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Abstract: In light of COVID-19, people are increasingly anxious about indoor air quality data in places
where they live and work. Access to this data using a consumer-grade air quality monitor has become
a way of giving agency to building users so that they can understand the ventilation effectiveness of
the spaces where they spend their time. Methods: Fourteen low-cost, air quality devices marketed to
consumers were tested (seven types, two of each product): AirBird, Airthings View Plus, Aranet4
Home, Awair Omni, Eve Room, Laser Egg + CO,, and Purple Air PA-1. The study focus was
accuracy and useability using three methods: a low-cost laboratory setting to test accuracy for CO5;
a comparison to a calibrated, research grade meter for particulate matter (PM2.5), temperature,
and relative humidity; and short-term field testing in a residential environment to understand the
quality of feedback given to users. Results: Relating to accuracy, all devices were within acceptable
ranges for temperature, relative humidity, and CO,, and only one brand’s results met the accuracy
threshold with the research grade monitor when testing PM2.5. In terms of usability, a significant
variation in response time and data visualization was found on the devices or in the smartphone
applications. Conclusions: While accuracy in IAQ data is important, in low-cost air quality devices
marketed to consumers it is just as important that the data be presented in a way that can be used
to empower people to make decisions and modify their indoor environment. We concluded that
response time, user-interface, data sharing, and visualization are important parameters that may be
overlooked if a study just focuses on accuracy. The design of the device, including its appearance,
size, portability, screen brightness, and sound or light warning, must also be considered. The act of
measuring is important, and more studies should focus on how users interpret and react to building
performance data.
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1. Introduction

Globally, air pollution, both indoor and outdoor, is one of the most significant health
risks for human health and well-being. Over the last decades and especially recently due to
COVID-19, there has been a significant number of research studies on the impacts of indoor
air quality (IAQ) on people and their health and wellbeing at home. Some main relevant
factors for IAQ in buildings are temperature, relative humidity, particulate matter, CO,, and
TVOCs [1]. Particulate matter is a combination of liquid and solid particles contained in the
air [2] along with gasses including carbon monoxide, carbon dioxide, nitrogen dioxide, and
volatile organic compounds that are considered the indoor air pollutants that affect human
health [3]. The main ways that that air quality impacts human health is related to inhalation
of fine particles [4]. According to the World Health Organization, 99% of individuals in
the world live in a place where outdoor air pollution exceeds the recommended levels [5].
PM2.5 is a measure of pollutants in the air and refers to the airborne particulate matter (PM)
which includes airborne particles that are less than 2.5 pm [6]. There are different health
problems such as respiratory, cardiovascular, and neurologic effects that are associated
with the exposure to fine particles [7], even when exposure is under the recommended
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concentration levels [8,9]. There is a need for non-scientist, building users to be able to
identify and act upon IAQ data.

IAQ at Home

Recent research on indoor air quality (IAQ) in buildings has been developed with the
focus on prevention, detection and protection systems [10]. Non-scientists are increasingly
monitoring IAQ, just as people do with many other health related parameters in their lives
such as their sleep, diet, and exercise. When building residents can gain access to IAQ
data, they can potentially help to reduce their exposure to unhealthy indoor environments.
There are a growing number of commercially available, low-cost, IAQ monitors suitable for
residential homes on the market and some studies have tested their accuracy and compared
the products. These devices have perceived advantages for consumers, for example they
are low cost, can be bought online or in hardware stores, they claim to be accurate, and they
claim to be easy to use. They also have perceived disadvantages for consumers, for example
they can only measure certain IAQ parameters, they are delicate and should not be dropped,
and they do not provide specific information about what to do about poor IAQ. The data
detection ranges and performance of these devices vary. Temperature, relative humidity,
particulate matter, light, manufacturing consistency, and calibration procedures all affect
the overall performance of these devices. There are several studies that will be discussed in
the next section about low-cost air quality devices. However, there is limited research on
both laboratory and field residential environments for many devices. The research problem
addressed in this paper is about the accuracy and useability of these devices in addition to
comparing several brands to understand their suitability in residential environments.

2. Background
2.1. IAQ and People’s Health and Wellbeing

The EPA defines IAQ as “the air quality within and around buildings and structures,
especially as it relates to the health and comfort of building occupants” [11]. In recent years,
IAQ including household air pollution has been recognized as a major global public health
concern [5]. Indoor air is significantly more polluted than outdoor air, even in the largest
and most industrialized cities [12]. In fact, pollutants may be several hundred to several
thousand times higher than outside levels [13]. Buildings with Indoor Environmental
Quality (IEQ) including poor thermal comfort and unhealthy IAQ can cause occupants a
wide range of health issues which are often called Sick Building Syndrome (SBS) [14]. SBS
refers to a condition that affects people who live or work in an indoor environment that
causes them to experience many health related problems including headaches, exhaustion,
low concentration, and skin irritation [15]. Building design and operational systems control
the temperature, relative humidity, circulation, and ventilation, which all contribute to the
indoor air quality and also thermal comfort [16]. Insufficient ventilation, chemical emissions
from the building materials and mold all affect the IAQ indoor air quality. Currently, IAQ
monitors designed for consumers in residential settings measure and monitor a limited
number of parameters. There have been some recent studies about consumers using low-
cost CO, monitors as a “pandemic hack’ [17] because this method has been proven to not
be an accurate way to measure virus transmission risk since this would require knowing
how many infected people are in a room. Monitoring CO; levels in a space can however
indicate how effective the ventilation system is, so that occupants can respond to the poor
IAQ more easily.

2.2. Current Research on Low-Cost IAQ Monitors for Consumers

There are many studies that have evaluated accuracy in consumer-focused low cost
IAQ monitors in recent years. A recent review paper by Sa et al. (2022) identified forty-
two recent studies. Some studies have used laboratory tests conducted in a controlled
chamber and then compared the results with scientific devices [18]. For example, a recent
paper tested the accuracy of a uHoo device in a stable platform within a laboratory setting,
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specifically testing PM2.5, CO,, CO, O3, NO; and VOCs. The results indicated uHoo
is fairly accurate compared to the scientific laboratory equipment [19]. Baldelli’s study
utilized a laboratory platform in a controlled environment that detected both particulate
matter and different gasses for three types of monitors from uHoo. The paper only focused
on one product, did not provide any field measurement data, and no real time data were
measured to compare with the calculations that were done in the laboratory test. In addition,
there was a comparison between three different monitors from the same manufacturer, but
no comparison between uHoo and other brands of monitors. However, the correlations
between uHoo monitors and the reference devices in Baldelli’s paper were determined
under indoor environment conditions relevant to this study.

Another relevant study was the one conducted by Demanga et al. (2021) that measured
and compared eight low-cost IAQ monitors including AirVisual, Awair 2, Clarity, Foobot,
Kaiterra, Netatmo_i, Netatmo_o and uHoo [20]. Even though this study is less than two
years old, two of the devices were not available for delivery to Canada at the start of the
present study, namely Foobot (discontinued), and Netatmo (out of stock). Demanega et al.,
found that most evaluated devices underreported particulate matter levels by up to 50%,
underreported by around 15% for CO, responses, and all had low quantitative agreement
on VOCs [20]. Demanega et al. found that the Awair 2 had better overall performance
among these monitors with focuses on CO,, temperature, relative humidity and TVOC
concentrations. However, the study found that low-cost monitors did not provide accurate
results when testing TVOCs concentrations, so the authors cautioned that consumers
should be aware of the inaccuracies of TVOCs. Their study is relevant to this present work,
but it would have been more relevant had they tested multiple units of the same model,
and compared their accuracy first before comparing across different products. The study
also did not evaluate the temperature or relative humidity accuracy of the devices. Overall,
the work by Demanega et al., provided a comprehensive evaluation of the performance
of the tested monitors in a laboratory setting in two climatic conditions [20]. This study
also reinforced the need to provide field measurements on real-time data responsiveness,
accessibility, and availability of the data recordings. Relevant work by Li et al., also tested
several low-cost PM monitors including AirVisual, Alphasense, APT, Awair, Dylos, Foobot,
PurpleAir, Wynd and Xiaomi in a laboratory chamber with controlled temperature and
relative humidity [21]. This study is especially relevant to the current project because it was
the only one identified that examined the color display and visualization of the monitors
to indicate air quality index for different particle sources against U.S AQI. The authors
argued that a potential field study would have been beneficial to test the data quality
and visualization.

In conclusion, in the forty-two papers reviewed for this paper, the main findings were
that: published papers comparing accuracy go out of date very quickly due to the changing
availability of the monitors; there seems to be a focus on accuracy even though this is
not necessarily the most relevant parameter in a study for consumer products; and there
seems to be a lack of field studies testing how the devices work over time. Some studies
have looked at how these devices are used in residential environments [22,23]. Only a
few published studies compared multiple units of one device, and only a few compared
findings to actual indoor environments to gain an understanding of consumer-specific
needs such as smartphone data visualization, and availability of data access. Therefore, the
present project addresses this gap to include both an accuracy study, focusing on currently
available devices that evaluate at least three IAQ parameters, namely, temperature, relative
humidity, and either CO, or PM2.5; and the testing of them in several different residential
indoor environments, notably comparing their performance and measured data ranges,
wherein lies the novelty of this research.

2.3. IAQ Standards

It is challenging to definitively measure IAQ because there are few consistent metrics
and standards to determine the most comfortable IAQ levels as each person reacts to IAQ
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slightly differently [13]. In addition, the lengths of time during which people are exposed
to certain levels are also a challenge to determine and relate to possible risks. For example,
Canadian standards for CO, exposure is based on a 24 h average [24] even though people
are likely to spend much shorter lengths of time at work, school or other spaces. There
are a number of guidelines and standards for IAQ. For example, ASTM, ASHRAE, US
EPA, and European Union (EU) and Health Canada are some of the organizations that
have standards to assess the performance of air monitors [25]. WELL (v2) and RESET (v2)
are some standards used in industry to meet IAQ certification requirements for healthy
buildings. Compared with WELL [26], RESET has stricter requirements for air pollutants
excluding CO [27]. RESET Air standard considers factors including the performance of
the monitor, the deployment, installation, and calibration specifications, as well as the
needs for data reporting and data platforms. The standard also establishes benchmarks
for indoor air quality (IAQ) daily performance that can be verified by a third party [27].
Carbon dioxide, particulate matter and TVOCs are covered in the majority of standards
as these are the main parameters. The indoor CO; concentration levels in an interior are
normally determined by the following three main factors: the outdoor CO; concentration;
indoor sources of CO,; and the rate of removal or dilution of indoor CO, with outdoor air
by ventilation [1]. Table 1 shows relevant standards and guidelines consulted in this study.

Table 1. Relevant standards and guidelines for maximum thresholds of indoor air pollutants and
related potential health problems.

Air Pollutant Potential Health Problems ASHRAE 62.2 [28] US EPA [11] WELL [26] RESET [27]
Carb(()g OD 1)0 xide Headache/Fatigue/Nausea/Dizziness 1000 ppm 1000 ppm 800 ppm 600 ppm
2
Fatigue/Impaired vision/Reduced brain
Carbor} é/[oo)nomde function/Nausea/Headaches/Dizziness/Flu- 9 ppm >0 ppm lppm N/A
like symptoms/Fatal
Respiratory illness, such as cardiovascular
Ozone N/A 100 pg/m3 5ppb N/A
mortality
Eye, nose and throat
irritation/Nausea/Headaches, loss of 3 3 3
TVOCs coordination/Damage to liver, kidney, and N/A 500 pg/m 500 pg/m 400 pg/m
central nervous system/Skin irritation Eye,
nose, and throat
Particulate Matter irritation/ Aggravation of respiratory tract 3 3 3 3
(PM 2.5) related ailments 15 ug/m 15 pg/m 12 ug/m 12 pg/m

3. Methods

This study compared the accuracy of seven types of commercially available, low-
cost air quality devices based on accuracy of readings for CO,, PM2.5, temperature, and
humidity; and responsiveness and data visualization of the app for consumer use. The
methods used are (1) Accuracy: testing the devices in a laboratory setting, comparing the
devices to each other, and comparing the devices to high quality research grade devices;
and (2) Responsiveness and Data Visualization: a short field study with three scenarios of
the devices in a residential setting to show applicability to consumers in residential settings.

3.1. Devices Selected for Testing

Thirty commercially available low-cost indoor air quality monitors were identified and
reviewed for this study (see Table 2). Candidate monitors were identified from multiple
resources, including published papers and internet searches. In particular, the review
papers by Demanega et al. (2021) [20] and Li et al. (2020) [21] listed many relevant devices.
Several devices tested in those studies are no longer available, such as Foobot, Speck, and
Air quality Egg 2, which are discontinued. To identify monitors for this project, devices
were also identified by searching internet marketplaces with the search terms “home air
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quality monitors”, “residential air quality monitors”, and “indoor air quality”. Devices
were then shortlisted for further analysis, and the basis for inclusion in the study is that they
met these criteria: the device must (1) measure at least three air quality parameters; (2) be
marketed for indoor residential use by consumers; (3) both display real-time data, and log
data for several days using a smartphone device via a mobile app; and (4) be available for
retail purchase in Canada at a cost of under $400 CDN exclusive of tax or shipping cost.

Table 2. Thirty low-cost monitors were examined, and this chart describes which parameters they
evaluate, their price, and which published studies reference them. The grey coloured text is used to
identify monitors that we found were no longer available for purchase during the study time table.

Products Price Measures Measures Measures Measures Already TVOC Other Research
(CAD) Temp RH CO, PM2.5 Calibrated Parameters Studies
Air Mentor [29] $250 TRUE TRUE TRUE TRUE FALSE TRUE
Airbeam [30] $326 TRUE TRUE FALSE TRUE TRUE FALSE  Habitat Map
High CO, Warning;:
AirBird [31] $367 TRUE TRUE TRUE FALSE TRUE FALSE  Light or Sound
mode
Alr Quality $448  TRUE TRUE TRUE  FALSE FALSE  TRUE NO2 €0, 05,50, [33-35]
Egg 2 [32] Air Pressure
Airthing Wave $100 TRUE TRUE FALSE  FALSE TRUE TRUE
Mini [36]
Airthings Wave $379 TRUE TRUE TRUE TRUE FALSE  TRUE Air Pressure,
Plus [37] Radon
AirThix TAQ [38] TRUE TRUE TRUE TRUE FALSE TRUE
AirVisual Pro [39] $350 TRUE TRUE TRUE TRUE FALSE FALSE [18,20,35]
Aranet4 Home [40] $322 TRUE TRUE TRUE FALSE FALSE FALSE Pressure
Atmotube Pro [41] $452 TRUE TRUE FALSE TRUE FALSE TRUE Pressure
Awair Omni [42] $388 TRUE TRUE TRUE TRUE FALSE FALSE  Ambient light
sensor, noise sensor
BlueSky Air
Quality Monitor $538 FALSE TRUE FALSE TRUE FALSE FALSE PM10 [33]
8143 [43]
CO2 meter [44] $120 TRUE TRUE TRUE FALSE TRUE FALSE
Davis Airlink [45] $327 FALSE FALSE FALSE TRUE TRUE FALSE PM1, PM19, AQI
Dylos DC1100 Pro
Air Quality $338 TRUE FALSE FALSE TRUE FALSE FALSE [18,21,47]
Monitor [46]
Eve Room [48] $90 TRUE TRUE FALSE FALSE FALSE TRUE
[20,21,33]
Foobot [49] TRUE TRUE TRUE FALSE FALSE FALSE [18,34.47 50]
Laser Egg + Works with Apple
O, 1] $340 FALSE TRUE TRUE TRUE FALSE FALSE o it [20]
Temtop M10O Air
Quality FALSE FALSE FALSE TRUE FALSE TRUE
Monitor [52]
Netatmo [53] $150 TRUE TRUE TRUE TRUE FALSE FALSE [20,47]
NuWave [54] TRUE TRUE TRUE TRUE FALSE TRUE
Plume labs [55] $258 FALSE FALSE FALSE TRUE FALSE TRUE  PM1, PM10, NO,
. [21]
PurpleAir PAT[56]  $219 TRUE TRUE FALSE TRUE FALSE  FALSp AirPressure (300to [34]
1100 hPa) [35]
Qingping Air $155 TRUE TRUE TRUE TRUE TRUE FALSE PM10
Monitor [57]
Sensedge Mini [58] TRUE TRUE TRUE TRUE FALSE TRUE
With smart air
TruSens [59] $588 FALSE FALSE FALSE TRUE FALSE TRUE  purifier, track AQI,
PM1, PM10
Uhoo [60] $414 TRUE TRUE TRUE TRUE FALSE Trug AT Pressure, CO, [19]
NO;, Ozone
Wynd Air Quality . .
Tracker [61] $80 FALSE FALSE FALSE FALSE TRUE FALSE  Air Quality Index [21]
Xiaomi Original $80 TRUE TRUE FALSE TRUE TRUE  FALSE [21]

PM2.5 Detector [62]
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From this initial list of thirty devices, some were excluded because they are no longer
being produced (such as Foobot [49]), or because they only test 1 or 2 parameters (such
as Dylos [46] and M10 [52]). Thirteen were identified as having met the study criteria
and from this, a decision was made to focus on the 7 devices that were in stock, and that
we were able to be received in time for the study timeline. It was decided that testing
and comparing seven different devices, two of each type, was sufficient due the length
constraint of the study. Table 3 lists the seven IAQ monitors tested in this study along with
some relevant information including which parameters they measure. The device accuracy

ranges were specified by the respective manufacturers.

Table 3. Technical specifications of the seven low-cost monitors selected for this study.

Products Interval Temp RH CO, PM2.5 TVOC Other
Parameters
AirBird comes fully
. . —20 to +60 °C, o o 0-5000 ppm B ) calibrated. Sound
AirBird [31] 10 min (+0.5 °C) 1-99% (+3%) (430 ppm £3% of mode, light mode.
reading), NDIR
0~500 pg/m?
detection
range: 300 nm
10-35°C/ to 10 um
Airthings View . 50-95 °F a0 o 400-5000 ppm below B Air Pressure,
Plus [37] 5 min (+0.5°C/ 0-80% (£3%) (150 ppm), NDIR 150 pg/m?: Radon
+1°F) + (5 pug/m?
+ 15%), above
150 pg/ m3:
+ (5 ug/m?
+20%)
0-9999 ppm
Aranet4 1,2,5 0-50 °C o o _ _ .
Home [40] or10 (03 °C) 0-85% (£3%) N S(O/i 3f0 ppéx} Air Pressure
min o of reading),
NDIR
Guideline to LEED,
; _ ° 400-5000 ppm 0-1000 pg/m? WELL, FITWEL,
oﬁma[liz] 10s ‘t(ro"zlfg) € 0-100% (+2%) (75 ppm or 10%), (£15% or 0-60 ppm LBC
' NDIR +15 pg/m?) Ambient light
sensor, noise sensor
Certified by RESET
) 0 to +50 °C, o o } ) ) Works with Apple
Eve Room [48] 2s (03 °C) 0-95% (£3%) Homekit
B o 400-5000 ppm 0.3-10 pg/m3 .
Lésg ?:5{5] *  1min 2‘() o 1(():0) C o 0.99% (£1%) (30 ppm +3%), (+10% (3), - Worlflg"nﬂ(ﬁpp le
2 NDIR <30 pug/m?)
. o PM0.3,0.5,1.0,25,
I;‘Xﬂlfézl]r <105 o (fltfgf +3% - 0 to 500 pig/m? - 5.0, & 10 um
- Air Pressure 300 to
1100 hPa

3.2. Methods for Testing Accuracy in the Laboratory Setting

In this study, temperature, relative humidity, CO, and PM2.5 were the four parameters
that were tested in a laboratory setting for accuracy. These are suitable parameters for this
study because these are parameters used in most of these devices, and they are relevant in
consideration of IAQ in residential settings. Laboratory tests are known to be fundamental
to determine response time, limit of detection, and the linearity of response [19] The
laboratory tests conducted in this project were focused on accuracy but also evaluated
responsiveness, as well as visualization of visual feedback and warnings from the devices.
All devices came already calibrated except for the Aranet4 Home and AirBird which need to
be calibrated manually. This study tested two of each selected device to enable comparison
among the devices.
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1. The first phase of accuracy testing was conducted to evaluate and compare tempera-
ture and relative humidity in the 14 devices. The data was collected on 7 July 2022
and 21 July at a Canadian university Building Science Lab. The study used Light-
house Handheld-3016-1AQ, a research grade temperature and humidity monitor, to
measure temperature, relative humidity, and PM2.5 in the lab. This was also used to
compare the data with the real-time data from devices taken 4 times, then calculated
the average results from it. Its temperature accuracy is £0.12 °C, —0.8% of RH, and it
responds to the environment every 1 s [63].

2. The second phase of accuracy testing was conducted in the same building science
laboratory to evaluate and compare CO; accuracy in the devices. Materials used in
the lab included a clear plastic bag that was placed at a minimum of 0.9 m above the
ground, and CO, injection with concentration of 5000 ppm, see Figure 1.

Figure 1. Test devices in the sealed bag during initial CO, injection in the lab.

Temperature and relative humidity were recorded before the test for all the devices.
The devices were placed into a plastic bag, then inside air was pushed out to reach “zero
air” inside, then we sealed the bag to ensure an enclosed environment. CO, was injected
into the bag. The average tested temperature for all experiments was 22.8 C (+0.12 °C), and
the relative humidity was 43.7% (£0.8%). We recorded the data readings and visualization
displayed in all devices at the start, then every 3 min until 20 min, and at 30 min (10 min
after the injection was stopped). For each device, data was logged and able to be viewed
both through the app and via the computer dashboard. In the background research we
found that there are three types of CO, sensors to measure CO, including non-dispersive
infrared sensors (NDIR), electrochemical sensors, and metal oxide semiconductor sensors
(MOS) [64]. To be more specific, NDIR sensors detect the amount of CO; in the air by
utilizing the light wavelengths, and they work well at around 1000 ppm CO; ranges, but
might be affected by humidity and temperature; electrochemical sensors detect electrical
current to monitor CO; in the air, and this method is less sensitive to humidity and
temperature, but does not last as long as NDIR; and MOS CO; sensors employ the resistivity
of metal compounds to measure the amount of gas in the air; these are easy to use and
detect with high accuracy, but are less commonly used because the CO, detection level
starts at over 2000 ppm [64]. Therefore, the NDIR sensor is the optimal device to choose.
According to their respective manufacturers, all the monitors tested in this study used
NDIR sensors.

3. Inthe third testing phase, the accuracy of PM2.5 was tested by comparing readings
to the Lighthouse Handheld-3016-IAQ. This tool also allowed for cumulative and
differential particle count data as well as temperature and relative humidity data. This
research device was selected for the study due to its high accuracy and reliability. It
tests for particle size range of 0.3-10 pm, and the approximate mass concentration is
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measured in pg/m3. It can indicate 6 particle sizes simultaneously, and has an easily
configurable interface with a color touch screen. Handheld-3016-IAQ can measure 10
cycles at a time and each cycle is 1 min [63]. The laboratory test tested for 3 cycles.

This study did not evaluate the accuracy of the monitors in terms of Total Volatile
Organic Compounds (TVOCs). TVOCs are often released in the form of gas from specific
solids or liquids in the built environment. Paint, adhesives, sprays from cleansers, air
fresheners and other building materials, furniture and equipment can release TVOCs [25].
The reason for not including this parameter in the test is because it is complicated to
measure compared to other parameters [65]. TVOCs sensors have different sensitivity to
various VOC sources, depending on the environment [20]. The current limitations of the
technologies in use cannot measure time resolved TVOCs [66]. Professional grade sensors
have produced similar results to the laboratory air sampling which had been calibrated,
but low-cost monitors have indicated poor relationship under different environmental
testing conditions 17]. For these reasons, this present study did not evaluate the accuracy
of TVOCs in the devices.

3.3. Testing Devices in a Residential Setting for Responsiveness and Data Visualization
Field Measurement Methods in Residential Building

The field measurements involved the installation of the devices in a residential envi-
ronment to enable the observation and evaluation of visual feedback and responsiveness.
The study site was a house located in Toronto, Canada. The house type is a two-story
semi-detached house constructed in 2004. The outdoor pollution levels around the site
were relatively low. The tests were carried out for six weeks in July and August 2022. The
tests were done with natural ventilation and no air conditioning. Each room tested in the
house had exterior sliding windows that were open for 8 h per day. The 14 devices were
placed in three different spaces including living space, bedroom and kitchen area across the
house. There were 4 occupants in total, and 2 occupants shared one bedroom. All devices
were placed at the minimum installation height of 0.9 m and the maximum installation
height did not exceed 1.8 m. Three different environment scenarios were tested inside the
house based on these sources: (1) closed window and door with no ventilation; (2) closed
window but opened door as external ventilation; (3) opened window and door with cross
ventilation. The main CO, emission sources were the occupants in the rooms.

Studies have shown that air quality can be influenced by combustion sources such as
oil, gas, kerosene, coal, wood; by building materials; and also by furniture made from wood
products, cleaning products, central heating and cooling systems, outdoor air pollution,
etc [11]. Some published studies have recreated typical residential behaviors in laboratory
settings, testing how fast and accurately IAQ monitors react. For example, Demanega
et al. (2021) tested devices for accuracy in several different ‘test scenarios’ such as candle
burning, wood lacquer drying, and carpet vacuuming [20]. For this present study, several
typical scenarios were considered to test responsiveness and data visualization. The devices
recorded data for three activities (with one person in the space: (1) snuffing out a candle in
the living room (no windows open); (2) exercising in the bedroom (with a window open
but no mechanical ventilation); (3) cooking in the kitchen space (no windows open, no
exhaust fan). Rather than focusing solely on accuracy, the data responsiveness and the
visualization of each device were also recorded and compared.

4. Results

This section summarizes findings of the study results comparing the 14 IAQ devices
for (1) accuracy; (2) responsiveness and data visualization (Table 4). The main findings
were that all the monitors tested can be considered accurate in terms of temperature and
relative humidity; AirBird and Araent4 Home are not as accurate as other devices when
testing COy; and that only one of the tested devices recorded accurate measurements for
PM2.5 when compared to a reference meter. Purple Air-PA-I results were within in its
published accuracy range.
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A main goal of this research was the comparison of the 14 devices in terms of accuracy.
The study showed that all of the monitors tested were accurate for temperature and CO,,
because their results were within the accuracy ranges identified in their respective product
literature. Specifically for accuracy for CO,, the most accurate devices are listed as follows:
Laser Egg + CO, was the most accurate, then Airthings View Plus, Awair Omni, AirBird,
and Aranet4 Home. It is worth noting that the published accuracy threshold ranges varied
from product to product. For example, Laser Egg + CO, had the smallest threshold range,
£30 ppm. When comparing with the same device for each product to see if they are
consistent, AirBird and Aranet4 Home had the greatest discrepancy, because on more than
four occasions, the results were not within the accuracy threshold. The devices were tested
a second time for these two devices after analyzing the initial test results. In these second
tests, AirBird and Aranet4 Home still displayed results on more than four occasions that
were over the accuracy threshold. In terms of the relative humidity, only Airthings, Eve
Room and Purple Air PA-I tested within the accuracy range; AirBird tested once within its
range; Aranet4 Home and Laser Egg did not meet their respective accuracy ranges. For
PM2.5, most of the devices did not meet the expectations for accuracy. All of the devices
did not provide accurate PM2.5 data when compared to the research meter, Lighthouse
Handheld-3016-IA. Only Purple Air PA-1 was able to meet its own threshold range.

Table 4. Summary of results of accuracy for each device. The CO, accuracy measurements in the.
second column are compared to the lab testing with the research monitor and the CO, measurements
in the third column show how many tests were accurate in a series of eight, 3 min tests. The fourth
column indicates PM2.5 accuracy compared to the research meter and the fifth column compares
the accuracy results of two devices per brand. The sixth column shows relative humidity accuracy
compared to the research meter.

Response CO, €O, PM2.5 PM2.5 Temperature RH Response to
Products Ti A Accuracy A A A A 1AQ
ime ccuracy (Score/8 Tests) ccuracy ccuracy ccuracy ccuracy poor
L . Within 1 of 2 devices 1 of 2 devices Sgund mode,
AirBird 10 min accuracy 4/8 ) not within not within Cl(l)i});t ggg%n
threshold accuracy accuracy
threshold threshold thz‘ggp'
0-500 pg/m? notifications.
detection
range: Color code on
Within SOlOOn:?nto 1 of 2 devices 2 devices 2 devices the device.
Airthirigs 5 min accuracy 8/8 below not within within within
View Plus 3. accurac accurac accurac
threshold :ltSE)SHEg//IElé threshol}(]i threshol}(;l threshol}(;l
+15%), Methods to the
above poor IAQ.
150 pg/ m3:
+ G ug/ m>
+ 20%)
Within 2 devicesnot 2 devices not
Aranet4 1 min accuracy 2/8 ) } within within Color code on
Home threshold accuracy accuracy the device.
threshold threshold
Color code on
Within 0-1000 1of2devices 1of2devices 2 devices not the device and
Awair Omni 10s accuracy 8/8 ug/ m3 not within not within within App.
threshold (£15% or accuracy accuracy accuracy Health threshold.
+15 pg/ m°) threshold threshold threshold Potential health
problems related
to the threshold.
1 of 2 devices 2 devices
evehome 5 ) ) B ) not within within Works with
accuracy accuracy Apple Homekit
threshold threshold
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Table 4. Cont.
Response CO, €O, PM2.5 PM2.5 Temperature RH Response to
Products Time Accurac Accuracy Accurac Accurac Accurac Accurac oor IAQ
Y (Score/8 Tests) ¥ y Y y P
1 3 1of2 devices 2 devices not
Laser Egg + 1 min az\c]ﬁ?;rcl 8/8 0(3:380;1 ‘(’E,D/,)m Not accurate not within within Text code on the
CO, thresh I}CII 30 (; 3\ in 4 tests accuracy accuracy device and App.
resho <30 ug/m?) threshold threshold
2 devices 2 devices 2 devices Color code on
PurpleAir 0to within within within olor code o
PA > ) 500 nug/ m® accuracy accuracy accuracy the device and
air map.
threshold threshold threshold
4.1. Summary of Results for the Selected Devices
In the laboratory testing for CO,, the results at 15-20 min and 20-30 min were the
significant time stamps to discuss and compare accuracy both between two of the same
branded devices, and among the tested devices. This is due to the fact that the CO,
concentration should be relatively stable at around fifteen minutes. During the testing,
the twenty-minute mark was where the injection of CO, stopped and this was therefore
a significant reference time to compare accuracy, as the data between two devices should
gradually return to the threshold range. In the results, it was noted that the manufacturer’s
accuracy thresholds varied among the devices, for example, Airthings View Plus CO, is
+/— 50 ppm and Laser Egg + CO, is +/— 30 ppm.
The study compared the two devices for each product and compared the seven prod-
ucts together (Table 5).
Table 5. Analysis of the performance between two of the same branded devices. The green indicates
better performance while red indicates relatively poor performance between two of the same branded
devices, based on the statistical analysis.
Product Formula p-Value Adjusted R-Square Bias-Ref
AirBird y = 21.0551 + 0.9759x ok 0.9961 30
Airthings View Plus y =2.9287 + 1.0062x o 0.9992 50
Aarnet4 Home y = —77.0107 + 1.0157x ek 0.9972 30
Awair Omni y = —8.4801 + 1.0032x *xx 0.9973 75
Laser Egg + CO, y = —24.5797 + 1.0164x ok 0.9995 30

The comparison methods use the specific accuracy range for each product as a baseline.
Each graph indicates two curved lines for the eight times CO, data was collected. The
reference line indicates when there was no difference between two products, and the bias
line shows the difference between each device at different tested times. When compared
with other products, different accuracy ranges also varied and need to be discussed further.
Note that Eve Room only tested temperature, relative humidity and TVOCs, therefore
discussion about CO, did not include Eve Room. Table 5 presents a statistical analysis from
the actual vs fitted graph and the linear graph was generated from the statistical software
based on the data from the first and second devices. p-value indicated with ***, represents
the statistical significance, which means the two devices are significantly correlated. The
closer the coefficient number was to 1, the better the performance of two devices was. The
closer R? (0 <= R? <= 1) approaches 1, the better the performance of the devices. The lower
the constant value, the lower the accuracy difference (bias) between two devices, the better
the device performance. Tests at the end were also beneficial and are to be discussed in the
next section as the CO, concentration level should be stable and the accuracy range should
be relatively reduced.

The results for PM2.5 are shown in Table 6. The table shows the findings from the lab
testing of each of the devices compared to the reference research-grade meter.



Buildings 2024, 14, 102 11 of 26

Table 6. Lab testing results for PM2.5.

Products PM2.5 (Average from Four Tests) (1g/m3)
Handheld-3016-IAQ 10
Airthings View Plus #1 4
Airthings View Plus #2 5
Awair Omni #1 3
Awair Omni #2 3
Laser Egg + CO, #1 2
Laser Egg + CO, #2 2
Purple Air PA-T#1 7
Purple Air PA-1#2 8

The following section will explain the accuracy results for each device. As stated
previously, all devices tested CO, readings within their accuracy threshold (the data is
within the range at least for one tested time). However, this section reports on which device
was the most accurate for each of the four tested parameters.

AirBird: According to the manufacturer specifications [31], the range of CO, measured
by the device is from 0 to 5000 ppm, and the accuracy is =30 ppm or £3% for each
reading. For temperature, it is from —20 to +60 °C, with an accuracy of £0.5 °C. RH
measured by the device is from 1 to 99% with a 3% accuracy. When the AirBird average
accuracy performance was compared to other devices, there are four times when data
between the two devices aligned with the accuracy range and performance graph (Figure 2).
Accuracy ranges varied among the devices, and therefore this needed to be considered.
AirBird and Laser Egg + CO, shared the same range, which was +/—30 ppm and their
CO, performance was the best since it was accurate across the eight tests. Statistical
analysis was also conducted (Table 5), and the two devices from AirBird indicated a neutral
correlation between each other compared with other devices. The devices had a relatively
lower constant number, 21.0552 (according to the formula), compared with the device
accuracy difference of 30 ppm. Therefore, results from both the accuracy performance
graph (Figure 2) and statistical analysis (Table 5) consistently indicate that the two devices
performed a better average accuracy than other devices. However, one of the two devices
was not within the accuracy threshold for temperature or relative humidity.

2500
2000

1500
——— AirBird #1

—— AirBird #2

1000

500

60

51 AirBird Bias
(Absolute

34 Value)

45

40 38

20 20 18 —— AirBird Ref

mlg 3 6 9 12 15 18 21 24 27 30 (min)

Figure 2. AirBird accuracy performance graph over 30 min—CO;.

Airthings View Plus: According to the manufacturer specifications [37], the range of
CO; measured by the device is from 400 to 5000 ppm, and the accuracy is £50 ppm. For
temperature, it is from 10 to +35 °C, and the accuracy is +0.5 °C. RH measured by the device
is from 0 to 80% with £3% accuracy. Based on the device performance graph (Figure 3),
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Airthings View Plus devices were accurate when testing CO,, temperature, and relative
humidity; and comparison with other devices was presented in Table 4. Based on the
statistical analysis conducted (Table 5), the two devices from Airthings View Plus indicated
a strong correlation between each other compared with other devices. The devices had the
lowest constant number, 2.928 (formula), compared with the device accuracy difference of
50 ppm.

3000
2500

2000

~— Airthings View Plus #1
1500
—— Airthings View Plus #2

1000

500

0
60

47 Airthings View Plus
40 Bias (Absolute Value)

22
20 18 20 20 » 17 ——— Airthings View Plus

Ref
Z

0
(pemlg 3 6 9 12 15 18 21 24 27 30 (min)

Figure 3. Airthings View Plus accuracy performance graph in 30 min—CO,.

Aranet4 Home: According to the manufacturer specifications [40], the range of CO,
measured by the device is 0 to 9999 ppm and the accuracy is £30 ppm, or 3% for each
reading. For temperature, it is from 0 to 50 °C, with an accuracy of £0.3 °C of reading. RH
measured by the device is from 0 to 85% with a 3% accuracy. When the Aranet4 Home
average accuracy performance was compared to other devices, there were four times when
data between the two devices did not meet the accuracy range. By contrast, Airthings Views
Plus, Awair Omni and Laser Egg + CO, met the accuracy across all eight tests. Based on
the statistical analysis conducted (Table 5), the two devices from Aranet4 Home indicated a
weaker correlation between each other compared with other devices. The devices had the
highest constant number, 77.01 (formula), compared with the device accuracy difference
of 30 ppm. Therefore, results from both the accuracy performance graph (Figure 4) and
statistical analysis (Table 5) consistently indicated that the two devices performed with
less average accuracy than other devices. In addition, the two devices were not within the
accuracy range either for temperature or relative humidity.

2500
2000

1500

Aranet4 HOME #1

Aranet4 HOME #2
1000

500

150
Aranet4 HOME Bias

100 100. (Absolute Value)
85.

50 40 25 o Aranet4 HOME Ref
18 26

0
remlg 3 s 9 12 15 18 21 24 27 30 (min)

Figure 4. Aranet4 Home accuracy performance graph in 30 min—CO;.
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Awair Omni: According to the manufacturer specifications [42], the range of CO,
measured by the device is 400 to 5000 ppm and the accuracy is £75 ppm or +10% for
each reading. For temperature, it is from —40 to 125 C, with an accuracy of £0.2 C. RH
measured by the device is from 0 to 100% with a +2% accuracy. Based on the device
performance graph (Figure 5), Awair Omni performed accurately when detecting CO,
every time. Based on the statistical analysis conducted (Table 5), the two devices from Awair
Omni indicated a strong correlation between each other compared with other devices. The
devices had the second lowest constant number, 8.48 (formula), compared with the device
accuracy difference of 75 ppm. Therefore, results from both the accuracy performance
graph (Figure 5) and statistical analysis (Table 5) consistently indicate that the two devices
performed a good accuracy compared to other devices. However, one of the two tested
devices was not within the accuracy range for temperature and for PM2.5. In addition, both
devices did not meet the accuracy range for relative humidity.

3000

2500

2000

Awair Element

1500

1000

500

60 57
40 37

";EL 0 3 6 9 12 15 18 21 24 27 30 (min)
Figure 5. Awair Omni accuracy performance graph in 30 min—CO;.

Laser Egg + CO,: According to the manufacturer specifications [51], the range of CO,
measured by this device is from 400 to 5000 ppm (£30 ppm or 3%). For temperature, it
is from —20 to 100 °C, with an accuracy of +1 °C. RH measured by the device is from
0 to 99% with a +/—1% accuracy. PM2.5 range is from 0.3 to 10 pg/m?>. Based on the
device performance graph (Figure 6), Laser Egg + CO, devices performed an accurate
measurement of CO, comparison between two devices. One of the two devices was not
accurate when detecting temperature. Based on the statistical analysis conducted (Table 5),
the two devices from Laser Egg + CO, indicated a strong correlation between each other
compared with other devices. The devices had a low constant number, —24.579 (formula),
compared with the device accuracy difference of 30 ppm. Therefore, results from both the
accuracy performance graph (Figure 6) and statistical analysis (Table 5) consistently indicate
that the two devices perform with high accuracy compared to other devices. However,
the two devices did not give results within the accurate range for relative humidity. In
addition, the two devices were not within the accuracy range to detect PM2.5.

PurpleAir PA-I: According to the manufacturer specifications [56], the accuracy thresh-
old range of temperature is from —40 to 85 C. RH measured by the device is from 0 to
99% with a +/—3% accuracy. PM2.5 range is from 0.3 to 500 pg/m?3. This device does not
test for CO,. Based on the test conducted in the lab, PurpleAir PA-I performed relatively
accurately for PM2.5 both in terms of the devices” accuracy range, and also in terms of
best correlation with the reference meter. The PM2.5 comparison data was extracted from
the four-test average data in the lab environment. In addition, the two devices also tested
accurately for temperature and relative humidity.
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2500
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Figure 6. Laser Egg + CO, accuracy performance graph in 30 min—CO,.

4.2. Field Studies

The study included field testing where three scenarios were used to show the devices
responsiveness, visualization, and ease of use in residential spaces. These studies were
not completed in a laboratory, and instead were carried out in a house as indicated in the
methods section. The location of the devices inside their rooms was important because the
devices must be placed near to where people would be breathing: thus, in the living room,
they were placed on a coffee table; in the bedroom, they were on the floor near a yoga mat
while a person exercised; and in the kitchen, they were placed on a table.

Scenario 1—Living Room: Snuffing out a candle

In scenario 1, there was one small window opened in the living space for outdoor
ventilation without A/C. Two candles were placed in the center of the coffee table among
the fourteen devices (see Figure 7).

7

Figure 7. Scenario 1—Lighting up two candles and snuffing them out after 30 min.

The findings relating to CO, showed that the levels did not change significantly after
30 min. The reason might be that the testing time was too short or that the size of the
candles was relatively too small to provide enough CO; in the environment. Results of
Scenario 1 are presented in Tables 7 and 8.
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Table 7. Scenario 1 results showing the devices being tested and the initial IAQ levels. Scenario 1 was
conducted at 8:30 p.m. 29 July 2022.

Products Interval Reac(t;(;r;;ﬁme Templelzlttlzi'e RH Initial CO; (ppm) Inl(tlllagl/rll’ll;/?j
AirBird #1 10 min 9 min 25°C/47% 449 -
AirBird #2 11 min 9 min 25°C/48% 427 -

Airthings View Plus #1 5 min 4 min 26 °C/42% 493 1
Airthings View Plus #2 6 min 4 min 26 °C/44% 476 1
Aranet4 Home #1 1,2,5 or 10 min 1 min 26.8 °C/42% 452 -
Aranet4 Home #2 1,2,50r 10 min 1 min 25.9°C/43% 441 -
Awair Omni #1 10s 10s 25.7 °C/45% 400 2
Awair Omni #2 10s 10s 25.5°C/45% 405 2
Eve Room #1 2s 2s 25.6 °C/44% - -

Eve Room #2 2s 2s 25.2°C/46% - -
Laser Egg + CO, #1 1 min 1 min 25°C/47% 400 0
Laser Egg + CO, #2 1 min 1 min 25°C/47% 436 0
PurpleAir PA-T #1 <10s 8s 24 °C/46% - 4
PurpleAir PA-1 #2 <10s 8s 25°C/44% - 4

Table 8. Scenario 1 results showing the devices being tested and the tested IAQ levels.

d Warning CO; (ppm) (20 min) PM2.5 (ug/m3) Warning
Products Light/Notification Activity Stop at 20 min (Snuff Two Candles) Light/Notification
AirBird #1 Green/ Yellow for Temp 463 } }
(Phone)
AirBird #2 Green/ Yellow for Temp 450 B ~
(Phone)
Airthings View Plus #1 Good 470 41 pg/ m3 Notification from the APP
Airthings View Plus #2 Good 475 41 pg/ m3 Notification from the APP
Aranet4 Home #1 Green 465 - -
Aranet4 Home #2 Green 490 - -
Awair Omni #1 Green 464 98 ug/ m3 Red/Orange
Awair Omni #2 Green 466 99 ug/ m3 Red/Orange
Eve Room #1 - - - -
Eve Room #2 - - - -
Laser Egg + CO, #1 Good 457 3 ug/m? -
Laser Egg + CO, #2 Good 458 4 pg/md -
PurpleAir PA-I #1 Green - 57 ug/ m3 Pink/Orange
PurpleAir PA-I1 #2 Green - 57 ug/ m3 Pink/Orange

Snuffing out the candles triggered a high concentration of PM2.5. The seven devices
provided responses differently, and only Airthings View Plus pushed the notifications to the
phone and indicated red warnings on the display. The light was indicated as orange/red
on the Awair device, and its App indicated poor IAQ. In addition, Purple Air indicated red
warnings on the device (Figure 8), but there was no direct data access available via phone,
and data can only be viewed on the airmap.

In the case of Laser Egg + CO,, it did not provide an accurate response as its display
continued to indicate good air quality and no change occurred to reflect the higher PM2.5
concentration level.

Scenario 2—Bedroom: Exercising indoors for 30 min

Scenario 2 was located in the bedroom on the upper floor with one window open, and
the door closed. The devices were placed beside the yoga mat and the initial air quality
was measured as good at 440460 ppm of CO; (See Figure 9).

One person exercised for thirty minutes in the room. It was observed that at around
20 min, the CO, concentration in the room started to exceed 1000 ppm. Although the
window was open to allow air circulation into the space, the release of CO, from a person
breathing and moving around was relatively high showing that the ventilation system
needed improvement. The results of Scenario 2 are presented in Tables 9 and 10.
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Figure 8. Scenario 1—Purple Air warning lights when snuffing out the candle at 30 min.

Figure 9. Scenario 2—Initial setting in bedroom.

Table 9. Scenario 2 results showing the devices being tested and the initial IAQ levels in the bedroom.

Reaction Time Initial s s .
Products Interval Using Temperature Im(tlal CO; Imtlal/Pl;/IZ.S Li h:/\’;m};l}g .
Smartphone App °C/RH ppm) (ug/m?) '8 otification
AirBird #1 10 min 9 min 24°C/58% 540 - Green/Yellow for
Temp (Phone)
AirBird #2 11 min 9 min 24°C/59% 520 - Green/Yellow for
Temp (Phone)
Airthings View Plus #1 5 min 4 min 24 °C/58% 589 2 Good
Airthings View Plus #2 6 min 4 min 25 °C/56% 568 2 Good
Aranet4 Home #1 1,2,50r 10 min 1 min 25.6 °C/50% 585 - Green
Aranet4 Home #2 1,2,5o0r 10 min 1 min 25.2°C/52% 612 - Green
Awair Omni #1 10s 10s 23.5°C/60% 609 2 Green
Awair Omni #2 10s 10s 24 °C/62% 620 2 Green
Eve Home #1 2s 2s 25.4 °C/55% - - -
Eve Home #2 2s 2s 25.2°C/53% - - -
Laser Egg + CO2 #1 1 min 1 min 25°C/58% 589 5 Good
Laser Egg + CO, #2 1 min 1 min 24°C/59% 600 5 Good
PurpleAir PA-1 #1 <10s 8s 25°C/57% - 7 Green
PurpleAir PA-1 #2 <10s 8s 24 °C/58% - 7 Green
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Table 10. Scenario 2 results showing the devices being tested and the IAQ levels in the bedroom
during testing.

Products CO; (ppm) Temp/RH PM2.5 Warning Temp/RH CO; (ppm) (Pl;;ig) Warning
" (10 min) (10 min) (ug/m?®) Light/Notification (20 min) (20 min) (21:) ‘min) Light/Notification
Green for only yellow for
AirBird #1 702 25°C/56% - CO,/ Yellow for 25°C/57% 930 - tem
Temp (Phone) P
Green for only yellow for
AirBird #2 670 25°C/57% - CO,/Yellow for 26 °C/58% 940 - y ty
Temp (Phone) emp
Phone
notification, red
Airthings o o Red for Temp, ° o i in
View Plus #1 680 26 °C/53% 4 Orange for VOC, 27 °C/53% 1035 5 hgh’;1 glgwmg on
overall air R (; € device
SR ed warning on
quality is fair the app for CO,
and Temp
Phone
notification, red
Airthings R o Red for Temp, R o . o
View Plus #2 755 26 °C/51% 4 Orange for VOC, 27 °C/55% 998 5 hghic’1 glgwmg on
overall air R (ti € e\{1ce
R ed warning on
quality is fair the app for CO,
and Temp
Aranet4 o o o o )
Home #1 754 25.7 °C/52% - Green 26.4 °C/54% 906 Green
Aranet4 o o o o )
Home #2 713 25.8°C/51% - Green 26.4 °C/53% 876 Green
. Orange for temp, Orange for temp,
Awair
Omni #1 719 27.1°C/52% 3 yellow for CO,,  28.8°C/51% 876 4 yellow for CO,,
Yellow for RH Yellow for RH
. Orange for temp, Orange for temp,
Awair
Omni #2 730 27.3°C/51% 3 yellow for CO,, 28.3°C/52% 890 4 yellow for CO,,
Yellow for RH Yellow for RH
Eve Room #1 - 25.9 °C/53% - - - - -
Eve Room #2 - 25.9°C/52% - - - - -
Laser Egg + o o Green, Air o o Green, Air
O, 11 739 27°C/53% 3 quality good 27°C/55% 915 3 quality good
Laser Egg + o o Green, Air o o Green, Air
PC 021 f 784 26 °C/56% 3 quality good 28 °C/54% 890 3 quality good
urpleAir B o o o 0 -
PAL #1 27 °C/55% 5 Green 26 °C/54% 5 Green
PurpleAir o o o o
PA-L#2 - 26 °C/53% 5 Green 27 °C/53% - 5 Green

In Scenario 2, the Airthings View Plus had the most responsive phone notifications
when the temperature and CO2 levels were elevated (Figure 10). The related App also
responded with the potential health problems associated with the poor indoor CO,, tem-
perature, relative humidity, and PM2.5. The Awair Omni also had orange/red notifications
on the device at around 20 min (Figure 11), and the changing CO; levels and temperature
were shown on opening of the Smartphone Application. Each device communicated IAQ
data, for example the Awair Omni App displayed colours to show IAQ data, from green
to orange then dark red (1 to 2000 ppm) for CO, and to illustrate changing temperatures,
18-25 °C was indicated in green with good healthy IAQ and temperatures the ranges
9-18 °C and 25-34 C were indicated as poor IAQ. At the 20 min mark, Aranet4 Home
indicated green (CO; below 1000 ppm) (Figure 12) thus no notification was shown on either
device or phones, and no health threshold was indicated in the App. Only one of the tested
devices provided both IAQ data and information about the impacts. Awair Omni provided
both data ranges and related potential health problems listed in the App to help users
understand the impact of poor IAQ. This was a unique function that other devices did
not provide.
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Figure 10. Scenario 2—Airthings View Plus device notification at 20 min.

Figure 12. Scenario 2—Aranet4 Home at 20 min.

Scenario 3—Kitchen: Cooking without using an exhaust fan

Based on a published study by Wang et al., this scenario tested three activities that
take place in residential environments: frying garlic, steak and also using an air fryer to
cook bacon [35]. In scenario 3, a small window above the sink in the kitchen was open
halfway to allow outside ventilation, but no exhaust fan or air conditioning was used. IAQ
devices were placed on the counter island (at table height) that was across from the stove
because there was not enough space to place fourteen devices on the counter beside the
stove (Figure 13).

Figure 13. Scenario 3—Kitchen.
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The Scenario 3 observation occurred and data was recorded for (1) the initial setting,
(2) during cooking (at 15 min) and (3) after cooking (at 30 min). The initial hypothesis
was that there would be a substantial increase in CO; and PM2.5 levels during cooking.
However, the CO, level did not change very much during the 30 min test. Tables 11 and 12
summarize the results of Scenario 3.

Table 11. Scenario 3 results showing the devices being tested and the initial IAQ levels in the kitchen.
Scenario 3 as conducted at 3:30 p.m. July 30 2022.

Products Interval Reaction Time Initial Initial CO, Initial PM2.5 Warning
(App) Temperature/RH (ppm) (ng/m3) Light/Notification
AirBird #1 10 min 9 min 26 °C/52% 500 - Green/Yellow for
Temp (Phone)
AirBird #2 11 min 9 min 26 °C/53% 505 - Green/Yellow for
Temp (Phone)
Airthings View Plus #1 5 min 4 min 28 °C/45% 580 2 Air Quality Fair
Airthings View Plus #2 6 min 4 min 28 °C/47% 585 2 Air Quality Fair
Aranet4 Home #1 1,2,50r 10 min 1 min 26.9 °C/47% 529 - Green
Aranet4 Home #2 1,2,5o0r 10 min 1 min 26.7 °C/47% 517 - Green
Awair Omni #1 10s 10s 26.5°C/50% 501 2 Green/Good
Awair Omni #2 10s 10s 26.8 °C/48% 470 2 Green/Good
Eve Room #1 2s 2s 27.8 °C/49% - - -
Eve Room #2 2s 2s 27.1°C/50% - - -
Laser Egg + CO, #1 1 min 1 min 27 °C/50% 480 3 Good
Laser Egg + CO, #2 1 min 1 min 26 °C/49% 500 3 Good
PurpleAir PA-1 #1 <10s 8s 26 °C/48% - 5 Green
PurpleAir PA-1#2 <10s 8s 27 °C/49% - 5 Green

Table 12. Scenario 3 results showing the devices being tested and the IAQ levels in the kitchen
during testing.

Products Temp/RH PM2.5 Warning Temp/RH PM2.5 (ug/m?) Warning
(Fry-Garlic) (ug/m®)  Light/Notification  (Pan-Fry Steak) (Pan-Fry Steak) Light/Notification
Green for
AirBird #1 25 °C/56% - CO, /Yellow for 25 °C/57% - only yellow for temp
Temp (Phone)
Green for
AirBird #2 25°C/57% - CO;, /Yellow for 26 °C/58% - only yellow for temp
Temp (Phone)
Phone notification, red
Airthings View Plus o o Red wanring for o o light glowing on the
g 26°C/53% 4 Tomp Orangefor 27 °C/53% 5 ghig e
VOC, overall air Red warning on the app
quality is fair for CO, and Temp
Phone notification, red
Airthings View Plus o o Red wanring for o o light glowing on the
8 26°C/51% 4 Tomp Orangefor 27 °C/55% 5 BB e
VOC, overall air Red warning on the app
quality is fair for CO, and Temp
Aranet4 Home #1 25.7 °C/52% - Green 26.4 °C/54% - Green
Aranet4 Home #2 25.8°C/51% - Green 26.4°C/53% - Green
Orange for temp, Orange for temp, yellow
Awair Omni #1 27.1°C/52% 3 yellow for CO,, 28.8°C/51% 4 o e Vel e
Yellow for RH A i
Orange for temp, Oranee for tem low
Awair Omni #2 27.3°C/51% 3 yellow for CO,, 28.3°C/52% 4 o ey Vel
Yellow for RH or L%, Yellow lor
Eve Room #1 25.9 °C/53% - - - -
Eve Room #2 25.9 °C/52% - - - -
Laser Egg + CO, #1 27 °C/53% 3 Gree“’g/zg dquahty 27°C/55% 3 Green, Air quality good
Laser Egg + CO, #2 26 °C/56% 3 Gree“’ngg dquahty 28 °C/54% 3 Green, Air quality good
PurpleAir PA-1 #1 27 °C/55% 5 Green 26 °C/54% 5 Green
PurpleAir PA-1#2 26 °C/53% 5 Green 27 °C/53% 5 Green
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The use of the air fryer had the highest impact on the PM2.5 levels. Airthings View
Plus, Awair, Purple Air all responded quickly to the increasing PM2.5 concentration by
changing the color code on the devices. In contrast, Laser Egg + CO, did not respond, and
when the other devices responded to the changing CO, and PM2.5 levels, it still indicated
good air quality inside the space.

5. Discussion

The study sought to answer if the devices are accurate compared to scientific in-
struments, and overall, the answer is yes for CO;. All of the tested devices were within
their stated accuracy thresholds for CO,. However, there are important other factors to
consider. Each company published different acceptable accuracy ranges and this was a
factor when seeking to compare the relative performance of the monitors. In this regard,
AirBird and Laser Egg + CO; had the strictest accuracy ranges, which were £30 ppm for
CO,. Reliability and consistency in producing accurate results was also a factor. Seven
brands, two of each type, were evaluated, and all devices were tested multiple times to
see if they produced consistent readings within the brand of monitor. Among the devices
tested, Laser Egg + CO, performed the most reliably as the two devices of this brand
tested had high consistency in eight tests. Among the 14 units tested, when comparing the
responsiveness and visualization of the devices, all devices provided basic response but a
different visualization between device display, Smartphone App and computer dashboards.

In the residential testing scenarios, all of the devices did not record the elevated CO,
levels expected when burning candles in Scenario 1 (Table 7). Some possible reasons for
this could be to do with the setup of the experiment, including the small number and sizes
of candles. Also, only one day was tested and there could have been high temperature
and humidity conditions on the day that could have caused the low responses. When
snuffing the candles out, Airthings View Plus, Awair Omni, and Purple Air PA-I had similar
sensitivity with different visual reaction responses (Table 7). However, Laser Egg + CO,
did not record PM2.5 accurately in either setting. All devices indicated moderate level
of responsiveness for CO; and PM2.5 during Scenario 2 when cooking occurred (heating
oil, frying, and stir-frying). The results of this study show that these devices still have
limitations, although it is crucial to recognize that even professional scientific grade devices
may have similar challenges in these scenarios.

The following discussion sections consider issues beyond accuracy, and examine
possibly consumer-specific concerns such as portability, data visualization and feedback, as
these parameters are part of why these devices are marketed to consumers, who may use
these devices in their homes.

5.1. Considering Portability and Visualization

Consumer grade air quality monitors for residential environments are normally pow-
ered by plugging the device into the wall. Portability is a factor that is not normally
considered in similar studies, but for consumers using a product like this in their home,
this could be important. Although all the tested devices are lightweight and small, the
majority of devices tested need to be plugged in at all times to record the data, and only
AirBird, Aranet4 Home and Eve Room did not require being constantly plugged in to a wall.
Particularly for scenario 3 in the kitchen area, it was challenging to find an appropriate
location to place the devices that need to be plugged in. It required extra space to provide
a safe distance from the stove and to not interfere with other activities occurring in the
kitchen. AirBird is designed to be mounted on the wall, so it was not convenient to carry
this device to different spaces. Battery powered devices without plugs such as Aranet4
Home may have an advantage and may be more appropriate as a consumer option for
use in the kitchen area. Another factor observed in the field testing was the design of the
monitor. Most of the tested devices have a flat base so the device sits on the counter easily
and does not roll around. Stability is a concern because the devices are fragile. The round
design of Laser Egg + CO, was unusual in that it did not have a flat base and it tended to
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roll around on the counter and it seemed like it could drop or break more easily than other
devices with flat bases. Another observation about the devices is that the Purple Air PA-I
appears to be more fragile due to the design of a cover with an unfinished base exposing a
battery underneath.

Visualization of data may also be an important criterion from a consumer perspective.
In this study, it was observed that there are a number of different ways of visualizing the
data. For example, a blinking or red warning light on a device is a typical design feature to
indicate poor IAQ, and this was used in the AirBird, Airthings View Plus, Awair Omni, and
Purple Air PA-I. However, Aranet4 Home, Eve Room and Laser Egg + CO; do not have
a warning light and instead display numbers on their device (Tables 7-9). The numbers
displayed on a device might not be as compelling as the warning light or “good” and “bad”
text. There could also be an issue with how to interpret the colors or text. For example,
Purple Air PA-I had no words or numbers and only indicated a color code of just green,
yellow and red, and to interpret these colors, the consumer would need to open the Airmap
application. AirBird also provided sound warnings for poor IAQ and was the only device
that made noise.

5.2. Accuracy, Responsiveness and Feedback

During the lab testing, differences in how the various devices provided feedback
were immediately apparent. There were differences in how quickly they reacted, and in
the quality of the visual notifications. Based on the field study results, Airthings View
Plus indicated poor IAQ relatively faster than the others and their Smartphone App gives
descriptions of air quality issue and describes the implications of the unhealthy levels
and explains possible solutions (Table 4). Awair Omni indicated poor IAQ with warning
lights and additional information about health-related issues due to poor IAQ can be
seen in the Smartphone App. Purple Air PA-I only indicated a warning light, and the
device does not show any numbers since there is no screen. Additional data can be
accessed from the Smartphone App which compares reported IAQ in nearby buildings,
with data about the outside air quality at that location. This feature by Purple Air may be
helpful if consumers want to compare feedback from IAQ devices with conditions outside.
Understanding the CO, level just with color coded warnings as shown in the PurpleAir
device seems simple and effective to provide feedback to consumers so as to respond to an
unhealthy indoor environment rapidly. When selecting a consumer-based device, rapid
device responsiveness and speed of notifications sent to the Smartphone are also important
because consumers can react to the IAQ feedback faster.

5.3. Personal Preferences and Resident Behavior Matter in Consumer Products

Personal preferences are inevitable when selecting the consumer-grade monitors. This
study did not evaluate non-performance aspects such as device design, packaging design or
advertising campaigns. Considering performance, a main finding of this study is that while
accuracy is important, other aspects are also important to consumers, and these became
evident during the field studies. These parameters include speed of response time, quality
of data visualization, speed of Smartphone app notification and access to a data dashboard
(providing long term trends). All the tested consumer-grade monitors performed well
(aside from PM2.5), and they all responded to the daily activities tested in the scenarios
as air quality changes inside of the residential home. They each provided responses with
different ways of alerting building users about the data. AirBird was the only device that
provided sound warnings, but the sound seemed too quiet and gentle to refer to poor IAQ.
Only Airthings View Plus and Awair Omni described the potential related health problems
from the Smartphone App that consumers can consult to help interpret the results. If a
consumer would like to compare the IAQ with building performance standards, they can
use Awair Omni’s health threshold as it is based on the WELL v2 standard (Table 1). Awair
Omni can be used to achieve a variety of green building certifications and credentials such
as RESET, WELL, Fitwel and Living Building Challenge. This means that for the Awair
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Omni, the warning lights and notifications from this device were more often triggered more
frequently than the others because WELL v2 standard has lower ranges for IAQ. There are
different thresholds that the devices used to determine what is good or poor IAQ. Based
on the three scenarios conducted in Section 4, certain devices are suitable if consumers
prefer less notifications and responses, but still want to monitor the indoor environment
based on ASHRAE standards. For example, Aranet4 Home only changes its color from
green to yellow once the CO, reaches over 1000 ppm, and there are no additional health
related notifications or solutions provided for this device. Similar to Laser Egg + CO,, it
only indicates good /bad air quality in the display without further color or sound warnings.
In addition, for some devices, the method of indoor monitoring was to place the devices
in a single place at home, whereas some, such as Aranet4 Home, can be carried around
to other different indoor environments. None of the tested devices are marketed to be
carried around to public indoor spaces. Overall, in the field studies it was observed that
the devices seem fragile and the authors note that there were warnings on all of the boxes
that people should take care not to drop them as they might break.

5.4. Consumer Needs and [AQ

This study did not aim to determine standard consumer perspectives for IAQ, but
it does seem that faster response times for IAQ data updating to register on the devices
are should be the goal. The devices are designed to detect poor IAQ and poor ventilation
systems, and to enable building users to react to the situation so this response time is
important. In this study, the devices reacted differently to poor IAQ. For example, the
AirBird took about 10 min to respond to the changing environment during field testing.
Laser Egg + CO,, Awair Omni, and Purple Air PA-I responded to the different scenarios rel-
atively faster (Tables 7-9). Immediate notifications and potential health related issues were
indicated by Airthings View Plus and Awair Omni, which provided valuable responses to
consumers in their Smartphone App, and may provide consumers a better understanding
of what to do about their current air quality. In addition, Purple Air PA-I has the function
to share the data and access outdoor IAQ from the air map, Since outdoor air pollutants
often affect the IAQ, being able to compare indoor PM2.5 vs outdoor also decreases the risk
of exposure to poor air quality. It is difficult to know exactly what future consumers might
want but this study did provide observations that suggest that future consumer-grade
monitors might focus on mobile or portable IAQ monitors. We did not find any wearable
technologies to study in this research, and in future perhaps companies will incorporate
monitors into Apple watch or Fitbit since some monitors are dedicated for stationary use,
and difficult to carry around to certain environments. Wearable monitors may also be
helpful in indicating poor air quality for both indoor and outdoor allowing consumers to
react to their environment.

5.5. Data Collection and Interval

The quality of the data interface and the number of days of stored data that can be
accessed are other factors to be considered when evaluating the performance in terms of
relevance to consumers. Airthings View Plus, Awair Omni and Laser Egg + CO; each
provided a computer dashboard interface that was user-friendly and intuitive (although
required use of a computer not a smartphone). Purple Air PA-I also provide a link to data
from a map where it can access data from the registered devices, so it crowdsources more
data than the other devices. However, this Purple Air PA-I interface was hard to use and
data cannot be downloaded into excel for further comparison with other devices. AirBird,
Aranet4 Home, Eve Room do not provide the dashboard interface and data can be accessed
from the Smartphone Apps only.

Historical data trends can help occupants to monitor the relationship between daily
activities and IAQ, and thus to help them change behaviors or adopt different approaches
to reduce poor IAQ. All devices stored their data for different lengths of time. Airthings
View Plus and Awair Omni can store the historical data for free, but Awair Omni required
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users to pay an additional fee to maintain the length of data storage. Dashboard interface
with longer days to store the data could be crucial factors for some consumers as they
select the devices. Further evaluation could also include long-term field measurements
to for consumers’ feedback on the preferred functionalities of each device, and to test the
durability of the devices.

6. Conclusions and Recommendations

Following COVID-19, there has been an increased interest in ventilation effectiveness
in buildings, and many building occupants purchase devices to monitor indoor air quality
at home. Access to this data using indoor air quality monitors has become a way by
which building users are able to understand, visualize, and act upon the conditions in
their spaces. This paper identified and evaluated fourteen low-cost air quality devices
marketed to consumers for use at home (seven types, two of each product) and reported on
the performance both in terms of accuracy when tested in a laboratory setting, but also in
relation to consumer needs such as speed of response time and data visualization through
field testing in three everyday-use scenarios. A main contribution of this paper is that this
is one of the few studies characterizing the performance of seven brands of consumer-grade
monitors focused on multiple parameters: accuracy, responsiveness, and visualization from
a residential consumer’s perspective. The study compared temperature, relative humidity,
CO; and PM2.5 for accuracy and consistency between devices of the same brand, and also
compared these across the seven different brands of devices. As stated in the results section,
Airthings View Plus, Awair Omni and Laser Egg + CO; had better performance during
measurement of CO, with a highly linear response, and R? value and have lowest bias
value. The study findings do not indicate a single brand as the most suitable for residential
settings, and discussed the different ways and response times for displaying information,
and visualizing and storing data using a Smartphone Application. A limitation and a
strength of this field study portion of the evaluation is in its specific focus on the home and
typical residential scenarios occurring in ordinary life. The field testing provided findings
relating to the device performance specific to responsiveness, data visualization, and some
practical considerations for users. A conclusion of this study is that consumer-grade indoor
air quality monitors are part of an evolving and demanding industry and accuracy is not
the sole relevant parameter. The study showed that the devices are accurate enough for
CO, and temperature and humidity to be relied upon for non-scientific home use, but
the products had different response times, and different data visualization which would
impact how consumers use them. The findings of this study could also be used by device
manufacturers. For example, findings provided in this study about response time and
portability could be used by manufacturers to improve aspects of device performance and
for consumers to understand the different device functionalities. This paper contributes to
a growing literature around the importance of indoor air quality in the home. Future work
could explore consumer preferences and conduct field tests to considering how consumers
report the ease of use of the devices and their adaptive behaviors.
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