Measure CO, concentration
because it is an indirect indicator of the degree of ventilation and undesirables air
pollution levels in a room [2,35]. In addition, measurements of CO; concentration
are of interest in themselves due to the fact that high concentration levels can cause
discomfort and headaches, among other adverse human health effects [44].

¢  Topic “Energy Consumption”: Enable corrective actions to be taken to improve energy
consumption, based on information provided by the sensors.

e Topic “IoT network technology”:

1. Have the capability for sensor nodes to communicate via RF until the information
reaches the hub node of the RF network, as this reduces the cost of deploying the
sensor network compared to wired alternatives.

2. Bescalable enough to adequately monitor classrooms on a university campus.

*  Topic “Stakeholder Support”: Sensor nodes should be able to support indoor environ-
ment stakeholders by providing measures of interest to them.

2.2. Selection of the Communication Alternative between Sensors

In this work, we have chosen a wireless sensor-to-sensor communication network
over the wired option. This decision is supported by the following considerations:

1.  Low cost of the wireless alternative compared to wired.
2. Small length of messages to be sent and low transmission frequency, which minimizes
the negative impact of lower speed in RF communications compared to wired.

Among the available wireless alternatives, we chose MiWi, which is a free variant
of ZigBee, developed by Microchip Technology Inc. (Chandler, AZ, USA). However, it is
worth mentioning that other similar options (for example, WiFi, BLE, and others) would
have achieved the same objectives. However, for the sake of convenience in this work, we
chose to use the alternative suggested above.

Both ZigBee and its MiWi variant are based on the IEEE 802.15.4 standard [45], which
allows the implementation of peer-to-peer and star network configurations. This standard
suggests the possibility of creating more complex communication networks, such as mesh
networks. However, mesh networks are not part of IEEE 802.15.4 (chapter 5.5.1 in [45]),
and it is up to each implementation to provide this type of network (or other alternatives).
Mesh networks introduce the complication of establishing multi-hop routes for messages.

In general, communication implementations based on IEEE 802.15.4 that support
complex topologies must periodically check which nodes are active on the network and
which are within range of each other. This allows routing tables to be updated to establish
communication routes between all nodes. However, this reduces efficiency because network
management messages must be issued in addition to device information messages.
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In this work, the networks are configured to transmit indoor environmental mea-
surements where the number of devices is constant and their location is fixed for long
periods of time. Therefore, we decided to deploy a network that does not support dynamic
node incorporation to ensure that the Personal Area Network (PAN) coordinator does
not have to broadcast management messages, thereby increasing network efficiency. In
addition, we achieved the above by using a peer-to-peer (P2P) network that supports a
static configuration with a tree network topology (see Figure 1).

7

Figure 1. Example of a tree network. Red bubble: PAN coordinator. Blue bubbles: sensor nodes that
are repeaters. Green bubbles: sensor nodes that are leaf nodes.

In the tree network of this proposal, each node knows both to which other node it
must send its messages and the messages it receives from other nodes. This is done in order
for them to reach the final concentrator. In addition, the address to which it should send
the message is entered when the software is compiled.

2.3. Sensor Node Design and Construction
The most prominent components of the system are the following:

. Microcontroller: dsPIC33EP512GM604 (https:/ /www.microchip.com/en-us/product/
dsPIC33EP512GM604, accesed on 20 May 2024).
¢  Communications SoC: MRF24J40ME (https:/ /ww1.microchip.com/downloads/aem
Documents/documents/OTH/ProductDocuments/DataSheets /70005173 A.pdf, ac-
cesed on 20 May 2024).
*  Sensors:
- Luminosity: VEML7700 (https:/ /www.vishay.com/docs /84286 /veml7700.pdf,
accesed on 20 May 2024).
- CO; concentration: SCD30 (https:/ /sensirion.com/products/catalog/SCD30/,
accesed on 20 May 2024).
- Temperature: SHT31 (embedded inside the device SCD30, https:/ /sensirion.com/
products/catalog/SHT31-DIS-B/, accesed on 20 May 2024).
- Relative humidity: SHT31 (embedded inside the device SCD30, https:/ /sensirion.
com/products/catalog/SHT31-DIS-B/, accesed on 20 May 2024).
- Microphone: MKD-1365 (https:/ /docs.rs-online.com /{768 /0900766b811685d.
pdf, accesed on 20 May 2024).

Some of the key data of the sensors used in the device are listed in Table 1. In addition,
the internal SysML block diagram of the power supply structure of the sensor device is
shown in Figure 2. Specifically, an external 5 V DC power supply is used to provide a
supply voltage of 3.3 V DC for all components by using the AP1117 voltage regulator.
At this point, it is worth mentioning that, in the case under study, since the maximum
current consumption is low and the classroom temperature does not exceed 50 °C, it is not
necessary to place a heat sink on the voltage regulator.
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Table 1. Some relevant data about the sensors used, provided by their manufacturers.

Device Accurac Measurement Other

y Range Specifications
VEML7700 N/A 0-167,000 1x Ambient Light
(Vishay Intertechnology Resolution: 0.005 1x
Malvern, PA, USA) I>C Bus Voltage

Range: 1.7Vto3.6 V

SCD30 CO, £(30 ppm + 3%) 040,000 ppm Repeatability:
(Sensirion AG 10 ppm
Stifa, Switzerland) Temperature

stability: 2.5 ppm/°C

SHT31 Temperature £0.5°C —40-120 °C Repeatability:
(Sensirion AG 0.1°C

Stéfa, Switzerland)

SHT31 Humidity +2% RH 0% RH-100% RH Repeatability:
(Sensirion AG 0.1% RH
Stifa, Switzerland)

MKD1365 N/A N/A Sensitivity:
(Kingstate Electronics Corp. —40 £ 3 dB

Taipei Hsien, Taiwan)

Signal to noise
ration: 58 dBA
Output impedance:
22K0O

Frequency:
20-20,000 Hz
Directivity:
Omnidirectional

N/ A stands for not applicable.

«Block»

| power_structure

& + Regulator: AP1117 [1]

+ Gnd: Voltage [1]

3.3V Voltage [1]

T 1
E & + uCentroller: dsPIC33E512GM604 [11]]
1

+ Gnd: Voltage [1]

3.3V: Voltage [1]

1
|
= + Multisensor: SDC30 [ll:

=l + llluminance-senser: VEML7700 [1]

=l + RF_SoC: MRF24J40ME [11]

3.3V Voltage [1]

Figure 2. Internal block diagram of the sensing device power structure.
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Figure 3 shows the internal SysML block diagram of the communication structure
and the components within the sensor device. In this figure, the temperature, humidity,
CO, sensors (integrated in the SCD30 device), and the luminosity sensor (VEML7700)
communicate with the microcontroller via an I?C bus. The noise sensor (MKD-1365) condi-
tioning circuit provides an analog signal to the microcontroller. Finally, the microcontroller
communicates with the RF transmission SoC (MFR24J40MC) via an SPI bus. The board
provides a USART connector as an external interface, in case the node acts as a hub. This
is because the hub needs to supply the Internet entry point with both all data received
from other nodes and all locally generated data. The Internet entry point is a single board
computer with a USART interface that sends the information to the database server. An RF
(antenna) interface is also provided to send and receive messages wirelessly.

«Block»
[®] Communication Structure

(= + RF-50C: MRF24J40ME [1]

S + SDO: 3.3V-signal [1] 0

+ SCL: 3.3V-signal

+ SCL: 3.3V-signal [1

[T~~~ 7+ SDO: 3.3Vv-signal [1]F=====3 i

— i
Jv-signal[11 T TX: 3.3V-signal +[10: Analog-signal [11
| + uController: dsPIC33E512GM604 [ [ : 1 + Microphone: MKD-1365 [1]
10: Analeg-signal [1]

+ RX: 3.3V-signal H

+ SDA: 3.3V-signafTIT=—"""""~
SCL: 3.3V-signal [1]

: 3.3V-signal [1] [EE

SCL: 3.3V-signal [1]
Fignal1iT}

= + Multisensor: SDC30 [1] E
1 =l + llluminance-sensor: VEML7700 [1] !

Figure 3. Internal block diagram of the sensig device communication structure.

Figures 4 and 5 contains the electronic schematic design of the developed device. The
microcontroller is shown in Figure 4. The microphone signal conditioning circuit is shown
in the upper part of Figure 5. The RF communication SoC (MRF24J40ME) is shown on the
left in the middle of the figure. To the right of the center of the figure is the voltage regulator.
Finally, the I?C interface devices (SCD30 and VEML7700) can be seen at the bottom.

Figure 6 shows the Printed Circuit Board (PCB) design of the electronic device. In
addition, Figure 7 shows the prototype of this circuit in the classroom, and Figure 7a shows
the circuit inside its enclosure. The location of the two sensor boxes (see Figure 7b,c) is
firstly due to the fact that a representative point was sought where there will always be
students, regardless of the number of attendees in each class. This point is located in the
first third part of the classroom (see Figures 7b, 8, and 9). On the other hand, in order to
have more information and reduce the excess of wiring in the classroom, the concentrator
node was placed near the communication cabinet, as this node is also a sensor box (see
Figures 7c, 8, and 9). The Internet switches are located in the communications cabinet,
which is responsible for providing Internet access to all computers in the classroom.
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Figure 5. Schematic design of the electronic circuit built in this work. Other components than

microcontroller.
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SCD30 connector

SEN—SEL, SEN—-PY'M, SEN RDY,
© \rizeasoi e syl oo, v

MKD-1365

NSA—v5
SYST—UPM
Rx | IO}
PE e
Gnd; = Probe
5 PICKIt—4

dsPIC33E512GM604
UARTs connectors

Figure 6. Design of the PCB of the electronic device, pointing out its most outstanding components.

(c)

Figure 7. (a) Sensor node box. (b) Sensor node placed on the ceiling in the middle of the classroom.
(c) Sensor node placed at the back of the classroom.
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Figure 8. Top view of the classroom with sensor box locations.

Sensor boxes

| FEREE T

-‘I I- --
WA AW 8 LUE._ .

Figure 9. Left side view of the classroom with sensor box locations.

2.4. Test Bed

To test the correct behavior of the sensor node in a real-world deployment scenario, all

the components needed to build a basic IoT system were created (data transfer scenarios to
IoT system consumers have not been activated in the tests, as it is not essential to evaluate
the behavior of the developed IoT devices). Schematically, the system responds to the
component and interface design shown in Figure 10 and detailed below:

1.

2.

Sensor nodes. These are devices developed to collect indoor environmental measure-
ments and transmit them via RF to a concentrator node.

Concentrator node. It is a sensor node in which, in addition to generating the infor-
mation acquired at its location, it collects the information received from the sensors
deployed in the same RF network. The collected information is sent, through a USART
channel, to an element with an Internet connection (injector node).

Injector node (Internet entry point). It is responsible for receiving information from
the concentrator node and injecting it into the Internet to a database server, where the
information will be permanently stored.

Message router node (Internet router). The injector nodes of an installation connect to
a router, which knows how to redirect messages to reach their destination.

Database server node (Internet endpoint). It is the node in charge of receiving the
information from the Internet and storing it permanently in a database.
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«Block»
[ 1o0T-System

«FullPort»
+ Ethernet-port2: RjAS [1l___________________
S| + Router-1: Router [l]i

«FullPort»
+ Inter-1: internet-port [1]

i
1

la + R-Pi-Concentrator: Raspberry-pi [111
L '

«FullPort» «FullPort»
+ USART-1: USART [1] + Ethernet-portl: Rj45 [1] «FullPort»
+ Inter-2: internet-port [1]

[ Fcatnden W Sahi dramsaanafn sy 1

«EullParts | & + Router-2: Router [l]i
1
e ——————— — —————l

+ USART-SN: USART [1] «FullPort»

| e | + Ethernet-port3: Rj45 [1]
i = + RF-Concentrator: Sensor_node [1!:
1
-1
«FullPort» «FullPort»

+ RF-Link-SN2: RF-Link [1] + Ethernet-port4: RJ45 [1]

! LT 1
| 5 + loT-Server: Raspberry-pi [11}
I % 1

]
«FullPort»
«FullPort» + USB-1: USB [1]
------------------- —-—

1 > = j + RF-Link-SN1: RF-Link [1]
1 | -
! = + s-NodeD: Sensor_node [1]! «FullPorts

+ USB-2: USB [1]

: LI 1
10+ data-base: Data-base [1]}
i ]

Figure 10. Internal block diagram of the IoT system configuration.

The schematic code that is executed in the PAN coordinator of the network is shown
in Algorithm 1. In addition, the code that is executed in each repeater node or leaf node is
shown in Algorithm 2. It can be seen that the most notable difference is that the latter nodes
do not raise the network, but are incorporated into the network previously established by
the PAN coordinator.

On the other hand, the data to be transmitted or received from other nodes are sent by
RF using the MiWi protocol.

Algorithm 1 Schematic code design of PAN coordinator.

Init system clock, peripherals, and sensors;
Initialize MiWi protocol and raise the RF network by selecting the least saturated channel;
LOOP
PARALLEL ACTIVITIES
each 5 min
- Measure air temperature, relative humidity,
illuminance, and CO, concentration
- Prepare to send all measurements by USART,
including noise and reset maximum noise to zero
each 100 pus
- Get a noise measurement
- Save the noise measurement in
maximum noise if it is higher than
the current maximum noise value
continuously
- if a message from other node is received,
prepare to retransmit it by USART
continuously
- Send by USART prepared messages
END PARALLEL ACTIVITIES
END LOOP
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Algorithm 2 Schematic code design of a full future device.

Init system clock, peripherals, and sensors;
Initialize MiWi protocol and look for the channel which operates the PAN coordinator;
LOOP
PARALLEL ACTIVITIES
each 5 min
- Measure air temperature, relative humidity,
illuminance, and CO, concentration
- Transmit all measurements by RF
to the following net device including noise
and reset maximum noise to zero
each 100 ps
- Get a noise measurement
- Save the noise measurement in
maximum noise if it is higher than
the current maximum noise value
continuously
- if a message from the other node is received,
retransmit it by RF to the following net device
END PARALLEL ACTIVITIES
END LOOP

3. Results and Discussion
3.1. IoT System Testing

As a preliminary testing approach, five IoT system test groups were established:

Initialization of the microcontroller and its peripherals.

Verification of sensors operation.

Verification of RF communication between sensor nodes.

Verification of the communication between the concentrator and the injector node.
Verification of the communication between the injector node and the database server.

G LN

The previous tests were of individual components and integration. The defects found
were minor software defects, and no design or specification defects were found. Therefore,
we moved on to deploying the IoT system for long-term testing. The test deployment
used two sensor nodes installed in a university classroom (see Figure 7b,c). In addition,
one of the nodes was configured as a PAN coordinator and deployed at the end of the
classroom (see Figure 7c). This sensor node was connected via a USART to a Raspberry-pi
Single-Board Computer (SBC), which acted as an injector node. This node was responsible
for sending messages to the database server using an open port on a switch near its location.

On the roof, in the first third part of the classroom (see Figure 7b), a sensor node was
placed in charge of communicating with the concentrator node via MiWi. In addition, a
database server node was placed in a building near the classroom. This node was also
housed in another SBC (Raspberry-pi) with an external hard disk connected through a
USB channel.

The variables that were considered in our sensor nodes usually evolve slowly, except
for noise. Therefore, it can be considered reasonable to take measurements every 5 min,
without the risk of losing significant information. However, sound can have considerable
variations in the same interval. Therefore, we decided to sample this signal with much
smaller periods.

With respect to the sound signal, the sampling period was 100 us, and we kept the
maximum of the samples taken during a 5 min interval. Once this time has elapsed, the
maximum of the samples taken from the sound signal is transmitted together with the data
obtained from the other sensors. Then, all the variables are reset and the process is repeated
indefinitely (see Algorithm 2).
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3.2. Scalability of the IoT System

The previously mentioned does not make sense if the correct operation of a reasonable
set of sensor nodes per hub node cannot be guaranteed. Therefore, we have considered
an upper limit, not mandatory, of 120 sensor nodes per hub node. The reason why we
chose the number 120 is that we are considering an extreme scenario, where we could find
ourselves in the case of 120 classrooms in a building. However, we explain later in this
paper how the system built can serve an extraordinarily large number of classrooms.

With 120 sensor nodes, the hub node needs to spend in RF communications less
than 0.1% of its period of 5 min to take measurements of its own sensors (MRF24J40 data
rate = 250 kb/s, data frame length = 53 bytes (of which 30 bytes are payload), which means
that it takes 0.20352 s to receive the information from the 120 sensor nodes).

Assuming a USART configured conservatively at 9600 baud with one start bit and
two stop bits per byte, it takes 4.43666667 s to transmit the information from all the sensors
((30 data bytes + 2 synchronization bytes) x 121 sensor nodes, including the hub node) to
the Internet access point. Total USART time plus radio frequency = 4.640187 s. Therefore,
the hub node spends 1.5% of 5 min to provide communication service.

Furthermore, the time spent by the hub node in transmitting messages to the injector
node from other network nodes is less than 0.2% of the transmission period of its own data
(i.e., the hub node’s data), which is 5 min. This occurs when the USART baud rate is equal
to 115,200 baud.

One of the most critical parameters for good scalability of the sensor segment of the
IoT system is the number of transactions per minute supported by the database system.
In this work, to intentionally reduce behavioral expectations, we have used a modest but
sufficient non-distributed database (SQLite). For non-distributed databases, the number of
transactions per minute is highly dependent on the disk technology used. Additionally,
considering the type of transactions when storing new data, which is equal to 32 bytes
in length per transaction in this first deployment, the number of transactions per minute
can vary from 350 for a very low-end external HDD to more than 60,000 for a high-end
external SSD.

In this work, the high-end SSD option allows up to 495 hub nodes with 120 sensor nodes for
each hub. That is, by distributing two sensor nodes per classroom, 495 x 120/2 = 29,700 class-
rooms could be monitored (Under these conditions, a disk of only one terabyte would
take almost a year to overflow (without taking into account file system management data).
102 /(59,895 x 12 x 24 x 5 x 32) = 362.32 days. 495 x 121 = 59,895 sensor nodes, 12 com-
munications per hour, 24 h per day, 5 database transactions per communication, 32 bytes on
disk per transaction). Obviously, this figure does not take into account a number of realistic
factors that could significantly reduce the number of classroom that could be monitored.
Some of these factors are as follow: (1) need to resend messages due to collisions with
other devices in the same network, (2) interferences with other networks in the ISM-Band
(i.e., WiFi, ZigBee, Bluetooth, etc.), (3) attenuation due to poor positioning of devices with
respect to concrete walls or thick brick walls in combination with lack of repeater nodes,
and so on.

Regarding the need to resend messages due to collisions caused by multiple devices
sending messages simultaneously, once the first collision is detected, the MiWi and ZigBee
protocols implement a contention mechanism to reduce the probability of future collisions.
However, the proposal presented in this work does not have this problem inherently. In
short, the above depends on the proximity in which the transmitter nodes are located in each
specific deployment, taking into account that a transmitter can be a leaf node or a repeater
node. Furthermore, since the constructed sensor nodes have a periodic actuation mode, there
is no collision if the nodes within the radio frequency range coordinate to phase shift their
actuation instants. In experiments conducted in the early stages of this work, eight test sensor
nodes in their preliminary version were placed in the same classroom and no collisions were
detected. This was achieved by following the procedure of not starting any pair of sensor
nodes at the same time. Specifically, if the start-up delay of a node with respect to the time at
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which the previous node was started is greater than the time it takes to transmit a message,
and also all nodes are started within a time interval shorter than the period at which they
transmit, then there are no collisions in the communication between sensor nodes.

With respect to interference with other networks in the ISM band, the most prominent
protocols (WiFi, Bluetooth, and ZigBee, among others) implement channel hopping. In
this work, experiments were conducted for the case under study to determine the need to
use channel hopping. However, the result was that it was not necessary. Therefore, only
the least noisy channel was sought for the PAN coordinator to start the communication
network on that channel. Naturally, in a dense network cohabitation scenario with long
channel occupancy intervals (e.g., streaming video, streaming audio, transmitting large
amounts of data, etc.), channel hopping becomes an essential alternative.

Finally, regarding the attenuation of the signal by the walls, it is true that the trans-
mitted signals can suffer great attenuation due to the susceptibility to electromagnetic
radiation of the type of material used in the construction of the buildings. In fact, concrete
materials are the ones with the highest absorption to electromagnetic radiation [46,47]. In
the case under study, being aware that all this may affect the signal transmission [48], we
propose to use repeaters where necessary. To this end, in this work we have built a protocol
for networks with a static tree configuration based on peer-to-peer networks. This alternative
virtually eliminates network maintenance messages while allowing an unlimited number of
repeater nodes in any possible branch of the tree. The only notable limitation of this proposal,
as with the other communication alternatives, is the saturation that could be generated by
including a very large number of sensor nodes in a branch of the communication network. In
preliminary tests conducted at the beginning of the work, nodes capable of transmitting up
to 1 km between sensor nodes in line of sight were used. However, when thick (0.3 m wide)
solid brick walls were placed between the sensor nodes, the range was reduced to just over
tens of meters. This problem justified the importance of being able to deploy as many repeater
nodes as needed in any given scenario, which is one of the main pillars of this work.

However, the margin between the calculated figure and the number of classrooms that
a university campus actually has is so large that we believe the proposal is still effective.
Moreover, the architectural design proposed in this work allows for even greater scalability.
For example, there is nothing stopping us from proposing more database server nodes to
serve different groups of nodes.

In any case, and with the intention of performing a moderate stress test, in this work
two sensor nodes were deployed using a period of 5 s (recall that the system is designed
to work with a 5 min interval, see Section 3.1). This was done with the aim of generating
a stress on the database server similar to that generated by 120 sensor nodes transmitting
every 5 min. In addition, a SEAGATE 1TEAP5-500 HDD was used in the database server.
The aforementioned system has been operating satisfactorily for several months without
interruption. Figure 11 shows the results of the measurements taken during a week day
(Wednesday) and a weekend day (Saturday) in the classroom under test. The maximum
capacity of the classroom is 108 students. However, as can be seen in Table 2, the classroom
is not always full because not all subjects have the same number of students enrolled. In
addition, there are no classes on Monday mornings and Friday afternoons. Therefore, only
the cleaning and maintenance staff enters the classroom during the periods when there are
no classes.
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Figure 11. Measurements taken during a weekend day (on Saturday): (a,c,e). Measurements taken
during a week day (on Wednesday): (b,d,f).

Table 2. Class schedules with the number of students in each time slot.

Time Monday Tuesday Wednesday Thursday Friday Saturday Sunday
9:00-11:00 102 (DB 1) 102 (DB 1) 103 (AL 2) 92 (CA3)
11:00-13:00 103 (AL 2) 96 (OOP 4) 92 (CA %) 96 (OOP %)
13:00-15:00 107 (AI®) 102 (DB 1)
15:00-17:00 102 (AL 2) 101 (DB 1)
17:00-19:00 95 (OOP 4) 101 (DB 1) 95 (OOP %) 91 (CA %)
19:00-21:00 101 (DB 1) 91 (CA ) 107 (AI®) 102 (AL 2)

! Subject: Data Base; 2 Subject: Algorithm Complexity; 3 Subject: Computer Architecture; 4 Subject: Object

Oriented Programming; 5 Subject: Artificial Intelligence.

3.3. Measurement Results

The results of some of the measurements carried out are shown in Figure 11. As can
be appreciated, the variables of interest were as follows: CO, concentration, luminosity,
and noise during a day with no activity on the university campus (see Figure 11a,c,e), and
a day with activity on the university campus (see Figure 11b,d,f). Briefly, the results shown
in Figure 11b,d,f represent the evolution of the variables measured in the classroom used in
the experiment, where lessons were held from 9:00 to 15:00 and from 17:00 to 19:00.

The graphs in Figure 11 show some details that deserve to be commented on:

1.  InFigure 11b, a very significant variation of the CO, concentration can be observed
with respect to Figure 11a. This is due to the fact that in the first case the classroom is
occupied and in the second case the classroom is empty. Figure 11b shows that from
00:00 to 08:00 the classroom is empty and, logically, the windows are closed. However,
at 08:00, the cleaning assistants enter the classroom and perform the morning task
of preparing the classroom. This activity usually takes between 10 and 20 min and
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is carried out by one to three people. Once the cleaning is done, the classroom is
open for students to enter and by 09:00 most students are in the classroom. Note that
this is reflected in a significant change in the CO, concentration of the classroom that
occurs in a short interval of time. The class then runs normally for about 110 min.
After this time, there is a short break due to the change of subject in the classroom. In
addition, it seems that more students attend the next part of the class because the level
of CO; concentration reached is higher than in the previous case. However, between
12:00 and 13:00, the students probably felt uncomfortable with the environmental
conditions and may have opened the classroom windows. This must have caused
the CO; concentration to drop, as can be seen in Figure 11b. After that, there was no
class from 15:00 to 17:00, although some students may have stayed in the classroom to
work. Then, from 17:00 to 19:00, students returned to the classroom. At this point, it is
worth mentioning that it is likely that the students came to class gradually because
many of them work and it is difficult for them to arrive in time for the start of classes
in the afternoon.

Finally, at 19:00, there was no class that day, and it was observed that the students
left the classroom and the CO; concentration dropped rapidly. This rapid decrease in
CO, concentration may be due to a janitor entering the classroom and opening the
windows. As shown in Figure 11b, after 19:00, the CO; concentration decreases until
it reaches the support level in the Earth’s atmosphere (just over 423 PPM). This level
is maintained until 00:00, at which time the next day’s data begins to be recorded.
Since CO; is an indicator of the degree of ventilation and pollution level of an indoor
space (see Section 2.1), the correlation between this indicator and the number of
students in the classroom should be significant. In this paper, from the data shown in
Figure 11b, it is experimentally demonstrated that the above correlation is 0.7709802
with p-value = 5.517182 x10~8.

Figure 11c shows a change in luminosity from 8:00, which increases almost exponen-
tially from 17:00 and drops sharply at 20:00. This is due to the fact that the classroom
has windows on its side walls (see Figure 7b), and these have an east-west orientation.
In Figure 11c, there are no brightness peaks in the morning, because there are large
trees located on the east side of the classroom that filter the light until the sun rises
above the lintel of the windows. However, in the afternoon there is an interval of just
under two hours in which the sun can enter unobstructed on the west side before
setting. On the other hand, Figure 11d shows an almost uniform behavior, because
artificial lighting is used practically all day and the sunshades on the west side of
the classroom are closed. In summary, Figure 11c shows a luminosity peak around
20:00 on a day when there is no activity in the center. No one is in the classrooms, the
sunshades are open, and the sun shines directly into the classroom without any filter
and then quickly disappears behind the horizon. On the other hand, on a school day,
the students lower the sunshades and turn on the artificial light for the whole day
(see Figure 11d).

Finally, in relation to noise, a relatively uniform behavior can be observed during
any given day of the weekend (see Figure 11e). However, it should be clarified
that absolute silence is not perceived in the classroom. This is due to the sporadic
activity of small wild animals in the garden on the east side of the classroom (such
as woodpeckers, blackbirds, and magpies, among others). To this must be added the
constantly operating equipment located in the classroom (see communications cabinet
to which the classroom computers are connected in Figure 7c).

Figure 11f shows the measurement of the sound level in the classroom during a school
day. It can be observed that from 0:00 to about 8:00 the recorded noise level is similar
to that of a day without classes (e.g., see Figure 11e). At 8:00 a significant peak is
detected that lasts for about ten minutes. This corresponds to the activity of the
cleaning staff in the classroom. Between 8:00 and 9:00, the noise gradually increases,
which could be due to students gradually entering the classroom. At 9:00 there is a
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peak above 50 dB, which marks the beginning of the first class of the morning, and
between 9:00 and 11:00 the noise in the classroom is higher than during the night,
with a maximum level around values slightly above 50 dB.

Shortly before 11:00, the classroom noise rises for just over 10 min and exceeds 65 dB.
This event appears to coincide with a class change and is consistent with a significant
number of students remaining in the classroom talking. This is followed by the next
class from 11:00 to 13:00. During this time, there seems to be more collaboration in the
classroom as there is a higher density of sound samples with values slightly above
50 dB. Again, at the end of the class at 13:00 there is a peak similar to the previous
class change, above 60 dB. There is another class from 13:00 to 15:00, and at the end of
this class the noise level returns to the base level with a maximum noise value around
25 dB to 30 dB.

In the afternoon, there is a class from 17:00 to 19:00, and in the middle of the class
there is a break of about 20 min around 18:00. During this break, it seems that most of
the students leave the classroom because the noise level drops to the baseline profile,
with a ceiling between 25 dB and 30 dB. The class then resumes and ends at 19:00, at
which time an abrupt drop in noise is detected. In addition, between 19:00 and 21:30,
the noise level gradually decreases as the university center empties of students and
workers. Finally, after 21:30, the behavior is similar to that of a day without classes
(e.g., see Figure 11e).

In relation to the graphs presented in this section, it is pertinent to mention that the
sensor nodes also measure temperature and relative humidity. However, these measure-
ments have not been presented in this paper because they do not reflect significant changes
in these variables between working and non-working days. We believe that this is due to
the insulation of the walls and the fact that the measurements were taken on days with
very good environmental conditions in spring.

3.4. Discussion on the Contribution of This Work Based on the Type of Sensors Used in Other
Devices Designed to Measure Indoor Enviromental Variables

In this section, a comparative analysis is made between some researchers published in
the scientific literature and the work presented here.

First of all, it is worth noting that the works found in the scientific literature on devices
for measuring indoor environmental variables are generally very good. However, in
some cases, the given solution involves deploying multiple devices with different sensors,
duplicating radio frequency transmission systems, which increases the probability of
radio frequency communication collisions. In addition, this problem is exacerbated by
the increased number of power supplies, device packaging, and unwanted higher power
consumption, among other drawbacks. This complicates the system architecture and data
collection and is likely to be more costly than a concentrated solution.

In relation to the above, it is also common to find IEQ measurement devices that do not
include all the recommended basic IEQ information items according to [2,9] (i.e., thermal
comfort, illuminance, air quality, and noise). This is probably due to the fact that their
research objectives do not require this consideration. In this sense, it is very common not to
pay attention to the sound level. Table 3 shows some of the works already referenced in
this paper, indicating which measures they perform.

It is observed that temperature and relative humidity are measured in all experiments.
The most measured variable is CO; concentration, followed by illuminance and finally
sound level. In addition, in some cases other variables are also measured, such as VOC,
PM; 5, etc. An outstanding development is the one presented in [49], where, as in our paper,
all IEQ areas of interest recommended for measurements are considered. However, the
device presented in [49] is not IoT. Therefore, it does not have the capacity to be integrated
into a network of sensors with which it works cooperatively.
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Table 3. Sensors used in related research works referenced in this article.
Reference Temperature I-Ilzlfrl:lt(li‘:y Illuminance ConcSrgiation S]f:‘l,rel;l Others
Alietal. [17] X X X x x
Aparicio-Ruiz et al. [20] X X X X
Mishra et al. [21] X X x x
Kuncoro et al. [23] X x
Sahoh et al. [24] x x x
Wei et al. [27] X X x X
Zhao et al. [28] X X x
Salomone et al. [29] x x x x x
Phan et al. [30] X x x x
Folea and Mois [31] X X X X X
Tiele et al. [49] x x x X X

The analysis presented in this section indicates a necessity for solutions that are more
tailored to the specific issue of measuring indoor environmental variables and making the
best use of existing communication technologies.

This paper presents a device that measures a set of different indoor environmental
variables with all sensors integrated in one electronic circuit, which also covers all the
measurement areas of interest for IEQ recommended by [2,9]. In addition, the device has
the potential to be integrated into an IoT network. This represents a significant advantage
in terms of cost-effective monitoring of a substantial number of spaces within buildings.

In summary, we recommend the design of electronic circuits that allow measurements
to be made in a single device in areas of interest for the study of indoor environments
and human comfort in buildings. Furthermore, we recommend that this device should be
able to be integrated into an IoT sensor network. In essence, this is important because IoT
allows having as many measurements as possible in a field of interest for the benefit of the
population, reducing costs, providing continuous information in real-time, and facilitating
decision-making, among other advantages.

4. Conclusions

This work presented an IoT device designed to measure indoor temperature, relative
humidity, illumination, CO, concentration, and noise. This device could be beneficial
in applications where it is necessary to study the indoor environment. In addition, the
device can be used to detect adverse scenarios in prominent spaces, such as classrooms and
hospitals. Moreover, the measurements obtained can be utilized in the planning of more
efficient energy usage, among other applications.

The device is equipped with a transmitter that supports communication according
to the IEEE 802.15.4 standard and has enough power to reach one kilometer when the
transmitter and receiver are in sight. The protocol used in the sensor nodes was MiWi, an
open-source variant of ZigBee developed by Microchip Technology Inc.

This sensor node can be configured to have all available capabilities of the commu-
nication protocol (Full Future Devices). This allows it to act as a repeater node when
needed, making it possible to deploy networks where not all devices are within range of
the hub node.

In order to reduce the number of network management messages that could be
transmitted, the mesh network configuration (a very suitable configuration for our needs,
provided by ZigBee and MiWi) was abandoned in this work. However, by working on a
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peer-to-peer configuration, we have introduced the static information elements necessary
to implement networks with a tree structure (see Figure 1). The peer-to-peer configuration
is the simplest of those supported by the IEEE 802.15.4 protocol, usually requiring a very
small number of network management messages. Furthermore, from our point of view,
tree networks are the most suitable alternative to achieve the objectives to be considered
in a deployment of IoT devices aimed at measuring indoor environmental variables in
classrooms on a university campus. The tests performed in this research demonstrate
the high scalability of the proposed system, which theoretically allows serving up to
29,700 classrooms of a university campus with a single database server implemented on a
single board computer (Raspberry-pi).

As future work, we plan to measure ambient light color so that the instructor can
change it according to the interest of each activity.

Author Contributions: Conceptualization, W.H. and N.C.; methodology, W.H. and N.C; software,
W.H. and N.C,; validation, W.H. and N.C.; formal analysis, W.H. and N.C.; investigation, W.H. and
N.C,; resources, W.H. and N.C.; writing—original draft preparation, WH. and N.C.; writing—review
and editing, W.H. and N.C.; visualization, W.H. and N.C.; supervision, WH. and N.C.; project
administration, W.H. and N.C.; funding acquisition, W.H. and N.C. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Spanish Ministry of Science and Innovation, grant number
PID2020-118969RB-100/ AEI/10.13039 /501100011033, and the APC was funded by the Spanish Min-
istry of Science and Innovation, grant number PID2020-118969RB-100/ AEI/10.13039/501100011033.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All data are contained within the article.

Acknowledgments: The authors would like to thank Universidad Politécnica de Madrid, Spain, and
Universidad de las Americas, Ecuador, for their support.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Wei, G.; Yu, X,; Fang, L.; Wang, Q.; Tanaka, T.; Amano, K.; Yang, X. A review and comparison of the indoor air quality
requirements in selected building standards and certifications. Build. Environ. 2022, 226, 109709. [CrossRef]

2. ASHRAE. Green Guide. Design, Construction, and Operationi of Sustainable Buildings; Techreport; ASHRAE: Atlanta, Georgia, 2018.

3. Dorizas, P.V.; Groote, M.D.; Volt, ]. The Inner Value of a Building. Linking Indoor Environmental Quality and Energy Performance in
Building Regulation; Techreport; BPIE: Brussels, Belgium, 2018.

4. Sansaniwal, S.K.; Kumar, S.; Jain, N.; Mathur, J.; Mathur, S. Towards implementing an indoor environmental quality standard in
buildings: A pilot study. Build. Serv. Eng. Res. Technol. 2021, 42, 449-483. [CrossRef]

5. Rastogi, K.; Lohani, D.; Acharya, D. Context-Aware Monitoring and Control of Ventilation Rate in Indoor Environments Using
Internet of Things. IEEE Internet Things . 2021, 8, 9257-9267. [CrossRef]

6. Hviid, C.A ; Pedersen, C.; Dabelsteen, K.H. A field study of the individual and combined effect of ventilation rate and lighting
conditions on pupils’ performance. Build. Environ. 2020, 171, 106608. [CrossRef]

7. Kallio, J.; Vildjiounaite, E.; Koivusaari, J.; Résanen, P.; Simild, H.; Kyllonen, V.; Muuraiskangas, S.; Ronkainen, J.; Rehu, J.; Vehmas,
K. Assessment of perceived indoor environmental quality, stress and productivity based on environmental sensor data and
personality categorization. Build. Environ. 2020, 175, 106787. [CrossRef]

8. Wargocki, P; Wyon, D.P. Ten questions concerning thermal and indoor air quality effects on the performance of office work and
schoolwork. Build. Environ. 2017, 112, 359-366. [CrossRef]

9. Kockat, J.; Dorizas, P.V.,; Volt, J.; Staniaszek, D. Quantifying the Benefits of Energy Renovation Investments in Schools, Offices and
Hospitals; Techreport; BPIE: Brussels, Belgium, 2018.

10. Kyriacou, A.; Michaelides, M.P,; Reppa, V.; Timotheou, S.; Panayiotou, C.G.; Polycarpou, M.M. Distributed Contaminant
Detection and Isolation for Intelligent Buildings. IEEE Trans. Control. Syst. Technol. 2018, 26, 1925-1941. [CrossRef]

11.  Yang, Y.; Srinivasan, S.; Hu, G.; Spanos, C.J. Distributed Control of Multizone HVAC Systems Considering Indoor Air Quality.
IEEE Trans. Control. Syst. Technol. 2021, 29, 2586-2597. [CrossRef]

12. Yu, L, Xie, D.; Huang, C; Jiang, T.; Zou, Y. Energy Optimization of HVAC Systems in Commercial Buildings Considering Indoor

Air Quality Management. IEEE Trans. Smart Grid 2019, 10, 5103-5113. [CrossRef]


http://doi.org/10.1016/j.buildenv.2022.109709
http://dx.doi.org/10.1177/0143624421997989
http://dx.doi.org/10.1109/JIOT.2021.3057919
http://dx.doi.org/10.1016/j.buildenv.2019.106608
http://dx.doi.org/10.1016/j.buildenv.2020.106787
http://dx.doi.org/10.1016/j.buildenv.2016.11.020
http://dx.doi.org/10.1109/TCST.2017.2754986
http://dx.doi.org/10.1109/TCST.2020.3047407
http://dx.doi.org/10.1109/TSG.2018.2875727

Sensors 2024, 24, 5129 20 of 21

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

Yu, L; Sun, Y.;; Xu, Z,; Shen, C.; Yue, D.; Jiang, T.; Guan, X. Multi-Agent Deep Reinforcement Learning for HVAC Control in
Commercial Buildings. IEEE Trans. Smart Grid 2021, 12, 407-419. [CrossRef]

Hafez, FS.; Sa’di, B.; Gamal, S.; Taufig-Yap, Y.; Alrifaey, M.; Seyedmahmoudian, M.; Stojcevski, A.; Horan, B.; Mekhilef, S. Energy
Efficiency in Sustainable Buildings: A Systematic Review with Taxonomy, Challenges, Motivations, Methodological Aspects,
Recommendations, and Pathways for Future Research. Energy Strategy Rev. 2023, 45, 101013. [CrossRef]

Yu, L,; Xie, D,; Jiang, T.; Zou, Y.; Wang, K. Distributed Real-Time HVAC Control for Cost-Efficient Commercial Buildings under
Smart Grid Environment. IEEE Internet Things . 2018, 5, 44-55. [CrossRef]

Zhu, H.; Lian, X,; Liu, Y,; Zhang, Y.; Li, Z. Consideration of occupant preferences and habits during the establishment of
occupant-centric buildings: A critical review. Energy Build. 2023, 280, 112720. [CrossRef]

Ali, AS,; Coté, C.; Heidarinejad, M.; Stephens, B. Elemental: An Open-Source Wireless Hardware and Software Platform for
Building Energy and Indoor Environmental Monitoring and Control. Sensors 2019, 19, 4017. [CrossRef]

Yaici, W.; Krishnamurthy, K.; Entchev, E.; Longo, M. Recent Advances in Internet of Things (IoT) Infrastructures for Building
Energy Systems: A Review. Sensors 2021, 21, 2152. [CrossRef] [PubMed]

Rizwan, A.; Khan, A.N.; Ahmad, R.; Kim, D.H. Optimal Environment Control Mechanism Based on OCF Connectivity for
Efficient Energy Consumption in Greenhouse. IEEE Internet Things J. 2023, 10, 5035-5049. [CrossRef]

Aparicio-Ruiz, P; Barbadilla-Martin, E.; Guadix, J.; Mufiuzuri, J. A field study on adaptive thermal comfort in Spanish primary
classrooms during summer season. Build. Environ. 2021, 203, 108089. [CrossRef]

Mishra, A.; Derks, M.; Kooi, L.; Loomans, M.; Kort, H. Analysing thermal comfort perception of students through the class hour,
during heating season, in a university classroom. Build. Environ. 2017, 125, 464-474. [CrossRef]

Ganesh, G.A; Sinha, S.L.; Verma, T.N.; Dewangan, S.K. Investigation of indoor environment quality and factors affecting human
comfort: A critical review. Build. Environ. 2021, 204, 108146. [CrossRef]

Kuncoro, C.B.D.; Permana, A.F; Asyikin, M.B.Z.; Adristi, C. Smart Wireless Climate Sensor Node for Indoor Comfort Quality
Monitoring Application. Energies 2022, 15, 2939. [CrossRef]

Sahoh, B.; Kaewrat, C.; Yeranee, K.; Kittiphattanabawon, N.; Kliangkhlao, M. Causal Al-Powered Event Interpretation: A Cause-and-
Effect Discovery for Indoor Thermal Comfort Measurements. IEEE Internet Things J. 2022, 9, 23188-23200. [CrossRef]

Hu, W.; Wen, Y.; Guan, K; Jin, G.; Tseng, K.J. iTCM: Toward Learning-Based Thermal Comfort Modeling via Pervasive Sensing
for Smart Buildings. IEEE Internet Things ]. 2018, 5, 4164—4177. [CrossRef]

Broday, E.; Gameiro da Silva, M. The role of internet of things (IoT) in the assessment and communication of indoor environmental
quality (IEQ) in buildings: A review. Smart Sustain. Built Environ. 2022, 12, 584-606. [CrossRef]

Wei, Y.; Jang-Jaccard, J.; Sabrina, F.; Alavizadeh, H. Large-Scale Outlier Detection for Low-Cost PM;( Sensors. IEEE Access 2020,
8,229033-229042. [CrossRef]

Zhao, L.; Wu, W,; Li, S. Design and Implementation of an IoT-Based Indoor Air Quality Detector With Multiple Communication
Interfaces. IEEE Internet Things J. 2019, 6, 9621-9632. [CrossRef]

Salamone, F; Belussi, L.; Danza, L.; Ghellere, M.; Meroni, I. Design and Development of nEMoS, an All-in-One, Low-Cost,
Web-Connected and 3D-Printed Device for Environmental Analysis. Sensors 2015, 15, 13012-13027. [CrossRef] [PubMed]
Quan Pham, N.; Rachim, V.P.; Chung, W.Y. EMI-Free Bidirectional Real-Time Indoor Environment Monitoring System. IEEE
Access 2019, 7, 5714-5722. [CrossRef]

Folea, S.C.; Mois, G.D. Lessons Learned From the Development of Wireless Environmental Sensors. IEEE Trans. Instrum. Meas.
2020, 69, 3470-3480. [CrossRef]

Whittem, V.; Roetzel, A.; Sadick, A.M.; Nakai Kidd, A. How comprehensive is post-occupancy feedback on school buildings for
architects? A conceptual review based upon Integral Sustainable Design principles. Build. Environ. 2022, 218, 109109. [CrossRef]
Peters, T. Data Buildings: Sensor Feedback in Sustainable Design Workflows. Archit. Des. 2018, 88, 92-101. [CrossRef]

Berger, C.; Mahdavi, A.; Azar, E.; Bandurski, K.; Bourikas, L.; Harputlugil, T.; Hellwig, R.; Rupp, R.; Schweiker, M. Reflections on
the Evidentiary Basis of Indoor Air Quality Standards. Energies 2022, 15, 7727. [CrossRef]

Simmonds, P. ASHRAE Design Guide for Tall, Supertall, and Megatall Building Systems; Techreport; ASHRAE and CTBUH: Atlanta,
GA, USA, 2020.

Kunkel, S.; Kontonasiou, E.; Arcipowska, A.; Mariottini, F.; Atanasiu, B. Indoor Air Quality Thermal Comfort and Daylight. Analysis of
Residential Building Regulations in Eight EU Member States; Buildings Performance Institute Europe (BPIE): Brussels, Belgium, 2015.
Sheng, M.; Reiner, M.; Sun, K.; Hong, T. Assessing thermal resilience of an assisted living facility during heat waves and cold
snaps with power outages. Build. Environ. 2023, 230, 110001. [CrossRef]

Sun, K.; Specian, M.; Hong, T. Nexus of thermal resilience and energy efficiency in buildings: A case study of a nursing home.
Build. Environ. 2020, 177, 106842. [CrossRef]

Giwa, 5.0,; Oladosu, J.O.; Sulaiman, M.A.; Taziwa, R.T.; Sharifpur, M. Influence of stove locations and ventilation conditions on
kitchen air quality and thermal comfort during oil-cooking activities. Atmos. Pollut. Res. 2023, 14, 101882. [CrossRef]
Opitz-Stapleton, S.; Sabbag, L.; Hawley, K.; Tran, P.; Hoang, L.; Nguyen, PH. Heat index trends and climate change implications
for occupational heat exposure in Da Nang, Vietnam. Clim. Serv. 2016, 2-3, 41-51. [CrossRef]

Teare, J.; Mathee, A.; Naicker, N.; Swanepoel, C.; Kapwata, T.; Balakrishna, Y.; du Preez, D.; Millar, D.; Wright, C. Dwelling
Characteristics Influence Indoor Temperature and May Pose Health Threats in LMICs. Ann. Glob. Health 2020, 86, 91.
[CrossRef]


http://dx.doi.org/10.1109/TSG.2020.3011739
http://dx.doi.org/10.1016/j.esr.2022.101013
http://dx.doi.org/10.1109/JIOT.2017.2765359
http://dx.doi.org/10.1016/j.enbuild.2022.112720
http://dx.doi.org/10.3390/s19184017
http://dx.doi.org/10.3390/s21062152
http://www.ncbi.nlm.nih.gov/pubmed/33808558
http://dx.doi.org/10.1109/JIOT.2022.3222086
http://dx.doi.org/10.1016/j.buildenv.2021.108089
http://dx.doi.org/10.1016/j.buildenv.2017.09.016
http://dx.doi.org/10.1016/j.buildenv.2021.108146
http://dx.doi.org/10.3390/en15082939
http://dx.doi.org/10.1109/JIOT.2022.3188283
http://dx.doi.org/10.1109/JIOT.2018.2861831
http://dx.doi.org/10.1108/SASBE-10-2021-0185
http://dx.doi.org/10.1109/ACCESS.2020.3043421
http://dx.doi.org/10.1109/JIOT.2019.2930191
http://dx.doi.org/10.3390/s150613012
http://www.ncbi.nlm.nih.gov/pubmed/26053749
http://dx.doi.org/10.1109/ACCESS.2018.2889793
http://dx.doi.org/10.1109/TIM.2019.2938137
http://dx.doi.org/10.1016/j.buildenv.2022.109109
http://dx.doi.org/10.1002/ad.2263
http://dx.doi.org/10.3390/en15207727
http://dx.doi.org/10.1016/j.buildenv.2023.110001
http://dx.doi.org/10.1016/j.buildenv.2020.106842
http://dx.doi.org/10.1016/j.apr.2023.101882
http://dx.doi.org/10.1016/j.cliser.2016.08.001
http://dx.doi.org/10.5334/aogh.2938

Sensors 2024, 24, 5129 21 of 21

42.

43.

44.

45.

46.

47.

48.

49.

Fabbri, K. Thermal Comfort Perception: A Questionnaire Approach Focusing on Children, 2nd ed.; Springer Nature Switzerland AG:
Cham, Switzerland, 2024. [CrossRef]

Steadman, R.G. The Assessment of Sultriness. Part I: A Temperature-Humidity Index Based on Human Physiology and Clothing
Science. J. Appl. Meteorol. Climatol. 1979, 18, 861-873. [CrossRef]

Australian Building Codes Board. Indoor Air Quality Verification Methods: Handbook; The Australian Building Codes Board:
Canberra, Australia, 2023.

IEEE Std. 802.15.4-2020; IEEE Standard for Low-Rate Wireless Networks. IEEE: New York, NY, USA, 2020.

Stone, W.C. NIST Constructioni Automation Program Report No. 3. Electromagnetic Signal Attenuation in Construction Materials;
Techreport NISTIR 6055; NIST (National Institute of Standards and Technology), National Institute of Standards and Technology:
Gaithersburg, MD, USA, 1997.

Vizi, G.N.; Vandenbosch, G.A. Building materials and electromagnetic radiation: The role of material and shape. J. Build. Eng.
2016, 5, 96-103. [CrossRef]

Young, W.F,; Holloway, C.L.; Koepke, G.; Camell, D.; Becquet, Y.; Remley, K.A. Radio-Wave Propagation Into Large Building
Structures—Part 1: CW Signal Attenuation and Variability. IEEE Trans. Antennas Propag. 2010, 58, 1279-1289. [CrossRef]

Tiele, A.; Esfahani, S.; Covington, J. Design and Development of a Low-Cost, Portable Monitoring Device for Indoor Environment
Quality. J. Sens. 2018, 2018, 5353816. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1007/978-3-031-52610-7
http://dx.doi.org/10.1175/1520-0450(1979)018<0861:TAOSPI>2.0.CO;2
http://dx.doi.org/10.1016/j.jobe.2015.11.010
http://dx.doi.org/10.1109/TAP.2010.2041142
http://dx.doi.org/10.1155/2018/5353816

	Introduction
	Materials and Methods
	Capabilities That the Sensor Node Should Have
	Selection of the Communication Alternative between Sensors
	Sensor Node Design and Construction
	Test Bed

	Results and Discussion
	IoT System Testing
	Scalability of the IoT System
	Measurement Results
	Discussion on the Contribution of This Work Based on the Type of Sensors Used in Other Devices Designed to Measure Indoor Enviromental Variables

	Conclusions
	References

