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Abstract

Indoor air quality significantly affects human health and comfort as individuals spend a majority of their lives
in enclosed spaces, making it important to prioritize the quality of the air we breathe indoors. This research
study specifically focuses and provides information on two common indoor pollutants, namely volatile organic
compounds (VOCs) and carbon dioxide (CO3). The growing awareness surrounding air pollution has resulted
in increase popularity of indoor air monitoring devices and air purifiers. In line with this trend, this project
aims to develop and implement a functional minimum viable indoor air measuring device using an ESP32
microcontroller unit, CO2 sensor and total VOC (tVOC) sensor. The testing phase is conducted in city
studio apartment and examines how various daily household activities influence CO5 and VOC levels. The
findings of this study underscore existing knowledge on indoor air quality’s impact on human health and the
importance of monitoring CO5 and VOC levels in indoor spaces. It also emphasizes the role of ventilation
in reducing these indoor pollutants, as observed during routine household activities. This study’s finding
can be used as a base to establish household recommendations that would reduce indoor pollutants and the

measuring device can be further expanded into a personal household monitoring product.
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Figure 1: Household air pollution

Indoor air quality (IAQ) can be defined as the air within enclosed spaces including homes, workplaces,
schools, and other buildings. It takes into account factors such as the existence of pollutants, gases, particles,

humidity levels, temperature, and ventilation conditions. Because humans spend a large portion of their
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lives indoors, the TAQ significantly influences human health and comfort|1]. According to the World Health
Organization’s (WHO) data from 2022 on diseases caused by household air pollution, more than 3 million
people die prematurely each year due to air quality related illnesses. Recent evidence suggests that household
air pollution may contribute to additional health problems, including low birth weight, stillbirth, asthma,
ear infections, upper respiratory infections, tuberculosis, nasopharyngeal and laryngeal cancers and cervical
cancer|2].

The most common indoor air pollutants are carbon monoxide (CO), carbon dioxide (COs), volatile organic
compounds (VOCs), particulate matter (PM), and ozone (O3) [3|. This project is closely examining indoor
VOCs and CO; levels. High indoor emissions of CO; have a negative impact on human health and it is
among the most ordinary pollutant found indoors[4]. The safe indoor levels are below 1000 ppm (particles
per million). Once the levels are higher, people might experience dizziness, headache, fatigue or loss of
concentration|5].

The source of indoor VOC pollutants is most commonly from building materials, cleaning products and
furnishing|6]. Other sources can be from cooking or tobacco products. The health consequences of VOCs
can be even more major than from high COg levels. VOCs can primarily cause respiratory irritations,
migraines, throat discomfort or fatigue but a prolonged exposure can result in long term respiratory illnesses
or various types of cancer|7]|8]. A safe indoor level for VOCs is 200 pg/m3 for total VOCsl9).

Other common pollutants are particulate matter (PM) pollutants. They can also be harmful when inhaled
into the lungs. Activities resulting in higher PM levels are mostly cooking, cleaning, smoking and burning
candles. They often enter indoor air from outdoors from for example vehicle exhaust, industrial processes,
wildfires or even pollen from plants|10]. Additionally, outdoor air pollution can influence negatively an
indoor air quality. Cities with industrial zones and high traffic have higher air pollution|11]. High outdoors
air pollution impact indoor air pollution. Furthermore, inadequate ventilation, elevated indoor temperatures
and high humidity can lead to a higher concentrations of pollutants in indoor air|6].

In order to reduce indoor air pollutants it is recommended to enhance ventilation of the indoor space.
Ventilation can be manual of mechanical. Manual ventilation is simple as opening windows or doors to dilute
indoor air with outdoor air and mechanical ventilation consists of electronic ventilators and air purifying
devices which are nowadays becoming more and more popular[12||13]|[14]. Monitoring devices, as well as air
purifiers, are currently gaining increasing popularity due to an increase interest in air pollution as well as

recent experience of COVID-19 pandemic|15].

This project examines how daily household activities can influence levels of two common indoor pol-
lutants, VOC and CO,. In order to measure these levels a simple measuring device is engineered and
implemented. The device is build using Microcontroller unit ESP32, CO2 sensor, tVOC sensor, OLED dis-
play on a Printed circuit board. It is assembled with the help of secondary tools such as female/male pin
header connectors, electrical wires, solder, soldering iron and wire stripper. The assembled device is powered
through an USB cable into a computer. The code of this device is implemented using integrated develop-
ment environment PlatformIO inside of a source-code editor called Visual Studio Code. The programming

language used is C/C++. Final product can be seen in figure @ below.
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Figure 2: Final board

Firstly, the COy sensor was implemented and tested and later the VOC sensor. To test the COq
sensor a simple breathing test was conducted. The test included two parts. First part was with a person
standing in a larger distance to the sensor performing deep inhaling and exhaling and second part with a very
close distance. This test was selected because exhaling emits a high values of CO3. The results confirmed
the sensor’s functionality and displayed live readings on LED display. After implementing tVOC sensor a
larger 31 hour experiment was conducted inside of a city studio apartment while performing basic household
activities to determine how different activities and application of ventilation can influence CO5 and VOC
levels. The reason for such a larger time frame was to investigate the levels both during the day and during
the night. The outcome of this experiment brought a lot of insight into how much VOC and CO4 different
activities generate and how easily a harmful levels can be reached, as well as, how much a manual ventilation

can lower these values.

The discussion is based on the project’s future improvements and scalability of the project. Future
improvements can include additional device testings on further household activities that based on Theory
section2] emit high VOC pollutants. These activities include indoor renovation processes and a usage of fur-
niture which contains harmful VOCs. These additional tests can highlight even more the effect of household
activities on indoor pollutants levels.

Based on all experiments findings an additional improvement could be to design a recommendation guide-

iv



lines of actions that a household could take when values are higher than recommended. Additionally, these
guidelines could include a list of recommendations on which actions to undertake in order to avoid a high
pollutants levels indoors.

Due to the project’s focus on creating a minimum viable product, it possesses significant scalability poten-
tial. The scale up of it could be a personal household device that can measure and warn the user when
pollutants levels are higher than recommended. The warning could come in various forms, for instance in a
simple form as a LED light that would turn on and blink once values are exceeded. A more complex idea
could be a connection between the device and a mobile app that could send the user notifications regarding
high pollutants values. The mobile app is a complex idea which can develop in different directions. Another
scale up idea would be to include additional sensors in order to measure more indoor pollutants. Particulate
matter sensor would be a natural choice as it can measure one of the most common indoor air pollutants.
Initial plan was to incorporate this sensor in the device, however due to technical issues it was later emitted.
In conclusion by testing the final device a measurements were conducted to collect data during everyday
household activities. The findings of this project highlight the importance of monitoring levels of CO2 and
VOC:s in indoor spaces, due to encountered higher pollutant levels than the recommended values while per-
forming certain household tasks. The experiment also highlights the role of a proper ventilation in order to

reduce these indoor pollutants.
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1 Introduction

Indoor air has a significant influence on the quality of people’s lives. According to the World Health Or-
ganization (WHO), poor air quality resulted in 4.2 million deaths in 2016. Numerous studies indicate that
indoor air pollutant concentrations are generally two to four times higher than outdoor air pollutant con-
centrations. The most vulnerable to indoor these pollutants are children, the elderly, and cardiopulmonary
patients [15]. The National Human Activity Pattern Survey of the USA has found that on average, adults
spend 87% of their time inside enclosed buildings|16]. Hence, our living environment plays a major role in
our physical health. Indoor air pollutants include carbon monoxide (CO), carbon dioxide (COs), volatile
organic compounds (VOCs), particulate matter (PM), and ozone (O3) among others|3]. This paper will
mainly focus on CO3 and total volatile organic compound (tVOC) pollutants. Carbon dioxide (CO2) is
one of the most common indoor emissions with substantial influence on human health|4]. It is an odorless
and colorless gas. It is produced naturally by exhaling and as a result of human activities, such as burning
gasoline, coal, oil, and wood. The level of CO2 indoors can be influenced by various settings including the
number of inhabitants, fresh air entering the area, the size of the room or area, air contaminants (e.g., idling
vehicles near air intakes, leaky furnaces, tobacco smoke), the outdoor concentration|17]. Higher CO5 levels
indicates a poorer indoor quality which can result in increased health problems such as headache, dizziness,
nausea with levels above 5,000 ppm and asphyxiation which replaces oxygen in the blood with CO5 around
40,000 ppm which is immediately dangerous to life and health|18][17].

Indoor VOC pollutants are released into the air from various sources such as building materials, cleaning
products, and furniture. VOCs can cause, same as COs, health problems from temporary mild symptoms
such as headaches, fatigue to chronic health effect such as respiratory problems, organ damage or cancer [6)].
Due to health risks it is fundamental to monitor indoor air quality and install ventilation systems equipped
with accurate and affordable CO2 sensors in residential, commercial, and industrial buildings [19][20]. How-
ever, existing sensing technologies are very expensive and have limitations such as complex device fabrication
or high power consumption. This is making them impractical for widespread use. Therefore, there is a need

for a cost-effective and energy-efficient CO2 sensor|20].

Based on initial research the research question was formulated as:

Research Question: Is it viable to propose an indoor air quality measuring device that can
measure CO, and tVOC levels and determine how various household activities affect these

values?

Having established the negative influences of various domestic indoor pollutants, it is relevant to determine
the effects that common indoor activities have on the indoor air quality. I therefore wish to build a minimum
viable product(MVP) of a home-usage device that can track the levels of two different pollutants, CO5 and
volatile organic compounds (VOCs). A test will be conducted while performing household tasks such as

cooking, cleaning, sleeping among other everyday activities. This experiment will examine what kind of
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effect these activities have on these indoor pollutants levels.
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2 Theory

This section is divided in 2 sections: Air Quality and Smart homes. Air quality section describes the most
common air pollutants and how can be indoor air improved. Section Smart homes investigates various

techniques and devices that can improve indoor quality.

2.1 Indoor Air Quality

The term "indoor air quality" (IAQ) refers to the air present in enclosed environments such as houses, work
spaces, schools, and other premises. TAQ considers various elements like the presence of pollutants, gases,

particles, humidity, temperature and ventilation|1].

2.1.1 VOCs

Nowadays regulations for air pollution target outdoor air. On the other hand, indoor air is way less de-
fined and known for air pollution|21]. In order to decrease a risk of indoor health issues it is important to
recognise indoor air pollutants|6]. Indoor air pollutants can for instance come from building materials and
furniture|21][6]. During building renovations, numerous pollutants are generated, which can have harmful
effects on human health. Highly toxic substances, like formaldehyde, are present in many building materials.
Formaldehyde is one of the most toxic volatile organic compound (VOC). VOCs are carbon based molecules,
very common in air in small quantities. They are toxic to humans in high concentrations over long-term
exposure [22]. VOCs mainly result in unpleasant smells, pulmonary irritations, headaches, sore throat, and
weakness. Prolonged inhaling of formaldehyde above certain concentrations can generate methanol inside
the body, which is capable of damaging the human retina and causing vision problems, reduce sense of smell,
obstruct breathing, or even incur memory loss. It can also target the body’s immune system, making it more
susceptible to various illnesses|7][8]. Exposure to high levels of VOCs during pregnancy can have negative
consequences on fetus development, and can result in premature birth [22].

Another significant VOC pollutant is benzene. It has a liquid form commonly found in construction materials
such as paints and coatings|7][8]. Other sources can be automobile emissions from house attached garages,
stored fuels or environmental tobacco smoke[14]. It can cause severe damage to the respiratory system and
skin. It is more damaging for children attacking blood cell causing leukemia. It is therefore categorised as

carcinogenic to humans|7][8].

Other indoor air VOCs can be found in cleaning products and personal care products|21]|[6]. Cleaning is a
basic human activity. According to a study conducted in the US, people typically spend approximately 20
to 30 minutes each day on domestic cleaning. Many cleaning products are sources of VOCs that can cause
health problems when inhaled|23|. A study from 2015 examined a domestic use of bleach across several
FEuropean countries and its health impact on children between 6-12 years. The researchers collected data on
the children’s demographics, household characteristics, use of bleach and other cleaning products and health
history of respiratory diseases and infections. The study results showed that frequent use of bleach in the

household had negative effect on respiratory infections in children. The authors recommended to limit use of
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bleach and consider alternative less harmful cleaning products[24]. The World Health Organization (WHO)
specifies that a safe indoor level for VOCs is 200 pg/m3 for total VOCs|9].

Burning tobacco products are also a source of harmful pollutant|6]. Environmental tobacco smoke contains

hundreds of VOCs|25].

2.1.2 Indoor COs

Carbon dioxide COs is also considered as an indoor pollutant. The reason why COsy concentrations are
higher in indoor environments compared to outdoor environments is because humans generate and release
COy through their respiration. Typical outdoor CO2 concentrations are around 380 ppm (particles per
million), but in urban areas, outdoor levels can go as high as 500 ppm. However, it is recommended to keep
indoor CO2 levels below 1000 ppm. Studies have found that when the levels of COs in indoor spaces are
higher than normal, people feel like the air quality is poor, and they are more likely to experience short-term
health problems like headaches and fatigue which can lead to a lower work productivity. More extreme
health symptoms can occur when CO2 levels exceeds 5000 ppm, these symptoms can include breathlessness,

elevated heart rate, cognitive confusion, and, in severe instances, even loss of consciousness|5|.

2.1.3 Other indoor pollutants

Particulate matter (PM) pollutants refer to small particles in the air that can be harmful when inhaled
into the lungs from both indoor and outdoor air. Indoor PM usually occurs from cooking, cleaning, smok-
ing, burning candles and not least from ordinary dust accumulation. Outdoor PM can come from vehicle
exhaust, industrial processes, wildfires and plants’ pollen. Exposure to PM is linked to a range of health
problems like inflammation resulting in diseases including respiratory infections, heart disease, stroke, lung
cancer, asthma and other respiratory conditions|10]. A high concentration of particulate matter pollutants
is mainly found in developing countries. Based on a global map that uses satellite data to measure PM2.5
(particulate matter that has a diameter of 2.5 micrometers or less), the regions with the highest pollution

levels worldwide are Northern and Eastern China as well as Northern India|26].

Secondly, outdoor air pollutants such as radon, pesticides, air pollution also influences indoor air [6]. In-
dustrial cities have higher pollution due to the high concentration of pollutants generated by industrial
processes. A study conducted in Beijing China from 2008 found that indoor air pollution was significantly
higher in homes located near heavy traffic areas and industrial zones, with increased levels of PM, VOCs,

and nitrogen dioxide (NO2) [11].

Additionally, the pollutants in indoor air can be more concentrated due to high indoor temperature, high

humidity and poor ventilation |6].
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2.1.4 Improving indoor air

To improve indoor air it is important to have safe values of CO5. Increase ventilation with a use of mechan-
ical ventilation systems or opening windows and doors can reduce COs levels. Because outdoor COs levels
are lower the outdoor air will dilute the indoor concentration up to 70%|13|. However, in industrial cities
with high outdoor COz levels opening windows wouldn’t be very efficient. VOC contamination sources from
outdoor air, can be emissions from chemical plants, or from vapors from underground spills[22]. Modern
technologies such as air purifiers (see subsection , that use absorption process which removes CO4 from
indoor air, can reduce COz by up to 50% [12]. The use of indoor plants is also one of efficient ways to
decrease indoor COs levels. Plants consume COs and emit oxygen. Studies have shown that having plants

in indoor areas can reduce COq levels by up to 25%]|27].

One of the main VOC pollutants is often building materials. Therefore, it’s important to make smart choices
when selecting building materials as some can contain harmful gases. Choosing materials that are environ-
ment friendly and non-polluting should be a priority to help maintaining a healthy indoor environment and
air quality|7]. Another way to reduce indoor VOC is to increase ventilation while using products that release
VOCs. Proper ventilation can help to reduce indoor pollutant levels and make the indoor environment safer.
It’s important to make sure that the ventilation lasts long enough to remove harmful gases, because it can
take a while to reduce the pollutants|7]. It is also important to identify which daily usage products contain
harmful VOCs such as formaldehyde and replace them with safer alternatives or reduce their usage. Storing

partially used containers of paints and other similar materials should be outside living quarters|14].

The most effective way to remove VOCs from indoor air is to use air purifiers with activated carbon filters|22]

(see section [2.2.2]
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2.2 Smart homes

When the idea of the smart home was first introduced, it was supposed to help people use energy more
efficiently during the transition towards sustainable energy. The term of a ’smart home’ is nowadays associ-
ated with improving your homes by integrating home automation systems, household appliances, as well as
communication and entertainment electronics[28]. More and more people are conscious about air pollution
and its consequences for their health[29)[28]. The outdoor air in many large cities is polluted with harmful
pollutants, and it is therefore not recommended to bring in air from outside without filtering it first because
it can make the indoor air even more polluted|28|. Hence indoor air quality sensors and purifiers are increas-
ing in demand|28]|29]. The higher demand might be also influenced by the recent worldwide experience with
lockdowns, self-quarantines and use of face masks due to the COVID-19 pandemic. Due all the mentioned

reasons, the indoor air sensors availability and variety is increasing|29|.

2.2.1 Indoor air detector

Indoor air detectors are devices that measure the concentration of various pollutants and chemicals in indoor
air. The field of air quality sensor technology is rapidly expanding and has the potential to enhance the
practicality, reliability, and cost-effectiveness of air pollution measurements over time. Low-cost air quality
sensor products are becoming increasingly available on the market. Some detectors are standalone units,
while others are part of air purifiers or temperature regulation technologies such as air conditioning units,
heating and ventilation systems|15].

After examining the indoor air detector market, there is available a number of devices that are capable of
measuring one or more parameters related to indoor air quality. For instance device called Wave Plus by
Airthings can measure both VOC and COx levels and its price is around 1700DKK][30] which is an average

price of these devices.

2.2.2 Air purifier

Air purifiers are electronic devices designed to remove harmful pollutants, allergens, and other particles
from indoor air. The demand for home-usage air purifiers is increasing partly due to the rise of respiratory
diseases|31]. The US Department of Energy states that an air purifier that utilizes HEPA (High-Efficiency
Particulate Air) filters can eliminate at least 99.97% of dust, pollen, mold, bacteria, and any particulate
airborne particles that are 0.3 micrometers or bigger in diameter|26][32]. According to recent clinical studies
utilizing HEPA purifiers can result in health benefits such as decreased asthma symptoms, lower levels of
inflammation and heart disease markers, and a lower occurrence of fungus/mold infection among humans|33|.
Air purifiers that use other than HEPA filters are targeting different types of pollutants. Namely, activated
carbon filters are designed to absorb volatile organic compounds (VOCs), cigarette smoke, odors from cook-
ing, pets and other sources. They work by pulling air into an activated carbon purifier, it flows through a
filter containing activated carbon. As the air moves through the carbon filter, any harmful pollutants and
chemicals present in the air are captured in the carbon’s pores, which allows clean air to flow through and

spread back into the room.|[34].
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Looking at economic perspective of air purifiers, a study from 2016 conducted in China investigated how
air pollution levels affect consumer behavior, specifically their willingness to pay for home-use air purifiers.
According to this study results, the demand for air purifiers increases, when the air quality worsens and

consumers are keen to pay a higher price for a better-quality air purifiers |26].
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3 Design & Tools

This section describes the device components, their limitations and comparisons as well as device’s design

and assembly.

3.1 Primary components

A range of electronic components were used to monitor and log the air quality parameters. These compo-
nents are listed in table [1} and their individual functions in this project are further stated in the following

subsections

Component Model (Brand) Functionality

Microcontroller ESP32-DevKitC (AZ- | Used as a MCU to control sensors, OLED monitor
unit (MCU) Delivery) and to interface with desktop software.

CO2 sensor SCD30 (Sensirion) This sensor is mainly used to measure CO2 values

in an environment, but it also measures tempera-
ture and relative humidity. Its CO2 measurement
range goes from 400 ppm to 10,000 ppm with an
accuracy of + 30 ppm.

This sensor measures total volatile organic com-
pounds (tVOC) in an environment with a high
sensitivity. It allegedly can also estimate a CO2-
equivalent (eCO2) measure, but the accuracy of
this measurement seems very low.

A generic OLED display that utilizes the
SSD1306 chip to control 128x68 pixels.

tVOC sensor MiCS-VZ-89TE (SGX

Sensortech)

0.96” OLED dis-
play

128x64 resolution and
SSD1306 chip (AZ-
Delivery)

Table 1: List of primary device components.

3.2 CO, sensor characteristics

The SCD30 CO2 sensor is made by the Swiss company Sensirion and generally holds acclaim as a very reliable
and precise sensor. When concerned with human health, CO2 measurement accuracy is usually acceptable
within 100 ppm, so with an accuracy of 30 ppm the sensor is more than enough to cover the CO2 focus area
of this project. The sensor uses non-dispersive infrared (NDIR) spectroscopy to measure the density of CO2
molecules in the air, which in principle means that it shines infrared light through probed air and detects
the light spectrum of the infrared light after having moved through the air. The detection values will vary
according to the composition of molecules in the probed air, and thereby also with the ranged composition
of CO2 molecules which gives the sensor the ability to measure the parts-per-million concentration of carbon

dioxide in the air|35].
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Figure 3: Sensirion SCD30 - CO; sensor|35]

The sensor can be interfaced by a microcontroller unit (MCU) with digital data transfer protocols like UART
or 12C. For this project, I2C was used, because the available software libraries prescribed this interface
method and due to its simple two-wire connection. Inter-Integrated Circuit (I2C) is a serial communication
method where multiple slaves (in this case sensors) can be connected to a master (ESP32 MCU) via two
wires data transfer wires: A serial-clock (SCL) wire that the master uses to synchronize the baud rate, which
is the rate at which information is transferred in a communication channel, as well as a serial-data (SDA)

wire that the sensor(s) use to transmit data to the master.

sample cavity capsule

light bulb detector(s)

air molecule

CO2 molecule IR-filter(s)

Figure 4: The principle of non-dispersive infrared (NDIR) spectroscopy

3.3 tVOC sensor characteristics

The MiCS-VZ-89TE tVOC sensor is made by the Swiss company SGX Sensortech and uses metal oxide
semiconductor (MOS) technology to approximate the molecule composition of probed air. The MOS sensor
technology is relatively cost-effective, but this comes with a penalty on accuracy and reliability in distin-
guishing molecules. MOS works by measuring the electrical resistance change of the metal oxide caused by
adsorption of gases, which gives the MiCS-VZ-89TE sensor the ability to approximate the density of total
VOCs in its surrounding air in parts-per-billion (ppb)|[38].

This sensor advantages are low power, calibration-free, high sensitivity and high resistance to shocks and
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vibrations .

The tVOC sensor can be interfaced by a microcontroller unit (MCU) that reads pulse-width-modulation
(PWM), which essentially consists of voltage spikes (pulses) that are modulated to a certain duration (width)
according to the data values that are being transmitted by the sensor. For the MiCS-VZ-89TE, these spikes
are multiplexed, meaning that there are several segments of the voltage pulse-width that contain individual
data. When the voltage spikes take up 5-45% of a time period of 33.3 milliseconds, i.e., a segment or plex,
the sensor is indicating that it is showing tVOC values between 0 and 1000 ppb. Similarly, when the voltage
spikes take up 55-95% of a measured time range, the sensor is indicating that it is showing eCOs values
between 400 and 2000 ppm. The approach to gather measurements from the sensor via its PWM output

is addressed further in the section Implementation and testing [4]

Figure 5: MiCS-VZ-89TE - VOC sensor \\

3.4 Component limitations and comparisons

It is important to note that the MOS sensor technology used in the MiCS-VZ-89TE tVOC sensor is highly
affected by factors such as humidity, temperature and has cross-sensitivity to molecules with similar electrical
properties as VOCs. Therefore, MOS sensors should not be used for scientific purposes where accuracy and
reliability are crucial. In this project, we will therefore also only use the tVOC sensor measurements in

conjunction with the CO2 sensor measurements to give an indication of when air quality is being reduced.

Since the SCD30 sensor is fully calibrated and linearized upon delivery (and can therefore be relied upon to
give baseline measurements for evaluating other sensors), it was used to validate the eCOy measurements of
the MiCS-VZ89TE sensor, which led to the conclusion that the latter sensor was much too unreliable for any
CO; measurements. The MiCS-VZ89TE sensor is therefore only used for tVOC measurements, which must
also be regarded with some accuracy reservations. As we will see in section Implementation and testingd]
though, the tVOC readings of the MiCS-VZ89TE correlate significantly with CO5 readings of the SCD30

sensor when performing certain air quality-reducing activities.
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For this project, the SCD30 sensor was purchased on the private consumer market for around €50, and due
to this relative high cost compared to other available CO2 with decent accuracy and measurement ranges,
it is mainly used in high-end consumer products. However, for this project, accuracy of CO2 measurements
was crucial to conduct a valid proof-of-concept, where measurement results could be fully trusted, so it was
prioritized to implement this specific sensor into the project. The MiCS-VZ89TE sensor is about half the
price of the SCD30, which is presumably due to the simplicity of the MOS sensor technology compared to
NDIR, which requires a probing chamber with an infrared light source and several light filters and detectors.

The cost of the SCD30 sensor was 50.9€ (DKK379), the cost of MICS-VZ-89TE was 27.0€ (DKK201) and

7.56€ (DKK56) for ESP32. The total cost for these main components was 85.46€ (DKK636).

3.5 Design and assembly

|
\
\
1
|

Since this project is aiming to propose a viable project for measuring air quality in a domestic setup, it
was prioritized to connect the individual components as robustly as possible without relying on too many

prototyping methods (e.g., breakout boards and molex pin cables). Portability was also a concern, since I
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wanted to monitor several rooms and be able to move the device around without being concerned with pins
disconnecting. Due to these factors, I started by laying out the components on the PCB to estimate the
most suitable placements, then I soldered the pin header connectors to the board and connected the pins on
the bottom side of the board to their designated spots. The bottom-side connection of pins was done with
2.62 mm?2 gauge wire. On overview of the components used for assembly of the device can be seen in Table

Pl below.

Specifications

Functionality

90x150 mm with soldering hole spac-
ing of 2.54 mm.

PCB for connecting components
with soldered joints and connectors.

Component
Printed circuit
board (PCB)
Female pin
header connec-
tors

Female connectors for soldering onto
2.54 mm PCB: 2x19 pins for ESP32
MCU, 1x6 pins for tVOC sensor, 1x4
pins for OLED display, 1x7 pins for
CO2 sensor.

Used to connect the primary compo-
nents to the PCB so that they can
be easily removed for replacement or
isolated tampering.

Male pin header
connectors

Male connectors for soldering onto
ESP32 MCU, OLED display and
sensors. Same pin layout as with the
female pin header connectors.

Used to make the components com-
patible for electrical connections.

Electrical wires

Wire with a 2.62 mm2 gauge (13
AWG) in assorted colors: Red,
black, yellow, green, and white.

Used for wiring components and
connectors together.

Electrical wires

Wire with a 2.62 mm2 gauge (13
AWG) in assorted colors: Red,
black, yellow, green, and white.

Used for wiring components and
connectors together.

Solder

Sn60Pb40 as 1 mm thread.

Used for soldering wires and connec-
tor pins together.

Soldering iron

Soldering iron capable of reaching
around 350°C.

Used to melt solder to make soldered
joints.

Wire stripper

E.g., Weicon No.5

Used to strip insulation from wire to
expose conductive material.

USB cable

USB-A to micro USB

Used to interface the ESP32 MCU
with a PC.

Table 2: List of secondary device components and tools required for assembly.
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4 Implementation & Testing

This section focuses on the device building, device code description and device testing.

4.1 Embedded software development and microcontroller interfacing

For developing the embedded firmware for the proposed air monitoring device, the integrated development
environment (IDE) PlatformIO[41] was used. PlatformIO is essentially an extension for the source-code
editor Visual Studio Code (VS Code)[42] and allows for relatively easy development of embedded software
for common microcontroller units like the ESP32. Commonly, the Arduino IDE is used for developing
embedded software (especially for the well-known Arduino development boards), but as this project was
expected to require much trial-and-error in regard to testing various sensors and hardware constellations,
the ease-of-use of the PlatformlIO library management functionality was chosen. An additional benefit of
using PlatformlIO is also that you get the full live-feedback functionality of VS Code on syntax errors,
reference errors and other common coding mistakes, so that you don’t have to wait for the compiler to point
out these errors. Starting to use PlatformIO for embedded software development only requires installing V'S
Code, adding the PlatformIO extension, and then simply creating a new project in the PlatformIO interface.
From there, the coding follows basic C/C++ project structure with an .INI file for defining board platform,
and dependencies, as well as a main .CPP file consisting of dependency reference declarations, setup block

and loop block.

To interface a developer’s computer with the ESP32 a USB cable is needed. From there, one only needs to use
the PlatformIO functionalities to build (compile), upload or monitor runtime. The upload process is much
more streamlined than with Arduino, and one only needs to plug in the device via USB, and PlatformlIO

automatically detects the serial port for interfacing upload and monitoring.

4.2 CO; sensor implementation

I have created a basic structure of the Air quality detector hub (based on ESP32 micro controller), where
I have connected the CO5 sensor to the ESP32. The SCD30 CO2 sensor is connected to the ESP32 via
four cables: Power cables (positive and negative, indicated by red and black), as well as two cables for I,C
interfacing (clock synchronization and serial-data). As mentioned in the previous section, I,C is a data
transfer protocol that allows hardware devices to communicate with each other over two wires (see figure [7)).

The board with CO3 sensor product can be seen in figure @
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Data readings from the SCD30 to the ESP32 were managed via the SparkFun SCD30 Arduino Library
that was implemented into the software by the build-in PlatformIO library management functionality. From
there, one simply makes a reference to the SparkFun SCD30 _Arduino Library.h package in the main .CPP
file, initialize the sensor in the setup code block, and then getting the sensor readings by calling sensor class
methods. All of these steps are easily implemented by following the available instructions upon invoking the
library in PlatformIO, and the general outline of the code is illustrated in figure[9] It is important to note,
however, that given the relative complexity of sending/receiving data over I;C, what we see here is only the
top-most level of abstraction, and there is a lot more going on in the library classes that takes care of the

I,C protocol and sensor management.

#include "SparkFun_SCD328_Arduino_Library.h"
SCD28 scd3e;

int co2 = @8;

int temperatureC = 8;

int humidity = @;

void setup()

et

void loop() {
if (scd3@.dataAvailable())

r
!
co2 = scd38.getC02();
temperatureC = scd3@.getTemperature();

humidity = scd3@.getHumidity();

—t

Figure 9: General outline of SCD30 software implementation with the setup block omitted

4.3 Monitor implementation and preliminary test of CO2 sensor

In order to both debug and test the device more efficiently while adding sensor components and building it,
an OLED display monitor was added early in the building process. The monitor will also serve as a way
to show sensor readings to the user in its final version. Same as with the CO2 sensor, implementing the
display was as simple as identifying a suitable library in the PlatformIO library menu and invoking it into
the project. The display uses an SSD1306 microchip to control several OLED pixels, and user can interface
with this chip via I3C, which means that only need four wires are needed in total to implement the display
into the device. To show data on the display, two Adafruit libraries are used, as shown in figure [I0] below. In

the code, you will also notice that the CO2 measurement can be shown on the display by setting the cursor
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to a specific starting point, and then letting the libraries handle the text formatting on the display.

#include "SparkFun_SCD3@_Arduino_Library.h"
#include <Adafruit GFX.h>
#include <Adafruit SSD1386.h>

SCD3B scd3e;
int co2 = 8;

void setup() {

void loop() {
if (scd3@.dataAvailable())

I
L

co2 = scd38.getC02();
display.clearDisplay();
display.setCursor(@, @);
display.println(“Co2(ppm): ");
display.setCursor(6@, @);
display.println(5tring(co2));

display.display();

[ —

Figure 10: General outline of code for showing sensor value on display (setup block omitted for readability).

After having implemented both the SCD30 and OLED display into the project, I could now start monitoring
CO2 values in real-time. I initially conducted a simple test to ensure the CO2 sensor functionality by
exhaling air in close distance to the sensor. I observed on the monitor that the CO2 level almost tripled in
comparison to when breathing further away from it. This effect is illustrated in figure [[Ta] by data points

with larger distance from the sensor and figure for data points with close distance exhaling.
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Figure 11: Testing of CO4 levels

I have conducted several more preliminary tests with the sensor constellation, and noted that I was able to
have the sensor reading reach the maximum of 40,000 ppm when exhaling continuously very close to the
sensor. The ambient sensor readings with windows opened and without any human proximity to the sensor

showed values around 600-800 ppm, which was expected based on the theory

4.4 tVOC sensor implementation

Implementing the MiCS-VZ89TE tVOC sensor into the project proved to be more difficult than with the
SCD30 and OLED display, as no libraries supporting I;C for the sensor could be found. Instead I had
to rely on pulse-width-modulation (PWM) interfacing, which required to implement software to monitor
voltage spikes and translate these into sensor readings. A benefit of PWM is that it only requires one wire
for data transfer, as we are simply reading an analog value from a sensor pin on the MiCS-VZ89TE. The

C++ class to read the tVOC sensor values is documented in Apendix [§

4.5 Device testing

In order to meaningfully comparing sensor readings to activities, I needed to log the readings for later
graphing. The logging was done by using the PlatformIO monitor functionality to output serial data from
the ESP32 to a computer, where the data could then be stored in a file. An approach to gather the data
into CSV format was implemented into the C+-+ code so that the printed serial output would give elapsed
milliseconds and all the sensor data separated by semicolon. The log file on the computer could then easily

be converted into CSV, which could be later used to graph the data.

For the graphing, I used Python|45|, as I was familiar with plotting data via this programming language. In
figure |12| below, you will notice that we have simply imported the CSV data into a Pandas dataframel46] ,
where we then reformat the elapsed millisecond readings into specific times by setting a static start time for

the initialization of the sensor readings.

17



Implementation & Testing Bachelor Project

import pandas as pd

import matplotlib.pyplot as plt
import matplotlib.dates as mdates
import datetime as dt

df = pd.read_csv(r'C:\Users\tbhoe\OneDrive\Desktop\T BA\may-22-data.csv’, sep=";")

df['time'] = dt.datetime.strptime('22/05/23 20:4@:00", "Xd/%m/Xy %H:ZM:%X5')
df["time’] = df['time'] + pd.to_timedelta(df['ms’'], 'milliseconds')

fig, ax1 = plt.subplots()

# Make a nice time format in the plots
xformatter = mdates.DateFormatter( '&H:%M")
plt.gcf().axes[0].xaxis.set_major_formatter(xformatter)

# €02 data.

colorl="blue’

axl.set_ylabel('CO\u2882 (ppm)’, color=colorl)
axl.plot(df[ 'time"], df['C0O2"'], color=calorl)
axl.tick params(axis='y', labelcolor=coloril)

# Instantiate a second axis that shares the same x-axis
ax2 = axl.twinx()

# tVOC data.

color2="red’

ax2.set_ylabel('tvoC (pbb)")

ax2.plot(df[ 'time’], df["tvOC_mics'], color=color2)
ax2.tick_params(axis="y', labelcolor=colorl)

fig.tight_layout()

plt.shou()

Figure 12: Python code to plot sensor reading data.

After having reformatted the time series, I then use Matplotlib to finally plot the data into a graph with
the time series on the horizontal axis and the tVOC/CO2 readings on the vertical axis. This subsection
contains a visualization of a 31-hour device test with both sensors that was performed in the author’s 35m2
studio apartment in the middle of Copenhagen central area, occupied by two people. Common daily house-

hold activities were performed during this time which is documented in the table [3]

Time Activity

14:21 Device turned on (2 windows opened).
16:20 Toaster usage.

18:53 Closing window.

18:55 - 19:20 Cleaning oven.
19:20 - 19:30 Dusting.

19:27 Opening window.

19:35 Heating food in the oven.
21:05 Closing window.

09:34 Brewing filter coffee.
11:00 Toaster usage.

12:00 Opening window.

12:30 - 13:03 Robot vacuum cleaning.
13:30 Hanging washed laundry.

15:30 - 16:10 Grocery shopping outside the apartment.
16:30 - 17:30 Preparing chicken in the oven.
18:32 Closing a window.

Table 3: List of activities with times of bigger experiment.

The graph of the device readings can be found in figure[I3] In this graph CO; levels are visualized with blue
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color and tVOC levels with red color. It is evident that daily activities such as opening/closing windows,
using electronic devices such as coffee machine, toaster and oven influenced the levels of both CO5 and VOC.
The first usage of toaster around 16:20 has a significant tVOC spike which seems like an incorrect reading
due to unknown reasons and will be disregarded. The second usage of toaster around 11:00 shows way
more clear readings and shows a 100pg/m3 increase of tVOC. Cleaning of the oven around 19:00 with a
usage of cleaning products highly influenced tVOC values with almost triple increase with tVOC of around
550pg/m3 which is a harmful value. tVOC levels were also highly influenced by cooking food in the oven
with the highest spike of this experiment with the highest value of almost 800pg/m3.

The influence of manual ventilation (window opening/closing) is clearly visible in this experiment readings
in both CO5 and tVOC levels. For example, during night when no activities besides sleeping occurred, the
windows were closed and tVOC levels very slowly accumulating. On the other hand COq levels during this
period are decreasing due to unclear reasons. On the other hand, after sleeping period, once the windows
were opened again the CO5 levels decreased by approximately 400ppm. Afterwards, when the windows were

closed again at 18:32 both CO5 and tVOC levels increases exponentially.

Windows opened r 800

1400

r 700

1200

600

Cooking in oven

Closing windows and cleaning oven
Opening window

1000
[ 500

Closing one window

Hanging laundry

Vacuum cleaning

[ 400

@
S
S

COz (ppm)

Sleeping

—_"-!t.‘

F 300

600

Closing window

400

Using toaster

r 100

Opening windows

Heating food in oven
Going to sleep
Brewing coffee

Using toaster
Grocery shopping

15:00 00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00

Figure 13: Graph showing the 31 hour monitoring

A shorter experiment was performed in order to test a usage of toaster which showed a questionable results
in the previous experiment [I3] This shorted experiment’s length is 60 minutes starting with closing windows
and finishing with closing of windows in last 10 minutes of the experiment. See table [ for overview of

performed activities during the experiment.
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Time Activity

20:39 Closing window.

20:40 Device turned on.

20:49 Kettle turned on.

21:07 - 21:11 Toasting bread in toaster.
21:19 Opening 2 windows.

Table 4: List of activities with times of smaller experiment.

The readings of this experiment are visually displayed in figure [[4 The windows were closed to see the
effect of 2 electronic cooking devices, kettle and toaster. When the kettle is turned on the CO4 levels are
increasing by 100ppm, but this can be also influenced by recent closure of windows. tVOC levels show only
a very small increase which is also possibly influenced by recent window closure.

The usage of toaster shows similar results are the usage of kettle with a little increase of tVOC but no
significant change of CO5 levels.

In conclusion this shorted experiment is a good demonstration of a high influence of manual ventilation on

both indoor pollutants. Once the windows are opened then both values drop significantly.
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700
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T T T
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Windows closed Kettle on Toasting bread Windows opened

Figure 14: Graph showing the smaller monitoring
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5 Discussion

This section discusses a possible project improvements and scalability of our program.

5.1 Project improvements

The area of this project which could be improved is testing. More testing experiments could have been
performed in order to test a bigger variety of household tasks that can potentially have an influence on CO2
and VOC levels. As mentioned in Section Theory2] under subsection Indoor Air Quality2.1] one of the main
VOC sources are building materials and construction materials. An experiment could have been performed
on a construction environment while renovating, painting or cleaning with the use of a different cleaning
products in the indoor space. This experiment findings could have demonstrated how this activities have an

impact on pollutants levels in compare to other already performed measurements.

Another possible improvement could be analysing the variations in the pollutants across household activities
and determining the effect that these activities indirectly have on people’s health, as well as establish some
tentative guidelines that can help improve indoor air quality. These improvement recommendation could be
formulated on the basis of smaller experiments like the effects of opening a window while cooking, or having

the bedroom door either opened or closes during sleep.

5.2 Scalability
5.2.1 Particulate matter sensor

In terms of scalability of this project, additional sensors can be installed to measure extra air pollutants.
One of the major group of pollutants is particulate matter pollutants, therefore a PM sensor would be a
natural next choice. An affordable and good performing sensor could be, same as CO2 sensor, from Sensirion

series. It is called Sensirion SEN5x|[48].

Figure 15: Sensirion SEN5x|4§|
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5.2.2 Smart home integration

As mentioned in Theory sectionf2] it is essential that we prioritize finding ways to create healthy living en-
vironments in areas with poor air quality. Smart home integration between indoor air sensors and air
improving devices is therefore vital. I have created a minimum viable device that is highly scalable and can
be implemented in a different directions. I came up with 3 specific ideas how to scale up my indoor air
quality sensor device. First idea is to create an app that will be connected with the device. The app would
receive live data from the device and notify the user of high values, recommending to take actions such as
opening windows or turning on an air purifier.

The second idea is to build an integration between the device and an air improving devices, such as air
purifier, ozone cleaner or air ventilation. Once the values gets close to harmful levels the sensors would send
a message to a device that would control the turning on of an air purifier. However, this idea is very complex

and would need an additional research. On figure [L6] below you can see a visual representation of such a

smart home integration.

Lastly, the simple design on my device makes it scalable for design improvements. In order to make this
device more suitable for it to become a personal home air detector it requires a user friendly design where
possibilities are endless. On the top of that, extra design components could be implemented, such as LED

light that could warn the user of a high pollutants levels in his home or a sounds signaling.

Indoor air quality
(T. RH, GO, PM, TVOC, Oy

Outdoor climate
(T, RH, wind speed.
global irridiance)

|

Sensors

Outdoor pollution
(CO. TVOC, NO, Qs PM)

Sensors

Ventilation Windows
Heating — Sun protection
Cooling o Persiennes

Figure 16: Smart home air controlling
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6 Conclusion

By implementing an air quality measuring device and collecting data during daily household activities, valu-
able insights were gained into the dynamics of indoor air pollution. The results obtained from this project
highlight the significance of closely monitoring indoor carbon dioxide and total volatile organic compound
levels, and how routine household activities in smaller city studio apartment impact these values. The
obtained measurements identify activities that have higher than recommended pollutants values and can
serve as a basis for implementing targeted recommendations to improve indoor air quality. Moreover, the
findings underline the critical role of proper ventilation in reducing these pollutants. This knowledge can
give individuals the ability to make smart decisions regarding ventilation, cleaning products, and lifestyle

choices that promote healthier indoor environments.
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8 Appendix

8.1 Code

8.1.1 platformio

; PlatformIO Project Configuration File

R Build options: build flags, source filter

; Upload options: custom upload port, speed and extra flags
R Library options: dependencies, extra library storages

; Advanced options: extra scripting

; Please visit documentation for the other options and examples
; https://docs.platformio.org/page/projectconf.html

[env:esp32doit-devkit-vi]

platform = espressif32

board = esp32doit-devkit-vl

framework = arduino

1ib _deps =
adafruit/Adafruit 55D1386@"2.5.7
adafruit/Adafruit GFX Library@*1.11.5
sparkfun/SparkFun SCD38 Arduinc Library@g"1.8.28

monitor speed = 115288

monitor filters = default, lungild

Figure 17: Code from platformio file
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8.1.2 main

#include <Wire.h>

#include "SparkFun_SCD38 Arduino Library.h"
#include <Adafruit_GFX.h>

#include <Adafruit_55D1386.h>

#define SCREEM _WIDTH 128 // OLED display width, in pixels
#define SCREEN_HEIGHT 64 // OLED display height, in pixels

Adafruit sSSD12e6 display(SCREEN WIDTH, SCREEN HEIGHT, &Wire, -1);
SCD28 scd3|;

int co2 = &;

int temperaturel = 8;
int humidity = &;

int tVOC = 8;

int eC02 = 8;

Figure 18: Code from main file (part 1)

class MIiCS_VZ_89TE {
public:
int pinVvOC = 35;
float pwmHighBorder = 18.@; // analogRead() will give a value that we need to distinguish betwsen high and low to identify pulses.
float probeCycles = 15688.8;

float totalHighCycles_VOC = @.8;
float totallLowCycles_VOC = 8.8;
float totalHighCycles_C02 = 6.8;
float totallowCycles_C02 = 8.8;

void Update() {
float cycles = @;
bool newDatavOC = false;
bool newDataC02 = false;

- while (cycles < probeCycles) {
float highCycles = 8.8;
float lowCycles = 8.8;
bool firstHigh = false;
bool firstLow = false;
bool completedPulse = false;

while (!completedPulse) {
int reading = analogRead(pinVOC);
if (reading > pwmHighBorder) {
if (firstlow) {

highCycles++;
firstHigh = true;
}
1
else {

firstlow = true;
if (firstHigh) {

completedPulse = true;
float pulsePercentHigh = (highCycles / lowCycles) * 18@.8;

Figure 19: Code from main file (part 2)

28



Appendix Bachelor Project

ffoNOC:
/f The duty cycle needs to be below 5% to be a VOC reading (otherwise it is C02).
if (pulsePercentHigh » 4.8 && pulssPercentHigh < 46.8)
{
if (!newDatavoC)
ResetVoC();
newDataVoC = true;

}

totalHighCycles VOC = totalHighCycles VOC + highCycles;
totallowCycles WVOC = totallowlCycles VOC + lowCycles;
¥
/i Co2:
else if (pulsePercentHigh » 54.@ && pulsePercentHigh < 96.8) {
if (!newDatal02)
ResetC02();
newbDatal02 = true;

}

totalHighCycles €02 = totalHighCycles CO02 + highCycles;
totallowCycles_C02 = totalLowCycles_CO02 + lowCycles;

¥
}

lowCycles++;

cycles++;
}

h

Figure 20: Code from main file (part 3)
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void ResetVoC() {
totalHighCycles WOC = @.6;
totallowCycles VOC = 8.8;

void ResetC02() {
totalHighCycles €02 = @.6;
totallowCycles C02 = B8.8;

int Getvoc() {

if (totalHighCycles VOC » & && totallowCycles _VOC > @) {
float percentHigh = (totalHighCycles WOC / totallowCycles WOC) * 188.8;
float pbbVOC = (25.8 * percentHigh) - 125.@; // Using linear regression on datasheet output range.
return (int)pbbVOC;

b

else {
return 8;

h

int GetCo2() {

if (totalHighCycles €02 » © &8 totallowCycles (02 » @) {
float percentHigh = (totalHighlycles_C02 / totallowlycles CO2) * 188.8;
float ppmC02 = (39.92 * percentHigh) - 1888.8;
return (int)ppmC0Z2;

¥

alsea |
return 8;

-}
};‘

Figure 21: Code from main file (part 4)
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MiC5_VZ_89TE VZBOTE,;

void setup() {
Serial.begin(115288);
Wire.begin();

if(!display.begin(55012386 SWITCHCAPVCC, 8x3C)) {
Serial.println(F("S5D1386 allocation failed™));
for(;;);

-I.
]

delay(2888);
display.clearDisplay();

display.setTextSize(1);
display.setTextColor(WHITE);

f/5tart sensor using the Wire port, but disable the auto-calibration
if (scd38.begin(Wire, false) == false)

.
1
Serial.println{"4ir sensor not detected. Flease check wiring.");
while (1)

"
¥

[——

uintls t settingVal; // The settings will be returned in settingVal

if (scd3@.getForcedRecalibration(&settingVal) == true) // Get the setting
r
L8
Serial.print("Forced recalibration factor (ppm) is "),
Serial.println{settingVal);

-I.
]

else

r

L
Serial.print("getForcedRecalibration failed! Freezing...");
while (1)

; // Do nothing more

[——

if (scd38.getMeasurementInterval (&settingVal) == true) // Get the setting
{
Serial.print("Measurement interval (=) iz ");
Serial.println{settingVal);

[——

Figure 22: Code from main file (part 5)
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else

r

L
Serial.print("getMeasurementInterval failed! Freezing...");
while (1)

; // Do nothing more

[——

if (scd38.getTemperature0ffset(&settingval) == true) // Get the setting
r
1
Serial.print{"Temperature offset (C) 1is ");
Serial.println(((float)settingval) / 188.8, 2);

-l.
1

else

r

L
Serial.print("getTemperaturedffset failed! Freezing...");
while (1)

; // Do nothing more

[

if (scd3@.getAltitudeCompensation(&settingval) == true) // Get the setting

r
L

Serial.print("Altitude offset (m) is ");
Serial.println{settingval);

.
}
else

r
L

Serial.print("getaltitudelompensation failed! Freezing...");
while (1)
; // Do nothing more

[——

if (scd38.getFirmwareVersion(&settingval) == true) // Get the setting
{

Serial.print({"Firmware version is 8x");

Serial.println{settingVal, HEX);

-l.
J

else

r

L
Serial.print("getFirmwareVersicn! Freszing...");
while (1)

; // Do nothing more

et

Figure 23: Code from main file (part 6)
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Serial.print("Auto calibration set fo
if (scd36.gethutoSelfCalibration() =

serial.println(”
else

Serial.println

true");

PR
[
L1

false™);

Figure 24: Code from main file (part 7)
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void loop() {
if (scd38.datafvailable())

r
L

display.clearDisplay();

Serial.print(millis());
Serial.print(”;");

c02 = s5cd38.getC02();
Serial.print(co2);
Serial.print(”;");
display.setCursor(@, @);
display.println{"CO2(ppm): ");
display.setCursor(68, 8);
display.println{5tring(co2));

temperaturel = scd38.getTemperaturse();
Serial.print(temperatureC);
Serial.print(";");
display.setCursor(e, 18);
display.printIn{"Temp(C): "},
display.setCursor(54, 18);
display.println(String(temperaturel));

humidity = scd3@.getHumidity();
Serial.print{humidity);
Serial.print(”;");
display.setCursor(@, 28);
display.println{"Humidity(%): ");
display.setCursor(78, 28);
display.println{String(humidity));

TVOC = VZBSTE.GetWOC();
Serial.print(tvoC);
Serial.print(";");
display.setCursor(8, 38);
display.printIln{"tVOC(ppb): "});
display.setCursor(ss, 38);
display.println{String(tVoC));

eC02 = VZBOTE.Get(02();
Serial.print(eC02);
Serial.print(";");
display.setCursor(g, 4a8);
display.println{"eC02(ppm): "};
display.setCursor(86, 48);
display.println{String(eC02));

Figure 25: Code from main file (part 8)

display.display();

Serial.println();

VZB9TE.Update();
¥

Figure 26: Code from main file (part 9)
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8.1.3 Graphs code

import pandas as pd

import matplotlib.pyplot as plt
import matplotlib.dates as mdates
import datetime as dt

df = pd.read_csv(r'C:\Usersihoged\OneDrive\Skrivebord\T BA\may-22-data.csv', sep=";")

df[ ' time' ]
df[ ' time’ ]

fig, axl = plt.subplots()

# Make a nice time format in the plots.
xformatter = mdates.DateFormatter( #H:%EM")
plt.gcf{).axes[@].xaxis.set_major_formatter{xformatter)

# C02 data.

colorl="blue’

axl.set_ylabel('CO%W2882 (ppm)", color=colorl)
axl.plot(df[ 'time"'], df['C02"'], color=colorl)
axl.tick params{axis="y', labelcolor=colorl)

# Instantiate a second axis that shares the same x-axis.
ax2 = axl.twinx()

# tVOC data.

color2="red’

ax2.set_ylabel{'tVOC (pbb)")

ax2.plot(df[ 'time"'], df["tVOC _mics'], color=color2)
ax2.tick params{axis="y', labelcolor=coclor2)

fig.tight layout()

plt.show()

Figure 27: Python code of graphs

dt.datetime.strptime('22/85/23 28:48:88", 'Xd/¥m /Xy ZH: EM:ES")
df[ "time'] + pd.to_timedelta(df['ms'], 'milliseconds’)
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