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Abstract. Although there are numerous high performance BMS (Building
Management System), which monitor the indoor climate parameters, data
access, sensor positioning, and other aspects may not be under control. On
the other hand, IoT (Internet of Things) is experiencing exponential growth,
as more and more devices and sensors are connected to the cloud. Thus, a
sensor monitoring solution for indoor climate parameters was developed.
The proposed solution is not expensive, and it is based on a Raspberry Pi
board endowed with temperature, humidity, and pressure sensors. The
developed application reads the values detected by the sensors, processes the
date, and afterwards transmit the information to the IoT ThingSpeak
platform. The large area is characteristic of open space offices, so the
influence of radiant walls is small, and the operative temperature can be
approximate with air temperature. This type of building is conditioned by
the air conditioning system, so the air speed in this indoor environment is
usually low and could be approximated by the design. So, with the data read
by the developed solution the thermal comfort parameters can be
approximated. If inadequate values are found, teams that carry out complex
and precise measurements could be sent to the site. To achieve this goal a
PMV calculator software is developed. Its validity is tested in accordance
with the European standard ISO 7730. After that, the PMV computer is used
with data read from sensors. Both the data read from the sensors and the
newly calculated PMV are sent to the ThingSpeak IoT platform.

1 Introduction

The Internet of Things (IoT) is growing exponentially and it is considered by many as the
most important technology initiative of today [1]. The main objective of IoT based
environment monitoring system is to provide environmental parameters at remote location
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using internet. The IoT does not function without cloud-based applications to interpret and
transmit the data coming from multiple sensors. The IoT solution provides the possibility of
logging measurements from locations all over the world and of visualizing and analyzing the
gathered data from any device connected to the Internet [2].

Among the most popular publicly available IoT platforms, which collect data from sensors
used in countless fields including heating, ventilation, and air conditioning (HVAC), indoor
air quality (IAQ) and thermal comfort (TC), are the following: Thingwork, SensorCloud,
RealTime.io, OnePlatform [3].

Another aspect to be considered in sensors monitoring is represented by the way in which the
sensors communicate the data. Among the technologies available in IoT, RFID and sensor
networks are considered the fastest growing information and communication technologies
[4]. A comparison between four different communication technologies, NFC, RFID,
Bluetooth and Wi-Fi is done in [2], the authors concluded that low-power Wi-Fi promises
multiple years of battery lifetime while providing easy integration to existing infrastructure
with built-in IP-network compatibility.

In modern buildings management systems (BMS) are used. The most intelligent systems
integrate various sensors such as temperature, humidity, lighting level, CO2 and others.
Currently most of the data are analyzed directly by the BMS software or at most related to
the building information model (BIM) [5].

An important human thermal comfort index, that take into account thermal indoor parameters
that could be read by the sensors, is predicted mean vote (PMV). The PMV model is
developed by professor Fanger [6] and its work is considered as classical model of thermal
comfort. It considers that human comfort depends on the quantitative, combined influence of
six parameters (air temperature, mean radiant temperature, water vapor pressure, air velocity,
clothing level, and metabolic rate).

Measurement of thermal comfort parameters inside a building could be done using
performant devices, like ComfortSense [7]. The device can use high-performance probes for
measuring the operating temperature, relative humidity, air temperature, and velocity [8].
ComfortSense consists of a main frame with a built-in A/D (analog/digital) converter and
USB 2.0 interface. The measurement probes, connected with the main frame, are positioned
on the system stand, a tripod. The measurement is set up using a PC and application software.
If you want real time data from multiple locations, ConfortSense cannot be used. Once due
to the fact that the application it has does not have an API with which to transmit data on an
IoT platform (probably this was not wanted because such systems are not intended to work
without stopping). The second reason would be the high costs of the device, because to
transmit simultaneously from several rooms would require a system for each of them.

For this reason, this paper is proposed to develop a less expensive solution that is suitable for
IoT. It involves reading the thermal comfort parameters using a sensor system connected on
a Raspberry Pi device and transmitting the read values in real time to an [oT platform. At the
same time, based on these parameters, the PMV thermal comfort index will be calculated and
published in real time on the chosen IoT platform.

Some of the parameters that are part of the PMV index will be approximated. For a better
approximation it is recommended that the system be used in the central area of an open space
office, where the influence of the radiant temperature of the outer elements of the building
envelope is very small.

Due to the approximations it introduces, this solution is not thought of as a precise solution
for calculating PMV, it is thought of as an indicator of places where comfort problems could
occur. In these places, teams could be sent later to make precise measurements of the comfort
parameters. The main advantage of the solution proposed in this paper is that the [oT solution
can centralize data from many sensor systems and identify in real time, the zones with
potential problems in a wide area.



E3S Web of Conferences 180, 02012 (2020) https://doi.org/10.1051/e3sconf/202018002012
TE-RE-RD 2020

2 Method and procedure

2.1 Sensor system presentation and ThingSpeak platform

The sensor system used in this study is composed of a Raspberry Pi board, a multiplexing
connection board and a breadboard with two sensors module DH722 (composed of a
temperature and a humidity sensor) [9] and BMP180 [10] (compose of a temperature and a
humidity sensor). In order to facilitate the Raspberry Pi connection with the two sensors and
the fan, a multiplexing board is used, see fig. 1.

The Raspberry Pi used is a Model 4, B [11]. It is a credit-card-sized single-board computer.
The CPU on the board is an ARM v8 processor with 1.5 GHz speed. It has a variety of
interfacing peripherals, including 2 USB 3.0 ports, 2 USB 2.0 ports, 2 micro-HDMI ports, 4
GB RAM, Micro-SD Card storage and 40 pin GPIO header. For GPIO port expansion a
multiplexing connection board is used.

Fig. 1. Sensor system: a) photo - all components: Raspberry Pi, multiplexing board, breadboard with
sensors; b) photo - detail of sensor’s area; ¢) schematic representation of the system.
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Two monitors, keyboard, and mouse can be connected to Raspberry Pi through micro-HDMI
and USB connectors and it can be used like a desktop computer. It supports a number of
operating systems including a Debian-based Linux distro, Raspbian, which is used in our
design. Raspberry Pi can be connected to a local area network through Ethernet cable or USB
Wi-Fi adapter, and then it can be accessed through SSH remote login.

Additionally, the Raspberry Pi is equipped with a housing and a 5V fan.

In figure 1.c) schematic representation of the system is presented, one can see the connections
that are made between the Raspberry Pi board with the DHT22 sensor and with the BMP180
sensor. The diagrams were made using Fritzing software.

ThingSpeak [12] is an [oT analytics platform service that allows in an easy way to aggregate,
visualize, and analyse live data streams in the cloud. One can send data to ThingSpeak from
his devices, create instant visualization of live data, and send alerts.

2.2 PMV equation in the classical approach of thermal comfort

The equations for PMV index, established by Fanger in his doctoral thesis [6], are used in
the European standard ISO-7330 [13], see equation (1) to (4) of this standard. A clear
explanation of the terms involved in the expression PMV can be found in equation (2.1) of
Webb [14], the formula taken also in equation (1) of this paper.

PMV = [0.303 - e(-0-03¢M) 1 0,028] -
thermal sensation coef ficient
{ M —-w)
internal heat production
—3.05-1073-[5733 —6.99 - (M — W) — p,]
heat loss trough skin
—0.42-[(M —W) — 58.15]
heat loss by sweating
—1.7-1075- M - (5867 — p,)
latent respiration heat loss
—0.0014-M - (34 —t,)
dry respiration heat loss
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1.00 + 1.290 -1, for I, < 0.078 m?K/W

fa = { 1.05 + 0.645 -1, for I, > 0.078 m?K/W )

where,

M — metabolic rate [W/m?];

W — effective mechanical power [W/m?];
L. — clothing insulation [m*K/W];

fo — clothing surface area factor;

ta — air temperature [°C];

"t — mean radiant temperature [°C];

var — relative air velocity [m/s];

pa — Water vapour partial pressure [Pa];

h. — convective heat transfer coefficient [W/(m?K];
te — clothing surface temperature [°C].

In ISO 7730 [13], Annex D, is presented a basic computer program for calculating PMV and
PPD. In this program, the four-degree equation of t. is solved by iterations.

The ISO 7330 standard declares that the basic computer software for calculating PMV and
PPD given it's just a recommendation, other programming languages may also be used. The
output should be verified with the example values given in Table D.1 from this standard.
Regarding the PMV equation, this paper aims two things. The first to perform in Python a
function that can be called with all the parameters included in the PMV calculation, in this
sense the steps in Annex D of the standard will be followed, this is presented in chap. 3.2.
After testing, the function will be used by software that reads data from sensors, chap. 3.1.
Here some parameters can still be set and others (temperature, humidity) are read from the
sensors. Chapter 4. shows how to use the software and specifies all the values we used as
input data for calculate PMV.

3. Software development

3.1 Sensor system integration in ThingSpeak

Raspberry Pi4 operating system (Raspbian, from Unix/Linux OS family [15]) - Raspbian
comes pre-installed with plenty of software for education, programming, and general use. It
has Python, Scratch, Sonic Pi, Java and more. A special developed Python script runs on this
Linux system.

First a ThingSpeak account was settled and afterwards a new Channel on ThingSpeak was
defined and configured. A Channel is used to collect data from a device, from another
channel, or from the web. Each channel includes eight fields that can hold any type of data,
plus three fields for location data and one for status data.

In fig. 2 one can see the details of new defined Channel, named
DHT22&BMP180_RaspberryPi, that is used for showing the data received from sensors and
some computed data (PMV value, the calculation of which will be presented in the next
subchapter). For each to be shown, a field was defined, thus appearing the fields named:
Temperature DHT22 [°C], Humidity DHT22 [%)], Temperature BMP180 [°C], Pressure
BMP180 [mBar], PMV.
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Channels store all the data that a ThingSpeak application collects. Each
channel includes eight fields that can hold any type of data, plus three fields
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Channel Settings

* Percentage complete: Calculated based on data entered into the
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o Metadata: Enter information about channel data, including JSON,
XML, or CSV data.

« Tags: Enter keywords that identify the channel. Separate tags with

commas.

* Link to External Site: If you have a website that contains information
about your ThingSpeak channel, specify the URL.

& Show Chonnalt

b)

Fig. 2. ThingSpeak configuration: a) Channel details; b) Fields details

A software was developed for the sensor system presented in subchap. 2.1. It is programmed
in Python that comes built-in with Raspbian. For this, libraries developed by sensor
manufacturers were used and were integrated with the technology made available by
ThingSpeak. ThingSpeak not only provides communication through the "GET" and "POST"
methods, available in just about any programming language, but in the case of Python it
provides a library with methods that can be accessed directly in the code. The result is the
publication in the ThingSpeak Channel of the values read by the sensors in the form of graphs
corresponding to each Field of the Channel, see fig. 2.

Two libraries, named bmp180 (that is used for BMP180 sensor) and Adafruit DHT (that is
used for DHT22 sensor) are imported. For those libraries, some Raspberry Pi pins number
that correspond to sensors pins could be specificity in code. For example, we specified pin
GPIO4 on Raspberry Pi board that correspond to data pin of DHT22. For others sensor’s
pins the default values proposed by libraries are used (and the scheme is constructed

according to those default values).

The function that calculates PMV, presented in subchapter 3.2 is called with the parameters
read from the sensors. The resulted PMV index is published on another Field of the sensor’s

Channel.
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3.2 PMV calculator development

Using equations (1) to (4) of this paper, the basic computer program given by ISO 7730 [13],
and CISBE Guide [16] (Appendix 1.A1l: Determination of predicted mean vote (PMV)), a
function that calculates the PMV index was developed. It is written in Python software and
is added to the software presented in subchapter 3.1.

The signification of the input data in the function are:
clo = Clothing, clo (1 clo = 0.155 W/m?K);
met = Metabolic rate, met (1met=58.15W/m?), range(58 to 232 W/m?);
wme = External work, met;
ta = Air temperature, °C;
tr = Mean radiant temperature, °C;
vel = Relative air velocity, m/s;
rh = Relative humidity, %.

The output is PMV.

The partial water vapor pressure, pa, whose formula is not specified in the basic computer
program given by ISO 7730 [13], is calculated using equation (5).

16.6536—4030.183 (5)
pa = rh-e ta+235

The result must be validated with ISO7730-Table D.1 as requested by the standard. For this
validation, a lot of combination of input data imposed by the standard must be used and the
result must be compared with the standard values.

The function that calculate PMV index is called with the values imposed by the standard and
the results are shown in fig. 3.

Python Console

H-----  aade L et S i i e +
| clo | met | wme | ta | tr | vel | rh | PMV |
Hommms ot S R et Fo e e o e s +
| s 1.2 |ee | 22 | 22 | @1 |60 | -0.75 |
|e.s | 1.2 | e.e| 27 | 27 | e.1]|ed | .76 |
| 8.5 | 1.2 | e.e | 27 | 27 | 8.3 | 60| .43 |
| .5 | 1.2 | @.@ | 23.5 | 25.5 | .1 | 60 | -0.81 |
| .5 | 1.2 | @@ | 23.5 | 25.5 | 8.3 | 68 | -8.55 |
| 12 |1.2 ]| e.e | 19 | 19 | e.1 | 40 | -0.56 |
] 2 l1.2]e.e ] 23.5)] 23.5 | 8.1 ]| a8 | e.36 |
] 12 12| e.e ] 23.5] 23.5 ] 8.3]| a0 e.12 |
| 1 J1.2|ee] 23 | 21 | e.1 | 48| e.85 |
| 12 |1.2]e.e | 23 | 22 | e.3]| 40 | -0.17 |
| 8.5 | 1.6 | @.0 | 22 | 22 | 8.1 | 60 | @.05 |
| e.5 | 1.6 | .0 | 27 | 27 | e.1 ]| 60 | 1.17 |
| .5 | 1.6 | @@ | 27 | 27 | e.3 | &0 | ®@.95 |
e A G Sl i e + i ) i e - i +

Fig. 3. Result of testing PMV calculator

A comparison of our results with values given standard ISO7730 is presented in table 1.
In addition, it is desired to compare with other existing PMV calculators. A study about
software applications that compute PMV index is done in [17]. The authors classify them
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according to the environment / operating system (OS) where they are implemented. Thus,
there are web applications, Windows or for mobile devices OS. Eight applications have been
identified, which is not much around the world. Main input and output parameters for the
investigated software are specified.

Besides ISO7730-Table D.1, the output of the new developed software is compared with
results obtained from two other PMV calculators: JAVA applet for ISO 7730 [18] and CBE
Thermal Comfort Tool [19].

A good correspondence with the ISO7730-Table D.1 values and an almost perfect match with
the CBE Thermal Comfort Tool values are remarked. The ISO7730 requirements are met so
it can be stated that a PMV calculator has been made in accordance with ISO7730.

Table 1. Validation of the new developed PMV calculator software and comparison with

other PMV calculators
PMYV value
ISO7730-Table JAVA applet CBE Thermal New developed
D.1 for ISO 7730 Comfort Tool software
-0.75 -0.79 -0.75 -0.75
0.77 0.74 0.77 0.76
0.44 0.42 0.43 0.43
-0.01 -0.04 -0.01 -0.01
-0.55 -0.57 -0.55 -0.55
-0.6 -0.63 -0.6 -0.6
0.5 0.34 0.36 0.36
0.12 0.11 0.12 0.12
0.05 0.02 0.05 0.05
-0.16 -0.19 -0.17 -0.17
0.05 0.02 0.05 0.05
1.17 1.16 1.17 1.17
0.95 0.94 0.95 0.95

4. Results and discussion

As input for PMV calculator some parameters are estimated, some are read from sensors and
some are approximated. Usually the level of clothing and metabolism should be
approximated in the calculation of PMV.

For the graphics in the fig. 4 we used a value of 0.5 clo for the level of clothing, that means
that the clothes are light. Metabolic rate used is 1.2 met, it is specific to a standing person
with low activity. The air velocity used is approximated with 0.1 m/s, a low value, suited to
open space offices. Any other values could be used as input data.

The air temperature and relative humidity are read by sensors. The mean radiant temperature
is considered equal with air temperature, especially in the center of an open plan office, where
the influence of outdoor radiant construction elements is very small.

Thus, the input data in the Python program is the following. (The meaning of the terms is
presented in subchapter 3.2.)

clo=0.5;
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met=1.2;

wme = 0.0;

ta = value given by sensor DTH22;
tr = ta;

vel =0.1;

rh = value given by sensor DTH22.

Field 1 Chart Z O & = Field 2 Chart @O & x
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Fig. 4. Charts on ThingSpeak platform: a) Temperature given by DHT22; b) Humidity given by
DHT22; ¢) Temperature given by BMP180; d) Pressure given by BMP180; ¢) computed PMV; f)
“Channels” web page with all charts on it

The graphs in figure 4 represent values measured in a laboratory in an interval of 15 minutes.
The data transmission interval to the ThingSpeak platform is 15 seconds. From the graphs in
figure 4 we can observe the increasing tendency of the temperature and the decreasing

el
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tendency of the temperature. It is observed that PMV also has an increasing tendency, it
follows the temperature trend but with small variations because the relative humidity also
enters in the PMV calculation.

5. Conclusions

The PMYV calculator software is developed according to ISO 7730 [13] and is validated using
the standard validation method. After validation it is used to calculate the PMV having as
input data the values read from the sensors and certain estimated values.

The novelty of this paper is the real-time publication, on an [oT platform, of the PMV thermal
comfort index. The use of less expensive sensors is considered an advantage, it allows
mounting the sensors in countless spaces and the transmission of data in real time. Unlike the
performance measuring instruments that must be moved from one area / space of a building
to another as the measurements are performed. It should not be forgotten that this system is
not regarded as a final measure of the thermal comfort index, it is only an indicator on the
places where problems might arise, in those areas teams will be sent to perform high
performance measurements.

In addition to the advantage of real-time data transmission, IoT platforms also offer the
advantage of centralizing information from multiple locations, a simultaneous tracking of all
the spaces in a building, why not the entire portfolio of buildings.

We propose that in further studies we install several such systems in the open space offices
of a company or in the halls of a university and to continuously record data over a longer
period, of a few weeks, maybe even months. During this period, we also aim to compare the
results with measurements made with the ConfortSense device [7] to see what are actually
the errors introduced by this solution.
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