Low-Cost Sensors for Healthier Indoor Air Quality
in Impacted Communities

FINAL REPORT

Contract 22RD020

CALIFORNIA

AIR RESOURCES BOARD

Principal Investigator:
Cesunica E. Ivey

University of California at Berkeley (UC Berkeley)

Contributing Researcher:
Jennifer Ofodile, PhD Candidate
UC Berkeley

March 17", 2025



Disclaimer
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Executive Summary

Indoor air quality (IAQ) significantly influences human health and well-being, especially in
impacted communities where socioeconomic factors and residential proximity to pollution sources
increase exposure risks. In these communities, low-cost sensors (LCS) can offer an accessible,
user-friendly, and cost-effective solution for monitoring indoor air pollution to facilitate informed
decision-making and improve IAQ. Thus, the overarching goal of this project is to produce a white
paper that critically summarizes LCS technologies for indoor applications, comprehensively
reviews past efforts that evaluate the utility of these devices for assessing IAQ, and establishes
actionable guidance for impacted communities with adoption recommendations on LCS

technologies and strategies to mitigate indoor air pollution.

This white paper summarizes the extensive range of commercially-available LCS technologies for
IAQ monitoring, and highlights their key performance considerations and limitations. These
efforts benefited from guidance provided by government agencies such as the US Environmental
Protection Agency and the South Coast Air Quality Management District (i.e., the Air Quality
Sensor Performance Evaluation Center). LCS, as defined in this white paper, are packaged devices
that can be readily deployed “out of the box” and meet specific price criteria for both single- (less
than $500) and multi-pollutant (less than or equal to $2,500) devices. The market survey identified
30 single-pollutant and 42 multi-pollutant LCS devices from 31 different manufacturers. For these
devices, associated performance evaluations, data quality considerations, technical investments,

and operational factors for LCS deployments were further explored.

This investigation highlights several important findings about the current state of LCS and their
performance for [AQ measurements. For instance, the performance of particulate matter (PM) LCS
is often limited in detecting very small particles (<0.3 pm), which are prevalent in indoor
environments from sources like cooking and candle burning. PM LCS are also limited in detecting
sources with larger supermicron particles (>1 pm) such as dust, which can be a relevant source in
some indoor environments. Additionally, the response of PM sensors to different sources can vary
significantly, making them less reliable for the diverse range of indoor air pollution sources. For
gas-pollutant LCS, performance evaluations were more challenging to find in the scientific
literature and other agency resources, as most studies focused on individual sensing components

rather than integrated devices, which are the primary focus of this white paper.

From the available references, gas-pollutant LCS were found to be prone to cross-interference

from non-target pollutants and sensitive to environmental parameters. The lack of sensitivity for



some gas LCS, e.g., NO; and VOCs, due to high detection limits, also constrains their utility for
TAQ management and targeting indoor sources for mitigation. This section of the white paper
underscores the need for technological advancements of LCS toward improving their accuracy,
reliability, and robustness for air quality measurements, particularly in indoor environments. In
addition, establishing standards for LCS performance (e.g., ASTM D8405-21 for PM,5) across
different pollutants and environments is crucial for systematically validating these devices and

assessing their capabilities and limitations in a standardized manner.

This second section of this white paper includes a comprehensive review of IAQ monitoring
studies using LCS within a participatory framework, requiring the engagement, involvement, or
collaboration of occupants. The review particularly focuses on studies engaging communities
disproportionately impacted by indoor air pollution. Despite the increasing applications of LCS
for air pollutant measurements and the growing field of IAQ research, only 29% of the narrowly
scoped and reviewed studies specifically addressed impacted populations within the literature
retrieval period. This gap shows a lag in community-facing efforts of IAQ data collection;
nonetheless, the reviewed studies provide valuable insights and lessons learned, particularly in

leveraging LCS to address disparities in IAQ across impacted communities.

Findings from the small number of studies show that impacted communities frequently experience
high levels of indoor air pollution, sometimes exceeding prior findings in other homes and
established air quality guidelines. The studies also suggest that improving IAQ in impacted
communities can be facilitated by leveraging LCS for community engagement and education,
developing and disseminating affordable tools and solutions, advocating for policy changes, and
advancing LCS technical improvements. Longitudinal studies are recommended for capturing
chronic exposure and seasonal variations, to provide a deeper understanding of health impacts and
intervention efficacy. Furthermore, continued integration of mobile applications, wearables, and
digital tools with LCS, as well as scaling successful models of community-facing engagement, can

address widespread IAQ issues and promote environmental equity in impacted communities.

The white paper also collates insights from stakeholder interviews with an LCS manufacturer, [AQ
researchers, members of impacted communities, and LCS users to understand the challenges,
needs, and experiences related to these devices. These interviews highlight the need for targeted
public education on [AQ, LCS monitoring indoors, data interpretation, indoor air pollution
sources, and mitigation strategies. IAQ researchers emphasize the need for standardized testing

protocols and the role of regulators in shaping guidelines for LCS validation across manufacturers.



LCS users and community members note the importance of improving LCS accessibility, including

the availability of technical support and affordable solutions or programs to improve IAQ.

Additionally, community members report concerns about landlord retaliation when attempting to
address IAQ issues in residential housing, highlighting the challenges vulnerable populations face
in advocating for healthier living environments. They also stressed the need for increased public
education on the hazards of poor IAQ in both homes and workplaces. Interview insights point to
the broader need for systemic changes, including stronger tenant protections, increased regulatory
oversight, and community-driven initiatives to improve IAQ, while aligning technological
advancements of LCS with the most pressing needs across stakeholders, including manufacturers,

researchers, air quality agencies, and communities.

Finally, recommendations for various stakeholders are presented based on the content reviewed
and summarized throughout this white paper. These recommendations are aimed at driving the
adoption of LCS in impacted communities to sustain healthier IAQ. They include accessible
allocation of funding and resources to communities, supporting community-led air monitoring
projects, and fostering partnerships with a wide range of stakeholders, including air quality
agencies, environmental organizations, and research institutions. Expanding these efforts locally
and statewide can ensure that adequate resources and expertise are directed to overburdened
communities to advance environmental equity and public health. While a detailed assessment of
these recommendations is beyond the scope of this white paper, it serves as a general foundation
to continue guiding community-focused IAQ initiatives and regulatory decision-making toward

fostering healthier indoor environments and encouraging collaboration among key stakeholders.

Overall, findings from this white paper suggest that while calibration and high data confidence are
crucial for research-oriented LCS applications, they may be less critical for community-level IAQ
efforts, where LCS can still serve as valuable tools for identifying pollution trends and informing
interventions. This white paper further demonstrates that by leveraging the capabilities and cost-
effectiveness of LCS, while understanding their limitations and integrating them into broader IAQ
strategies, individuals and communities can create safer indoor environments, ultimately

protecting their health, comfort, and well-being.



1 Introduction

Ambient air pollution remains the leading environmental risk factor for human morbidity and
premature mortality worldwide' with long-term exposure as a major driver in the development of
non-communicable diseases.> Characterizing ambient air pollutants such as fine particulate matter
(PM25), ozone (O3), and other criteria air pollutants with designated national standards set by the
United States Environmental Protection Agency (the EPA) are therefore necessary for sustaining

healthy communities.

Indoor air pollution is also a major health concern responsible for millions of premature deaths,**
and is the third leading cause of disability-adjusted life years globally.’ Since people spend over
two-thirds of their time indoors and often at home,® indoor air quality (IAQ) can greatly influence
one’s well-being and exposure to air pollutants.”® Studies have shown that indoor air is frequently
more contaminated with elevated concentrations of pollutants that can exceed outdoor levels.’
Whereas activities such as cooking, cleaning, and combustion events (e.g., smoking and candle
burning) contribute to indoor emissions, a fraction of indoor pollution also derives from the

infiltration of outdoor air pollutants.

Infiltration of outdoor pollution into indoor spaces is mediated by several factors including
building characteristics, such as build quality (age, design, tightness) and ventilation (natural or
mechanical), as well as seasonal home dynamics and outdoor conditions.!® For instance, newer
buildings designed under more stringent energy efficiency standards have tighter envelopes,'!
which reduce the infiltration of outdoor pollution. However, this can raise concerns about indoor
pollution and its implications. Further complicating TAQ is that indoor environments lack
promulgated air quality standards and regulations assessing IAQ,'>!* which may lead to
epidemiological studies underestimating risk in determining one’s personal exposure to air

pollution (which is a combination of indoor and ambient pollution).!*!3

This reality can manifest in significant disparities across indoor environments as [AQ can vary due
to factors impacted by socioeconomic status'® (e.g., building characteristics, indoor activities,
occupant density, indoor sources, etc.), and the unequal distribution of outdoor sources of pollution,
which adversely impacts low-income and racial-ethnic minority groups.'”!® Furthermore, with
trends of increasing outdoor pollution from anthropogenic emissions'® and more frequent wildfires
across the United States,’ indoor environments become crucial as safeguards against air
pollutants.'®?! Yet, communities with low-income and racial-ethnic minority groups are less likely

to benefit from the protection of their homes due to higher probabilities of inhabiting substandard



housing in communities with adverse health attributes.?’>* Additionally, the use of air filtration
systems in vulnerable communities is often overlooked or unavailable due to financial constraints
and a lack of information.?*? As a result, populations in vulnerable communities are often limited

in ways to reduce exposure to pollutants indoors.

If provided with the capacity to accurately measure air pollution indoors, low-income and racial-
ethnic minority communities can take actions to reduce exposure.?!*-*° However, there is sparsely
available data exploring IAQ in impacted communities that incorporate community-facing
methods of data collection. Community efforts to collect such data often face barriers such as a
lack of technical knowledge on suitable instrumentation options, size and costs of conventional
instrumentation, inconvenient and complex methods for sample collection and analysis, and data
interpretation hurdles.?!*> Low-cost air quality sensor technologies can reduce these barriers by
building capacity for communities to play a central role in air pollution monitoring.>*** These
devices are more accessible, practical, easy to use, and cost-effective for acquiring air quality data
and providing quantitative information on sampled air pollutants. Low-cost sensors (LCS) also
offer high-resolution monitoring of TAQ that facilitates source identification of indoor emissions

in real time, which is invaluable to managing and mitigating exposure.

LCS have proliferated in recent years and have been used widely for various applications,
including ambient®>>7 and IAQ monitoring.?”**3° However, individual and community-scale
indoor monitoring using LCS remains understudied. Much of the available data on IAQ remains
largely research-driven on already established sensor networks*’ that tend to be deficient in
impacted communities.*!**> As a result, there is a need to provide technical and scientific guidance
on the uses, benefits, and challenges associated with using LCS for monitoring IAQ in impacted
communities. This white paper aims to synthesize information on current LCS for IAQ
applications, identify key considerations from evidence-based studies, and provide useful insights
for their deployment and utility in impacted communities to facilitate decision-making and

improve [AQ.



2 Task summary and work described in this project
2.1  Overview

The objective of this project is to develop a white paper synthesizing information on the uses and
benefits of LCS technologies for IAQ monitoring, and develop a LCS guidance document for

facilitating healthier IAQ in impacted communities.

The project included four (4) tasks: (1) conduct a market survey of LCS used for [AQ monitoring
and analyze how sensors compare; (2) provide an overview of previous research efforts
characterizing IAQ using LCS, including those performed in impacted communities; (3)
administer interviews to relevant stakeholders with experience working with LCS, as well as
individuals in impacted communities with experience or interest in adopting these technologies for
IAQ monitoring; and (4) develop a white paper and guidance document for impacted communities

to facilitate the use of LCS for monitoring IAQ and reducing exposures.

The objective of the guidance document is to provide (1) data-driven recommendations on
appropriate sensor selection, specifications, objectives, and performances; (2) culturally specific

adoption limitations; and (3) ethical and practical interventions to improve [AQ.

2.2 Task 1: Review of LCS Technologies

Task 1 involved the completion of an extensive market survey of commercially-available low-cost
air quality sensing technologies, which derived knowledge and information from existing peer-
reviewed articles and gray literature from industry manufacturers and federal, state, and local
agencies (e.g., the EPA). Investigating LCS on the market required the implementation of inclusion

criteria to meet the objectives of this project. These criteria are described as follows:

e LCS Definition. LCS considered in this white paper are low-cost air monitoring devices that
are “housed” within a casing or enclosure, and are sold as a unit to be used straight out of the
package. Therefore, these are commercially-available LCS devices (e.g., PurpleAir
monitors), which are user-friendly for community members in terms of set-up, operation, and
data access. Mass-produced single pollutant sensors (e.g., Plantower PMS5003) costing
~$10-$35 were not included in the market survey as a result of the specified LCS definition.
However, some of these single pollutant sensors have widespread use as the internal

components in packaged LCS devices sold by different manufacturers. Different from



packaged LCS devices which often have integrated displays to show air pollutant data,
require a common internet connection, a mobile application, or a combination of all three, **
single pollutant sensors often need additional equipment like a PC connection to transmit
and log data using proprietary software for data retrieval. This might be a hindrance to the

target audience of this project, so these sensors were excluded from the survey.

TAQ Application. Only LCS described as being suitable for IAQ or intended for use in indoor
environments by the sensor manufacturer were included in the market survey. Indoor
environments typically have a smaller range of changing environmental conditions (e.g.,
temperature, relative humidity, and airflow), but exhibit greater short-term changes in air
pollutant concentrations. While many commercially-available LCS can be used both indoors
and outdoors, those specifically intended for indoor applications are likely optimized and

designed to accommodate indoor conditions.

LCS Measurements. Only LCS providing real- or near-real-time measurements were

considered.

LCS Pollutants. Only LCS measuring the EPA’s national ambient air quality standards
(NAAQS) criteria pollutants (www.epa.gov/naaqs) and hazardous air pollutants
(www.epa.gov/haps) were considered. We focus on these pollutants as they are considered
harmful to public health and the environment and are consistently monitored nationwide by

air quality (AQ) agencies.

LCS Market Availability. LCS that were initially available on the market for any time
period, but are currently no longer available for purchase or have been discontinued, were

not included in the market survey.

Price Point and Purchase Options. LCS considered in this white paper are those priced at
less or equal to (<) $500 for measuring a single pollutant or < $2500 for measuring at least
two pollutants. Some LCS are available to buy directly from the manufacturer platform or
through other retailers while others require requesting a quote from the manufacturer; both

were included in the review.

LCS Market Leaders and Alternatives. The LCS market features several well-known
devices, such as the PurpleAir PA-II monitors, which often serve as users' initial exposure to
LCS and IAQ monitoring. However, internet marketplaces like “Amazon.com” offer a wide

array of LCS options spanning various, often lower, price points. Given the extensive


http://www.epa.gov/naaqs
http://www.epa.gov/haps

selection of more affordable alternatives on these platforms, the market survey focused only

on the best-selling and popular LCS.

e LCS Performance Evaluations. Only performance evaluations of LCS with at least one
measured pollutant alongside reference-grade, EPA’s federal equivalence method (FEM) and
federal reference method (FRM), or research/professional grade instruments are reported in
this white paper if available. There is a lack of standardization for LCS performance
evaluations across studies,** leading to non-uniformity of statistical measures used.
Performance of LCS against reference instruments is most often quantified in literature with
a linear model calculating for the coefficient of determination (R?) and related measures®.
Given that a linear regression is most used in evaluating LCS, this white paper reports

validation results of manufacturer-calibrated LCS using R?, when available.

2.3  Task 2: Evidence of IAQ Assessment Efforts using LCS

Task 2 involved summarizing peer-reviewed literature using LCS for [AQ monitoring efforts,
including those performed in impacted communities. The scope of these LCS IAQ studies is
centered around their participatory nature, requiring some type of presence, involvement,
engagement, or collaboration with occupants or residents in an indoor environment. This scope is
important to illuminate any challenges or limitations with LCS deployment, monitoring, and
maintenance indoors, and to glean lessons learned for application in impacted communities.
Additional information relevant from participatory studies includes exploring occupant behavior
influence on IAQ, interventions for managing and improving IAQ, engaging targeted communities
with culturally specific adoptions, and addressing challenges and limitations with LCS. Studies
focusing on the deployment and evaluation of LCS devices in indoor environments were not

considered.

Accordingly, Web of Science, Scopus, and PubMed scientific databases were used to search and
retrieve related peer-reviewed journal articles aligning with the defined scope. The main keywords
and phrases used for retrieving articles were as follows: “indoor air quality” OR “indoor air
pollution” OR “indoor environment quality” AND “low-cost sensor” AND “occupant” OR
“resident” OR “community” OR “citizen”. Selection criteria as described below were applied to

further filter the articles found:

e Geography/Location. Studies involving LCS for IAQ applications were limited to the

United States due to nuanced metrics used in defining communities of low-income and



racial-ethnic minority groups that may not apply in other countries. Also building

construction differs in the United States compared to other countries.

e Indoor Environment. Studies simulating indoor conditions in laboratory or chamber
settings were not considered. Only those LCS studies performed within a normally occupied

indoor environment (e.g., home, school, office) were considered.

e Primary and Secondary Studies. Here, primary studies refer to the studies that centered on
a participatory research campaign or the direct collection of data. Secondary studies are
defined as those that centered on crowdsourcing data, and did not involve the deployment of
new monitors. Recent publications of crowdsourced IAQ data from LCS networks?!#0:46
have offered useful insights into the need for community-scale IAQ monitoring due
to socioeconomic and racial-ethnic disparities where these sensors are deployed.*' All

articles with both primary and secondary sourced IAQ data were considered.

Based on the scope and selection criteria, 368 research articles were initially retrieved from the
literature search (last retrieved August 2024). After a scan of their titles and abstracts, 30 studies
remained, with additional 14 studies found from retrieved articles’ references and other sources
for close review of the full text. Then, 13 studies were found to be out of scope for Task 2. In total,
31 studies using LCS to characterize IAQ with participatory elements remained to address Task 2

objectives. Figure 2.3.1 shows the graphical representation of the literature review process.
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Figure 2.3.1. Systematic literature review process.
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2.4  Task 3: Insights from Stakeholder Interviews on LCS for IAQ
Monitoring

Task 3 included the formation of recommendations for best practices, facilitated by interviews with
relevant experts and stakeholders to aggregate information on the needs, challenges, and
experiences related to LCS devices. Semi-structured interviews were conducted with four targeted
stakeholders: LCS manufacturers, IAQ researchers, representatives from impacted communities,
and regular users of LCS. Interview questions covered the following topics: best practices in using
LCS, deployment, collection, performance considerations, quality assurance, life cycles, study
locations, outdoor pollution conditions, participant demographics, participant engagement and

compliance, participant incentives, and challenges faced.

A total of 10 interviews from targeted stakeholders were conducted, recorded and transcribed. A
detailed summary of the information from the four stakeholder groups was synthesized from
drawing parallels and identifying key themes across responses. These themes included best
practices, caveats, unique experiences, and recommendations. Interview content was then sorted
into these groups to provide a comprehensive understanding of the stakeholders’ perspectives.
Stakeholders’ interviews contributed to the development of actionable insights and strategies

presented in the guidance document accompanying this white paper.

2.5 Task 4: Draft White Paper and Guidance Document

Task 4 includes the development of a white paper based on summarized findings from Tasks 1-3,

including:

(1) Summary tables of market available LCS for IAQ monitoring with relevant categories (e.g.,

costs, technical specifications, and performance evaluations)

(2) Summary of research studies using LCS for IAQ measurements, especially those done in

impacted communities

(3) Summary of challenges faced by impacted communities in using LCS for IAQ monitoring,
resources needed to narrow the gaps and improve IAQ, and recommendations for future

research studies and development of LCS

Task 4 also includes the development of a guidance document for IAQ monitoring with LCS in

impacted communities based on summarized information from the market survey, literature review
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of LCS studies, and stakeholder interviews. The guidance was created in plain language to be

accessible to impacted communities and the general public, and included components such as:

(1)

)
3)

(4)

)

A streamlined table of LCS available for IAQ monitoring with associated information:

manufacturer, model, unit price, measured pollutants and parameters
Guidance on sensor selection and considerations, setup, deployment, and maintenance

An overview of data handling and data interpretation from LCS to guide decision making

based on monitoring data

Descriptions of typical indoor air pollution scenarios, such as wildfire events and emissions
from indoor activities (e.g., cooking) with accompanied considerations and methods to

reduce exposures

A compilation of resources such as links to the federal and state guidance (e.g., the EPA, the
South Coast Air Quality Management District) on LCS, fact sheets about indoor air, and

guidelines for indoor air pollutants

12



3 Review of LCS Technologies
3.1  Overview

LCS technologies offer a lower-cost, portable, ease-of-use alternative to regulatory monitors and
research instruments.>**” The recent technological advancements and fast-paced growth of LCS
for air quality monitoring have allowed an extensive range of these devices to enter the market
with varying applications****-3, The ever-increasing availability of LCS options in the market and
number of projects utilizing these devices has resulted in several studies comparatively examining

LCS technologies, often through performance evaluations.*>-!-2

Regulatory air quality agencies at federal, state, and local levels have also taken interest in
consolidating information on LCS to enhance scientific understanding and promote best practices
for using these devices for diverse end users (e.g., individuals, communities, schools, researchers,
environmental agencies, industries, etc.). Specific efforts in this area are evident within EPA’s
Indoor Environments Division with LCS information found in the "Air Sensor Technology and
IAQ" section on EPA’s website (www.epa.gov/indoor-air-quality-iag/air-sensor-technology-and-
indoor-air-quality). Additionally, EPA provides LCS-related resources and performance
evaluations through its "Air Sensor Toolbox" website (www.epa.gov/air-sensor-toolbox). A useful
resource found within EPA’s Air Sensor Toolbox is “The Enhanced Air Sensor Guidebook”,*’
which expands on best practices to support LCS use. Though the focus is heavily placed on LCS
utility for outdoor and ambient applications, The Enhanced Air Sensor Guidebook presents

stepwise foundational information on air quality and LCS monitoring.

The South Coast Air Quality Management District (AQMD) has also made significant
contributions to LCS knowledge through the Air Quality Sensor Performance Evaluation Center
(AQ-SPEC). AQ-SPEC (www.agmd.gov/ag-spec) was established to characterize the performance
of commercially-available LCS and provide guidance on data quality and interpretation. AQ-SPEC
has become a respected resource within the growing sensor user community, and frequently
consulted for information and recommendations regarding the accuracy and reliability of LCS
available on the market. Following the awarding of EPA’s Science to Achieve Results (STAR)
grant in 2015, South Coast AQMD deployed nearly 400 LCS across California while working
collaboratively with 14 different communities.>® This large effort resulted in the curation of an
Education Toolkit centered around equipping California communities with knowledge to select,

use, and maintain LCS while correctly interpreting their data. A key component of this Toolkit is
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http://www.epa.gov/indoor-air-quality-iaq/air-sensor-technology-and-indoor-air-quality
http://www.epa.gov/indoor-air-quality-iaq/air-sensor-technology-and-indoor-air-quality
http://www.epa.gov/air-sensor-toolbox
http://www.aqmd.gov/aq-spec

the published guide “Community in Action: A Comprehensive Educational Toolkit on Air Quality
Sensors”.>* This guidebook, part of AQ-SPEC resources, directly supports AQ-SPEC's mission by
providing additional guidance on air quality project planning, LCS operation, and data handling

and interpretation.

Data Storage & Transmission Data Retrieval & Visualization
N[ Y
Ol gL
BHi H‘ Display Screen
Communications Power transformer

(cellular, WiFi, etc.)

Microprocessor

Enclosure 2' ? ‘

Battery/Backup power
Power Source

Weather Sensors
Integrated Board

___<—— Air Quality Sensors

Raw Sensors

Figure 3.1.1. Typical LCS components.
Adapted from Figure 1-1 in EPA’s The Enhanced Air Sensor Guidebook (2022)*

AQ-SPEC’s evaluations and resources along with EPA’s Air Sensor Toolbox provided an excellent
foundation for initiating a market survey of commercially available LCS suitable for IAQ
monitoring. This initial groundwork was expanded upon by identifying additional LCS devices
mentioned in research studies, exploring air quality-related forums and websites (e.g., see the air,
https://seetheair.org/), and examining popular LCS listings on internet marketplaces. In total, the
finalized market survey for commercially available LCS packaged devices suitable for IAQ
monitoring comprised 72 LCS devices from 31 different manufacturers. These devices met the
predetermined inclusion criteria covering both single- and multi-pollutant LCS devices (see
Section 2.2). Each LCS surveyed was summarized across various categories, including
manufacturer and model, costs and purchase options, pollutants measured and parameters,

technical specifications, performance assessments, data access and storage, and other relevant
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https://seetheair.org/

information. Figure 3.1.1 illustrates the typical LCS device components measuring one or more
pollutants, which varies by manufacturer. A LCS device includes an enclosure with sensors to
detect air pollutants and weather parameters, a power source, a microprocessor for controlling the
LCS, and data transmitting electronics (e.g., radio waves/infrared signal for Wi-Fi)Air Pollutant

Sensor Technologies

Air pollutant sensors are often integrated within commercially-available packaged LCS devices
and measure NAAQS criteria pollutants and some hazardous air pollutants. These sensors use
select technologies for measuring different air pollutant types, which generally fall within five
categories*’*’

(MOS/MOX), non-dispersive infrared (NDIR), and photoionization detector (PID) (Table 3.2.1).

as follows: light scattering, electrochemical (EC), metal oxide semiconductor

Given the integration of pollutant sensors within packaged LCS devices, specific manufacturers
and their associated sensors have become widely used due to their accessibility, reliability, and
reputation. These widely used pollutant sensors, which were identified through the LCS market
survey and literature analysis, are provided in Table 3.2.2. Following the specified definition of
LCS in this white paper (see Section 2.2), detailed descriptions of these pollutant sensors are not
summarized here; however, information and performance evaluations of some of these pollutant

sensors can be found elsewhere.36:43-35-62

Table 3.2.1. Sensor technologies and target air pollutants.

Sensor Technology Pollutant(s)

Light (or nephelometric) Scattering ) ) ) )
Particulate matter at different size fractions
- Often referred to as a laser or optical (e.g., PM1,, PMas, PM,)

particle counter (OPC) by manufacturer

Electrochemical Sensors (EC) Gas pollutants including ozone (O3), nitrogen oxides (NOy), carbon

Metal Oxide Semiconductors (MOS/MOX) monoxide (CO), sulfur dioxide (SO.), volatile organic compounds (VOCs)

For IR active pollutant gases

Non-Dispersive InfraRed (NDIR) Most commonly used for carbon dioxide (CO,)

Photoionization detectors (PID) Total VOCs
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Table 3.2.2. Pollutant sensors commonly found within packaged LCS devices.

Manufacturer
Plantower®?
Shinyei®
Sensirion®
Piera Systems®®
Alphasense®7-%
67.68

Alphasense
SPEC Sensors®

Sensor/Model Pollutant(s)
PMS sensors (e.g., PMS5003) PM, 0, PMa 5, PMjo
PPD sensors (e.g., PPD42NJ) >PMoand >PM; s
SPS30, SEN54 PM., PM2s, PM4, PMjo
IPS-7100 PMo.1, PMo3, PMos, PMi.o, PM2 5, PMs, PMio
OPC-N3, OPC-R2 PM1i, PMa s, PMy.2s, PMyg
Gas sensors (e.g., CO-B4) 03, CO, NO, NO3, SO,, HCHO
Gas sensors 03, CO, NO, NO,, SO,, HCHO

3.2  Single- and Multi-Pollutant LCS Devices on the Market

Technology
Laser
Laser

OPC
OPC

OPC
EC
EC

A total of 30 single-pollutant and 42 multi-pollutant LCS devices from 31 different manufacturers

(see Tables 3.3.1 and 3.3.2) met the inclusion criteria from the market survey (Section 2.2). Single-

pollutant LCS are < $500 per unit while multi-pollutant LCS are < $2500 per unit. Each single-

and multi-pollutant LCS device is summarized for relevant information in Tables 3.3.3 and 3.3 .4,

and Tables 3.3.5 and 3.3.6 respectively. Tables 3.3.3 and 3.3.5 provides LCS manufacturer and

model, cost/pricing and purchasing channels, sizing and weight, power needs, and related

information while Tables 3.3.4 and 3.3.6 provide technical specifications, including pollutants

measured, the associated sensor technology if available, range and accuracy details, other

parameters, and data access and storage information. All included information about

commercially-available LCS is accurate as of June 2024. and is subject to change at any time.
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https://www.plantower.com/en/products_33/
https://www.shinyei.co.jp/stc/eng/products/optical/dust.html
https://www.sensirion.com/products/catalog/SPS30/
https://sensirion.com/products/catalog/SEN54/
https://pierasystems.com/products/piera-7100-intelligent-particle-sensor/
https://ametekcdn.azureedge.net/mediafiles/project/oneweb/oneweb/alphasense/products/datasheets/alphasense_opc-n3_datasheet_en_1.pdf?revision:29541b07-612a-42ba-b362-f41a48cf2e48
https://ametekcdn.azureedge.net/mediafiles/project/oneweb/oneweb/alphasense/products/datasheets/alphasense_opc-r2_datasheet_en_1.pdf?revision:1d5d5cab-af94-4f53-ba9a-2fd706fe974b
https://www.alphasense.com/products/view-by-target-gas
https://ametekcdn.azureedge.net/mediafiles/project/oneweb/oneweb/alphasense/products/datasheets/alphasense_co-b4_datasheet_en_2.pdf?revision:87f7d42e-02c4-4b00-b888-bd9c8d07ed3f
https://www.spec-sensors.com/product-category/air-quality/

Table 3.3.1. Single-pollutant LCS devices for [AQ monitoring passing inclusion criteria.

Manufacturer
AirValent
Applied Particle Technology
Davis Instruments

Dylos Corporation
Dylos Corporation

Dylos Corporation
Dylos Corporation
Dylos Corporation
Dylos Corporation

Ecowitt
Ecowitt
Elitech
Elitech
Eve
HabitatMap
InkBird
Netatmo
Piera Systems
Piera Systems

PurpleAir
PurpleAir

PurpleAir
PurpleAir
PurpleAir
SAF Tehnika
SmartAir
TSI

uRADMonitor
uRADMonitor

uRADMonitor

LCS/Model
Wireless CO; Monitor
Minima
AirLink
DC1100
DC1100 with PC interface
DC1100 Pro
DC1100 Pro with PC interface
DC1700 Battery
DC1700-PM
WH41
WH43
Temtop P600
Temtop P100
Eve Room
Airbeam 3
CO; Detector (IAM-T1)
Smart IAQ Monitor
Canaree Al
Canaree 11
PA-II-SD
PA-II
PA-II-Flex
Zen
Touch (PA-I)
Aranet4
CO; Monitor
BlueSky 8143
SMOGGIE-PM
SMOGGIE-CO;
SMOGGIE-GAS
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Table 3.3.2. Multi-pollutant LCS devices for [AQ monitoring passing inclusion criteria.

Manufacturer
Acthair (formerly AirThinx)
Air Gradient
air-Q
air-Q
air-Q
AirThings
AirThings
Amazon
Atmotech Inc.
Atmotech Inc.
Awair
Awair
Ecowitt
Edimax
Edimax
Edimax
Elitech
Elitech
Elitech
Elitech
Elitech
Elitech
Elitech
Elitech
IKEA
IQAIr
IQAIr
Kaiterra
Kaiterra
Kaiterra
NuWave Sensors
Piera Systems
Qingping
Qingping
Qingping
TSI
TSI
uHOO
uRADMonitor
uRADMonitor
Wicked Device
Wicked Device

LCS/Model

Acthair TAQ
AirGradient ONE (9" generation)
Light
Basic
Pro
View Plus
Wave Plus
Smart Air Quality Monitor
Atmotube PRO
Atmocube
Element/2" edition
Omni
WH45
Al-2002W
Al-2003W
Al-2004W
Temtop M10
Temtop M10i
Temtop M100
Temtop P1000
Temtop M2000 2™ gen
Temtop M2000C 2" gen
Temtop LKC-1000E
Temtop LKC-1000S+ 2" gen
Vindstyrka
AirVisual Pro (formerly AirVisual Node)
AirVisual Outdoor
Sensedge
Sensedge Mini
Sensedge Mini Outdoor
AirSentric
Canaree 15
Air Monitor 2
Air Monitor Lite
CO; Monitor
BlueSky 8145
AirAssure
Smart Air Monitor
MODEL A3
MODEL A4
Air Quality Egg Indoor V2
Air Quality Egg Outdoor V2
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Table 3.3.3. Specifications (a) of single-pollutant LCS devices for IAQ monitoring.

Manufacturer

AirValent”

Applied Particle
Technology”!

Davis Instruments’?

Dylos
Corporation”

Dylos
Corporation”

Dylos
Corporation”

Dylos
Corporation”

Dylos
Corporation”

Dylos
Corporation”

Ecowitt’

Ecowitt’

Elitech”™

Elitech”™

Eve’®

LCS/Model

Wireless CO, Monitor

Minima

AirLink

DC1100

DC1100 with PC
interface

DC1100 Pro

DC1100 Pro with PC
interface

DC1700 Battery

DC1700-PM

WH41

WH43

Temtop P600

Temtop P100

Eve Room

Unit Price

$190

$215

$199.99

$239.99

$260.99

$289.99

$425

$475

$71.99

$65.99

$65.99

$159.99

$99.95

Purchase

Buy direct M

Quote Link

Buy direct M

Buy direct M
Buy direct M
Buy direct M
Buy direct M
Buy direct M

Buy direct H"

Buy direct ™
t Link

Buy direc

t Link

Buy direc

Buy direct M

Buy direct M

Weight

50
grams

(®

357g

106

544 g

544 g

544 g

544 ¢

544 ¢

544 ¢

300 g

44 g

Dimensions (h x w x d in)

2x2x0.5

13.35%x2.67x1.17

2x35x%x1

7x45x%x3

7x45x%x3

7x45x%x3

7x45x%x3

7x45x%x3

7x45x%x3

2.7x4x%x2.8

2.7x4x%x2.8

7x26x13

6.9x26x1.2

2.1x21x0.5

Battery/Power

Battery (rechargeable, USB-
C, 5-30 days, 5 Volts (V) 1
Ampere (A))

Battery (rechargeable, <1000
milliampere (mA), 8-10 hour
(hr))

Power (USB, 5V direct
current (DC))

Power (adapter)

Power (adapter)

Power (adapter)

Power (adapter)

Power (adapter);
Battery (rechargeable, 6 hr)

Power (adapter);
Battery (rechargeable, 6 hr)

NI-MH Battery (rechargeable,
1.2V, 2 weeks)

Power (USB adapter, 5V 1A);
Batteries (2x AA, 1.5V)

Li Battery (rechargeable, 5V
1ADC)

Li Battery (4200 milliampere-
hour (mAh) rechargeable, 5V
2ADC)

Li Battery (500 mAh
rechargeable, 6+ weeks, 5V)

Resources

User Manual

Setup

Setup
User Manual
Datasheet

Manufacturer
Webpage

Manufacturer
Webpage

Manufacturer
Webpage

Manufacturer
Webpage

Manufacturer
Webpage

Manufacturer
Webpage

User Manual

User Manual

User Manual

User Manual

Setup

Notes

Automatic self-calibration

4.3 0z (121 g) with mounting bracket;
Near-silent fan; mount or standalone
Early player in the LCS market
Early player in the LCS market
Early player in the LCS market
Early player in the LCS market
Early player in the LCS market

Early player in the LCS market

$29.99 (required Wi-Fi getaway)
$22.99 (optional digital LCD display)

$29.99 (required Wi-Fi getaway)
$22.99 (optional digital LCD display)

Comparison chart of Elitech LCS

Comparison chart of Elitech LCS

Compatible with HomePodt/Apple
Home
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https://airvalent.com/collections/all
https://cdn.shopify.com/s/files/1/0604/6115/4509/files/AIRVALENT_User_Manual_EN_20oct2023.pdf?v=1698063174
https://www.appliedparticletechnology.com/technology
https://docsend.com/view/eewnrrvdg7jqzif5
https://www.davisinstruments.com/products/airlink-professional-air-quality-monitor
https://cdn.shopify.com/s/files/1/0515/5992/3873/files/07395_383_7210_QSG.pdf?v=1614399419
https://cdn.shopify.com/s/files/1/0515/5992/3873/files/07395_384_Manual_AirLink_UG_RevC_web.pdf?v=1656098534
https://cdn.shopify.com/s/files/1/0515/5992/3873/files/7210_Spec_Sheet_Rev_B_Web.pdf?v=1633985933
http://www.dylosproducts.com/ornodcairqum.html
http://www.dylosproducts.com/index.html
http://www.dylosproducts.com/index.html
http://www.dylosproducts.com/dcairqumowip.html
http://www.dylosproducts.com/index.html
http://www.dylosproducts.com/index.html
http://www.dylosproducts.com/ornodcproair.html
http://www.dylosproducts.com/index.html
http://www.dylosproducts.com/index.html
http://www.dylosproducts.com/dcproairqumo.html
http://www.dylosproducts.com/index.html
http://www.dylosproducts.com/index.html
http://www.dylosproducts.com/dc1700.html
http://www.dylosproducts.com/index.html
http://www.dylosproducts.com/index.html
http://www.dylosproducts.com/dcpmaqm.html
http://www.dylosproducts.com/index.html
http://www.dylosproducts.com/index.html
https://shop.ecowitt.com/products/wh41
https://osswww.ecowitt.net/uploads/20220803/WH41%20Manual.pdf
https://shop.ecowitt.com/products/wh43
https://osswww.ecowitt.net/uploads/20220803/WH43%20Manual.pdf
https://www.elitechus.com/collections/air-quality-detector/products/temtop-p600-air-quality-laser-particle-detector-professional-meter-for-pm2-5-pm10-tft-color-lcd-display
https://cdn.shopifycdn.net/s/files/1/2845/1642/files/User_Manual_P600.pdf?v=1616061365
https://cdn.shopifycdn.net/s/files/1/0015/6958/7264/files/Temtop_Air_Quality_Monitor_Comparision_Chart_d4c15989-0c79-476d-9e42-a82be696bf64.pdf?v=1621397050
https://www.elitechus.com/collections/air-quality-detector/products/temtop-air-station-p100-air-quality-monitor-pm2-5-aqi-tester-wireless-forecast-station-colored-lcd-display
https://drive.google.com/file/d/17R-GXetOe1iHbBaqXpaJO38RsrUX6RRO/view
https://cdn.shopifycdn.net/s/files/1/0015/6958/7264/files/Temtop_Air_Quality_Monitor_Comparision_Chart_d4c15989-0c79-476d-9e42-a82be696bf64.pdf?v=1621397050
https://www.evehome.com/en-us/eve-room
https://www.evehome.com/sites/default/files/inline-files/Eve_Room_QSG_51EBX9902.pdf

Manufacturer

HabitatMap”’

InkBird”®

Netatmo”®

Piera Systems®

Piera Systems®

PurpleAir®!

PurpleAir®!

PurpleAir®!

PurpleAir®!

PurpleAir®!

SAF Tehnika®

SmartAir®3

TSI

uRADMonitor®

uRADMonitor®

uRADMonitor®

LCS/Model

Airbeam 3

IAM-T1 CO, Monitor

Smart IAQ Monitor

Canaree Al

Canaree 11

PA-II-SD

PA-II

PA-II-Flex

Zen

Touch (PA-I)

Aranet4

CO, Monitor

Blue Sky 8143

SMOGGIE-PM

SMOGGIE-CO,

SMOGGIE-Gas

Unit Price

$249

$129.99

$119.99

$219

$269

$259

$229

$289

$299

$209

$249

$69.99

$199

$199

$389

Purchase

Buy direct M

Buy direct M

Buy direct H

Buy direct M
Buy direct M
t Link

Buy direc

t Link

Buy direc

Buy direct M

Buy direct M

Buy direct M

Buy direct M

Buy direct M

Quote Link

t Link

Buy direc

Buy direct M

Buy direct M

All information is accurate as of June 2024 and is subject to change at any time.

Weight

170 g

138 ¢

172 g

42 g

42 g

357g

357g

357¢g

104 g

129¢

159¢

95 g

50g

Dimensions (h x w x d in)

4.26 x 3.74 x 1.04

3.1x295x1.18

6.1 x1.8x1.8

35x24x%0.8

35x24x%0.8

35%x35x%x5

35%x35x%x5

35%x35x%x5

35%x35x%x4

4.25x3x2.25

2.80 x 2.80 x 0.94

3x3x1.1

6x55x%x4.5

2.8 x1.85x 1.65

14 x1.4%x0.79

1.6 x1.7x 1.1

Battery/Power

Power (USB-C);
Li battery (rechargeable, 3350
mAh, 17-31 hrs)

Battery (2x AA, 2500 mAh, 4
years at 10 minutes (min))

Power (5V 550 mA)

Power (USB)

Power (USB, 5.5V 100 mA)

Power (USB, 5V 0.18A)

Power (USB, 5V 0.18A)

Power (USB, 5V 0.18A)

Power (USB, 5V 0.18A)

Power (USB, 5V 0.18A)

Alkaline battery (2x AA, 2
years at 5 min)

Li Battery (rechargeable, 2600
mAh, USB-C, 30 days);

Power (5V 1 Watt (W))

Power (micro-USB, 5V 500
mA)

Power (micro-USB, 5V)

Power (micro-USB, 5V)

Resources

User Manual
Datasheet

Setup
User Manual

Setup

Datasheet
User guide
Datasheet
User guide
Setup
Community
Forum
Setup
Community
Forum
Setup
Community
Forum
Setup
Community
Forum
Setup
Community
Forum

Setup
User Manual
Datasheet

Info

Datasheet
User Manual

Datasheet

Datasheet

Datasheet

Notes

Palm-sized

Standalone or mount

Compatible with HomeKit/Apple
Home

$9.99 (optional USB power adapter)

$9.99 (optional USB power adapter)

Replaceable PMS6003 sensors

Replaceable PMS6003 sensors

$9.99 (optional USB power adapter)

Portable; long (> 1 year) battery life;
avoid exposure to VOCs, acids or
bases, and etching substances (e.g.,
ammonia, hydrogen peroxide)

Mountable

Mountable;
Designed for outdoor use for
applicable indoors

Possible integration with home
assistants (e.g., Alexa)

Mountable; One gas at a time
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https://www.habitatmap.org/airbeam/buy-it-now
https://www.habitatmap.org/airbeam/users-guide#specification
https://www.habitatmap.org/blog/airbeam3-technical-specifications-operation-performance
https://inkbird.com/pages/iam-t1
https://inkbird.com/cdn/shop/files/English_User_Quick_Guide_for_Air_Quality_Monitor_IAM-T1.pdf?v=5090619834347292044
https://inkbird.com/cdn/shop/files/English_User_Manual_for_Air_Quality_Monitor_IAM-T1.pdf?v=14889863157034407635
https://shop.netatmo.com/en-us/aircare/home-coach/homecoach
https://nawebstaticprod.azureedge.net/medias/content/b8b2bb88-25c3-4ec9-8b3a-5b0844c7e22f.pdf
https://pierasystems.com/products/canaree-a1/
https://pierasystems.com/wp-content/uploads/2022/01/Canaree-Datasheet-V1.1.4.pdf
https://pierasystems.com/wp-content/uploads/2021/08/canaree_brochure_1.4_DS-compressed.pdf
https://pierasystems.com/products/canaree-i1/
https://pierasystems.com/wp-content/uploads/2022/01/Canaree-Datasheet-V1.1.4.pdf
https://pierasystems.com/wp-content/uploads/2021/08/canaree_brochure_1.4_DS-compressed.pdf
https://www2.purpleair.com/products/purpleair-pa-ii?variant=40067691708513
https://community.purpleair.com/t/sensor-wifi-and-registration/182
https://community.purpleair.com/t/sensor-wifi-and-registration/182
https://community.purpleair.com/t/sensor-wifi-and-registration/182
https://www2.purpleair.com/products/purpleair-pa-ii?variant=40067691708513
https://community.purpleair.com/t/sensor-wifi-and-registration/182
https://community.purpleair.com/t/sensor-wifi-and-registration/182
https://community.purpleair.com/t/sensor-wifi-and-registration/182
https://www2.purpleair.com/products/purpleair-flex
https://community.purpleair.com/t/sensor-wifi-and-registration/182
https://community.purpleair.com/t/sensor-wifi-and-registration/182
https://community.purpleair.com/t/sensor-wifi-and-registration/182
https://www2.purpleair.com/products/purpleair-zen
https://community.purpleair.com/t/sensor-wifi-and-registration/182
https://community.purpleair.com/t/sensor-wifi-and-registration/182
https://community.purpleair.com/t/sensor-wifi-and-registration/182
https://www2.purpleair.com/products/purpleair-touch
https://community.purpleair.com/t/sensor-wifi-and-registration/182
https://community.purpleair.com/t/sensor-wifi-and-registration/182
https://community.purpleair.com/t/sensor-wifi-and-registration/182
https://shop.aranet.com/north-america/product/aranet4-home
https://cdn.bfldr.com/FS48XT6B/at/qsn3cppxpvq8tcg8p6bpxbbn/Aranet4_Quick_Start_Guide_ENG_v010222_WEB.pdf
https://cdn.bfldr.com/FS48XT6B/at/vzp23x5qbsfk7t5t3vp8n/Aranet4_User_Manual_v24_WEB.pdf
https://cdn.bfldr.com/FS48XT6B/at/58wg59nc5xgsk58k5kz3jk/Aranet_Datasheet_TDSPC003_Aranet4_PRO.pdf
https://smartairfilters.com/en/product/co%e2%82%82-monitor/
https://smartairfilters.com/en/product/co%e2%82%82-monitor/
https://tsi.com/products/environmental-air-monitors/bluesky-air-quality-monitor/
https://tsi.com/getmedia/e68b17de-52a1-4c49-a180-56c3cc4556cb/BlueSky-Air-Quality-Monitor_US_5002491_RevD_Web?ext=.pdf
https://tsi.com/getmedia/a9299d7b-de37-4177-ab3b-488dfbfd2d07/BlueSky_Op_Maint_Manual_6013929?ext=.pdf
https://www.uradmonitor.com/products/?tag=air&sel=4
https://www.uradmonitor.com/wp-content/uploads/2022/08/datasheet_smoggie_v5-stev_compressed.pdf
https://www.uradmonitor.com/products/?tag=air&sel=4
https://www.uradmonitor.com/wp-content/uploads/2021/01/datasheet_smoggie_v4-CO2.pdf
https://www.uradmonitor.com/products/?tag=air&sel=4
https://www.uradmonitor.com/wp-content/uploads/2022/11/datasheet_smoggie_v5-GAS_2.pdf

Table 3.3.4. Specifications (b) of single-pollutant LCS devices for IAQ monitoring.

Manufacturer

AirValent”

Applied Particle
Technology”!

Davis
Instruments”

Dylos
Corporation”

Dylos
Corporation”

Dylos
Corporation”

Dylos
Corporation”

Dylos

Corporation”

Dylos
Corporation”

Ecowitt’
t74

Ecowit

Elitech”™

Elitech”™

LCS/Model

Wireless CO,
Monitor

Minima

AirLink

DC1100

DCI1100
with PC interface

DC1100 Pro

DC1100 Pro
with PC interface

DC1700 Battery

DC1700-PM

WH41

WH43

Temtop P600

Temtop P100

Pollutant

Particles
(>1 pm)
(>5 pm)
Particles
(>1 pm)
(>5 pm)
Particles
(>0.5 pm)
(>2.5 pm)
Particles
(>0.5 um)
(>2.5 pm)
Particles
(>0.5 um)
(>2.5 pm)
PM;s;
PM,;
Particles
(>0.5 pm)
(>2.5 pm)

PM, s

PM, s

PM,s;
PM;,

PMys;
PM;,

Sensor/
Technology

NDIR;
SCD41
(Sensirion)

OPC

Laser;
PMSA003
(Plantower)

Laser;
(Dylos)

Laser;
(Dylos)

Laser;
(Dylos)

Laser;
(Dylos)

Laser;
(Dylos)

Laser;
(Dylos)

Laser;
HPM Series
(Honeywell)

Laser;
PMIG-200

(Temtop)

Laser;
PM, 5 sensor
(Temtop)

Measurement
Range

400-30,000 ppm;

Resolution (Res):
1 ppm

0-1000 pg m

Res: 1 pgm?

0-999 pug m;
Res: 1 pgm?

0-999 pug m;
Res: 1 pgm?

0-999 ug m
Res: 0.1 ug m?

0-999 ug m3
Res: 0.1 ug m?

Accuracy

400-5000 ppm — % 40 + 5%
ppm

+10 ug m?

0-100 ug m™> — £10 pg m;
100-500 pg m —> £10% at 20
+5°C
<100 pg m>— £15 pg m3;
>500 pg m>— £15% at 25 £
5°C

PM,5: 0-100 pg m= — £10 pg
m?; 100-500 pg m>— £10%;
PMo: 0-100 pg m™ — £15 pug
m; 100-500 ug m> — £15%;

Other
Parameters

Temperature (T),
Relative humidity
(RH); AQ indicator

T, RH;
GPS

T, RH;
AQI

Internal clock

Internal clock

AQI

AQI

AQI

T, RH;
AQI

Data Storage & Transmission

BLE — AirValent app
(historical data);
Internal storage (54 days at 1
min);

Res: 1,2, 5,10 or 15 min
Wi-Fi/BLE/LTE — cloud
(APT dashboard);
Res: 15 seconds (s)
Wi-Fi — WeatherLink
Cloud;

Res: 1-min
Device (< 30 days storage);
Res: min, hr, or day

Device (< 30 days storage);
Res: min, hr, or day

Device (< 30 days storage);
Res: min, hr, or day

Device (< 30 days storage);
Res: min, hr, or day

Device (< 10,000 samples);

Res: min, hr, or day

Device (< 10,000 samples);
Res: min, hr, or day

Wi-Fi — WS ViewPlus App;
Res: 10 min

Wi-Fi —> WS ViewPlus App;
Res: 10 min

Device (20,000 hr)

Wi-Fi/BLE — Temtop App

Data Retrieval/ Visualization

E-ink display;
Mobile application

Website

Website;
Mobile application

LCD display

LCD display;
Serial output

LCD display

LCD display;
Serial output

LCD display;
Serial output

LCD display;
Serial output

Mobile application;
Website

Mobile application;
Website

LCD display

Touch LCD display;
Mobile application
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Manufacturer

Eve’®

HabitatMap”’

InkBird”®

Netatmo”

Piera Systems®

Piera Systems®

PurpleAir®!

PurpleAir®!

PurpleAir®!

PurpleAir®!

LCS/Model

Eve Room

Airbeam 3

IAM-T1 CO,
Detector

Smart [AQ
Monitor

Canaree Al

Canaree 11

PA-II

PA-II-SD

PA-II-Flex

Zen

Pollutant

VOCs

PM,3s;
PM;,

CO,

CO,

PMy, -
PM;,

PMy; -
PM,

PMy;
PMys;
PM,

PM;;
PM,s;
PM;,

PMy;
PM,3s;
PM;,

PMy;
PM,3s;
PM;o

Sensor/
Technology

Laser;
PMS7003
(Plantower)

NDIR;
(SenseAir)

OPC;
IPS-7100
(Piera)

OPC;
IPS-7100
(Piera)

Laser;
2x PMS5003
(Plantower)

Laser;
2x PMS5003
(Plantower)

Laser;
2x PMS6003
(Plantower)

Laser;
2x PMS6003
(Plantower)

Measurement
Range

0-500 ug m
Res: 1 pgm?

0-9999 ppm;
Res: 1 ppm

0-5000 ppm

0-6000 pg m;
Res: 0.1 ug m?

0-6000 pg m;
Res: 0.1 pg m?

0-500 ug m

0-500 ug m

0-500 ug m

0-500 ug m

Accuracy

0-100 ug m™> — £10 pg m>;
100-500 pg m™ — +10%;

0-5000 ppm — +30ppm + 3%
of reading

PMy,25:
0-50 pg m> — £ 5 ug m*
>50 pgm> — = 10%

PMs_jo:

0-50 pg m> — + 10 pg m*
>50 pg m> = +20%
PMo 125
0-50 ug m® — £ 5 ug m?
>50 pg m> =+ 10%

PMs.10:
0-50 pg m> — £ 10 pg m
>50 pg m> — +20%

0-100 ug m™> — £10 pg m;
100-500 pg m= — +£10%;

0-100 ug m™>—> £10 pg m>;
100-500 pg m™ — +10%;

0-100 ug m>—> £10 pg m>;
100-500 pg m= — +£10%;

0-100 ug m™ — £10 pg m;
100-500 pg m= — +£10%;

Other
Parameters

T, RH

T, RH;
GPS;
Internal clock

T, RH, Pressure
(P); AQ indicator

T, RH;
Noise

T, RH;
AQIL
GPS;

Internal clock

T, RH;

AQI;

GPS;
Internal clock

T, RH;
AQI;
GPS;
Internal clock
T, RH;
AQIL
GPS;
Internal clock

Data Storage & Transmission
Wi-Fi/BLE — cloud

Wi-Fi/Cellular/BLE — cloud
(AirCasting app); SD card;
Res: 1 min

BLE — InkBird app
(historical data);
Internal storage (30 days);
Res: 1,2, 5, 10 min

Wi-Fi — cloud

Plug in USB (laptop/Aruba
access point) — cloud
(SenseiAQ software)

Wi-Fi/Ethernet/BLE/USB —
cloud (SenseiAQ software)

Wi-Fi — cloud (PurpleAir
Map/dashboard)

Wi-Fi — cloud (PurpleAir
Map/dashboard);
Micro SD card logger (32
GB)

Wi-Fi — cloud (PurpleAir
Map/dashboard);
Optional Micro SD (< 64
GB); Res: >10 s
Wi-Fi — cloud (PurpleAir
Map/dashboard);
Optional Micro SD (< 64
GB); Res: >10 s

Data Retrieval/ Visualization

E-ink display;
Mobile application

Website;
Mobile application;
Serial output

E-Ink display

Mobile application

LED AQ indicator;
Website

LED AQ indicator;
Website

Website & API

Website & API;
Data export

Website & API;
Data export

LED ring (AQI);
Website & API;
Data export
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Manufacturer

PurpleAir®!

SAF Tehnika®

SmartAir®3

TSI

uRADMonitor®

uRADMonitor®

uRADMonitor®

uRADMonitor®

uRADMonitor®

uRADMonitor®

uRADMonitor®

LCS/Model

Touch (PA-I)

Aranet4

CO, Monitor

Blue Sky 8413

SMOGGIE-PM

SMOGGIE-CO,
4" gen

SMOGGIE-Gas

SMOGGIE-Gas

SMOGGIE-Gas

SMOGGIE-Gas

SMOGGIE-Gas

Pollutant

PMy;
PMys;
PM,

CO,

CO,

PM,3s;
PM;,

PM;;

PMZ.S;

PMio

CO,

CcO

NO,

(01

SO,

H,S

Sensor/
Technology

Laser;
1x PMS6003
(Plantower)

NDIR;
Sunrise
(SenseAir)

NDIR;
(Sensirion)

OPC;
SPS30
(Sensirion)

Laser

NDIR

EC

EC

EC

EC

EC

Measurement
Range

0-500 ug m

0-9999 ppm;
Res: 1 ppm

400~9999 ppm

0-1000 pg m;
Res: 1 pgm?

0-1000 pg m

0-5000 ppm

0-200 ppmy;
Res: 1 ppm

0-10 ppm;
Res: 0.1 ppm

0-10 ppm;
Res: 0.1 ppm

0-20 ppm;
Res: 0.1 ppm

0-100 ppmy;
Res: 0.1 ppm

All information is accurate as of June 2024 and is subject to change at any time.

Accuracy

0-100 ug m™ — £10 pg m;

100-500 pg m= — +£10%;

0-5000 ppm —

+ 30 ppm + 3 % of reading;

+15% of m.v.

0-100 ug m>— £10 pg m
100-1000 pg m™ —> £10%

+5%

+5%

+10%

+10%

+10%

+10%

+10%

Other
Parameters
T, RH;
AQIL
GPS;
Internal clock

T, RH, P;
Threshold levels

T, RH;
AQ indicator

T, RH

T,RH

T,RH, P;
AQ indicator

T,RH, P

T, RH, P

T, RH, P

T, RH, P

T, RH, P

Data Storage & Transmission

Wi-Fi — cloud (PurpleAir
Map/dashboard)

BLE — Aranet Home App
(historical data);
Internal storage (30 days at
10 min);

Res: 1,2,5, or 10 min

Wi-Fi/BLE — cloud
(Qingping IoT app);
Internal storage (2880 sets,
30 days at 15 min)

Wi-Fi — cloud (TSI Link™
Solutions); SD card (32 GB)

Wi-Fi — cloud
(uRADMonitor servers);
Res: 1 min
Wi-Fi — cloud
(uURADMonitor servers);
Res: 1 min
Wi-Fi — cloud
(uURADMonitor servers);
Res: 1 min
Wi-Fi — cloud
(uRADMonitor servers);
Res: 1 min
Wi-Fi — cloud
(uRADMonitor servers);
Res: 1 min
Wi-Fi — cloud
(uURADMonitor servers);
Res: 1 min
Wi-Fi — cloud
(uRADMonitor servers);
Res: 1 min

Data Retrieval/ Visualization

LED ring (AQI);
Website & API;
Data export

E-ink display;
Mobile application

Onboard display,
Mobile application

Website;
SD Export

Website/API;
Local access LAN

LED;
Website/API;
Local access LAN

Website/API;
Local access LAN

Website/API;
Local access LAN

Website/API;
Local access LAN

Website/API;
Local access LAN

Website/API;
Local access LAN
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Table 3.3.5. Specifications (a) of multi-pollutant LCS devices for IAQ monitoring.

Manufacturer LCS/Model
Aecthair
(formerly Acthair IAQ
AirThinx)®
Air Gradient®’ Alrgradlent ONE
(9™ generation)
air-Q% Light
air-Q% Basic
air-Q% Pro
AirThings® View Plus
AirThings® Wave Plus
Amazon® Smart Air Quality Monitor

Atmotech Inc.”! Atmotube PRO

Atmotech Inc.”! Atmocube

Awair” Element/2™ edition
Awair®? Omni
Ecowitt™ WH45

Unit Price

$699

$195

$280

$380

$565

$299

$229.99

$69.99

$189

$299

$209

$399

$159.99

Purchasing

Quote Link

Buy direct M

Buy direct "™
Buy direct M
Buy direct M
Buy direct ™
Buy direct M
Buy direct ™
t Link

Buy direc

Quote Link

Buy direct M

Buy direct "™

Buy direct M

Weight

180 ¢

350 g

400 g

400 g

400 g

360 g

219¢g

120¢g

104 ¢

300 g

241 g

220 g

Dimensions (h x w x d in)

43x26x1.2

50x51x%x14

45%x53x1.7

45x53x%x1.7

45%x53x1.7

6.7x35x%x13

h1.4xd4.7

26x26x1.8

34%x2x0.9

S5x5x1.5

3.33x6.06x1.8

3.85x3.85x1.35

2.7x4x%x2.8

Battery/Power

Power (micro-USB, 5V DC)

Power (USB-C, 5V 2A)

Power (micro-USB and USB-C,
5V 2A)

Power (micro-USB and USB-C,
5V 24)

Power (micro-USB and USB-C,
5V 2A)

Battery (6x AA);
Power (USB-C)

Battery (2x AA)

Power (micro-USB, 5V 1A)

Battery (rechargeable, 2000
mAh, USB-C)

Power (USB-C or USB-A, 5V
2A); Power over Ethernet

Power (USB-A/USB-C, 5V 2A)

Battery (2250 mAh, 3.7 V);
Power adapter (USB-C, 5V 2A);
Power over Ethernet

AC power (USB adapter, 5V 1A)
or 2x AA 1.5V batteries

Resources Notes

Contract option: $49 for (24-month
contract);

Datasheet End-to-end encryption;
Built-in sim card
Datashect Mount or standalone; open-source data
platform
Datasheet Replqceablg and excl}qngeable Sensors
with optional additional sensors
Datasheet Replqceable_ and excl_le}ngeable sensors
with optional additional sensors
Datasheet Reple}ceablg and exchgngeable sensors
with optional additional sensors
Compatible with Amazon Alexa;
Datasheet Mountable; Initial calibration time:
VOC ~7 days, CO2 ~7 days
Compatible with Amazon Alexa;
Datasheet Mountable; Initial calibration time:
VOC ~7 days, CO2 ~7 days
= Compatible with Amazon Alexa
Datasheet Wearable/portable
User support
Datasheet Mountable

User support

VOC sensor will require 24 to 48 hours
to become fully calibrated after initial

Setup setup;
Datasheet Can be integrated with Amazon Alexa
and Google Home
Setup Standalone or wall mount
Datasheet
User Manual $29.99 (required Wi-Fi getaway)

$22.99 (optional digital LCD display)
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https://aethair.io/products/iaq/
https://aethair.io/pdfs/AethairIAQ_SpecSheet.pdf
https://www.airgradient.com/shop/#!/AirGradient-ONE-Indoor-Monitor-Fully-Assembled-and-Tested-Version-9/p/594725504/category=155176011
https://www.airgradient.com/documents/spec-sheets/Spec_Sheet_AirGradient_ONE_I-9PSL.pdf
https://shop.air-q.com/air-Q-light-with-basic-sensors-for-offices-and-schools
https://support.air-q.com/downloads/air-Q_Specs_de+en.pdf
https://shop.air-q.com/air-Q-basic-air-analyser-10-sensors
https://support.air-q.com/downloads/air-Q_Specs_de+en.pdf
https://shop.air-q.com/air-Q-pro-air-analyser-14-sensors
https://support.air-q.com/downloads/air-Q_Specs_de+en.pdf
https://www.airthings.com/view-plus
https://www.airthings.com/hubfs/Website/Product%20Sheets/view-plus/view-plus-product-sheet-EN.pdf?hsLang=en-us
https://www.airthings.com/wave-plus
https://cdn2.hubspot.net/hubfs/4406702/Website/Product%20Sheets/Wave%20Plus/WavePlus%20Product%20Sheet.pdf
https://www.amazon.com/Introducing-Amazon-Smart-Quality-Monitor/dp/B08W8KS8D3/ref=cm_cr_arp_d_product_top?ie=UTF8#tech
https://store.atmotube.com/products/atmotube-pro
https://atmotube.com/atmotube-support/atmotube-technical-specification
https://atmotube.com/atmotube-support/atmotube-technical-specification
https://store.atmotube.com/products/atmocube?pr_prod_strat=jac&pr_rec_id=6579682f3&pr_rec_pid=6731383046278&pr_ref_pid=1318065012783&pr_seq=uniform
https://atmotube.com/atmocube-support/atmocube-tech-specs
https://atmotube.com/atmocube-support/atmocube-tech-specs
https://pay.getawair.com/b/bIY29t5IkctCfss4gh
https://support.getawair.com/hc/en-us/articles/360038743514-Setting-Up-Awair-Element
https://support.getawair.com/hc/en-us/articles/360060843933-Technical-Accuracy-of-Awair-Element-Sensors
https://pay.getawair.com/b/00g7tN7Qs65eeoo5kn?prefilled_promo_code=OMNI30
https://manual.awair.is/installation-manual/AWAIR_OMNI_QSG.pdf
https://reset.build/rails/active_storage/disk/eyJfcmFpbHMiOnsibWVzc2FnZSI6IkJBaDdDVG9JYTJWNVNTSXBZbVZoWmpreU1UTXRPVFEzWkMwME4yTXhMV0kwT1RjdE5EQmpNRGRrT0RRMU5qZGlCam9HUlZRNkVHUnBjM0J2YzJsMGFXOXVTU0pWYVc1c2FXNWxPeUJtYVd4bGJtRnRaVDBpUVZkQlNWSmZUMjF1YVY4eU1EQTFNakV1Y0dSbUlqc2dabWxzWlc1aGJXVXFQVlZVUmkwNEp5ZEJWMEZKVWw5UGJXNXBYekl3TURVeU1TNXdaR1lHT3daVU9oRmpiMjUwWlc1MFgzUjVjR1ZKSWhSaGNIQnNhV05oZEdsdmJpOXdaR1lHT3daVU9oRnpaWEoyYVdObFgyNWhiV1U2Q214dlkyRnMiLCJleHAiOiIyMDI0LTA1LTE2VDIyOjQ0OjQ5Ljc1OVoiLCJwdXIiOiJibG9iX2tleSJ9fQ==--614930c7fcf329f92e1f996fca7b25dc9c205927/AWAIR_Omni_200521.pdf
https://shop.ecowitt.com/products/wh45
https://osswww.ecowitt.net/uploads/20220803/WH45%20Manual.pdf

Manufacturer

Edimax®

Edimax”

Edimax®

Elitech”™
Elitech”™

Elitech”
Elitech”
Elitech”
Elitech”
Elitech”

Elitech”™

Tkea™

IQAIr”

IQAIr”

Kaiterra®®

Kaiterra®®

Kaiterra®®

LCS/Model

Al-2002W

Al-2003W

Al-2004W

Temtop M10
Temtop M10i

Temtop M100
Temtop P1000
Temtop M2000 2™ gen
Temtop M2000C 2™ gen

Temtop LKC-1000E

Temtop LKC-1000S+ 2
gen

Vindstyrka

Air Visual Pro

Air Visual Outdoor

Sensedge

Sensedge Mini

Sensedge Mini Outdoor

Unit Price

$199

$199

$199

$95.99

$119.99

$189.99
$99.99
$159.99
$165.99
$109.99

$179.99

$49.99

$299

$299

$1500

$699

Purchasing

Buy direct "™

Buy direct M

Buy direct M

Buy direct M

Buy direct M
Buy direct M
Buy direct M
Buy direct M
Buy direct M
Buy direct M

Buy direct M

Buy direct M

Buy direct M

Buy direct M

Quote Link

Quote 1"

Quote 1"

Weight

210 g

210 g

210¢g

200¢g

200 g

454 ¢
454 ¢
408 ¢

454 ¢

670 g

758 g

800 g

3710 g

426 ¢

Dimensions (h x w x d in)

53x53x14

53x53x14

53x53x%x14

32x32x12

32x32x12

6.9x26x1.2

102x55x%x1.3

88x28x14

88x28x14

7x26x13

7x2.6x%x13

3.5%x2x%x2.25

6.4x2.7x8

6.4x27x%x8

19x57%x72

1.3 x5.1x6.1

6.7x3.2x7.5

Battery/Power

Power (12V 1A)

Power (12V 1A)

Power (12V 1A)

Li Battery (rechargeable, 2200
mAbh, 6 hr, 5V 1A)

Li Battery (rechargeable, 2200
mAh, 6 hr, 5V 1A)

Li Battery (rechargeable, 4200
mAbh; 5V 2A)

Li Battery (rechargeable, 3000
mAh, 6-8 hr, 5V 1A)

Li Battery (rechargeable, 3000
mAh, 6-8 hr, 5V 1A)

Li Battery (rechargeable, 3000
mAh, 6-8 hr, 5V 1A)

Li Battery (rechargeable, 3000
mAh, 6-8 hr, 5V 1A)

Li Battery (rechargeable, 3000
mAh, 6-8 hr, 5V 1A)

Power (USB-C, 5V 1A)

Li Battery (rechargeable, 1900
mAH, 4 hr);
Power (micro-USB)

Power (USB-C, 5.2V 2.3A);
Power over Ethernet (48V)

Battery (5200 mAh, 8 hr, 4.2V);
Power (USB-C, 5V 1.8A)

Power (USB-C, 5V 1.8A);
Power (direct wiring, 12-30V);
Power over Ethernet

Power (direct wiring, 12-30V);
Power over Ethernet

Resources

Setup
User manual
Datasheet

Setup
User manual
Datasheet

Setup
User manual
Datasheet

User Manual

Setup
User Manual

User Manual
User Manual
User Manual
User Manual
User Manual

User Manual

Setup

Setup
User Manual
Datasheet

User Manual
Datasheet

Datasheet
User guide

Datasheet
User guide

Datasheet

Notes

Mount or standalone; recommended to
clean the sensors every 3-6 months

Mount or standalone; recommended to
clean the sensors every 3-6 months

Mount or standalone; recommended to
clean the sensors every 3-6 months

Life of sensors is estimated at 3 yrs

Comparison chart of all 19 LCS
devices found here

Comparison chart of all 19 LCS
devices found here
Comparison chart of all 19 LCS
devices found here
Comparison chart of all 19 LCS
devices found here
Comparison chart of all 19 LCS
devices found here
Comparison chart of all 19 LCS
devices found here
Comparison chart of all 19 LCS
devices found here

USB power adapter sold separately;
Connect Vindstyrka to Dirigera hub to
see AQ in app;

No display of tVOC on device display

Personalized recommendations from
indoor and outdoor air quality

$99 PM and $149 CO replacement
modules; Mountable

Expected 5-7 lifespan; Mountable;
Regularly subjected to 3rd party
security tests
Expected 5-7 lifespan; Mountable;
Regularly subjected to 3rd party
security tests
Expected 5-7 lifespan; Mountable;
Regularly subjected to 3rd party
security tests
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https://www.edimax.com/edimax/merchandise/merchandise_detail/data/edimax/us/air_quality_detection_indoor/ai-2002w/
https://www.edimax.com/edimax/mw/cufiles/files/download/QIG/AI-2002W/AI-2002W_QIG_EN_English.pdf
https://www.edimax.com/edimax/mw/cufiles/files/download/manual/AI-2002W/AI-2002W_User_Manual_English.pdf
https://www.edimax.com/edimax/mw/cufiles/files/download/datasheet/AI-2002W_Datasheet_English.pdf
https://www.edimax.com/edimax/merchandise/merchandise_detail/data/edimax/us/air_quality_detection_indoor/ai-2003w/
https://www.edimax.com/edimax/mw/cufiles/files/download/QIG/AI-2003W_AI-2004W/AI-2003W_AI-2004W_QIG_EN.pdf
https://www.edimax.com/edimax/mw/cufiles/files/download/manual/AI-2003W_AI-2004W/AI-2003W_AI-2004W_Manual_EN.pdf
https://www.edimax.com/edimax/mw/cufiles/files/download/datasheet/AI-2003W_datasheet_EN.PDF
https://www.edimax.com/edimax/merchandise/merchandise_detail/data/edimax/us/air_quality_detection_indoor/ai-2004w/
https://www.edimax.com/edimax/mw/cufiles/files/download/QIG/AI-2003W_AI-2004W/AI-2003W_AI-2004W_QIG_EN.pdf
https://www.edimax.com/edimax/mw/cufiles/files/download/manual/AI-2003W_AI-2004W/AI-2003W_AI-2004W_Manual_EN.pdf
https://www.edimax.com/edimax/mw/cufiles/files/download/datasheet/AI-2004W_datasheet_EN.PDF
https://www.elitechus.com/collections/air-quality-detector/products/temtop-m10-air-quality-detector-professional-formaldehyde-tvoc-pm2-5-monitor-air-quality-meter
https://drive.google.com/file/d/1obsxIS_OkE2w6-rCBOmsLMlLgmmAzsdc/view
https://www.elitechus.com/collections/air-quality-detector/products/temtop-m10i-wireless-air-quality-monitor-for-pm2-5-hcho-tvoc-aqi-professional-electrochemical-sensor-detector-real-time-display
https://drive.google.com/file/d/1wB6nALCcUoOPeEty5sgtLQHuIYeDyQk8/view
https://m.media-amazon.com/images/I/B11MeFstdrL.pdf
https://cdn.shopifycdn.net/s/files/1/0015/6958/7264/files/Temtop_Air_Quality_Monitor_Comparision_Chart_d4c15989-0c79-476d-9e42-a82be696bf64.pdf?v=1621397050
https://www.elitechus.com/collections/air-quality-detector/products/temtop-air-station-m100-series-air-quality-monitor-pm2-5-aqi-co2-tester
https://drive.google.com/file/d/17R-GXetOe1iHbBaqXpaJO38RsrUX6RRO/view
https://cdn.shopifycdn.net/s/files/1/0015/6958/7264/files/Temtop_Air_Quality_Monitor_Comparision_Chart_d4c15989-0c79-476d-9e42-a82be696bf64.pdf?v=1621397050
https://www.elitechus.com/collections/air-quality-detector/products/temtop-p1000-air-quality-detector-professional-co2-pm2-5-pm10-temperature-humidity-monitor-air-quality-meter
https://drive.google.com/file/d/1U-1W5JDJRp0Ba7t-htxLpPsrx4ab2gio/view
https://cdn.shopifycdn.net/s/files/1/0015/6958/7264/files/Temtop_Air_Quality_Monitor_Comparision_Chart_d4c15989-0c79-476d-9e42-a82be696bf64.pdf?v=1621397050
https://www.elitechus.com/collections/air-quality-detector/products/temtop-m2000-air-quality-detector-co2-sensor-professional-hcho-co2-pm2-5-pm10-monitor
https://drive.google.com/file/d/14h3DPG17z91HOWdCFtJrWXPZGlHILa2p/view
https://cdn.shopifycdn.net/s/files/1/0015/6958/7264/files/Temtop_Air_Quality_Monitor_Comparision_Chart_d4c15989-0c79-476d-9e42-a82be696bf64.pdf?v=1621397050
https://www.elitechus.com/collections/air-quality-detector/products/temtop-m2000c-2nd-generation-air-quality-monitor-pm2-5-pm10-co2-data-export-audio-alarm-easy-calibration
https://drive.google.com/file/d/1uoZ8-xQ1uUyBhKNWNGQgUVbxzcuze7pe/view
https://cdn.shopifycdn.net/s/files/1/0015/6958/7264/files/Temtop_Air_Quality_Monitor_Comparision_Chart_d4c15989-0c79-476d-9e42-a82be696bf64.pdf?v=1621397050
https://www.elitechus.com/collections/air-quality-detector/products/temtop-lkc-1000e-air-quality-detector-professional-formaldehyde-monitor-detector-with-pm2-5-pm10-accurate-testing
https://drive.google.com/file/d/1hs1gu_F8ckXmPuShuXikfEyfmRINNuHR/view
https://cdn.shopifycdn.net/s/files/1/0015/6958/7264/files/Temtop_Air_Quality_Monitor_Comparision_Chart_d4c15989-0c79-476d-9e42-a82be696bf64.pdf?v=1621397050
https://www.elitechus.com/collections/air-quality-detector/products/temtop-lkc-1000s-2nd-generation-professional-formaldehyde-monitor-detector-with-hchopm2-5pm10tvoc-accurate-testing-air-quality-detector-data-export
https://drive.google.com/file/d/1hs1gu_F8ckXmPuShuXikfEyfmRINNuHR/view
https://cdn.shopifycdn.net/s/files/1/0015/6958/7264/files/Temtop_Air_Quality_Monitor_Comparision_Chart_d4c15989-0c79-476d-9e42-a82be696bf64.pdf?v=1621397050
https://www.ikea.com/us/en/p/vindstyrka-air-quality-sensor-smart-30498239/
https://www.ikea.com/us/en/manuals/vindstyrka-air-quality-sensor-smart__AA-2352345-2-100.pdf
https://www.iqair.com/us/air-quality-monitors
https://www.youtube.com/watch?v=JVEDrghu9xM
https://www2.iqair.com/sites/default/files/documents/AVPro_Indoor_User_Manual_v3.3en_092721.pdf
https://cms.iqair.com/sites/default/files/documents/AVP_TS_NA.pdf
https://www.iqair.com/us/air-quality-monitors
https://www2.iqair.com/sites/default/files/documents/AVO%20User%20Manual_EN.pdf
https://cms.iqair.com/sites/default/files/documents/1092.3%20-%20AirVisualOutdoor_TS_210924.pdf
https://www.kaiterra.com/sensedge
https://3782315.fs1.hubspotusercontent-na1.net/hubfs/3782315/Marketing%20Collateral/Technical%20Specifications/Sensedge%20Technical%20Specifications%20(2024).pdf
https://support.kaiterra.com/installation-guides-and-resources#sensedge-guides-and-user-manuals
https://www.kaiterra.com/sensedge-mini-for-outdoors
https://3782315.fs1.hubspotusercontent-na1.net/hubfs/3782315/Marketing%20Collateral/Technical%20Specifications/Sensedge%20Mini%20Technical%20Specifications%20(2024).pdf
https://support.kaiterra.com/installation-guides-and-resources#sensedge-guides-and-user-manuals
https://www.kaiterra.com/sensedge-mini-for-outdoors
https://3782315.fs1.hubspotusercontent-na1.net/hubfs/3782315/Marketing%20Collateral/Technical%20Specifications/Sensedge%20Mini%20for%20Outdoors%20Technical%20Specifications%202024.pdf

Manufacturer

NuWave
Sensors®’

Piera Systems®

Qingping”®

Qingping”®

Qingping®™

TSIX4,99

TSIX4,99

uHoo'"

uRADMonitor®®

uRADMonitor®®

Wicked Device'”!

Wicked Device'!

All information is accurate as of June 2024 and is subject to change at any time.

LCS/Model

AirSentric

Canaree 15

Air Monitor 2

Air Monitor Lite

CO, Monitor

Blue Sky 8145

AirAssure

(8144-2 / 8144-4 / 8144-6)

Smart Air Monitor

Model A3

Model A4

Air Quality Egg Indoor V2

Air Quality Egg Outdoor

V2

Unit Price

$683

$349

$149

$76

$69.99

$299

$589

$440

$650
(Base)

$650
(Base)

Purchasing

Buy direct "™

Buy direct M

Buy direct M

Buy direct M

Buy direct M

Quote Link

Quote 1"

Buy direct M

Buy direct H"

Buy direct M

Buy direct M

Buy direct ™

Weight

320 g

50g

250 g

143 g

129¢g

159¢g

27g

270 g

170 g

200¢g

250 g

740 g

Dimensions (h x w x d in)

4x6x%x1.8

3.5x2.4x0.81

41%x35%29

2.1x25x%x1.8

30x3.0x1.1

6x55x%x4.5

35x6.75%x1.3

h63xd3.3

43x26x1.0

5.5%x2.6x%x1.7

58x33x20

58x58x2.0

Battery/Power

Power (12 V £10%, 420 mA);
Power over Ethernet (available)

Power (USB 5.5V 100-120 mA)
Li Battery (rechargeable, 1800

mAh, 3.7V, , 4 hr);
Power (USB-C, 5V 1A)
Li Battery (rechargeable, 2000
mAh, 7 hr);
Power (USB-C, 5V 1A)

Power (USB-C, 5V 1A);
Li Battery (2600 mAh,
rechargeable)

Power (5V)

Power (USB-C 5V)
Power (micro-USB, 5V 2A)

Power (6-28 V)

Power (USB-C, 5V 500 mA)

Power (USB, 5V)

Power (USB, 5V)

Resources

Datasheet

Datasheet
User guide

Datasheet

Datasheet
User Manual

Datasheet

Datasheet
User Manual

Datasheet
User manual

Datasheet
User Manual

Datasheet
User Manual
Setup

Datasheet

User Manual
Setup

User Manual
Setup

Notes

Included GY36 Wireless Gateway;
Mountable

Replaceable PM sensor

Apple Home hub required for Apple
Home connection

Mountable

Mountable; replacement sensors;
Designed for outdoor use and
applicable indoors

Mountable; replacement sensors

Able to Sync uHoo with other smart
home devices

Mountable;
3 connectivity versions (Wi-Fi,
ethernet, LoraWan)

Mountable

Mix and match sensor types in one
device: $168 (PM, CO,), $365 (NO,,
03, CO, SO,, HyS), $65 (VOC);
$70 (GPS), $35 (power bank);
Expected life: 3 years
Mix and match sensor types in one
device: $168 (PM, CO,), $365 (NO,,
03, CO, SO,, H,S), $65 (VOC);
$70 (GPS), $35 (power bank);
Expected life: 3 years
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https://nuwave-sensors.myshopify.com/products/smart-air-quality-monitor-1
https://airsentric.com/wb55-118-specifications/
https://pierasystems.com/products/canaree-i5/
https://pierasystems.com/wp-content/uploads/2022/01/Canaree-Datasheet-V1.1.4.pdf
https://pierasystems.com/wp-content/uploads/2021/08/canaree_brochure_1.4_DS-compressed.pdf
https://www.amazon.com/dp/B0CZ85RT6C?th=1
https://www.qingping.co/air-monitor-2/specifications
https://www.amazon.com/dp/B092HK4BB1
https://www.qingping.co/air-monitor-lite/specifications
https://m.media-amazon.com/images/I/91yIXAm3LOL.pdf
https://www.amazon.com/dp/B0C6XWMRZ6
https://www.qingping.co/co2-temp-rh-monitor/specifications
https://tsi.com/products/environmental-air-monitors/bluesky-air-quality-monitor-8145/
https://tsi.com/getmedia/e68b17de-52a1-4c49-a180-56c3cc4556cb/BlueSky-Air-Quality-Monitor_US_5002491_RevD_Web?ext=.pdf
https://tsi.com/getmedia/32e60649-8bf2-454e-9529-2d47277d84e9/BlueSky_Air_Quality_Monitor_8145_Mnl_6016553-US-web?ext=.pdf
https://tsi.com/products/indoor-air-quality-meters-instruments/continuous-iaq-monitoring-instruments/
https://tsi.com/getmedia/efcd280d-3485-45b1-be6f-04927c4a816c/4062421987_AirAssure-IAQ_US_5002718_RevE_Web?ext=.pdf
https://tsi.com/getmedia/8335ca71-7966-48f2-b697-902c52b54017/AirAssure_IAQ_Op_Maint_Mnl_6015658H-web?ext=.pdf
https://getuhoo.com/quick-buy/
https://getuhoo.com/smart-air-monitor/
https://getuhoo.com/wp-content/themes/new-woocommerce-theme/assets/pdf/uHoo_Smart_Air_Monitor_User_Manual.pdf
https://www.uradmonitor.com/products/?tag=air&sel=4
https://www.uradmonitor.com/wp-content/uploads/2021/08/a3_datasheet_v109_en_compressed.pdf
https://www.uradmonitor.com/wp-content/uploads/2019/01/manual_a3_107_comp.pdf
https://www.uradmonitor.com/wp-content/uploads/2019/01/a3_quickstart_v106.pdf
https://www.uradmonitor.com/products/?tag=air&sel=4
https://www.uradmonitor.com/wp-content/uploads/2023/11/a4_datasheet_v101_en_compressed.pdf
https://airqualityegg.com/shop
https://airqualityegg.com/Air%20Quality%20Egg_User%20Manual_2020.pdf
https://airqualityegg.com/setup
https://airqualityegg.com/shop
https://airqualityegg.com/Air%20Quality%20Egg_User%20Manual_2020.pdf
https://airqualityegg.com/setup

Table 3.3.6. Specifications (b) of multi-pollutant LCS devices for IAQ monitoring.

Manufacturer
Acthair
(formerly
AirThinx)®
Acthair
(formerly

AirThinx)®

Aethair
(formerly
AirThinx)®

Aethair
(formerly
AirThinx)®

Air Gradient®

Air Gradient®

Air Gradient®

Air Gradient®

air-Q%

air-Q%

air-Q%

air-Q%

LCS/Model

Aecthair IAQ

Aecthair IAQ

Aecthair IAQ

Aecthair IAQ

AirGradient ONE
(9™ generation)

AirGradient ONE
(9™ generation)

AirGradient ONE
(9™ generation)

AirGradient ONE

(9™ generation)

Light

Light

Basic

Basic

Pollutant

PMy;
PM,3s;
PM;,

CO,

HCHO

TVOC

PM;;
PMys;
PM;,

CO,

NOy

TVOC

CO,

VOC

PMy;
PMys;
PM,

CO,

Sensor/Technology

Laser;
PMS5003
(Plantower)

NDIR;
S8
(SenseAir)
MOX;
SCP41
(Sensirion)
MOX;
SCP41
(Sensirion)

Measurement Range

0-500 pug m;
Res: 1 ug m

400-5000 ppm;
Res: 1 ppm

0-1 mg m?
Res: 0.001 mg m*

0-10 ppm

0-500 pg m

0-10000 ppm

0-500 NO,/VOC Index

0-500 NO,/VOC Index

300-5000 ppm;
Res: 1 ppm
0 — 60000 ppb;
Res: 1 ppb (0 — 2008 ppb),
6 ppb (2008 — 11110 ppb),
32 ppb (11,110 — 60.000 ppb)

0—1000 pg m3;
Res: 1 pg m

300-5000 ppm;
Res: 1 ppm

Accuracy

+ 10%

+ 50 ppm + 2%

+5%

+15%

0-100 ug m™—> £ 10;
100-500 m™ — £10%

0-2000 pm — £ 40 ppm £ 3%

<+50

<+15

+ 30 ppm, £ 3 % of reading

+ 15 % of reading

+ 10 pg/m?3, £ 10 % of reading

+ 30 ppm, £ 3 % of reading

Other
Parameters

T, RH, P;
AQL
GPS

T, RH, P;
AQI;
GPS

T, RH, P;
AQI;
GPS

T, RH, P;

AQI;
GPS

T, RH

T,RH

T, RH

T, RH

T, RH;
Noise

T, RH;
Noise

T, RH, P;
Noise

T, RH, P;
Noise

Data Storage &
Transmission
WiFi/Cellular/BLE —
cloud (Aethair Environet
web console and
Acthair App)
WiFi/Cellular/BLE —
cloud (Aethair Environet
web console and
Acthair App)
WiFi/Cellular/BLE —
cloud (Aethair Environet
web console and
Acthair App)
WiFi/Cellular/BLE —
cloud (Aethair Environet
web console and
Acthair App)

Wi-Fi/BLE — cloud
(AirGradient Platform)

Wi-Fi/BLE — cloud
(AirGradient Platform)

Wi-Fi/BLE — cloud
(AirGradient Platform)

Wi-Fi/BLE — cloud
(AirGradient Platform)

Optional Wi-Fi — cloud
(air-Q web/app);
SD card (16 GB)

Optional Wi-Fi — cloud

(air-Q web/app);
SD card (16 GB)

Optional Wi-Fi — cloud
(air-Q web/app);

SD card (16 GB)
Optional Wi-Fi — cloud
(air-Q web/app);

SD card (16 GB)

Data Retrieval/
Visualization

Website;
Mobile application

Website;
Mobile application

Website;
Mobile application

Website;
Mobile application

OLED Display;
Website/API

OLED Display;
Website/API

OLED Display;
Website/API

OLED Display;
Website/API

Website;
Mobile application;
Data export

Website;
Mobile application;
Data export

Website;
Mobile application;
Data export

Website;
Mobile application;
Data export
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Manufacturer

air-Q%

air-Q%

air-Q%

air-Q%

air-Q%

air-Q%

air-Q%

air-Q%

air-Q%

air-Q%

AirThings®

AirThings®

AirThings®

LCS/Model

Basic

Basic

Pro

Pro

Pro

Pro

Pro

Pro

Pro

Pro

View Plus

View Plus

View Plus

Pollutant

(60)

voC

PM;;

PMys;
PM,
CO,

CcO

voC

(03

NO;

H.S

Oxygen

PMy s

CO,

VOC

Sensor/Technology

Laser

NDIR

MOS

Measurement Range

0-5700 mg m™ (0-5000 ppm);
Res: 0.05 mg m? (0-180 mg m
%), 1.6 mg m* (>180 mg m™)
0— 60000 ppb;

Res: 1 ppb (0 — 2008 ppb),

6 ppb (2008 — 11110 ppb),
32 ppb (11,110 — 60.000 ppb)

0—1000 pg m;
Res: 1 ng m

300-5000 ppm;
Res: 1 ppm

0-5700 mg m™ (0-5000 ppm);
Res: 0.05 mg m? (0-180 mg m”
%), 1.6 mg m? (>180 mg m™)
0— 60000 ppb;

Res: 1 ppb (0 — 2008 ppb),

6 ppb (2008 — 11110 ppb),
32 ppb (11,110 — 60.000 ppb)
0-10000 pg m™ (0-5000 ppb)
Res: 0.4 pg m* (0-1100 pg m3),
75 pg m* (>1100 pg m)
0-52000 pg m3;

Res: 0.1 pg m™ (0-3000 pg m),
110 pg m* (> 3000 pg m™)

0-70000 pg m™ (0-50 ppm);
0.1 pg/m

0-25%;

Res: 0.01%

0-500 pg m

400-5000 ppm

0-10000 ppb

Accuracy

+ 8 % of reading

+ 15 % of reading

+ 10 pg/m?, £ 10 % of reading

+ 30 ppm, £ 3 % of reading

+ 8 % of reading

+ 15 % of reading

+ 8 % of reading

+ 8 % of reading

+ 5 % of reading

+ 2 % of reading

<150 pg m>— +(5 pg m>+
15%); >150 pg m>— =(5 pg
m>+20%)

500-2000 ppm — +50 ppm
+5%

Other
Parameters

T, RH, P;
Noise

T, RH, P;
Noise

T, RH, P;
Noise

T, RH, P;
Noise

T, RH, P;
Noise

T, RH, P;
Noise

T, RH, P;
Noise

T, RH, P;
Noise

T, RH, P;
Noise

T, RH, P;
Noise

T, RH, P;
Radon;
Color threshold
levels
T, RH, P;
Radon;
Color threshold
levels
T, RH, P;
Radon;
Color threshold
levels

Data Storage &
Transmission

Optional Wi-Fi — cloud

(air-Q web/app);
SD card (16 GB)

Optional Wi-Fi — cloud

(air-Q web/app);
SD card (16 GB)

Optional Wi-Fi — cloud

(air-Q web/app);
SD card (16 GB)

Optional Wi-Fi — cloud

(air-Q web/app);
SD card (16 GB)

Optional Wi-Fi — cloud

(air-Q web/app);
SD card (16 GB)

Optional Wi-Fi — cloud

(air-Q web/app);
SD card (16 GB)

Optional Wi-Fi — cloud

(air-Q web/app);
SD card (16 GB)

Optional Wi-Fi — cloud

(air-Q web/app);
SD card (16 GB)

Optional Wi-Fi — cloud

(air-Q web/app);
SD card (16 GB)

Optional Wi-Fi — cloud

(air-Q web/app);
SD card (16 GB)
Wi-Fi/BLE/Airthings
SmartLink — cloud
(Airthings app);
Res: 5 min
Wi-Fi/BLE/Airthings
SmartLink — cloud
(Airthings app);
Res: 5 min
Wi-Fi/BLE/Airthings
SmartLink — cloud
(Airthings app);
Res: 5 min

Data Retrieval/
Visualization
Website;
Mobile application;
Data export

Website;
Mobile application;
Data export

Website;
Mobile application;
Data export
Website;
Mobile application;
Data export
Website;
Mobile application;
Data export

Website;
Mobile application;
Data export

Website;
Mobile application;
Data export
Website;
Mobile application;
Data export
Website;
Mobile application;
Data export
Website;
Mobile application;
Data export

elnk display;
Website;
Mobile Application

elnk display;
Website;
Mobile Application

elnk display;

Website;
Mobile Application
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Manufacturer

AirThings®

AirThings®

Amazon®

Amazon®

Amazon®

Atmotech Inc.”!

Atmotech Inc.”!

Atmotech Inc.”!

Atmotech Inc.”!

LCS/Model

Wave Plus

Wave Plus
Smart Air Quality
Monitor

Smart Air Quality
Monitor

Smart Air Quality
Monitor

Atmotube PRO

Atmotube PRO

Atmocube

Atmocube

Pollutant

CO,

TVOC

PMy s

CcO

VOCs

PMy;
PM,3s;
PM;,

TVOC

CO,

Sensor/Technology

NDIR

Laser;
SEN44
(Sensirion)

TGS5141 (Figaro)

SEN44 (Sensirion)

OPC;
SPS30
(Sensirion)

MOS;
SGPC3
(Sensirion)

OPC;
SPS30
(Sensirion)

NDIR;
SCD41
(Sensirion)

Measurement Range

400-5000 ppm

0-500 pg m

0-70 ppm

0-500 points

0-1000 pg m™

0-60 ppm

0-1000 pg m

0-5000 ppm

Accuracy

+30 ppm £3%

+20 pg m* or £20%,
whichever is larger

+5 ppm or £30%

+10 points or +10% points

PM,, PM,s: 0-100 ug m™ —
+5pgm?+5%;
100-1000 pg m” —> £10%

PMo: 0-100 pg m™ — + 25
ug m;
100-1000 pg m* —> +25%

+15%

PM;, PM,s: 0-100 ug m™ —
+5 ugm?+5%;
100-1000 pg m —> £10%

PM,, PM,q: 0-100 pg m= — +
25 pg m’;
100-1000 pg m” —> £25%

400 — 1000 ppm — + 75 ppm;
1001 — 2000 ppm — + 40
ppm + 5% of reading

Other
Parameters
T, RH, P;
Radon;
Color threshold
levels
T, RH, P;
Radon;
Color threshold
levels
T, RH;

AQ score (color-
coded LED)
T, RH;

AQ score (color-
coded LED)
T, RH;

AQ score (color-
coded LED)

T,RH, P;
AQI;
GPS;

Clock (in app)

T,RH, P;
AQI;
GPS;

Clock (in app)

T, RH, P;
AQI;
Light;
Noise

Data Storage &
Transmission
BLE/Airthings
SmartLink — cloud
(Airthings Wave app);
Res: 5 min
BLE/Airthings
SmartLink — cloud
(Airthings Wave app);
Res: 5 min

Wi-Fi — cloud (Alexa
app)

Wi-Fi — cloud (Alexa
app)

Wi-Fi — cloud (Alexa
app)

Wi-Fi/BLE — cloud
(Atmotube PRO app);
Internal storage (10
days);

Res: 1-15 min

Wi-Fi/BLE — cloud
(Atmotube PRO app);
Internal storage (10
days);

Res: 1-15 min

Wi-Fi /BLE/Ethernet/ —
cloud (Atmocube mobile
app and dashboard web
app);

Internal storage (1 week);
Res: 1 min

Wi-Fi /BLE/Ethernet/ —
cloud (Atmocube mobile
app and dashboard web
app);

Internal storage (1 week);
Res: 1 min

Data Retrieval/
Visualization

elnk display;
Website;
Mobile Application

elnk display;
Website;
Mobile Application

Multicolor LED indicator;
Mobile application

Multicolor LED indicator;
Mobile application

Multicolor LED indicator;
Mobile application

Mobile application;
API,
Data export

Mobile application;
API,
Data export

LED;
Mobile application;
Website dashboard

LED;
Mobile application;
Website dashboard
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Manufacturer LCS/Model
Atmotech Inc.”! Atmocube
Atmotech Inc.”! Atmocube

Awair®? Element/2™
edition
Awair® Element/2"
edition
Awair® Element/2™
edition
Awair’? Omni
Awair’? Omni
Awair’? Omni

Pollutant

HCHO

NO/VOC

PM: s

CO,

TVOCs

PM: s

CO,

TVOCs

Sensor/Technology

EC

MOS;
SGP41
(Sensirion)

Laser;
HPMAT115S0
(Honeywell)

NDIR;
T6703
(Amphenol-
Telaire)

MOS;
SGP30
(Sensirion)

Laser

NDIR

MOS

Measurement Range

0-1 ppm

1-500 index points

0 - 1,000 pg/m’;

Res: 1 ug/m?

400 - 5,000ppm;
Res: 1 ppm

20 - 36,000ppb;
Res: 1 ppb

0 - 1,000 pg/m’;
Res: 1 ug/m?

400 - 5,000 ppmy;
Res: 1 ppm

0-60000 ppb;
Res: 1 ppb

Accuracy

+20 ppb or £20% (the larger)

<+£15 NO/VOC Index points
or 15% (the larger)

£15 pg/m® or 15%

(whichever is greater)

+75 ppm or 10%
(whichever is greater)

+15%

£15 pg/m® or 15%

+75 ppm or 10%

+10%

Other
Parameters

T, RH, P;
AQI;
Light;
Noise

T, RH, P;
AQIL
Light;
Noise

T, RH;
AQ score

T, RH;
AQ score

T, RH;
AQ score

T, RH;
AQ score;
Noise;
Light

T, RH;
AQ score;
Noise;
Light

T, RH;
AQ score;
Noise;
Light

Data Storage &
Transmission
Wi-Fi /BLE/Ethernet/ —
cloud (Atmocube mobile
app and dashboard web
app);

Internal storage (1 week);
Res: 1 min
Wi-Fi /BLE/Ethernet/ —
cloud (Atmocube mobile
app and dashboard web
app);

Internal storage (1 week);
Res: 1 min

Wi-Fi/BLE — Awair
Home App

Wi-Fi/BLE — Awair
Home App

Wi-Fi/BLE — Awair
Home App

Wi-Fi/BLE — Awair
Business App and
dashboard;
Ethernet/LTE (optional);
Internal memory (11
MB);

Res: 10 sec
Wi-Fi/BLE — Awair
Business App and
dashboard;
Ethernet/LTE (optional);
Internal memory (11
MB);

Res: 10 sec
Wi-Fi/BLE — Awair
Business App and
dashboard;
Ethernet/LTE (optional);
Internal memory (11
MB);

Res: 10 sec

Data Retrieval/
Visualization

LED;
Mobile application;
Website dashboard

LED;
Mobile application;
Website dashboard

LED display;
Mobile application

LED display;
Mobile application

LED display;
Mobile application

LED display;
Mobile application;
Website dashboard;

Serial output

LED display;
Mobile application;
Website dashboard;

Serial output

LED display;
Mobile application;
Website dashboard;

Serial output
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Manufacturer

Ecowitt’

Ecowitt’

Edimax®

Edimax®

Edimax®

Edimax®

Edimax®

Edimax®

Edimax®

Edimax®

Edimax®

Edimax®

LCS/Model

WH45

WH45

Al-2002W

Al-2002W

Al-2002W

Al-2002W

Al-2003W

Al-2003W

Al-2003W

Al-2003W

Al-2004W

Al-2004W

Pollutant

PM,s,
PMio

CO,

PMys,
PM,

CO,

HCHO

TVOC

PMys,
PM,

CO,

HCHO

TVOC

PMys,
PM;,

CO,

Sensor/Technology

NDIR

Laser;
PMS5003
(Plantower)

NDIR

NDIR

Measurement Range

0-999 pg m
Res: 1 ug m

0-40,000 ppm;
Res: 1 ppm

0-500 pg m

400-2000 ppm

0-1 mg m*

0-1000 ppb

0-500 pg m

0-10,000 ppm

0-1 mg m?

0-1000 ppb

0-500 pg m

0-10,000 ppm

Accuracy

PM,5: 0-100 pg m>— £10
pg m*; 100-1000 ug m™> —
+10%;

PM,(: 0-100 pg m> — +25 pg
m?; 100-1000 pg m™ —
+25%;

400-10000 ppm — =+ 30 ppm
+ 3%,

PM,5: <100 pg m>— + 15 pg
m?;>100 pg m> — 20%

+ 30 ppm

+10%

+15%

PM,5: <100 pg m>— + 15 pg
m3;>100 pg m> — 20%

+ 30 ppm

Other
Parameters

T, RH;
AQI

T, RH;
AQI

T, RH;
AQ indicator
levels
T, RH;
AQ indicator
levels
T, RH;
AQ indicator
levels
T, RH;
AQ indicator
levels

T, RH;
AQ indicator
levels

T, RH;
AQ indicator
levels

T, RH;
AQ indicator
levels

T, RH;
AQ indicator
levels

T, RH;
AQ indicator
levels

T, RH;
AQ indicator
levels

Data Storage &
Transmission

Wi-Fi — Wi-Fi Gateway
— cloud (WS ViewPlus

App);
Res: 1 min (AC power),
10 min (battery)

Wi-Fi — Wi-Fi Gateway
— cloud (WS ViewPlus

App);
Res: 1 min (AC power),
10 min (battery)

WiFi — cloud (EdiGreen
Home app)

WiFi — cloud (EdiGreen
Home app)

WiFi — cloud (EdiGreen
Home app)

WiFi — cloud (EdiGreen
Home app)

Wi-Fi/RS485 — cloud
(EdiGreen Plus app)

Wi-Fi/RS485 — cloud
(EdiGreen Plus app)

Wi-Fi/RS485 — cloud
(EdiGreen Plus app)

Wi-Fi/RS485 — cloud
(EdiGreen Plus app)

Wi-Fi/RS485 — cloud
(EdiGreen Plus app)

Wi-Fi/RS485 — cloud
(EdiGreen Plus app)

Data Retrieval/
Visualization

Mobile application;
Website

Mobile application;
Website

LED color display;
Mobile application

LED color display;
Mobile application

LED color display;
Mobile application

LED color display;
Mobile application

OLED data display;
Mobile application;
Website

OLED data display;
Mobile application;
Website

OLED data display;
Mobile application;
Website

OLED data display;
Mobile application;
Website

OLED data display;
Mobile application;
Website

OLED data display;

Mobile application;
Website
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Manufacturer

Edimax®

Edimax®

Edimax®

Elitech”™

Elitech”™

Elitech”™

Elitech”™

Elitech”™

Elitech”™

Elitech”™

Elitech”™

Elitech”™

Elitech”™

Elitech”™

Elitech”™

LCS/Model

Al-2004W

Al-2004W

Al-2004W

Temtop M10

Temtop M10

Temtop M10

Temtop M10i

Temtop M10i

Temtop M10i

Temtop M100

Temtop M100
Temtop P1000

Temtop P1000

Temtop M2000
2 gen

Temtop M2000
2m gen

Pollutant

CcO

HCHO

TVOC

PMy s

HCHO

TVOC

PMy s

HCHO

TVOC

PMys;
PM;,

CO,

PMys;
PM,o

CO,

PMys;
PM,o

CO,

Sensor/Technology

Laser;
PM, s sensor, 4"-
gen (Temtop)
EC
(Dart Sensors)

Laser;
PM, s sensor, 4"-
gen (Temtop)
EC;
HCHO
(Dart Sensors)

Laser;
PM, s sensor, 4"-
gen (Temtop)

NDIR;
S8
(SenseAir)

Laser

NDIR

Laser;
PM, 5 sensor, 4"-
gen (Temtop)

NDIR;
S8
(SenseAir)

Measurement Range

0-500 ppm

0-1 mg m*

0-1000 ppb

0-999 pg m3
Res: 1 ug m
0-2 mg m*
Res: 0.01 mg m™
0-5 mg m*
Res: 0.01 mg m?
0-999 pg m
Res: 1 ugm?

0-2 mg m*
Res: 0.01 mg m
0-5 mg m*
Res: 0.01 mg m?

0-999 pg m3
Res: 0.1 ug m

0-5000 ppm;
Res: 1 ppm
0-999 ug m;
Res: 0.1 pg m™
0-5000 ppm;
Res: 1 ppm

0-999 pug m;
Res: 0.1 ug m?

0-5000 ppm;
Res: 1 ppm

Accuracy

+ 20 ppm

+ 10%

+15%

0-100 pg m™>— + 10 pg m3;
100-500 pg m™ — £10%
0-0.4 mg m>—+ 0.04 mg m"
’>0.4mgm> >+ 10%

0-100 pg m™>— £ 10 pg m™;
100-500 pg m™ —>  10%

0-0.4 mg m>—+ 0.04 mg m"
3 >0.4mgm3—+10%

PM,s: 0-100 pg m> — £10
pg m3; 100-500 pg m> —
+10%;

PM,(: 0-100 pg m> — +15 pg
m; 100-500 ug m>— £15%

+ 40 ppm = 3% reading

PM,s: 0-100 pg m> — £10
pg m?; 100-500 pg m>—
+10%;

PM,(: 0-100 pg m> — +15 pg
m>; 100-500 ug m> — £15%

+ 50 ppm =+ 5% reading

Other
Parameters

T, RH;
AQ indicator
levels

T, RH;
AQ indicator
levels

T, RH;
AQ indicator
levels

AQI (LED
indicator)
AQI (LED
indicator)
AQI (LED
indicator)
AQI (LED
indicator)

AQI (LED
indicator)

AQI (LED
indicator)

T, RH;
AQI

T, RH;
AQI
T, RH
T, RH

T, RH;
Internal clock

T, RH;
Internal clock

Data Storage &
Transmission

Wi-Fi/RS485 — cloud
(EdiGreen Plus app)

Wi-Fi/RS485 — cloud
(EdiGreen Plus app)

Wi-Fi/RS485 — cloud
(EdiGreen Plus app)

Device continuous
monitoring

Device continuous
monitoring
Device continuous
monitoring

Wi-Fi — Temtop app

Wi-Fi — Temtop app

Wi-Fi — Temtop app

Wi-Fi/BLE — Temtop
App

Wi-Fi/BLE — Temtop
App
Device continuous
monitoring
Device continuous
monitoring

Device — Res: 1-60 min

Device — Res: 1-60 min

Data Retrieval/
Visualization
OLED data display;
Mobile application;
Website

OLED data display;
Mobile application;
Website
OLED data display;

Mobile application;
Website

LCD Screen

LCD Screen
LCD Screen

LCD Screen;
Mobile application

LCD Screen;
Mobile application

LCD Screen;
Mobile application

7.8" Touch LCD display;
Mobile application

7.8" Touch LCD display;
Mobile application
LCD screen
LCD screen

LCD display;
Data export

LCD display;
Data export
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Manufacturer

Elitech”™

Elitech”™

Elitech”™

Elitech”™

Elitech”™

Elitech”™

Elitech”™

Elitech”™

Ikea®

IQAIr*

LCS/Model

Temtop M2000
2m gen

Temtop M2000C
2" gen

Temtop M2000C
21111 gen

Temtop LKC-
1000E

Temtop LKC-
1000E

Temtop LKC-
1000S+ 2™ gen

Temtop LKC-
1000S+ 2™ gen

Temtop LKC-
1000S+ 2™ gen

Vindstyrka

Vindstyrka

Air Visual Pro

Pollutant

HCHO

PMys;
PM,

CO,

PMys;
PM;,

HCHO

PMys;
PM;,

HCHO

TVOC

PM; s

tVOC

PMy s

Sensor/Technology

EC
(Dart Sensors)

Laser;
PM, s sensor, 4"-
gen (Temtop)

NDIR;
S8
(SenseAir)

Laser;
PM, 5 sensor, 3%-
gen (Temtop)

EC
(Dart Sensors)

Laser;
PM, 5 sensor, 3%-
gen (Temtop)

EC
(Dart Sensors)

Laser;
SEN54
(Sensirion)
MOX;
SEN54
(Sensirion)

Laser;
AVPM25b
(IQAIr)

Measurement Range

0-2 mg m*
Limit: 5 mg m?;
Res: 0.001 mg m’

0-999 ug m;
Res: 0.1 ug m?

0-5000 ppm;
Res: 1 ppm

0-999 ug m;
Res: 0.1 ug m

0-2 mg m?;
Res: 0.01 mg m

0-999 ug m;
Res: 0.1 ug m

0-2 mg m?;
Res: 0.01 mg m

0-5 mg m?;
Res: 0.01 mg m™

0-1000 pg m™

Trend arrow (increasing T,

stable —, and decreasing J

Accuracy

0-0.3 mg m*—=+0.03 mg m’
30.3-1mgm> — +10%

PM,s: 0-100 pg m>— £10
pg m?; 100-500 pg m>—
+10%;

PM,(: 0-100 pg m> — +15 pg
m>; 100-500 ug m> — £15%

+ 50 ppm + 5% reading

PM,s: 0-100 pg m> — £10
pug m3; 100-500 pg m> —
+10%;

PM,(: 0-100 pg m> — +15 pg
m; 100-500 ug m>— £15%

0-0.3 mg m*—=+0.03 mg m’
303-2mgm> -+ 15%

PM,s: 0-100 pg m> — £10
pug m3; 100-500 g m> —
+10%;

PM,(: 0-100 pg m> — +15 pg
m; 100-500 ug m>— £15%

0-0.3 mg m~—+0.03 mg m’
30.3-2mgm> — £+ 15%

+10%

+15% m.v.

Other
Parameters

T, RH;
Internal clock

T, RH;
Internal clock

T, RH;
Internal clock

AQI

AQI

T, RH;
AQI

T, RH;
AQI

T, RH;
AQI

T, RH;
AQ Indicator
(RYG)

T, RH;
AQ Indicator
(RYG)

T, RH;
AQIL
Internal clock

Data Storage &
Transmission

Device — Res: 1-60 min

Device — Res: 1-60 min
(1, 5, 10, 30, 60)

Device — Res: 1-60 min
(1,5, 10, 30, 60)

Device continuous
monitoring

Device continuous
monitoring

Device — Res: 1-60 min
(1, 5, 10, 30, 60)

Device — Res: 1-60 min
(1, 5, 10, 30, 60)

Device — Res: 1-60 min
(1, 5, 10, 30, 60)

IKEA Home smart app
(only with Dirigera hub)

IKEA Home smart app
(only with Dirigera hub)

Wi-Fi — cloud
(AirVisual app and
dashboard);
Device (real-time, past
24 hr)

Data Retrieval/
Visualization

LCD display;
Data export

LCD display;
Data export

LCD display;
Data export

LCD display

LCD display

LCD display;
Data export

LCD display;
Data export

LCD display;
Data export

Device display

Device display

LED display;
Mobile application;
Website
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Manufacturer

IQAiIr”

IQAiIr”

IQAir”

Kaiterra®®

Kaiterra®®

Kaiterra®®

Kaiterra®®

Kaiterra®®

Kaiterra®®

Kaiterra®®

Kaiterra®®

Kaiterra®®

LCS/Model

Air Visual Pro

Air Visual
Outdoor

Air Visual
Outdoor

Sensedge

Sensedge

Sensedge

Sensedge Mini

Sensedge Mini

Sensedge Mini

Sensedge Mini

Sensedge Mini
Outdoor

Sensedge Mini
Outdoor

Pollutant

CO,

PM;;
PM,s;
PM;,

CO,

PMa s

CO,

TVOC

PM,

CO,

TVOC

(03
(optional;
KM-207
module)

PMy s

CO,

Sensor/Technology
NDIR;

S8 (SenseAir)

Laser

Laser

NDIR

MOx

Laser

NDIR

MOx

EC

Laser

NDIR

Measurement Range

400-10000 ppm

400-10000 ppm
0-1000 pg m
Res: 1 ug m

400-2000 ppm (up to 10000
ppm); Res: 1 ppm

0 - 60000 ppb;
Res: 1 ppb

0-1000 pg m
Res: 1 ug m3

400-2000 ppm (up to 10000
ppm); Res: 1 ppm

0 - 60000 ppb;
Res: 1 ppb

20-2000 ppb;
Res: 1 ppb

0-1000 pg m
Res: 1 ugm?

400-2000 ppm (up to 10000
ppm); Res: 1 ppm

Accuracy

0-100 pg m™>— £10 pg m*;
100-500 pg m=— +10 %

+40 ppm + 3%

+15 % £8 ppb

0-100 pg m™ — £10 pg m;
100-500 pg m> — +10 %

+40 ppm + 3%

+15 % +8 ppb

+10 %

0-100 pg m>3— £10 pg m;
100-500 pg m>— £10 % m.v.

+40 ppm + 3%

Other
Parameters

T, RH;
AQIL
Internal clock

T, RH;
AQI

T, RH;
AQI

T,RH

T, RH

T,RH

T,RH

T, RH

T, RH

T,RH

T,RH

T, RH

Data Storage &
Transmission
Wi-Fi — cloud
(AirVisual app and
dashboard);
Device (real-time, past
24 hr)
Wi-Fi/Ethernet — cloud
(AirVisual app and
dashboard);
Cellular (optional)
Wi-Fi/Ethernet — cloud
(AirVisual app and
dashboard);
Cellular (optional)
Wi-Fi/Ethernet — cloud
(Kaiterra web app);
Internal storage (8 GB)
Wi-Fi/Ethernet — cloud
(Kaiterra web app);
Internal storage (8 GB)
Wi-Fi/Ethernet — cloud
(Kaiterra web app);
Internal storage (8 GB)
Wi-Fi/Ethernet — cloud
(Kaiterra web app);
Internal memory (1 hr);
Res: 1 min, 1 hr, 1 day
Wi-Fi/Ethernet — cloud
(Kaiterra web app);
Internal memory (1 hr);
Res: 1 min, 1 hr, 1 day
Wi-Fi/Ethernet — cloud
(Kaiterra web app);
Internal memory (1 hr);
Res: 1 min, 1 hr, 1 day
Wi-Fi/Ethernet — cloud
(Kaiterra web app);
Internal memory (1 hr);
Res: 1 min, 1 hr, 1 day
Wi-Fi/Ethernet — cloud
(Kaiterra web app);
Internal memory (1 hr);
Res: 1 min, 1 hr, 1 day
Wi-Fi/Ethernet — cloud
(Kaiterra web app);
Internal memory (1 hr);
Res: 1 min, 1 hr, 1 day

Data Retrieval/
Visualization

LED display;
Mobile application;
Website

LED indicator; Mobile
application;
Website

LED indicator; Mobile
application;
Website

Full color touch display;
Website

Full color touch display;
Website

Full color touch display;
Website

Website;
Serial output (RS-485)

Website;
Serial output (RS-485)

Website;
Serial output (RS-485)

Website;
Serial output (RS-485)

Website;
Serial output (RS-485)

Website;
Serial output (RS-485)
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Manufacturer

NuWave
Sensors”’

NuWave
Sensors”’
NuWave
Sensors”’

Piera Systems®

Piera Systems®

Piera Systems®

Qingping”®

Qingping”®

Qingping®™

Qingping®™

Qingping”®

LCS/Model

AirSentric

AirSentric

AirSentric

Canaree 5

Canaree 15

Canaree 15

Air Monitor 2

Air Monitor 2

Air Monitor 2

Air Monitor Lite

Air Monitor Lite

Pollutant

PM

TVOCs

GC02

PM;5;

PMio

CO,

eTVOC

PMys;
PM,

CO,

Sensor/Technology

NDIR

OPC;
IPS-7100
(Piera)

EC

EC

Laser;
Grandway
PM5500

Sensirion

EC;
Sensirion

Laser;
Grandway

Sensirion

Measurement Range

0-1000 pg m

0-5000 ppm;

0.04 to 2 % volume CO,

0-500 index points;
0-1000 ppb

0-6000 pg m;
Res: 0.1 ug m

0~999 pg m

400~9999 ppm

0~500 VOC Index or
0.005~9.999 mg m™

0~500 pg m

400~9999 ppm

Accuracy

+10%

+3%

+ 5 VOC index points

PMy 125
0-50 ug m® — £ 5 ug m?
>50 pgm> — = 10%

PMs.10:
0-50 pg m> — + 10 ug m*
>50 pg m> = +20%

+15% m.v.

+15% m.v.

Other
Parameters

T,RH

T, RH

T, RH

T, RH, P;
1AQ

T, RH, P;
1AQ

T, RH, P;
1AQ

T, RH;
AQ indicator;
Noise;
Internal clock
and alarms
T, RH;
AQ indicator;
Noise;
Internal clock
and alarms
T, RH;
AQ indicator;
Noise;
Internal clock
and alarms

T, RH;

AQ indicator

T, RH;
AQ indicator

Data Storage &
Transmission

Wi-Fi/Cellular/Ethernet
— cloud (HEX Software)

Wi-Fi/Cellular/Ethernet
— cloud (HEX Software)
Wi-Fi/Cellular/Ethernet
— cloud (HEX Software)

Wi-Fi/Ethernet/BLE —
cloud (SenseiAQ
software)

Wi-Fi/Ethernet/BLE —
cloud (SenseiAQ
software)
Wi-Fi/Ethernet/BLE —
cloud (SenseiAQ
software)

Wi-Fi — cloud
(Qingping+ app, 90-day
historical data);
Device (24 hr and 30-day
data); Res: 1 sec
Wi-Fi — cloud
(Qingping+ app, 90-day
historical data);
Device (24 hr and 30-day
data); Res: 1 sec
Wi-Fi — cloud
(Qingping+ app, 90-day
historical data);
Device (24 hr and 30-day
data); Res: 1 sec
Wi-Fi/BLE — cloud
(Qingping+ app, 30-day
historical data);
Apple HomeKit
(available)
Wi-Fi/BLE — cloud
(Qingping+ app, 30-day
historical data);
Apple HomeKit
(available)

Data Retrieval/
Visualization

Mobile application;
website

Mobile application;
website

Mobile application;
website

LED AQ indicator
Website

LED AQ indicator
Website

LED AQ indicator
Website

IPS touch display;
Mobile application

IPS touch display;
Mobile application

IPS touch display;
Mobile application

OLED display;
Mobile application

OLED display;
Mobile application
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Manufacturer

Qingping®™

TSIS4,99

TSIX4,99

TSIS4,99

TSIX4,99

TSIS4,99

TSIX4,99

LCS/Model

CO, Monitor

Blue Sky 8415

Blue Sky 8415

Blue Sky 8415

Blue Sky 8415

Blue Sky 8415

Blue Sky 8415

Pollutant

CO,

PMys;
PM,

CO,

(6[0)

O;

NO;

SO,

Sensor/Technology

Sensirion

OPC;

SPS30

(Sensirion)

NDIR

EC

EC

EC

EC

Measurement Range

400~9999 ppm

0-1000 pg m;
Res: 1 ug m

0-10000 ppm;
Res: 1 ppm

0-20 ppm;
Res: 0.001 ppm

0-5000 ppb;
Res: 1 ppb

0-5000 ppb;
Res: 1 ppb

0-5000 ppb;
Res: 1 ppb

Accuracy

+15% m.v.

0-100 pg m™>— £10 pg m*;
100-1000 pg m™ —> =10%

+30 ppm + 3% of reading

0.150 ppm

+30 ppb

+30 ppb

+50 ppb

Other
Parameters

T, RH;
AQ indicator

T, RH,P

T, RH,P

T, RH,P

T, RH,P

T, RH,P

T, RH,P

Data Storage &
Transmission
Wi-Fi — cloud
(Qingping 10T app or
dashboard, 24 hr and 30-
day historical data);
Internal storage (2880
readings); Res: 1 min
Wi-Fi — cloud (TSI
Link™ Solutions);
SD card (32 GB, 2 weeks
for 15 min data);
Res: 1, 5, 10, 15, 30, 60
min
Wi-Fi — cloud (TSI
Link™ Solutions);
SD card (32 GB, 2 weeks
for 15 min data);
Res: 1, 5, 10, 15, 30, 60
min
Wi-Fi — cloud (TSI
Link™ Solutions);
SD card (32 GB, 2 weeks
for 15 min data);
Res: 1, 5, 10, 15, 30, 60
min
Wi-Fi — cloud (TSI
Link™ Solutions);
SD card (32 GB, 2 weeks
for 15 min data);
Res: 1, 5, 10, 15, 30, 60
min
Wi-Fi — cloud (TSI
Link™ Solutions);
SD card (32 GB, 2 weeks
for 15 min data);
Res: 1, 5, 10, 15, 30, 60
min
Wi-Fi — cloud (TSI
Link™ Solutions);
SD card (32 GB, 2 weeks
for 15 min data);
Res: 1, 5, 10, 15, 30, 60
min

Data Retrieval/
Visualization

LCD display;
Mobile application;
Website

Website;
SD Export

Website;
SD Export

Website;
SD Export

Website;
SD Export

Website;
SD Export

Website;
SD Export
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Manufacturer

TSIX4,99

TSIS4,99

TSIS4,99

TSIX4,99

TSIS4,99

TSIS4,99

LCS/Model

AirAssure
8144-2 (PM, CO,,
VOCs);
8144-4 (CO,, CO,
HCHO, VOCs);
8144-6 (CO,, CO,
NO,, O3, SO,,
VOCs)
AirAssure
8144-2 (PM, CO,,
VOCs);
8144-4 (CO,, CO,
HCHO, VOCs);
8144-6 (CO,, CO,
NO,, O3, SO,
VOCs)
AirAssure
8144-2 (PM, CO,,
VOCs);
8144-4 (CO,, CO,
HCHO, VOCs);
8144-6 (CO,, CO,
NO,, O3, SO,,
VOCs)
AirAssure
8144-2 (PM, CO,,
VOCs);
8144-4 (CO,, CO,
HCHO, VOCs);
8144-6 (CO,, CO,
NO,, O3, SO,,
VOCs)
AirAssure
8144-2 (PM, CO,,
VOCs);
8144-4 (CO,, CO,
HCHO, VOCs);
8144-6 (CO,, CO,
NO,, O3, SO,,
VOCs)
AirAssure
8144-2 (PM, CO,,
VOCs);
8144-4 (CO,, CO,
HCHO, VOCs);
8144-6 (CO,, CO,
NO,, O3, SO,,
VOCs)

Pollutant

PM

CO,

(60)

O;

NO;

SO;

Sensor/Technology

Laser

NDIR

EC

EC

EC

EC

Measurement Range

0-1000 pg m;
Res: 1 ugm?

400-10000 ppm;
Res: 1 ppm

0-1000 ppm;
Res: 100 ppb

0-20 ppm;
Res: 1 ppb

0-20 ppm;
Res: 1 ppb

0-10 ppm;
Res: 1 ppb

Accuracy

0-100 pg m™—> £10 ug m>;
100-1000 pg m™ —> +10%

+3% of reading + 30 ppm

+15% of reading or £150 ppb
(whichever is greater)

+15% of reading or =15 ppb
(whichever is greater)

Other
Parameters

T, RH,P

T, RH,P

T, RH,P

T, RH,P

T, RH,P

T, RH,P

Data Storage &
Transmission

Wi-Fi — cloud (TSI
Link™ Solutions);
SD card (32 GB, 2 weeks
for 15 min data);
Res: 1, 5, 10, 15, 30, 60
min

Wi-Fi — cloud (TSI
Link™ Solutions);
SD card (32 GB, 2 weeks
for 15 min data);
Res: 1, 5, 10, 15, 30, 60
min

Wi-Fi — cloud (TSI
Link™ Solutions);
SD card (32 GB, 2 weeks
for 15 min data);
Res: 1,5, 10, 15, 30, 60
min

Wi-Fi — cloud (TSI
Link™ Solutions);
SD card (32 GB, 2 weeks
for 15 min data);
Res: 1, 5, 10, 15, 30, 60
min

Wi-Fi — cloud (TSI
Link™ Solutions);
SD card (32 GB, 2 weeks
for 15 min data);
Res: 1, 5, 10, 15, 30, 60
min

Wi-Fi — cloud (TSI
Link™ Solutions);
SD card (32 GB, 2 weeks
for 15 min data);
Res: 1, 5, 10, 15, 30, 60
min

Data Retrieval/
Visualization

Website;
SD Export

Website;
SD Export

Website;
SD Export

Website;
SD Export

Website;
SD Export

Website;
SD Export
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Manufacturer

TSIS4,99

TSIX4,99

uHoo'"

uHoo'"

uHoo!'®

uHoo'"

uHoo!'®

uHoo'"

uRADMonitor®®

uRADMonitor®®

uRADMonitor®®

LCS/Model

AirAssure
8144-2 (PM, CO,,
VOCs);
8144-4 (CO,, CO,
HCHO, VOCs);
8144-6 (CO,, CO,
NO,, O3, SO,,
VOCs)
AirAssure
8144-2 (PM, CO,,
VOCs);
8144-4 (CO,, CO,
HCHO, VOCs);
8144-6 (CO,, CO,
NO,, O3, SO,
VOCs)

Smart Air Monitor

Smart Air Monitor

Smart Air Monitor

Smart Air Monitor

Smart Air Monitor

Smart Air Monitor

Model A3

Model A3

Model A3

Pollutant

HCHO

tVOC

PM: s

CO,

NO,

(60)

VOCs

(08

PMy;
PM,3s;
PM;o

CO,

O;

Sensor/Technology

EC

MOX

Laser

NDIR

EC

Measurement Range

0-1000 ppb;
Res: 1 ppb

0-1885 mg m™;
Res: 0.001 mg m*

1-200 pg m;
Res: 1 ugm?

400-10000 ppm;
Res: 1 ppm

1-1000 ppb;
Res: 1 ppb

0 - 1,000 ppm;
Res: 0.1 ppm

0-30000 ppb;
Res: 1 ppb

1-1000 ppb;
Res: 1 ppb

0-1000 pg m;
Res: 1 ug m

400-5000 ppmy;
Res: 1 ppm

0-10 ppm;
Res: 10 ppb

Accuracy

+20% of reading + 20 ppb

£15 pg m> or £10%
(whichever is higher)

+50 ppm plus +£3%

+20 ppb or £10% (whichever
is higher)

+2 ppm or 5%
(whichever is higher)

+20 ppb or £15% (whichever
is higher)

+20 ppb or £10% (whichever

is higher)

+15%

+5%

+5%

Other Data Storage &
Parameters Transmission

Wi-Fi — cloud (TSI
Link™ Solutions);
SD card (32 GB, 2 weeks

T.RHP for 15 min data);
Res: 1, 5, 10, 15, 30, 60
min
Wi-Fi — cloud (TSI
Link™ Solutions);
SD card (32 GB, 2 weeks
T.RHP for 15 min data);
Res: 1, 5, 10, 15, 30, 60
min
T, RH, P: Wi-Fi — ClOl.ld (uHoo
AQ indicator app);
T, RH, P: Wi-Fi — 0101'1d (uHoo
AQ indicator app);
T, RH, P: Wi-Fi —» 0101.1d (uHoo
AQ indicator app);
T, RH, P: Wi-Fi — ClOl'ld (uHoo
AQ indicator app);
T, RH, P: Wi-Fi - 0101'1d (uHoo
AQ indicator app);
T, RH, P: Wi-Fi — ClOl.ld (uHoo
AQ indicator app);
Wi-Fi
T, RH, P; /Ethernet/LoRaWAN —
Noise cloud (uRADMonitor
servers); Res: 1 min
Wi-Fi
T, RH, P; /Ethernet/LoRaWAN —
Noise cloud (uURADMonitor
servers); Res: 1 min
Wi-Fi
T, RH, P; /Ethernet/LoRaWAN —
Noise cloud (uURADMonitor

servers); Res: 1 min

Data Retrieval/
Visualization

Website;
SD Export

Website;
SD Export

Mobile Application

Mobile Application

Mobile Application

Mobile Application

Mobile Application

Mobile Application

Website/API;
Local access LAN

Website/API;
Local access LAN

Website/API;
Local access LAN
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Manufacturer

uRADMonitor®®

uRADMonitor®®

uRADMonitor®®

uRADMonitor®®

uRADMonitor®®

uRADMonitor®®

uRADMonitor®®

uRADMonitor®®

uRADMonitor®®

Wicked
Device'”!

Wicked
Device'”!

Wicked
Device!?!

Wicked
Device'”!

Wicked
Device!%!

LCS/Model

Model A3

Model A3

Model A4

Model A4

Model A4

Model A4

Model A4

Model A4

Model A4

Air Quality Egg
Indoor/Outdoor

Air Quality Egg
Indoor/Outdoor

Air Quality Egg
Indoor/Outdoor

Air Quality Egg
Indoor/Outdoor

Air Quality Egg
Indoor/Outdoor

Pollutant

HCHO

VOCs

PM;;

PMys;

PMio

CO,

O;

HCHO

Cco

NO,

VOCs

PMy;
PM,3s;
PM;o

CO,

CcO

(03

NO,

Sensor/Technology

EC

MOX

Laser

NDIR

EC

EC

EC

Micro-
electromechanical

MOX

Laser;
PMS5003
(Plantower)

EC;
ZE12A
(Winsen)
EC;
ZE12A
(Winsen)
EC;
ZE12A
(Winsen)

Measurement Range

0-5 ppm;
Res: 10 ppb

10-1000 ppm (for alcohol)
0-1000 pg m;
Res: 1 ugm?

400-5000 ppmy;
Res: 1 ppm

0-10 ppm;
Res: 10 ppb

0-5 ppm;
Res: 10 ppb

0-500 ppm;
Res: 100 ppb

0.1-10 ppm
Res: 10 ppb

0-3 AQ score

Min: 0.3 pm
0-1000 pg m™

0-10 ppm;
Res: <10 ppb

0-1 ppm
Res: <10ppb

0-1 ppm
Res: <10ppb

Accuracy

+5%

+15%

+15%

+5%

+5%

+5%

+10%

+0.05 ppm

Other
Parameters

T, RH, P;
Noise

T, RH, P;
Noise

T, RH

T,RH

T,RH

T, RH

T, RH

T,RH

T, RH

T,RH, P;
AQI;
GPS (optional)

T, RH, P;
AQI
GPS (optional)
T, RH, P;
AQI
GPS (optional)
T, RH, P;
AQI;
GPS (optional)
T, RH, P;
AQI
GPS (optional)

Data Storage &
Transmission
Wi-Fi
/Ethernet/LoRaWAN —
cloud (uRADMonitor
servers); Res: 1 min
Wi-Fi
/Ethernet/LoRaWAN —
cloud (uURADMonitor
servers); Res: 1 min
Wi-Fi — cloud
(uRADMonitor servers);
Res: 1 min
Wi-Fi — cloud
(uRADMonitor servers);
Res: 1 min
Wi-Fi — cloud
(uRADMonitor servers);
Res: 1 min
Wi-Fi — cloud
(uRADMonitor servers);
Res: 1 min
Wi-Fi — cloud
(uURADMonitor servers);
Res: 1 min
Wi-Fi — cloud
(uRADMonitor servers);
Res: 1 min
Wi-Fi — cloud
(uRADMonitor servers);
Res: 1 min

Wi-Fi — cloud (Air
Quality Egg Portal);
Internal storage
Wi-Fi — cloud (Air
Quality Egg Portal);
Internal storage
Wi-Fi — cloud (Air
Quality Egg Portal);
Internal storage
Wi-Fi — cloud (Air
Quality Egg Portal);
Internal storage
Wi-Fi — cloud (Air
Quality Egg Portal);
Internal storage

Data Retrieval/
Visualization

Website/API;
Local access LAN

Website/API;
Local access LAN

Website/API;
Local access LAN

Website/API;
Local access LAN

Website/API;
Local access LAN

Website/API;
Local access LAN

Website/API;
Local access LAN

Website/API;
Local access LAN

Website/API;
Local access LAN

Website;
Mobile application;
Data export

Website;
Mobile application;
Data export
Website;
Mobile application;
Data export
Website;
Mobile application;
Data export
Website;
Mobile application;
Data export
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Manufacturer LCS/Model
Wicked Air Quality Egg
Device'”! Indoor/Outdoor
Wicked Air Quality Egg
Device!?! Indoor/Outdoor
Wicked Air Quality Egg
Device'”! Indoor/Outdoor

All information is accurate as of June 2024 and is subject to change at any time.

Pollutant

SO,

H.S

vOC

Sensor/Technology

EC;
ZEI2A
(Winsen)
EC;
ZEI2A
(Winsen)

Measurement Range

0-1 ppm
Res: <10ppb

0-1 ppm
Res: <10ppb

Accuracy

Other
Parameters
T, RH, P;
AQI;
GPS (optional)
T, RH, P;
AQL;
GPS (optional)
T, RH, P;
AQL
GPS (optional)

Data Storage &
Transmission
Wi-Fi — cloud (Air
Quality Egg Portal);
Internal storage
Wi-Fi — cloud (Air
Quality Egg Portal);
Internal storage
Wi-Fi — cloud (Air
Quality Egg Portal);
Internal storage

Data Retrieval/
Visualization
Website;
Mobile application;
Data export
Website;
Mobile application;
Data export
Website;
Mobile application;
Data export
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3.3 Performance Evaluations for LCS Devices

The market availability of several single- and multi-pollutant LCS (Tables 3.3.1 and 3.3.2)
provides end users with choices in their selection and needs for IAQ monitoring. The accessibility
and ease-of-use of these LCS devices are important, as well as their ability to reliably detect and
quantify one or more targeted pollutants. Unlike regulatory or reference monitors, the performance
of LCS devices depends on several internal and external factors that influence the reliability and
accuracy of associated air quality measurements. These factors include the target pollutant and
underlying measurement technology, quality and design of sensor hardware components,
environmental conditions, and methods of operation (see Table 3.4.1).474%54192 Additionally, LCS
manufacturers often present their devices as calibrated and ready to use “out of the box™ ensuring
accurate readings; however, these manufacturers often do not elaborate on their calibration process
and conditions, algorithms, and reference instruments used. As a result, it can be challenging for
end users to distinguish which LCS provides reasonable reliability and accuracy for pollutants of

interest, driving the need for independent assessments of these devices.

The EPA evaluates LCS only in outdoor, ambient conditions (“Air Sensor Toolbox”,
www.epa.gov/air-sensor-toolbox) while AQ-SPEC (www.agmd.gov/ag-spec) characterizes LCS
performance under ambient (field) and controlled (laboratory) conditions. Researchers also
examine the performance of different LCS in a range of environmental settings, including different
types of indoor environments (e.g., laboratory, home, office, school)**»!%1% as well as under
ambient outdoor conditions.**!*? While assessing the performance of LCS occur in diverse
environments, these evaluations have largely focused on ambient and laboratory conditions with
fewer studies focusing on IAQ. Ambient evaluations of LCS often result in sophisticated correction
algorithms to account for environmental factors such as humidity and temperature.!?%107
Regardless of the evaluator and environmental conditions, LCS testing is usually conducted
alongside or in comparison to reference-grade (EPA FEM/FRM) or research instrumentation to
determine LCS data confidence. These reference-grade or research instrumentations are operated
and maintained by highly trained technical staff and have known and consistent data quality in a

variety of conditions, and thus can serve as reliable references.

The process of selecting LCS for stakeholders depends on the project or application objectives,
and striking a balance between maximizing data quality and performance with cost, operation, and
maintenance needs. In some cases, having a LCS device provide trends or display qualitative data

such as when concentrations are high or low may be sufficient for informing and educating non-
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technical end users of air quality in indoor environments, but would be inadequate for LCS

applications requiring highly quantitative and precise measurements, in the case of a research field

deployment using LCS to supplement regulatory measurements.

Table 3.4.1. Factors that affect LCS performance.

Factors

Target pollutant(s) and
Technology (Section 3.1)

Target pollutant(s) and
Technology (Section 3.1)

Target pollutant(s) and
Technology (Section 3.1)

Target pollutant(s) and
Technology (Section 3.1)

Quality and Design of
Sensor Hardware

Environmental
Conditions and
Calibrations

Operation

Characteristics/Properties

Light-scattering sensors

O
O
O
O

More reliable for PM; s than PMo

Sensitive to particle size, composition, and hygroscopicity
Current technology cannot measure smaller particles (< 0.3 pm)'%
PM build-up in sensor over time can change performance

EC and MOS/MOX sensors

o

Performance depends on manufacturer and pollutant gases

Cross-sensitivities and susceptible to interferences from non-target pollutants and environmental
parameters
Sensors may lose sensitivity over time and subject to drift

PID sensors

o

o

o

Does not measure all VOCs and are more sensitive to some VOCs
Sensors are not specific for VOCs when more than one is present
Cross-sensitivities and responds to non-target pollutants and environmental parameters

NDIR sensors

Reliable and state-of-the-art for CO, measurements
Less widely applied to other IR active pollutant gases (e.g., CO, NOx, SO;)

Ruggedness of sensor enclosure for protecting internal components from external and
environmental conditions

Placement of the sensing component inside LCS device and efficiency of the target pollutant
reaching it (e.g., air flow placement for PM LCS)

Environment concentrations of the target pollutant must match LCS capabilities and sensitivities
In outdoor and indoor conditions, sensors can be sensitive to temperature, humidity, and other
conditions that can influence measurements or damage internal components
In indoor conditions:
= LCS may be consistently overloaded if high pollution events occur frequently and cause
drift or aging of the LCS
= Occupants’ behavior may also impact the performance, e.g., blocking LCS sampling air
inlet, causing vibration constantly (high traffic area), and high humidity impacts (placement
near bathroom or humidifier)
Manufacturer calibration of LCS may use pollutant sources (e.g., acrosol type) different from
target monitoring needs, thus potentially affecting measurement outcomes

Siting or placement of sensor in adequate location for best performance (e.g., mounted)
Routine or preventative maintenance of LCS (e.g., cleaning, sensor replacements)
Data transmission (e.g., stable wireless connection)
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Table 3.4.2. Performance evaluation considerations for LCS applications.

Factors

Trends

Precision

(Intra-model variability)

Bias
(Accuracy)

Concentration Range

Meteorology

Specificity

Drift

Key Questions

How well do the changes in LCS measurements mimic or track the change in pollutant
concentrations that are measured by the reference instrument?

How consistent are the concentration measurements obtained by LCS of the same make, model,
and firmware version that are operated under the same evaluation conditions?

How closely do the LCS measurements agree with measurements made by a collocated reference
instrument?

Does the operating range of the LCS cover the range of pollutant concentrations expected at the
desired monitoring location or environment?

Is the sensor response affected by meteorological conditions (e.g., RH, T)?
Was the LCS evaluation performed in an environment similar to your application of interest?

Does the LCS measure the target pollutant?
Are the LCS measurements affected by any interferent(s)?

Is the LCS response to pollutant concentrations stable over time? For how long?

Adapted from EPA’s The Enhanced Air Sensor Guidebook (Section 4.4)*

Table 3.4.3. Examples of suggested performance goals for LCS applications compared to
regulatory monitoring.

Application Area

Education & Information

Hotspot Identification &
Characterization

Supplemental Monitoring

Personal Exposure

Regulatory Monitoring

Precision &

Bias Error Data Completeness Rationale

Pollutants

Importance is demonstrating
All <50% >50% pollutant exists in some wide
concentration range.

Higher data quality needed to
All <30% >75% ensure concentration close to
true value.

Must be sufficient quality to

Criteria pollutants, <20% >80% ensure information is filling in

air toxics o
monitoring gaps.
Error rates higher than these
make interpretation of personal
0 >2()0
All <30% 280% exposure data difficult to
understand
0,
<7% .
CO. SO o Precise measurements needed to
» DN <10% . .
<15% >75% ensure high data quality able to
NO, <1 00/0 meet regulatory requirements
PM, 5 PM, ’

Color gradient indicates increasing importance of performance for AQ measurements.
Adapted from Table 5-1 in EPA’s Air Sensor Guidebook'®
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EPA’s The Enhanced Air Sensor Guidebook*' provides information on factors to consider when
reviewing sensor performance evaluation results in the scope of an end-user’s planned LCS
application (Table ). Additional guidance on LCS performance goals for individuals,

communities, and other stakeholders have been suggested in an earlier version of EPA’s Air Sensor

guidebook' (Table B.4.3).

Existing performance evaluations for commercially-available single- and multi-pollutant LCS
devices suitable for IAQ monitoring (Tables .3.1[and B.3.2) lare summarized in Section for
those evaluated by AQ-SPEC and Section for those reviewed in peer-reviewed and other gray
literature. All single- and multi-pollutant LCS with existing validation results from AQ-SPEC
and/or research studies are listed in Table Given that LCS rapidly evolve and newer versions
are created every few years by some manufacturers, available evaluations included in Sections
and cover older versions of current commercially-available LCS for IAQ monitoring if

the most recent version or model has not been evaluated.

Table 3.4.4. Single- and multi-pollutant LCS with available performance evaluations from AQ-
SPEC and/or peer-reviewed or gray literature.

Manufacturer Single-Pollutant LCS Manufacturer Multi-Pollutant LCS
. Lo Acthair e
Davis Instruments AirLink (formerly AirThinx) AirThinx IAQ
Applied Particle Technology Minima Atmotech Inc. Atmotube PRO
DCI1100 Awair Element
) DC1100 Pro ) Al-2002W
Dylos Corporation Edimax
DC1700 Battery Al-2003W
DC1700-PM Elitech Temtop M2000 2™ gen
itec
Ecowitt WH41 Temtop LKC-1000S+ 2" gen
HabitatMap Airbeam 3 I0A] Air Visual Pro
ir
Netatmo Smart TAQ Monitor Air Visual Outdoor
PA-II (classic) L Air Monitor 2
, Qingping . L
PurpleAir PA-II-Flex Air Monitor Lite
PA-I TSI AirAssure
SAF Tehnika Aranet4 UHOO Smart Air Monitor
TSI BlueSky uRADMonitor MODEL A3
uRADMonitor SMOGGIE-PM . . Air Quality Egg Indoor
Wicked Device . ;
Air Quality Egg Outdoor
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3.3.1 AQ-SPEC Performance Evaluations of LCS Devices

AQ-SPEC was established by South Coast AQMD to evaluate the performance of commercially
available LCS and provide guidance on data quality. AQ-SPEC (www.agmd.gov/ag-spec)
performs the most systematic and extensive evaluations of commercially-available LCS using
carefully developed methods, protocols, and procedures in the field, under ambient conditions, and

in the laboratory under controlled environmental conditions.

In the field, manufacturer-calibrated LCS are evaluated in triplicate (3 units) over a span of
approximately two months alongside FEM and FRM AQ instruments under a Field Testing

Protocol'®®

at the South Coast AQMD Rubidoux stationary ambient air monitoring station. In the
laboratory, LCS with nominal field performance are further evaluated with controlled tests in AQ-
SPEC specialized chambers under a Laboratory Testing Protocol.''%!"! In AQ-SPEC chambers,
controlled artificial aerosol comprising liquid aerosol (salt) and dry dust are used in experiment
testing of PM sensors while controlled gaseous atmosphere environments are generated for testing
gas sensors.!!! AQ-SPEC makes use of several metrics to report the performance of LCS such as
R?, slope, intra-model variability, and error measures. R? calculated from a linear regression
indicates the correlation between co-located LCS and FEM/FRM concentration measurements. An
R? approaching the value of 1 reflects a near perfect correlation with reference instruments,
whereas a value of 0 indicates a complete lack of correlation. The slope of the linear regression
shows how similar the LCS measurements are to reference measurements, and the closer the slope
is to 1, the more the LCS response is like the reference instrument. A slope larger or smaller than
1 represents an over- or underestimation of LCS concentrations when compared to reference
instruments. Intra-model variability describes how close together the measurements of three
evaluated units of the same LCS are compared to each other. Error calculations show the degree
of closeness of LCS measurements to the actual (true) concentration value using FEM/FRM
instruments. AQ-SPEC uses mean absolute error (MAE) as an error metric to present the
disagreement in pollutant concentrations between co-located LCS and reference instruments. The

closer MAE is to 0, the higher the agreement of LCS measurements to reference instruments.

Single- and multi-pollutant LCS (Tables 3.3.1 and 3.3.2) evaluated by AQ-SPEC are summarized
in Tables 3.4.5 and 3.4.6 respectively with relevant performance information, including year of
evaluation, links to evaluation reports, pollutants evaluated, reference instruments used, R2, slope,
MAE, and other related information. The year of evaluation is important as LCS manufacturers

consistently change or improve their devices, releasing newer generations or models every few
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years. FEM/FRM reference instruments and evaluated LCS use 5-minute resolution data unless
otherwise stated in Tables 3.4.5 and 3.4.6. This resolution is selected as some reference instruments
used by AQ-SPEC provide data only at a 1-hour resolution in the field, whereas laboratory
reference instruments consistently provide data at a 5-minute resolution. To ensure an ideal
comparison of performance between field and laboratory evaluations, the 5-minute resolution data
was adopted. For slope values resulting from linear regressions, reference instrument data are
along the y-axis and LCS measurements are on the x-axis. Additional notes in Tables 3.4.5 and
3.4.6 include trends of LCS measurements either over- or underestimating reference concentration
values as well as LCS data recovery, as reported by AQ-SPEC. Data recovery describes the ratio
of valid LCS data points over the total number of data points collected during the testing period,'®
which is important for reliable and representative LCS pollution data. T and RH sensors were

present in all evaluated LCS devices, and usually had R? > 0.90 compared to references.
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Table 3.4.5. AQ-SPEC performance evaluations for single-pollutant LCS.

Manufacturer
Applied Particle
Technology

Applied Particle
Technology

Applied Particle
Technology

Applied Particle
Technology

Davis
Instruments

Davis
Instruments

Davis
Instruments

Davis
Instruments

Dylos
Corporation

Dylos
Corporation

Dylos
Corporation

Dylos
Corporation

Dylos
Corporation

Ecowitt

HabitatMap

HabitatMap

HabitatMap

HabitatMap

LCS/Model
Minima
Minima
Minima
Minima
AirLink
AirLink
AirLink
AirLink

DC1100 Pro with
PC interface

DC1700 Battery
DC1700-PM
DC1700-PM
DC1700-PM

WH41

Airbeam 3

Airbeam 3

Airbeam 3

Airbeam 3

Year of
Evaluation

2020'2

2020'2

20202

2020'2

20213

20213

20213

20213

2014-2015"*

2014-2015"*

201815

201815

2018

2019'16

2022177

2022117

20227

20227

Setting

Ambient
Ambient
Ambient
Chamber
Ambient
Ambient

Ambient

Chamber

Ambient
Chamber
Ambient
Ambient
Chamber

Ambient

Ambient

Ambient

Ambient

Chamber

Pollutant

PM,

PMys

PMio

PMys

PM,

PMys

PM;

PM,s

PMO.S-Z.S

PMos2s

PMys

PMio

PMys

PMy s

PM,

PMy s

PM;

PM,

Comparison Instrument

Teledyne API T640
Teledyne API T640
Teledyne API T640

Teledyne API T640x

GRIMM
Teledyne API T640

GRIMM
Teledyne API T640

GRIMM
Teledyne API T640

Teledyne T640x

GRIMM

GRIMM

GRIMM
Teledyne T640

GRIMM
Teledyne T640

GRIMM

GRIMM
Teledyne API T640

GRIMM EDM 180
Teledyne API T640

GRIMM EDM 180
Teledyne API T640

GRIMM EDM 180
Teledyne API T640

Teledyne T640x

RZ

~0.83-0.90

~0.86-0.89

~0.36-0.38

>0.99

~0.85-0.89

~0.73-0.81

~0.24-0.31

>0.99

~0.81

~0.89

~0.58-0.68

~0.15-0.18

>0.95

~0.33-0.52

~0.94-0.97

~0.80-0.91

~0.19-0.26

>0.99

MAE (pg m”)
5.0-5.6
5.8-6.5

39.4-40.3
5.0-8.1
2228
4.9-59

12.1-26.0

43-6.6

4.2

24.3-28.5
43.9-53.8
198.3-209.4

8.2-154

1.3-2.6

3.6-53

20.4-26.8

1.5-5.7

Pollutant Notes

Slope = 1.35-1.47
Underestimation
Slope = 1.0-1.1
Underestimation
Slope = 1.40-1.49
Underestimation
Slope = 1.0
Overestimation

Slope = 0.73-0.79
Underestimation
Slope = 0.50-0.57
Over/underestimation
Slope = 0.47-0.68
Underestimation
Slope = 1.1
Overestimation
(<200 pg m*)

Slope = 0.93
Overestimation

Slope = 0.15-0.21
Large overestimation
Slope = 0.19-0.29
Large overestimation
Slope = 0.41
Large overestimation

Slope =0.17-0.43
Overestimation

Slope = 0.76-1.0
Underestimation

Slope = 0.85-1.1
Underestimation

Slope = 0.94-1.56
Underestimation

Slope = 0.89
Underestimation

LCS Notes

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~92%
Intra-model variability: Low

Data recovery: > 98%
Intra-model variability:
Moderate
Data recovery: > 98%
Intra-model variability:
Moderate
Data recovery: > 98%
Intra-model variability:
Moderate
Data recovery: > 98%
Intra-model variability:
Moderate
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https://www.aqmd.gov/aq-spec/sensordetail/applied-particle-technology-(apt)---minima
https://www.aqmd.gov/aq-spec/sensordetail/applied-particle-technology-(apt)---minima
https://www.aqmd.gov/aq-spec/sensordetail/applied-particle-technology-(apt)---minima
https://www.aqmd.gov/aq-spec/sensordetail/applied-particle-technology-(apt)---minima
https://www.aqmd.gov/aq-spec/sensordetail/davis-instruments---airlink
https://www.aqmd.gov/aq-spec/sensordetail/davis-instruments---airlink
https://www.aqmd.gov/aq-spec/sensordetail/davis-instruments---airlink
https://www.aqmd.gov/aq-spec/sensordetail/davis-instruments---airlink
https://www.aqmd.gov/aq-spec/sensordetail/dc1100-pro
https://www.aqmd.gov/aq-spec/sensordetail/dc1100-pro
https://www.aqmd.gov/aq-spec/sensordetail/dc1700pm
https://www.aqmd.gov/aq-spec/sensordetail/dc1700pm
https://www.aqmd.gov/aq-spec/sensordetail/dc1700pm
https://www.aqmd.gov/aq-spec/sensordetail/ecowitt-wh41b
https://www.aqmd.gov/aq-spec/sensordetail/habitatmap---airbeam3
https://www.aqmd.gov/aq-spec/sensordetail/habitatmap---airbeam3
https://www.aqmd.gov/aq-spec/sensordetail/habitatmap---airbeam3
https://www.aqmd.gov/aq-spec/sensordetail/habitatmap---airbeam3

Manufacturer

HabitatMap

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

LCS/Model

Airbeam 3

PA-II

PA-II

PA-II

PA-II

PA-II

PA-II

PA-II-Flex

PA-II-Flex

PA-II-Flex

PA-II-Flex

PA-II-Flex

PA-1

PA-1

PA-I

PA-1

Year of
Evaluation
2022117

2016'*

2016'*

20168

2016'*

20168

2016'*

202211

202211

2022

2022

202211

2018120

2018120

201820

2018120

Setting

Chamber

Ambient

Ambient

Ambient

Chamber

Chamber

Chamber

Ambient

Ambient

Ambient

Chamber

Chamber

Ambient

Ambient

Chamber

Chamber

Pollutant

PMys

PM,

PMys

PMio

PM,

PM,s

PM;

PM,

PMy s

PM;

PM,

PM,s

PMy s

PMio

PM,

PM,s

Comparison Instrument

Teledyne T640x

GRIMM

GRIMM

GRIMM

GRIMM

GRIMM

GRIMM
GRIMM EDM 180

Teledyne API T640

GRIMM EDM 180
Teledyne API T640

GRIMM EDM 180
Teledyne API T640

Teledyne T640x

Teledyne T640x

MetOne BAM

MetOne BAM

GRIMM

GRIMM

RZ

>0.99

~0.86-0.98

~0.90-0.98

~0.66-0.70

>0.99

>0.99

~0.94

~0.90-0.94

~0.77-0.89

~0.21-0.39

>0.99

>0.99

~0.75-0.76

~0.36-0.46

>0.99

>0.99

MAE (pg m”)

2.6-11.6

11.7-15.9

1.7-4.2

15.6-20.5

1.4-2.2
34-3.8

15.3-24.8

13.5-14.6

1.7-2.2

5.1-9.5

18.7-27.7

Pollutant Notes

Slope = 1.1
Underestimation

Slope = 0.64-0.83
Overestimation

Slope = 0.51-0.64
Overestimation

Slope = 0.53-0.69
Overestimation

Slope = 1.49
Underestimation
0-175 pg m

Slope = 1.31
Underestimation
0-250 pg m

Slope = 2.38

Large Underestimation

0-200 pg m
Slope = 0.74-0.81
Underestimation

Slope = 0.62-0.67
Underestimation

Slope = 0.63-0.91
Underestimation

Slope = 1.78
Underestimation
0-300 pg m

Slope = 1.16
Underestimation
50-300 pg m™

Slope = 0.57-0.59
Overestimation

Slope = 14.7-31.1

Large Underestimation

Slope =1.17
Underestimation
> 50 pg m?
Slope =0.73
Overestimation

LCS Notes

Data recovery: > 98%
Intra-model variability:
Moderate

Data recovery: 95-99%
Intra-model variability: Low

Data recovery: 95-99%
Intra-model variability: Low

Data recovery: 95-99%
Intra-model variability: Low

Data recovery: 95-99%
Intra-model variability: Low

Data recovery: 95-99%
Intra-model variability: Low

Data recovery: 95-99%
Intra-model variability: Low

Data recovery: ~94%
Intra-model variability: Low

Data recovery: ~94%
Intra-model variability: Low

Data recovery: ~94%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low

Data recovery: > 99%
Intra-model variability: Low
1-hr data
Data recovery: > 99%
Intra-model variability: Low
1-hr data

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low
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https://www.aqmd.gov/aq-spec/sensordetail/habitatmap---airbeam3
https://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-ii
https://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-ii
https://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-ii
https://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-ii
https://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-ii
https://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-ii
https://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-ii-flex
https://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-ii-flex
https://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-ii-flex
https://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-ii-flex
https://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-ii-flex
http://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-i-indoor
http://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-i-indoor
http://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-i-indoor
http://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-i-indoor

Manufacturer

PurpleAir

TSI

TSI

TSI

uRADMonitor

uRADMonitor

uRADMonitor

uRADMonitor

uRADMonitor

LCS/Model

PA-1

BlueSky

BlueSky

BlueSky

SMOGGIE-PM

SMOGGIE-PM

SMOGGIE-PM

SMOGGIE-PM

SMOGGIE-PM

Year of
Evaluation

2018120

2020

2020

2020

202022

2020'2

2020'2

202022

202022

Setting

Chamber

Ambient

Ambient

Chamber

Ambient

Ambient

Ambient

Chamber

Chamber

Pollutant

PM,o

PMys

PMio

PM,s

PM,

PMys

PM;

PM,

PM,s

Comparison Instrument

GRIMM
APS

GRIMM
Teledyne API T640

GRIMM
Teledyne API T640

GRIMM

GRIMM

GRIMM
Teledyne API T640

GRIMM
Teledyne API T640

GRIMM

GRIMM

RZ

~0.97

~0.65-0.76

~0.09-0.21

>0.99

~0.83-0.85

~0.60-0.81

~0.02-0.06

>0.99

>0.99

MAE (pg m”)

44204

49-59

22.7-26.3

3.1-6.2

4.8-5.6

2.1-2.8

17.5-25.2

25.3-26.8

19.5-22.9

Pollutant Notes

Slope = 1.83-2.16
Underestimation

Slope = 0.84-1.29
Underestimation

Slope = 1.42-2.25
Underestimation

Slope = 0.98
0-250 pg m

Slope = 1.52-1.65
Underestimation

Slope = 0.62-1.17
Underestimation

Slope = 0.44-1.05
Underestimation

Slope = 4.03
Large Underestimation

Slope = 2.55
Large Underestimation

LCS Notes

Data recovery: ~100%
Intra-model variability: Low
Data recovery: >80%
Intra-model variability:
Moderate
Data recovery: >80%
Intra-model variability:
Moderate

Data recovery: ~100%
Intra-model variability:
Moderate

Data recovery: >78%
Intra-model variability: Low

Data recovery: >78%
Intra-model variability: Low

Data recovery: >78%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low
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http://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-i-indoor
https://www.aqmd.gov/aq-spec/sensordetail/tsi---bluesky
https://www.aqmd.gov/aq-spec/sensordetail/tsi---bluesky
https://www.aqmd.gov/aq-spec/sensordetail/tsi---bluesky
https://www.aqmd.gov/aq-spec/sensordetail/magnasci-srl---smoggie-pm
https://www.aqmd.gov/aq-spec/sensordetail/magnasci-srl---smoggie-pm
https://www.aqmd.gov/aq-spec/sensordetail/magnasci-srl---smoggie-pm
https://www.aqmd.gov/aq-spec/sensordetail/magnasci-srl---smoggie-pm
https://www.aqmd.gov/aq-spec/sensordetail/magnasci-srl---smoggie-pm

Table 3.4.6. AQ-SPEC performance evaluations for multi-pollutant LCS.

Manufacturer

Acthair
(formerly
AirThinx)

Acthair
(formerly
AirThinx)

Acthair
(formerly
AirThinx)

Atmotech Inc.

Atmotech Inc.

Atmotech Inc.

Atmotech Inc.

Atmotech Inc.

Edimax
Elitech
Elitech

Elitech

Elitech

Elitech

Elitech

IQAir

IQAir

LCS/Model

AirThinx IAQ

AirThinx TAQ

AirThinx TAQ

Atmotube PRO
Atmotube PRO

Atmotube PRO

Atmotube PRO

Atmotube PRO

Al-2002W

Temtop M2000
2M gen
Temtop M2000
2™ gen
Temtop M2000
2M gen

Temtop LKC-
1000S+

Temtop LKC-
1000S+

Temtop LKC-
1000S+

Air Visual Pro

Air Visual Pro

Year of
Evaluation

2018'%

20183

20183

2020'2

2020'2

2020'2

2020'

2020'

2018'%

20202

20202

20202

2020'%7

2020'%7

2020'7

2018'%

2018'%

Setting

Ambient

Ambient

Ambient

Ambient
Ambient

Ambient

Chamber

Chamber

Ambient
Ambient
Ambient

Chamber

Ambient

Ambient

Chamber
Ambient

Chamber

Pollutant

PM,

PM; s

PMio

PM,

PM; s

PM,o

PM,

PMys

PM; s

PM; s

PM,o

PM; s

PM; s

PM,o

PMys

PMys

PMys

Comparison s
Instrument R
GRIMM ~0.68-0.71
GRIMM ~0.54-0.57
GRIMM ~0.04-0.05
GRIMM ~0.90-0.93
GRIMM ~0.88
GRIMM 022
GRIMM >0.99
GRIMM > 0.99
GRIMM ~0.82-0.83
Te1ed(y}ri1%§f T640 ~0.77-0.82
Te1ed(y}ri%i\f T640 ~0.18-0.28
GRIMM ~0.99
GRIMM ~0.91-0.92
GRIMM ~0.31-0.35
GRIMM > 0.99
Teled(y}ilfﬁf T640 ~0.63-0.81
GRIMM 0.99

MAE (pg m”)

2.4-25

4.8-5.0

19.7-19.8

3.6-4.6
4.9-59

20.9-22.9

1.9-6.4

2.9-3.8

3.3-44
2.1-32
12.1-14.1

13.3-21.5

3.1-3.6

11.7-17.9

11.1-21.9
3.5-55

1.8-10.8

Pollutant Notes

Slope = 0.78-0.82

Slope = 0.51-0.53

Slope = 0.49-0.55

Large Underestimation

Slope = 1.03-1.32
Underestimation
Slope = 0.98-1.21
Underestimation

Slope = 0.99-1.18
Underestimation

Slope = 0.88
0-200 ug m

Slope = 0.94
0-250 ug m

Slope = 0.60-0.63
Overestimation
Slope = 0.66-0.99
Underestimation
Slope = 1.01-1.34
Underestimation
Slope =0.70
Overestimation

Slope = 0.64-0.73
Overestimation

Slope = 0.53-0.57
Underestimation

Slope = 0.71
Overestimation
Slope = 0.83-1.09
Underestimation

Slope = 0.82
Overestimation

LCS Notes

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low

Data recovery: ~100%
Intra-model variability: Low

Data recovery: > 92%
Intra-model variability: Low

Data recovery: > 92%
Intra-model variability: Low

Data recovery: > 92%
Intra-model variability: Low
Data recovery: ~ 100%
Intra-model variability: Low
to moderate
Data recovery: ~ 100%
Intra-model variability: Low
to moderate
Data recovery: > 99%
Intra-model variability: Low
Data recovery: ~ 100%
Intra-model variability: Low
Data recovery: ~ 100%
Intra-model variability: Low
Data recovery: ~ 100%
Intra-model variability: Low
Data recovery: ~ 100% (1
unit at ~ 78%)
Intra-model variability: Low
Data recovery: ~ 100% (1
unit at ~ 78%)
Intra-model variability: Low
Data recovery: ~ 100%
Intra-model variability: Low
Data recovery: > 99%
Intra-model variability: Low
Data recovery: > 99%
Intra-model variability: Low
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https://www.aqmd.gov/aq-spec/sensordetail/airthix-iaq
https://www.aqmd.gov/aq-spec/sensordetail/airthix-iaq
https://www.aqmd.gov/aq-spec/sensordetail/airthix-iaq
https://www.aqmd.gov/aq-spec/sensordetail/atmotube---pro
https://www.aqmd.gov/aq-spec/sensordetail/atmotube---pro
https://www.aqmd.gov/aq-spec/sensordetail/atmotube---pro
https://www.aqmd.gov/aq-spec/sensordetail/atmotube---pro
https://www.aqmd.gov/aq-spec/sensordetail/atmotube---pro
https://www.aqmd.gov/aq-spec/sensordetail/edimax---edigreen-home
https://www.aqmd.gov/aq-spec/sensordetail/elitech---temtop-m2000
https://www.aqmd.gov/aq-spec/sensordetail/elitech---temtop-m2000
https://www.aqmd.gov/aq-spec/sensordetail/elitech---temtop-m2000
https://www.aqmd.gov/aq-spec/sensordetail/elitech---temtop-lkc-1000s
https://www.aqmd.gov/aq-spec/sensordetail/elitech---temtop-lkc-1000s
https://www.aqmd.gov/aq-spec/sensordetail/elitech---temtop-lkc-1000s
https://www.aqmd.gov/aq-spec/sensordetail/iqair---airvisual-pro
https://www.aqmd.gov/aq-spec/sensordetail/iqair---airvisual-pro

Manufacturer
IQAIr
IQAIr

IQAir

Qingping

Qingping

Qingping

TSI

TSI

uHOO

uHOO

uHOO

LCS/Model

Air Visual
Outdoor

Air Visual
Outdoor

Air Visual
Outdoor

Air Monitor

Air Monitor Lite

Air Monitor Lite

AirAssure

AirAssure

Smart Air
Monitor

Smart Air
Monitor

Smart Air
Monitor

Year of
Evaluation

2022'%

2022'%

2022'%

2022-2023'%

2022-2023"3!

2022-2023"3!

2015-2016'*

2015-2016'*

2017'%

2017'3

2017'%

Setting
Ambient
Ambient

Ambient

Ambient

Ambient

Ambient

Ambient

Chamber

Ambient

Ambient

Ambient

Pollutant

PM,

PMys

PM;

PM; s

PM, s

PM,o

PM; s

PMys

PMys

(60)

O;

Comparison
Instrument

GRIMM EDM 180
Teledyne API T640

GRIMM EDM 180
Teledyne API T640

GRIMM EDM 180
Teledyne API T640

GRIMM
Teledyne API T640

GRIMM
Teledyne API T640

GRIMM
Teledyne API T640

GRIMM

GRIMM

FEM BAM

FRM CO instrument

FEM Oj instrument

RZ

~0.52-0.65

~0.53-0.65

~0.38-0.61

~0.86-0.91

~0.84-0.93

~0.36-0.43

~0.81-0.83

>0.99

<0.01

0.0

~0.43-0.72

MAE (ng m*)
45-5.6
4.4-6.0

10.5-14.4

1.8-23

1.8-3.6

16.2-20.1

32.4-55.0

9.5-17.8

3.6 ppm*

14.5-68.8 ppb*

Pollutant Notes

Slope =1.12-1.30
Underestimation
Slope = 0.75-0.95
Underestimation

Slope = 1.06-1.49
Overestimation

Slope = 0.84-0.94
Underestimation

Slope = 0.96-1.14
Underestimation

Slope = 1.49-1.63
Large Underestimation

Slope = 0.67-0.72
Overestimation

Slope = 0.50
Large Overestimation (0-
150 pug m?)
Plateau measurements at
300 pg m

Slope = 0.02-0.06
No correlation

No response

Slope = 0.21-0.64
Significant
Underestimation

LCS Notes

Data recovery: > 99%
Intra-model variability: Low

Data recovery: > 99%
Intra-model variability: Low

Data recovery: > 99%
Intra-model variability: Low

Data recovery: ~ 100%
Intra-model variability: Low

Data recovery: ~97%
Intra-model variability: Low

Data recovery: ~97%
Intra-model variability: Low

Data recovery: > 99%
Intra-model variability: Low

Data recovery: > 97%
Intra-model variability:
Moderate to high

1-hr data
Data recovery: > 95% (1
unit at ~ 88%)
Intra-model variability:
High
1-hr data
Data recovery: > 95% (1
unit at ~ 88%)
Intra-model variability:
High
1-hr data
Data recovery: > 95% (1
unit at ~ 88%)
Intra-model variability:
High
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https://www.aqmd.gov/aq-spec/sensordetail/iqair---airvisual-outdoor
https://www.aqmd.gov/aq-spec/sensordetail/iqair---airvisual-outdoor
https://www.aqmd.gov/aq-spec/sensordetail/iqair---airvisual-outdoor
https://www.aqmd.gov/aq-spec/sensordetail/qingping---air-monitor
https://www.aqmd.gov/aq-spec/sensordetail/qingping---air-monitor-lite
https://www.aqmd.gov/aq-spec/sensordetail/qingping---air-monitor-lite
https://www.aqmd.gov/aq-spec/sensordetail/tsi---airassure
https://www.aqmd.gov/aq-spec/sensordetail/tsi---airassure
https://www.aqmd.gov/aq-spec/sensordetail/uhoo
https://www.aqmd.gov/aq-spec/sensordetail/uhoo
https://www.aqmd.gov/aq-spec/sensordetail/uhoo

Manufacturer

uRADMonitor

uRADMonitor

uRADMonitor

Wicked Device

Wicked Device

Wicked Device

Wicked Device

Wicked Device

Wicked Device

Wicked Device

Wicked Device

Wicked Device

Wicked Device

LCS/Model

MODEL A3

MODEL A3

MODEL A3

Air Quality Egg
Indoor V2 2015

Air Quality Egg
Indoor V2 2015

Air Quality Egg
Outdoor V2 2022
Air Quality Egg
Outdoor V2 2022
Air Quality Egg
Outdoor V2 2022
Air Quality Egg
Outdoor V2 2022
Air Quality Egg
Outdoor V2 2022
Air Quality Egg
Outdoor V2 2022

Air Quality Egg
Outdoor V2 2022

Air Quality Egg
Outdoor V2 2022

Year of
Evaluation

2018-2019!%

2018-2019!%

2018-2019'*

2016

2016'%

2021-2022'%

2021-2022'%

2021-2022'%

2021-2022'%

2021-2022'%

2021-2022'%

2021-2022'%

2021-2022'3¢

Setting

Ambient

Ambient

Ambient

Ambient

Ambient

Ambient

Ambient

Ambient

Ambient

Ambient

Ambient

Chamber

Chamber

Pollutant

PM,

PM, s

PM;

PM; s

PM;

PM,

PM; s

PM,o

Cco

(03

NO;

PM,s

O;

Comparison
Instrument

GRIMM
Teledyne API T640
FEM BAM

GRIMM
Teledyne API T640
FEM BAM

GRIMM
Teledyne API T640
FEM BAM

GRIMM

GRIMM

GRIMM EDM 180
Teledyne API T640

GRIMM EDM 180
Teledyne API T640

GRIMM EDM 180
Teledyne API T640

Horiba APMA 370
Teledyne T400

Teledyne T200

Teledyne T640x

Teledyne T400

RZ

~0.81-0.85

~0.70-0.84

~0.15-0.41

~0.42-0.84

~0.10-0.36

~0. 84-0.89

~0.87-0.90

~0.29-0.53

~0.60-0.79

~0.20-0.51

~0.38-0.56

>0.99

>0.98

MAE (pg m™)

4.0-5.2

5.2-8.9

20.3-29.1

2.9-39
6.0-7.1

18.5-20.8

0.15-0.21
ppm*

13.2-18.0 ppb*

20.8-32.0 ppb*

5.0-8.0

4.7-21.0 ppb*

Pollutant Notes

Slope = 1.08-1.43
R?for > ~10 pg m
Underestimation

Slope = 0.89-1.34
R?for > ~10-20 ug m™
Underestimation

Slope = 0.85-1.39
Underestimation

Slope = 0.98-1.01
Lower R? from 1/3 units
and slope from 2/3 units

Large Underestimation

Slope = 1.07-1.23
Overestimation

Slope = 0.71-0.82
Overestimation

Slope = 0.66-0.95
Underestimation
Slope = 0.74-1.50
Overestimation
Slope = 0.94-1.62
Overestimation
Slope = 0.30-0.51
Overestimation
Slope =1.13

Overestimation
(< 100 pg m*)

Slope = 1.24
Underestimation
(~30-250 ppb);

~ 3 ppb (1 unit at ~12

ppb) baseline compared to

reference (~0.5 ppb);
NO, interferent

LCS Notes

1-hr data
Data recovery: > 99% (1
unit at ~ 82%)
Intra-model variability:
Moderate
1-hr data
Data recovery: > 99% (1
unit at ~ 82%)
Intra-model variability:
Moderate
1-hr data
Data recovery: > 99% (1
unit at ~ 82%)
Intra-model variability:
Moderate

Data recovery: ~100%
Intra-model variability: Low

Data recovery: > 99%
Intra-model variability: Low

Data recovery: > 99%
Intra-model variability: Low

Data recovery: > 99%
Intra-model variability: Low

Data recovery: > 99%
Intra-model variability: Low

Data recovery: > 99%
Intra-model variability: Low

Data recovery: > 99%
Intra-model variability: Low

Data recovery: > 99%
Intra-model variability: Low

Data recovery: > 99%
Intra-model variability: Low
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https://www.aqmd.gov/aq-spec/sensordetail/magnasci-srl---uradmonitor-a3-(hw105)
https://www.aqmd.gov/aq-spec/sensordetail/magnasci-srl---uradmonitor-a3-(hw105)
https://www.aqmd.gov/aq-spec/sensordetail/magnasci-srl---uradmonitor-a3-(hw105)
https://www.aqmd.gov/aq-spec/sensordetail/air-quality-egg-(v.2)---pm
https://www.aqmd.gov/aq-spec/sensordetail/air-quality-egg-(v.2)---pm
https://www.aqmd.gov/aq-spec/sensordetail/air-quality-egg-2022-model---co-and-pm
https://www.aqmd.gov/aq-spec/sensordetail/air-quality-egg-2022-model---co-and-pm
https://www.aqmd.gov/aq-spec/sensordetail/air-quality-egg-2022-model---co-and-pm
https://www.aqmd.gov/aq-spec/sensordetail/air-quality-egg-2022-model---co-and-pm
https://www.aqmd.gov/aq-spec/sensordetail/air-quality-egg-2022-model---co-and-pm
https://www.aqmd.gov/aq-spec/sensordetail/air-quality-egg-2022-model---co-and-pm
https://www.aqmd.gov/aq-spec/sensordetail/air-quality-egg-2022-model---co-and-pm
https://www.aqmd.gov/aq-spec/sensordetail/air-quality-egg-2022-model---co-and-pm

Manufacturer LCS/Model
. . Air Quality Egg
Wicked Deviee oy 450r V2 2022

* Different units for gas pollutants MAE.

Year of
Evaluation

2021-2022'3

Setting

Chamber

Pollutant

NO,

Comparison
Instrument

Teledyne T200

R? MAE (pg m?) Pollutant Notes
Slope = 0.97
Overestimation
0.99 5.5-61.8 ppb* | ~ 3 ppb baseline (1 unit at
65 ppb) compared to

reference (~0 ppb)

LCS Notes

Data recovery: > 98%
Intra-model variability:
High
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https://www.aqmd.gov/aq-spec/sensordetail/air-quality-egg-2022-model---co-and-pm

3.3.2

Literature Performance Evaluations of LCS Devices

Performance evaluations of some AQ-SPEC and non-AQ-SPEC validated single- and multi-

pollutant LCS are also found in various research studies, providing additional data into the

performance of these devices in different settings. Similar to AQ-SPEC tests, evaluation results

are summarized only for manufacturer-calibrated LCS with no additional calibration or

corrections, which are usually applied subsequently in research studies. These studies and the

associated single- or multi-pollutant LCS evaluated are provided in Tables 3.4.7 and 3.4.8. LCS

performance characterized in literature are subsequently summarized in Tables 3.4.9 and 3.4.10

with relevant information, including year of evaluation, location and setting, pollutants evaluated,

reference instruments used, and performance results —i.e., R%.

Table 3.4.7. List of single-pollutant LCS performance evaluations in literature.

Manufacturer

Applied Particle Technology

Dylos Corporation

Habitat Map

Netatmo

PurpleAir

SAF Tehnika
TSI

LCS/Model
Minima
DC1100

DC1700

AirBeam
Smart IAQ Monitor
PA-II

PA-I
Aranet4
BlueSky

Reference
Lietal.'¥’

Williams et al.,'*® Dacunto et al.,'*” Manikonda et al.,'*" Jiao et al.,'*! Jones et al.,'*? Tan,'** Feinberg et
al.," Collingwood et al.,'* Hegde et al.,'*® Zou et al.'’

Holstius et al.,'*® Steinle et al.,'* Jovasevié-Stojanovi¢ et al.,'*® Manikonda et al.,'* Han et al.,'!
Carvlin et al.,' Li et al.,'*” Oluwadairo et al.'>

Jiao et al.,'*! Mukherjee et al.,*! Sousan et al.,'** Hainsworth and Lim,'> Feinberg et al.,'*Zou et al.,'"’
Huang et al.!*

Demanega et al.*®

Li et al.,'¥” Sayahi et al.,'””” Kim et al.,'*® Holder et al.,'*> Ardon-Dryer et al.,'® Magi et al.,'®' Malings
et al.,'? Bi et al.,'® Barkjohn et al.,'® Zou et al.,'” Sankhyan et al.,'** Koehler et al.,'**Park et al.,'*®
deSouza et al.'®’

Sayahi et al.,'” Wang et al.,'®® Sankhyan et al.'**
Villanueva et al.'®

Zou et al.'¥

Table 3.4.8. List of multi-pollutant LCS performance evaluations in literature.

Manufacturer
Aethair (formerly AirThinx)
Atmotech Inc.

Awair

Edimax
IQAIr

TSI
uHoo
uRADMonitor
Wicked Device

LCS/Model
AirThinx IAQ
Atmotube Pro
1* Edition/2" Edition
Al-2003W

AirVisual Pro
(formerly AirVisual Node)

AirAssure
Smart Air Monitor
MODEL A3
AirQuality Egg

Reference
Zamora et al.,'”® Zou et al.'¥’
Zheng et al.'®”
Li et al.,'’” Wang et al.,'” Demanega et al.+*
Zheng et al.'®

Tan,' Li et al.,’” Wang et al.,'”® He et al.,'”® Zamora et al.,'® Demanega et al.,*’ Shao et al.,'”!
Sankhyan et al.'®*

Manikonda et al.,'*’ Feinberg et al.'*
Baldelli et al.,'”” Demanega et al.*
Shao et al.'™

Jiao et al., 2016'*! Wang et al., 2020'” Manibusan and Mainelis 2020'*
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Table 3.4.9. Summary of single-pollutant LCS performance evaluations in literature.

Manufacturer

Applied Particle Technology

Dylos Corportation

Dylos Corportation

Dylos Corportation
Dylos Corportation
Dylos Corportation

Dylos Corportation

Dylos Corportation

Dylos Corportation

Dylos Corportation

Dylos Corportation
Dylos Corportation

Dylos Corportation

Dylos Corportation

Dylos Corportation

Dylos Corportation

LCS/Model

Minima

DC1100

DC1100

DC1100

DC1100

DC1100

DC1100

DC1100 Pro

DC1100 Pro

DC1100 Pro

DC1100 Pro

DC1100 Pro

DC1100 Pro

DC1100 Pro

DC1100 Pro

DC1100 Pro

Reference

Li et al. 20207

Williams et al. 2014!3

Dacunto et al. 2015

Jiao et al. 2016'!

Jones et al. 2016'#

Feinberg et al. 2018'#

Manikonda et al. 2016'%

Manikonda et al. 2016'%

Jiao et al. 2016'4!

Tan 2017'4

Tan 2017'4

Feinberg et al. 2018'#

Collingwood et al. 201914

Hegde et al. 2020

Zou et al. 2021'%7

Setting/Year

Chamber
(Arizona dust, sea salt,
incense)

2018
Ambient (EPA North
Carolina)

2013

Single rooms in 4 indoor
environments California (47
experiments with 17 sources

like cooking, smoking,
incense, candles)

Ambient (Decatur, Georgia)
2014-2015
Swine farrowing room
2013-2014

Ambient (Denver, Colorado)
2015-2016

Laboratory chamber
(cigarette smoke, Arizona
Test Dust)
Laboratory chamber
(cigarette smoke, Arizona
Test Dust)
Ambient (EPA, Decatur,
Georgia)
2014-2015
Chamber (road dust and
sodium chloride)
Chamber (road dust and
sodium chloride)

Ambient (Denver, Colorado)
2015-2016

Carpeted single room
(detritus vacuuming)

2 Homes (indoor activities
such as cooking, candle
burning)

2016
Chamber (incense)
2020

Pollutant

PMy s

PMos.25

PMy s

PM:,
PMos.25
PM.,

PM.;s

PM: s

PMio

PMEO.S

PM: s

PMio

PM.,

PM: s

PMy s

PMy s

Comparison Instrument

GRIMM 11C
TSI SidePak AM530

FEM GRIMM EDM180

TSI SidePak AM510

FEM MetOne BAM 1020
Thermo pDR-1200
GRIMM EDM 180

GRIMM EDM 180

TSIAPS 3321

TSIAPS 3321

FEM MetOne BAM 1020

TSIAPS 3321

TSIAPS 3321

GRIMM EDM 180

GRIMM 1.109

GRIMM 1.109
TSI DustTrak 1T

TSI SMPS 3938
TSI APS 3321

RZ

~0.94-0.99

0.55

>0.90

0.33

0.85

0.53

0.07

0.88-0.94

0.67-0.89

0.40-0.45

0.88-0.90

0.94

0.61-0.74

0.72-0.80

0.60-0.99

0.48-0.90

LCS Notes

1 unit
1-min data

1 unit
5-min data

2 units
1-min data

1 unit
12-hr data

3 units
10-min data

1 unit
1-hr data
1 unit
1-hr data

1 unit

1 unit

2 units
12-hr data

1 unit
1-min data
1 unit
1-min data

2 units
1-hr data

8 units
1-min data

10 units (Home 1)
4 units (Home 2)
5-min data

3 units
1-min data
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https://doi.org/10.4209/aaqr.2018.12.0485
https://cfpub.epa.gov/si/si_public_record_report.cfm?Lab=NERL&dirEntryId=297517
https://doi.org/10.1039/C5EM00365B
https://doi.org/10.5194/amt-9-5281-2016
https://doi.org/10.1093/annhyg/mew009
https://doi.org/10.5194/amt-11-4605-2018
https://doi.org/10.1016/j.jaerosci.2016.08.010
https://doi.org/10.1016/j.jaerosci.2016.08.010
https://doi.org/10.5194/amt-9-5281-2016
http://hdl.handle.net/10012/12776
http://hdl.handle.net/10012/12776
https://doi.org/10.5194/amt-11-4605-2018
https://doi.org/10.1016/j.jaerosci.2019.04.017
https://doi.org/10.4209/aaqr.2019.01.0046
https://doi.org/10.1016/j.jaerosci.2020.105715

Manufacturer

Dylos Corportation

Dylos Corportation

Dylos Corportation
Dylos Corportation
Dylos Corportation
Dylos Corportation

Dylos Corportation

Dylos Corportation

Dylos Corportation

Dylos Corportation
Dylos Corportation
Dylos Corportation

Dylos Corportation

Dylos Corportation

Dylos Corportation

Habitat Map

Habitat Map

Habitat Map

LCS/Model

DC1100 Pro

DC1700

DC1700

DC1700

DC1700

DC1700

DC1700

DC1700

DC1700

DC1700

DC1700

DC1700

DC1700

DC1700

DC1700

AirBeam

AirBeam

AirBeam

Reference

Zou et al. 2021'%7

Holstius et al. 2014

Steinle et al. 2015'%

Jovasevic-Stojanovic et al.

20150

Jovasevic-Stojanovic et al.

20151¢

Jovasevic-Stojanovic et al.

20150

Jovasevic-Stojanovic et al.

20151¢

Manikonda et al. 2016'%

Manikonda et al. 2016'%

Han et al. 2017"!
Han et al. 2017"!
Carvlin et al. 201752

Carvlin et al. 201752

Li et al. 2020"7

Oluwadairo et al. 2022'53

Jiao et al. 2016'!

Mukherjee et al. 2017

Mukherjee et al. 2017

Setting/Year

Chamber (Burnt toast)

Ambient (West Oakland
California)
2013
Ambient (Scotland)
2012-2013

Laboratory
(no pollution)

Laboratory
(no pollution)

Laboratory (cigarette smoke)

Laboratory (cigarette smoke)

Laboratory chamber
(cigarette smoke, Arizona
Test Dust)
Laboratory chamber
(cigarette smoke, Arizona
Test Dust)
Ambient (Houston Texas)
2015-2016

Ambient (Houston Texas)
2015-2016

Ambient (Imperial California)
2015-2016
Ambient (Imperial California)
2015-2016
Chamber (Arizona dust, sea
salt, incense)
2018

Chamber (sodium chloride)
2019

Ambient (Decatur, Georgia)
2014-2015

Ambient (Cuyama, CA)
2016

Ambient (Cuyama, CA)
2016

Pollutant

PM: s

PMO.S-Z.S

PMos.25

PMos.25

PMys5.10

PMO.S-Z.S

PMZ.S- 10

PMy s

PM;,

PMy s

PMZ.S-IO

PMy s

PM;,

PM: s

PMos.25

PMy s

PMy s

PMio

Comparison Instrument

TSI SMPS 3938
TSI APS 3321

FEM MetOne BAM 1020
TEOM-FDMS
TSI OPS 3330
TSI OPS 3330
TSI OPS 3330

TSI OPS 3330

TSIAPS 3321

TSIAPS 3321

GRIMM 11-R

GRIMM 11-R

FEM MetOne BAM 1020

FEM MetOne BAM 1020

GRIMM 11C
TSI SidePak AMS530

GRIMM 11R

FEM MetOne BAM 1020

GRIMM 11-R

MetOne BAM 1020

R? LCS Notes

054-0.96 L-min data
0.58 1 -lh;l giatta
0.7-0.9 1-hr data
0.95 1-min data
0.77 1-min data
0.44 1-min data
<001 1-min data
0.87-0.93 1 unit
0.70-0.85 1 unit
0.78 1_rLiLrllnciitata
0.48 1 —Iilil:ln(iitata
0.78 1—1}1?21;21
0.56 1—1}1?2;&1
~0.82-0.97 1-rLiLrlln<iitata
0.89 1 —rilililn(iitlta
042043 12 dta
3 gnits
0.62-0.71 Low—intrla-rrrrll(l)r(llsla\t/?iriability
Data recovery: > 99%
0.21-0.33 1-hr data
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https://doi.org/10.1016/j.jaerosci.2020.105715
https://doi.org/10.5194/amt-7-1121-2014
https://doi.org/10.1016/j.scitotenv.2014.12.003
https://doi-org/10.1016/j.envpol.2015.08.035
https://doi-org/10.1016/j.envpol.2015.08.035
https://doi-org/10.1016/j.envpol.2015.08.035
https://doi-org/10.1016/j.envpol.2015.08.035
https://doi.org/10.1016/j.jaerosci.2016.08.010
https://doi.org/10.1016/j.jaerosci.2016.08.010
https://doi.org/10.1080/10962247.2016.1241195
https://doi.org/10.1080/10962247.2016.1241195
https://doi.org/10.1080/10962247.2017.1369471
https://doi.org/10.1080/10962247.2017.1369471
https://doi.org/10.4209/aaqr.2018.12.0485
https://doi.org/10.1007/s10661-021-09715-6
https://doi.org/10.5194/amt-9-5281-2016
https://doi.org/10.3390/s17081805
https://doi.org/10.3390/s17081805

Manufacturer

Habitat Map

Habitat Map

Habitat Map

Habitat Map

Habitat Map

Habitat Map
Habitat Map
Habitat Map
Habitat Map
Habitat Map
Habitat Map
Habitat Map
Habitat Map
Habitat Map

Habitat Map

Netatmo

PurpleAir

PurpleAir

LCS/Model

AirBeam

AirBeam 2

AirBeam 2

AirBeam 2

AirBeam 2

AirBeam 2
AirBeam 2
AirBeam 2
AirBeam 2
AirBeam 2
AirBeam 2
AirBeam 2
AirBeam 2
AirBeam 2

AirBeam 2

Smart IAQ
Monitor

PA-1

PA-1

Reference
Sousan et al. 2017'>

Hainsworth and Lim 20185

Hainsworth and Lim 2018

Feinberg et al. 2018'#

Zou et al. 2021'%7

Zou et al. 2021'Y
Huang et al. 2022'%
Huang et al. 2022'%¢
Huang et al. 2022'%¢
Huang et al. 2022'%
Huang et al. 2022'%¢
Huang et al. 2022'%¢
Huang et al. 2022'%
Huang et al. 2022'%

Huang et al. 2022'%¢

Demanega et al. 20214

Sayahi et al. 2019'7

Wang et al. 2020'

Setting/Year

Chamber (salt, welding fume,
and ARD)
2016

Chamber (outdoor particles)
Chamber (outdoor particles)

Ambient (Denver, Colorado)
2015-2016

Chamber (incense)
2020

Chamber (Burnt toast)

Office (Hong Kong)
2021

Office (Hong Kong)
2021

Office (Hong Kong)
2021

Train station (platform)

Train station (platform)

Train station (platform)
Train station (lobby)
Train station (lobby)

Train station (lobby)

Chamber (CO, injection)
2020

Ambient (Salt Lake City, UT)
2016-2017

Laboratory
(overnight outdoor air,
California)

2018

Pollutant

PM: s

PM,

PM: s

PM: s

PM: s

PM> 5
PM,
PM;5
PMyo
PM,
PM;5
PMyo
PM,
PM> 5

PMio

CO,

PMy s

PM: s

Comparison Instrument

TSI APS 3321
GRIMM SMPS-C 5.402
pDR 1500

TSI DustTrak DRX 8533

TSI DustTrak DRX 8533
GRIMM EDM 180

TSI SMPS 3938
TSI APS 3321

TSI SMPS 3938
TSIAPS 3321

TSI DustTrak DRX 8533
TSI DustTrak DRX 8533
TSI DustTrak DRX 8533
TSI DustTrak DRX 8533
TSI DustTrak DRX 8533
TSI DustTrak DRX 8533
TSI DustTrak DRX 8533
TSI DustTrak DRX 8533

TSI DustTrak DRX 8533

LI-COR 850

FEM TOEM 1405-F

FEM TEOM with FDMS
(1405-DF)

RZ

0.49-0.92

0.88

0.89

0.67-0.71

0.23-1.00

0.70-0.99
0.71-0.77
0.72-0.78
0.64-0.73
0.72-0.78
0.71-0.78
0.57-0.67
0.64-0.71
0.65-0.76

0.61-0.69

~0.66

~0.87-0.88

~0.79

LCS Notes
5-min data

1-min data
1-min data

3 units
1-hr data

3 units
1-min data

3 units
1-min data
5 units
1-min data
5 units
1-min data
5 units
1-min data
5 units
1-min data
5 units
1-min data
5 units
1-min data
5 units
1-min data
5 units
1-min data
5 units
1-min data
1 unit
5-min data
Delayed response of peak
concentration
2 units
1-hr data
Low-intramodel variability

3 units
1-hr data
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https://doi.org/10.1016/j.jaerosci.2017.02.013
https://www.habitatmap.org/blog/airbeam2-technical-specifications-operation-performance
https://www.habitatmap.org/blog/airbeam2-technical-specifications-operation-performance
https://doi.org/10.5194/amt-11-4605-2018
https://doi.org/10.1016/j.jaerosci.2020.105715
https://doi.org/10.1016/j.jaerosci.2020.105715
https://doi.org/10.3390/s22062381
https://doi.org/10.3390/s22062381
https://doi.org/10.3390/s22062381
https://doi.org/10.3390/s22062381
https://doi.org/10.3390/s22062381
https://doi.org/10.3390/s22062381
https://doi.org/10.3390/s22062381
https://doi.org/10.3390/s22062381
https://doi.org/10.3390/s22062381
https://doi.org/10.1016/j.buildenv.2020.107415
https://doi.org/10.1016/j.envpol.2018.11.065
https://doi.org/10.1016/j.buildenv.2020.106654

Manufacturer

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

LCS/Model

PA-1

PA-1

PA-1

PA-II

PA-II

PA-II

PA-II

PA-II

PA-II

PA-II

PA-II

PA-II

PA-II

PA-II

PA-II

Reference

Wang et al. 2020'

Sankhyan et al. 2022'64

Sankhyan et al. 2022'64

Sayahi et al. 2019

Kim et al. 201958

Ardon-Dryer et al. 2020!

Ardon-Dryer et al. 2020!

Ardon-Dryer et al. 2020!

Ardon-Dryer et al. 2020!

Magi et al. 2020

Malings et al. 20206

Bi et al. 20206

Barkjohn et al. 2021'%

Zou et al. 2021'%7

Zou et al. 2021'%7

Setting/Year
Laboratory (residential
sources — mineral sources,

incense and mosquito coil,
candles)

Homes (cooking)
2019-2020

Homes (background)

Ambient (Salt Lake City, UT)
2016-2017

Ambient (Korea)
2018

Ambient (San Francisco, CA)
2017-2018

Ambient (Vallejo, CA)

Ambient (Denver, CO)

Ambient (, Salt Lake City,
UT)

Ambient (Charlotte, NC)
2017-2018

Ambient (Pittsburg, PA)
2017-2018

Ambient (California)
2018

Ambient (US-wide, 16 states)

Chamber (incense)
2020

Chamber (Burnt toast)

Pollutant

PM: s

PMy s

PMy s

PM; s

PM: s

PM: s

PMy s

PM: s

PM: s

PMy s

PMy s

PMy s

PMy s

PM: s

PM: s

Comparison Instrument

GRIMM WRAS 1371

TSI OPS 3330

TSI OPS 3330

FEM TOEM 1405-F

FEM MetOne BAM 1022

EPA FRM/FEM AQS

EPA FRM/FEM AQS

EPA FRM/FEM AQS

EPA FRM/FEM AQS

FEM MetOne BAM 1022

FEM MetOne BAM

EPA FRM/FEM AQS

EPA FRM/FEM AQS

TSI SMPS 3938
TSIAPS 3321

TSI SMPS 3938
TSIAPS 3321

R? LCS Notes

>0.83 5-min data
2 units

0.35-0.38 1-min data
2 units

0.76-0.79 1-min data
2 units

1-hr data (CF_1 mass concentration

~0.87-0.89 algorithm)!”
Low-intramodel variability

0.89 l?hl;r:iiet;a
0.58-0.90 1-hr dat: (lglFitfsATM)‘73
0.55-0.91 1-hr datis(gli{tZTM)m
0.53-0.91 1-hr datf (uanitfsATM)173
0.20-0.81 1-hr dat?(g;jZTM)‘”

0.54 1-hr datal(zllrli“iiATl\/I)173

058 h dat

074 i dats

0.78 24-hr 34(1)'(;.] r(l(i;SF_n‘”
0.60-0.99 L dat
0.59-0.99 L data
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https://doi.org/10.1016/j.buildenv.2020.106654
https://doi.org/10.1039/D2EA00025C
https://doi.org/10.1039/D2EA00025C
https://doi.org/10.1016/j.envpol.2018.11.065
https://community.purpleair.com/t/what-is-the-difference-between-cf-1-atm-and-alt/6442
https://doi.org/10.3390/app9091947
https://doi.org/10.5194/amt-13-5441-2020
https://doi.org/10.5194/amt-13-5441-2020
https://doi.org/10.5194/amt-13-5441-2020
https://doi.org/10.5194/amt-13-5441-2020
https://doi.org/10.1080/02786826.2019.1619915
https://doi.org/10.1080/02786826.2019.1623863
https://doi.org/10.1021/acs.est.9b06046
https://doi.org/10.5194/amt-14-4617-2021
https://doi.org/10.1016/j.jaerosci.2020.105715
https://doi.org/10.1016/j.jaerosci.2020.105715

Manufacturer

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

PurpleAir

SAF Tehnika

LCS/Model

PA-II

PA-II

PA-II

PA-II

PA-1I-SD

PA-1I-SD

PA-1I-SD

PA-1I-SD

PA-II-SD

PA-II-SD

PA-II-SD

PA-1I-SD

PA-II-SD

Aranet4

Reference

Sankhyan et al. 2022'64

Sankhyan et al. 202264

Koehler et al. 2023

deSouza et al. 2023'¢

Li et al. 2020"7

Holder et al. 2020"°

Holder et al. 2020"°

Park et al. 202316

Park et al. 20236

Park et al. 20236

Park et al. 20236

Park et al. 2023

Park et al. 20236

Villanueva et al. 202168

Setting/Year

Homes (cooking)
2019-2020

Homes (background)

Homes
(smoking and non-smoking,
Maryland)

Ambient (US-wide) 2017-
2021

Chamber
(Arizona dust, sea salt,
incense)

2018

Ambient (EPA RTP, NC)
2018-2019

Ambient, smoke impacted

(California, North Carolina)
2018-2019

Chamber (incense)

Chamber (incense)

Chamber (incense)

Apartment testbed (incense,
frying, outdoor air)

Apartment testbed (incense,
frying, outdoor air)

Apartment testbed (incense,
frying, outdoor air)

2 Classrooms;
(Children, Spain)
2020

Pollutant

PMy s

PM: s

PM: s

PM: s

PM: s

PMy s

PM: s

PM,

PMy s

PM;,

PM,

PMy s

PM;,

CO,

Comparison Instrument

TSI OPS 3330

TSI OPS 3330

AST UPAS

EPA FRM/FEM AQS

GRIMM 11C
TSI SidePak AMS530

FEM GRIMM EDM180

FEM GRIMM EDM180
FEM MetOne BAM 1020
MetOne E-BAM

GRIMM 11-A

GRIMM 11-A

GRIMM 11-A

GRIMM
TSI SidePak

GRIMM
TSI SidePak

GRIMM
TSI SidePak

Delta Ohm

RZ

0.31-0.33

0.80-0.82

0.86

0.69-0.74

~0.90-0.98

0.86

0.62-0.99

0.96

0.95

0.92

0.90-0.98

0.89-0.96

0.86-0.95

~0.98

LCS Notes

2 units
1-min data (CF_1)'"

2 units
1-min data (CF_1)'"

1-week data (CF_1)'7

151 units
1-hr data (CF_1 and CF_ATM)'"

1 unit
1-min data

2 units
1-hr data (CF_1 and CF_ATM)'7

1-hr data (CF_1 and CF_ATM)'7

6 units
2-min data (CF_1)'7
Low-intramodel variability
6 units
2-min data (CF_1)'"
Low-intramodel variability
6 units
2-min data (CF_1)'"
Low-intramodel variability

1 unit
2-min data (CF_1)'7

1 unit
2-min data (CF_1)'"

1 unit
2-min data (CF_1)'"

1 unit
Low-intramodel variability
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https://doi.org/10.1039/D2EA00025C
https://doi.org/10.1039/D2EA00025C
https://doi.org/10.1016/j.atmosenv.2023.119944
https://doi.org/10.1039/D2EA00142J
https://doi.org/10.4209/aaqr.2018.12.0485
https://doi.org/10.3390/s20174796
https://doi.org/10.3390/s20174796
https://doi.org/10.1016/j.buildenv.2023.110127
https://doi.org/10.1016/j.buildenv.2023.110127
https://doi.org/10.1016/j.buildenv.2023.110127
https://doi.org/10.1016/j.buildenv.2023.110127
https://doi.org/10.1016/j.buildenv.2023.110127
https://doi.org/10.1016/j.buildenv.2023.110127
https://bit.ly/monitorsCO2

Manufacturer

TSI

TSI

LCS/Model

BlueSky

BlueSky

Reference

Zou et al. 2021'%7

Zou et al. 2021'%7

Setting/Year

Chamber (incense)
2020

Chamber (Burnt toast)

Pollutant

PM: s

PM: s

Comparison Instrument

TSI SMPS 3938
TSIAPS 3321

TSI SMPS 3938
TSIAPS 3321

RZ

0.21-0.99

0.57-0.99

LCS Notes

2 units
1-min data

2 units
1-min data
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Table 3.4.10. Summary of multi-pollutant LCS performance evaluations in literature.

Manufacturer

Acthair (formerly
AirThinx)

Acthair (formerly
AirThinx)

Acthair (formerly
AirThinx)

Atmotech Inc.

Awair

Awair

Awair

Awair

Awair

Edimax

Edimax

LCS/Model

AirThinx IAQ

AirThinx TAQ

AirThinx IAQ

Atmotube Pro

1% Edition/Element

2" Edition/Element

2" Edition/Element

2" Edition/Element

2" Edition/Element

Al-2003W

Al-2003W

Reference

Zamora et al. 2020'%

Zou et al. 2021'%

Zou et al. 2021'Y

Zheng et al. 2022'%°

Li et al. 2020"7

Wang et al. 2020'"

Wang et al. 2020'

Demanega et al. 20214

Demanega et al. 20214

Zheng et al. 2022'¢

Zheng et al. 2022'¢°

Setting/Year

Home (occupied and non-
smoking)
2018-2019

Chamber (incense)
2020

Chamber (Burnt toast)

Laboratory chamber (Dutch
daycare activities: cleaning)

Chamber
(Arizona dust, sea salt,
incense)

2018

Laboratory
(overnight outdoor air,
California)

2018

Laboratory (residential
sources — mineral sources,
incense and mosquito coil,

candles)

Chamber
(candles, popcorn cooking,
mosquito coil, carpet
vacuuming, room deodorant)
2020

Chamber (CO, injection)

Laboratory chamber (Dutch
daycare activities: cleaning)
2021

Laboratory chamber (Acrylic
painting)

Pollutant

PMy s

PM: s

PMy s

PMy s

PMy s

PMy s

PMys

PMy 5

CO,

PM: s

CO,

Comparison Instrument

Thermo pDR-1200

TSI SMPS 3938
TSI APS 3321

TSI SMPS 3938
TSIAPS 3321

GRIMM 11-D

GRIMM 11C
TSI SidePak AM530

FEM TEOM with FDMS
(1405-DF)

GRIMM WRAS 1371

GRIMM miniWRAS 1371

LI-COR 850

GRIMM 11-D

INNOVA 1512 and 1403

RZ

0.92-0.93

0.39-1.00

0.18-0.99

0.41-0.95

~0.78-0.97

0.776

>0.83

~0.44-0.99

>0.99

0.11-0.63

1.00

LCS Notes

2 units
1-min data

1 unit
1-min data

1 unit
1-min data

5-min data

1 unit
1-min data

3 units
1-hr data

5-min data

1 unit
5-min data

1 unit
5-min data

5-min data

5-min data
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https://doi.org/10.1016/j.atmosenv.2020.117615
https://doi.org/10.1016/j.jaerosci.2020.105715
https://doi.org/10.1016/j.jaerosci.2020.105715
https://doi.org/10.1016/j.envint.2022.107372
https://doi.org/10.4209/aaqr.2018.12.0485
https://doi.org/10.1016/j.buildenv.2020.106654
https://doi.org/10.1016/j.buildenv.2020.106654
https://doi.org/10.1016/j.buildenv.2020.107415
https://doi.org/10.1016/j.buildenv.2020.107415
https://doi.org/10.1016/j.envint.2022.107372
https://doi.org/10.1016/j.envint.2022.107372

Manufacturer
IQAIr
IQAIr

IQAir

IQAir

IQAIr

IQAIr

IQAir

IQAir

IQAIr

IQAir

IQAIr

IQAir

IQAir

IQAir

IQAIr

LCS/Model

AirVisual Node

AirVisual Node

AirVisual Node

AirVisual Node

AirVisual Node

AirVisual Node

AirVisual Node

AirVisual Pro

AirVisual Pro

AirVisual Pro

AirVisual Pro

AirVisual Pro

AirVisual Pro

AirVisual Pro

AirVisual Pro

Reference
Tan 2017'%

Tan 2017'4

Tan 2017'4

Li et al. 20207

He et al. 2020'7°

He et al. 2020'7°

He et al. 2020'7°

Wang et al. 2020'

Wang et al. 2020'

Zamora et al. 2020'%

Demanega et al. 20214

Demanega et al. 20214

Shao et al. 20217

Sankhyan et al. 202264

Sankhyan et al. 2022!%4

Setting/Year

Indoor/outdoor (3 elementary
schools, China)
Chamber (road dust and
sodium chloride)
Chamber (road dust and
sodium chloride)

Chamber
(Arizona dust, sea salt,

incense)
2018

Chamber (PSL spheres and
ARD)
2016

Laboratory chamber
(nanosilver-based surface
cleaner)

Home (Chinese hotpot
cooking in closed conditions)

120 m? laboratory
(overnight outdoor air,
California)

2018

Residential sources
(mineral sources, incense and
mosquito coil, candles)

Home (occupied and non-
smoking)
2018-2019

Chamber
(candles, popcorn cooking,
mosquito coil, capet
vacuuming, room deodorant)
2020

Chamber (CO; injection)
Hair salons

(hair services and products)
2018-2019

Homes (cooking)
2019-2020

Homes (background)

Pollutant

PM: s

PMy s

PM;,

PMy s

PM: s

PM: s

PMy s

PMy s

PM: s

PMy s

PM: s

CO,

PMy s

PMy s

PMa s

Comparison Instrument
TSI DustTrak 11

TSI APS 3321

TSIAPS 3321

GRIMM 11C
TSI SidePak AM530

TSI DustTrak DRX 8534

TSI DustTrak DRX 8534

TSI DustTrak DRX 8534

FEM TEOM with FDMS
(1405-DF)

GRIMM WRAS 1371

Thermo pDR-1200

GRIMM miniWRAS 1371

LI-COR 850

TSI DustTrak 8530

TSI OPS 3330

TSI OPS 3330

0.955

>0.99

>0.99

~0.88-0.96

0.85-0.98

0.30-0.71

0.96-0.97

0.776

>0.83

0.89 - 0.90

~0.28-0.99

~0.95

0.81-0.98

0.50-0.60

0.88

LCS Notes

1 unit
10-sec data

30-sec data

30-sec data

1 unit
1-min data

3 units
5-min data

3 units
5-min data

3 units
5-min data

3 units
1-hr data

5-min data

2 units
1-min data

1 unit
5-min data

1 unit
5-min data

1 unit
30-minute data

2 units
1-min data

2 units
1-min data
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http://hdl.handle.net/10012/12776
http://hdl.handle.net/10012/12776
http://hdl.handle.net/10012/12776
https://doi.org/10.4209/aaqr.2018.12.0485
https://doi.org/10.1080/02786826.2020.1851649
https://doi.org/10.1080/02786826.2020.1851649
https://doi.org/10.1080/02786826.2020.1851649
https://doi.org/10.1016/j.buildenv.2020.106654
https://doi.org/10.1016/j.buildenv.2020.106654
https://doi.org/10.1016/j.atmosenv.2020.117615
https://doi.org/10.1016/j.buildenv.2020.107415
https://doi.org/10.1016/j.buildenv.2020.107415
https://doi.org/10.1111/ina.12817
https://doi.org/10.1039/D2EA00025C
https://doi.org/10.1039/D2EA00025C

Manufacturer

TSI

TSI

uHOO

uHOO

uHOO

uHOO

uHOO

uRADMonitor

Wicked Device

Wicked Device

Wicked Device

Wicked Device

Wicked Device

Wicked Device

LCS/Model
AirAssure
AirAssure

Smart Air Monitor

Smart Air Monitor

Smart Air Monitor
Smart Air Monitor

Smart Air Monitor

MODEL A3

Air Quality Egg
2015

Air Quality Egg
2015

Air Quality Egg
2015

Air Quality Egg
2015

Air Quality Egg
2018

Air Quality Egg
2018

Reference

Manikonda et al. 2016'%

Feinberg et al. 2018'#

Baldelli et al. 20217

Baldelli et al. 20217

Baldelli et al. 20217

Demanega et al. 20214

Demanega et al. 20214

Shao et al. 20217

Jiao et al. 2016'4!

Jiao et al. 2016'4!

Jiao et al. 20164

Manibusan and Mainelis
2020'%

Wang et al. 2020'"

Wang et al. 2020'"

Setting/Year

Laboratory chamber
(cigarette smoke, Arizona
Test Dust)

Ambient (Denver, Colorado)
2015-2016

Laboratory (sodium chloride,
sucrose, and potassium iodide
aerosols)

Laboratory (CO, injection)

Laboratory (Os injection)

Chamber
(candles, popcorn cooking,
mosquito coil, capet
vacuuming, room deodorant)
2020

Chamber (CO, injection)

Hair salons
(hair services and products)
2018-2019

Ambient (Decatur, Georgia)
2014-2015

Ambient (Decatur, Georgia)
2014-2015

Ambient (Decatur, Georgia)
2014-2015

3 Residences (normal indoor
activities; no pets and non-
smoking)

2016

Laboratory
(overnight outdoor air,
California)

2018

Laboratory (residential
sources — mineral sources,
incense and mosquito coil,

candles)

Pollutant

PMy s

PM: s

PMy s

CO,

O;

PM: s

CO,

PMy s

PM: s

NO;

CcO

PMy s

PMy s

PMy s

Comparison Instrument

TSI APS 3321

GRIMM EDM 180

TSI OPS 3330

Vaisala GMP222

Oxidation Technologies
UVI106L

GRIMM miniWRAS 1371

LI-COR 850

TSI DustTrak 8530

MetOne BAM

Thermo 421

Thermo 48C

TSI DustTrak DRX 8534
Thermo pDR-1000

FEM TEOM with FDMS
(1405-DF)

GRIMM WRAS 1371

RZ

0.45-0.99

0.61-0.66

0.97-0.98

0.97

0.82

~0.08-0.92

~0.99

0.92-0.98

<0.16

<0.1

No
response

0.10-0.81

0.785

>0.83

LCS Notes
3 units

3 units
1-hr data

3 units
30-min data

3 units
30-min data

3 units
30-min data

1 unit
5-min data

1 unit
5-min data

1 unit
8-hr

3 units
12-hr data

1-hr data

1-hr data

1 unit
1-hr data

3 units
1-hr data

5-min data
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https://doi.org/10.1016/j.jaerosci.2016.08.010
https://doi.org/10.5194/amt-11-4605-2018
https://doi.org/10.1016/j.measen.2021.100059
https://doi.org/10.1016/j.measen.2021.100059
https://doi.org/10.1016/j.measen.2021.100059
https://doi.org/10.1016/j.buildenv.2020.107415
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https://doi.org/10.4209/aaqr.2019.01.0045
https://doi.org/10.1016/j.buildenv.2020.106654
https://doi.org/10.1016/j.buildenv.2020.106654

333 Summary of Performance Evaluations of LCS

Performance evaluations of commercially-available LCS ensure that they can provide accurate and
reliable data while understanding their limitations, guiding best practices and end-user decision
making, and informing future improvements in sensor technology. AQ-SPEC and literature
derived evaluation results summarized in Tables 3.4.5-3.4.6 and 3.4.9-3.4.10 show varying degrees
of confidence for LCS devices suitable for IAQ monitoring in detecting and quantifying PM and
other air pollutants. These differences are largely driven by the manufacturer and sourced internal
components of LCS devices as well as external factors such as the target pollutant (e.g., particle
size distribution for PM) and environmental factors (e.g., humidity). Generally, evaluations show
that LCS tended to perform better in indoor settings (e.g., laboratory, chamber, home) than in
outdoor ambient conditions. It is worth noting that while LCS calibrated in laboratory settings tend
to be the conventional approach, as with AQ-SPEC evaluations and similar research studies, these
evaluations may not often overlap with the full range of sources and conditions encountered in an

indoor environment (e.g., homes, offices, schools).*

Consistent across the majority of LCS validated, is the overwhelming evaluation of PM in single-
and multi-pollutant LCS alongside reference instruments in ambient, laboratory, and indoor
settings. This reflects the prevalence and public awareness of PM»s and PMio pollution (e.g.,
vehicle emissions, industries, wildfires), and their significant health effects.!** The technological
and financial feasibility of developing sensors for PM compared to other air pollutants is also a
factor as optical sensors detecting PM with light scattering technology can be easily miniaturized

and produced at low cost.

AQ-SPEC and literature evaluations show that many single- and multi-pollutant LCS devices with
PM sensors maintain moderate to strong correlations (R?> > 0.5) of PM; and PM, s data with
reference instruments, while PMjo measurements often suffer from unresponsiveness and low
agreement. Research studies suggest this behavior stems from the inability of optical PM sensors

to detect particles in certain size ranges, !’

which not only affects the response of larger particles,
i.e., PM10'%, but also very small particles (< 0.3 pm) produced by activities such as cooking
indoors.!%17%175 Additionally, while the linearity and relatively high R? values of PM; and PM, s
from some LCS (Tables 3.4.5-3.4.6 and 3.4.9-3.4.10) show their utility in detecting pollution
source events and tracking trends, these devices can also vary in quantitative agreement with
reference instruments, often under- or over-reporting particle mass concentrations depending on

43,103,137,176

the particle source and environmental conditions.'¥’
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AQ-SPEC evaluations (Tables 3.4.5 and 3.4.6) highlight when LCS are under- or over-estimating
air pollutant concentrations in ambient and chamber conditions compared to reference instruments.
For instance, the Minima (Applied Particle Technology) and AirVisual Pro (IQAir) underestimated
ambient PM> s concentrations while overestimating them subsequently in chamber tests (see
Section 3.3.1). Conversely, the PA-II, PA-I (PurpleAir), and AirQuality Egg Outdoor
(WickedDevice) overestimated ambient PM2 5 concentrations while having varying responses in
the chamber tests. In research studies evaluating LCS in laboratory/chamber settings, the
quantitative agreement of these devices varied across sources also, sometimes with relatively large
differences up to two orders of magnitude. LCS tended to over-report PM> s emissions from
incense burning detected by PA-II, PA-I, Minima, AirVisual Pro, AirQuality Egg, and Element/2"
edition (Awair).!%>137:1%6 For candle burning and cooking (boiling) sources, LCS tended to under-
report PM,s concentrations seen with PA-I, AirVisual Pro, AirQuality Egg, and Element/2™
edition.!®*!"" Similar under-reporting occurred for test dust sources with PA-II, PA-I, Minima,
AirVisual Pro, and AirQuality Egg.'%%137:143.170 The different responses of LCS to different particle
pollution sources show the dependence on the particle size distribution, due to limitations in their
detection mechanisms and sampling efficiency. For incense, particles are most concentrated in the

0.1-1 pm range,'”’

allowing LCS to capture a much larger fraction of mass in the optical sensing
range for PMzs. For candle burning and cooking without frying (boiling), PM2.s mass is largely
present in particles <0.3 pum that are invisible to PM optical sensors as a current limitation,
impacting LCS performance and source response.'?*!7> Measurements in dusty conditions are also
impacted by the particle size response in LCS devices as most of the PM> 5 mass in dust are larger
supermicron particles (>1 pm), which has been shown to have decreasing quantitative agreement

compared to smaller particles.>

PurpleAir PA-II has been widely shown to overestimate PMa s concentrations by up to 40-50%,
resulting in the development of calibration or correction factors to increase the accuracy of these
sensors to references,!06161:162.165.178 Thege corrections also incorporate a relative humidity (RH)
factor because of its documented influence on increasing particle size and thus decreased accuracy
of LCS detection.'#-19217% At higher RH, typically >50%, LCS become less accurate compared to
reference instruments and overestimate PM mass concentrations.'#”-16217817 RH impacts are
apparent in ambient conditions, as they depend on climate and vary throughout the year. In indoor
environments, the influence of RH can be less significant since the ranges are typically smaller.
However, RH can still fluctuate over time in residential buildings and other indoor settings to

ensure occupant comfort, such as using humidifiers. These fluctuations can lead to increased RH

65



indoors, potentially affecting the performance of LCS as discussed. The internal PM sensors within
the PurpleAir PA-II are in the series of PM sensors from Plantower.%® This series of PM sensors is
also present in other LCS devices (e.g., AirLink, Airbeam 3, AirQuality Egg, AirGradient One,

Edimax Al-2002W), suggesting likely similar behavior of detecting PM concentrations.>>!7%-180

The Dylos DC1100 and DC1700 LCS were among the earliest developed and studied PM LCS in
the early 2010s. Performance evaluations from AQ-SPEC and various research studies have shown
that these LCS behave somewhat differently from other LCS. Specifically, they tend to exhibit a
non-linear relationship, indicating that a linear regression against reference instruments may not
always be suitable or optimal,!3%140:148.153.181 Thjg non-linear response occurs as PM concentration
increases, with the LCS becoming less responsive at higher PM levels due to what appears to be
sensor saturation. This behavior results in increased bias and decreased accuracy of Dylos LCS
compared to reference instruments. For indoor environments, particularly residences with high
pollution activities and limited mitigation, this characteristic of Dylos LCS may affect data

interpretation without further calibrations or corrections with reference instruments.

For gas pollutants (e.g., CO, NOz, O3, TVOC/VOCs), performance evaluations of single- and
multi-pollutant LCS are limited in both gray and peer-reviewed literature (Tables 3.4.5-3.4.6 and
3.4.9-3.4.10). Individual pollutant sensors (see Section 3.1) were more likely to have performance
evaluations in various field and laboratory settings compared to packaged LCS devices (Tables
3.3.1 and 3.3.2).5%%2 Despite this difference, fewer gas pollutants are evaluated compared to PM
and associated LCS, which could be related to the measurement complexity of pollutant gases.>
From the limited LCS performance data available for gas pollutants, AQ-SPEC’s evaluation of
AirQuality Egg Outdoor (Table 3.4.6) showed that Oz and NO; exhibited weak to moderate linear
response (0.20 < R? < 0.56) under ambient conditions and higher limits of detection of several ppb
in the chamber when compared to reference data. O3 measurements were further influenced by
interference from NO; concentrations during chamber evaluations. For some gas pollutants, e.g.,
NO: and VOCs, the lack of LCS specificity and sensitivity’®!%? can limit their utility for IAQ
management and ability to provide actionable information in indoor environments (see Section
3.5). The few studies with LCS performance evaluations for gas pollutants were conducted largely
for CO; against reference instruments in laboratory/chamber conditions (Tables 3.4.9 and 3.4.10).
Several LCS (Awair 2" edition, Edimax A1-2003W, AirVisual Pro, and uHoo) showed strong
correlations (R? > 0.95) with reference instruments, whereas the Netatmo LCS displayed a

moderate response (R? ~ 0.66) due to a delayed response in recording peak concentrations.*’
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Overall, the performance of commercially-available LCS demonstrated expected variability when
evaluated across different settings, pollutant sources, and environmental parameters (Table 3.4.1).
These findings highlight the need for greater transparency from manufacturers, standardization of
data analysis procedures from researchers,'®* and established performance standards for evaluating
LCS for different pollutants in diverse environments. An example of such an existing standard is
the ASTM D8405-21 for evaluating PM: 5 sensors in indoor environments developed by AQ-SPEC
in coordination with the American Society for Testing and Materials (ASTM) International. 34183
Despite these limitations, LCS remain a valuable tool for indoor exposure assessments, particularly
for individuals who are concerned about their IAQ and its impacts, but may not have access to
more expensive, reference-grade or research instruments. A key advantage of LCS is the ability to
provide real-time data on indoor pollutant levels, allowing users to track trends and identify
pollution sources while prompting corrective actions to improve IAQ. While regular end-users
may not incorporate calibrations and technical corrections to LCS to improve data quality, as is
done extensively in research studies, the utility of LCS effectively detecting pollution source
events and maintaining strong correlations with reference data remains. This has been shown in
the fair number of evaluations presented for several single- and multi-pollutant LCS from AQ-
SPEC and several other studies (Tables 3.4.5-3.4.6 and 3.4.9-3.4.10). Furthermore, the increasing
number of evaluations and studies supporting the efficacy of LCS underscores their potential for

widespread use in IAQ management and suitability for sustaining healthier IAQ.

3.4  Questions and Considerations for IAQ Monitoring with LCS

EPA’s The Enhanced Air Sensor Guidebook?” (Chapter 3, Section 3.4) and the South Coast
AQMD’s Community in Action: A Comprehensive Guidebook on Air Quality Sensors>* (Chapter
2, pages 20-21) provide guidance on selecting an air quality sensor with relevant questions to
consider before purchasing one. For IAQ applications specifically, additional important factors to
consider for monitoring with LCS include detection range, response time, ease of use, interference
from environmental factors, and expected lifetimes. Table 3.5.1 outlines the important questions
to facilitate decision-making for acquiring LCS that align with the needs of the targeted

applications indoors.

The detection range of LCS is important when deciding to deploy these devices for IAQ
monitoring. Ensuring that the target LCS can detect the relevant range of pollutant concentrations

typically found in indoor environments is necessary for obtaining useful information. A major
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challenge for some LCS is their ability to detect sufficiently low concentrations of pollutants when
measuring indoors.’*!%2 While some indoor activities can generate high levels of pollution
sufficient for PM and other pollutant LCS, this is not always the case. For instance, most VOCs
found indoors are often at relatively low concentrations, while a few of these compounds (e.g.,
benzene and formaldehyde) remain toxic even at low concentrations.'3? Therefore, given that VOC
LCS are not selective for specific compounds (Table 3.4.1) and current LCS require technology

183

improvements to better understand air quality data, *’ it is important for the end-user to check

detection range and the targeted concentration when considering LCS options.

Response time, time resolution, or sampling rate of LCS is important for detecting and managing
episodic indoor pollution sources such as cooking, smoking, or ventilation changes (e.g.,
infiltration of outdoor pollutants). Fast-response LCS (pollutant sensitivity is also important; see
Section 3.3.3) can quickly detect pollutant spikes and relay data to the LCS display or platform,
allowing users to take immediate action, such as increasing ventilation, adjusting air purifiers, or
directly managing the pollution source. The sampling frequency of LCS, set by manufacturers’
algorithms, determines how data is averaged and reported (e.g., every 1, 5, or 10 minutes). While
some LCS like PurpleAir collect pollutant data every second and provide real-time samples at a

minimum of two-minute intervals, '3

other LCS may have shorter or longer reporting intervals,
potentially delaying air quality alerts to facilitate informed decision-making. Evaluating LCS
options holistically while considering manufacturer-defined response times and recognizing that
many packaged LCS share similar internal sensors (Section 3.1 and Table 3.2.2) may offer better

insights for selecting the most suitable option for improving IAQ.

Ease of use of LCS ensures that the device is user-friendly, provides easy access to real-time data,
and offers information that is easily interpretable by non-expert end-users in residential or
commercial indoor settings. This is important because researchers and technical experts can invest
time in operating, wrangling, and modifying data from certain LCS that would otherwise be
inaccessible to the broader LCS community.'®* Therefore, selecting a LCS that is easily deployed,
operated, and maintained, while allowing for quick and easy access to pollutant data enhances their
utility and overall impact for effectively managing IAQ. An example of easy data interpretation
would be the AQI color indicator feature that is common in several LCS displays or data viewing
platforms (Table 3.3.4 and 3.3.6), and used to communicate the hazardous level of pollutant
concentrations. The EPA divides the AQI into six categories, each designated by a specific color:
green—good, yellow—moderate, orange—unhealthy for sensitive groups, red—unhealthy, purple—

very unhealthy, and maroon—hazardous. Ideally, all LCS would adopt the same AQI color scheme
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for direct comparison; however, commercially-available LCS often use their own color assignment
categories.'3” Nonetheless, AQI information provided by LCS remains valuable for end users,

alerting them to IAQ degradation and suggesting potential remedial actions.

Interference from environmental factors such as humidity and temperature can impact LCS
readings indoors (Section 3.3.3), even though indoor conditions are often more controlled and
stable compared to outdoor settings. Understanding these influences is crucial when considering
the use of LCS. For instance, consistent moisture levels or high temperatures in a home should be
taken into account when deciding to deploy LCS for IAQ monitoring. Understanding the expected
lifetimes of LCS is also important when deciding to deploy these devices indoors. Manufacturers
often provide varying estimates for LCS lifetimes, if available, that range from as short as two
years to more optimistic claims exceeding five years. However, these estimates can be uncertain
and depend heavily on the use cases, maintenance routine, quality of sensor components, and the
specific environmental conditions in which LCS are deployed in long term (Table 3.4.1). In indoor
environments, high levels of PM and other pollutants can accelerate the aging of LCS, leading to
a shorter operational life. For PM LCS specifically, dust accumulation and degradation of electrical
components can cause performance issues like measurement drift that results in less reliable
measurements and a shortened lifetime.!®”-'87 Similar issues are present during the life of other
pollutant LCS.**!83 Ensuring proper maintenance like cleaning the sensors in PM LCS devices or
even replacing them over time for those with a replacement feature can help extend the lifetime of
these devices. Overall, end-users should consider the lifetime and long-term costs associated with
potential sensor maintenance and replacement for LCS devices when evaluating the total

investment in LCS for TAQ monitoring.

After acquiring a LCS device taking all these factors into context for the targeted IAQ application
or deployment, additional considerations for setup, deployment, and maintenance can help

maximize the benefits and effectiveness of the LCS (see Table 3.5.2).
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Table 3.5.1. Questions and considerations for buying a LCS for IAQ monitoring.

Question

What is the purpose?

What pollutant(s) do you want to
measure indoors?

How much do LCS typically cost and
what aligns with your budget?

What are some of the features you
should consider?

How can you check the performance
of your LCS?

What should you look for in a user
manual?

o O O O O

o

O O O O O O O

o O O O O

Consideration

Education and information
IAQ Hotspot identification
Personal exposure and health
Participatory science

Particulate matter (e.g., PMa.s, PMio)
Gases (e.g., O3, NOx, VOCs)

$75 —$500 (1 pollutant)
$500-$1,500 (1-2 pollutants)
> $1,500 (3 or more pollutants)

Ease of use and setup (e.g., plug and play)

Size, weight, and portability

Performance in the real world (e.g., response time)
Power source and connectivity

Storage capacity and data accessibility
Maintenance requirements and cost

Expected lifetime of LCS

Conduct periodic quality control checks (e.g., timely signal detection from
pollution events, firmware and software updates for optimal performance)
Compare results to a nearby regulatory monitor or other LCS in network
Periodically review and evaluate data for errors or problems

Check environmental conditions that may impact performance (e.g., high
humidity or moisture indoors)

Type of pollutants measured and detection range
General operating instructions

How to store and recover data conditions of operation
Expected performance

Customer service support

Analysis of EPA’s The Enhanced Air Sensor Guidebook*’ (Chapter 3, Section 3.4 and Appendix C1-C3); South Coast
AQMD’s Community in Action: A Comprehensive Guidebook on Air Quality Sensors>* (Chapter 2, pages 20-21); and

literature 44,49,50,182
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Table 3.5.2. Additional considerations after buying a LCS for IAQ monitoring.

Consideration

Setup

Deployment

Maintenance

o

Option
Proper positioning allows the LCS to accurately represent the general air
quality of the indoor environment.
Place the LCS in an open area to ensure adequate airflow through the
internal sensing components.
Position the LCS away from walls, furniture, and other obstructions that
could block airflow and interfere with measurements.
Avoid placing the LCS directly near pollution sources (e.g., cooking,
stoves, ovens, smoking) to prevent overloading the sensing components
and skewing readings.
Avoid areas with drastic temperature changes or high humidity (e.g.,
bathrooms, near windows, heaters, or fireplaces).

Follow manufacturer’s instructions for initial setup or calibration.

Power Source

o

o

Ensure the LCS is powered to an electric outlet with minimal disruptions
or low usage to avoid interruptions in IAQ data.

For battery-operated LCS, regularly check and recharge or replace
batteries as needed.

Connectivity

o

Ensure stable Wi-Fi or other network connectivity for uninterrupted data
access. This is important for real-time alerts of air quality conditions.
Routinely check LCS data history for any gaps in data readings for
troubleshooting connectivity issues

Follow the manufacturer’s instructions for cleaning and routine
maintenance

Clean the internal and external surfaces and components to prevent
buildup. Particularly important for the fans and inlets of PM sensors, as
dust accumulation impacts data quality and causes drift.

Periodically check for and install firmware and software updates from
the manufacturer, as these can improve LCS functionality.

Replace failed sensor components for LCS with available capability
Routinely inspect LCS data for changes such as response to source
events or a high baseline when no source is present. This indicates a
potential LCS malfunction or a need for additional maintenance.
End-users should take into account additional costs for maintenance in
the overall costs for purchasing and deploying a LCS indoors
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4 Evidence of IAQ Assessment Efforts using LCS
4.1 Overview

IAQ continues to garner interest given the significant amounts of time people spend across indoor
microenvironments.® The use of LCS for IAQ monitoring has also grown in recent years,* driven
by their ability to provide real-time concentration data on pollution hotspots, sources, and related
indoor activities. LCS devices are valuable for generating air quality metrics for common indoor
air pollutants such as PM,s, CO, NO,, and VOCs and offering a qualitative and cost-effective
approach for IAQ management.** Additionally, LCS are particularly beneficial for certain
populations seeking to correlate health concerns with the quality of their living environment.

LCS empowers citizens and communities to monitor their local air quality, which often impacts

their daily lives and well-being.’!

As a result, marginalized communities, often facing
environmental injustices, have begun to adopt LCS for air quality monitoring. LCS air quality
monitoring at the community level has primarily focused on tracking outdoor or ambient levels of
pollution®>!8813% due to the unequal distribution of degraded air quality in communities of color
and low-income areas.!”!819%19! Using air pollution data from LCS, these communities are able to
identify air quality issues, develop community-based strategies to address or reduce pollution, and

advocate for policy changes at the local, state, or federal level.'*?

More recently, monitoring IAQ has become increasingly important in communities to reduce
indoor exposure to air pollutants and toxic chemicals for health concerns (e.g., asthma), and enable
informed behavioral choices (e.g., not smoking indoors) to adequately manage and control TAQ.
Although the use of LCS for assessing IAQ is relatively new,* several studies have pursued
characterizing IAQ across different indoor environments. This section presents evidence of IAQ
assessments using LCS, with a total of 31 studies identified through a literature review (Section
2.3 and Figure 2.3.1). Tables 4.1.1 and 4.1.2 outline the 31 studies identified from the literature
review, including relevant elements such as study locations, communities and participants

involved, LCS used, pollutants measured, and the goals of IAQ monitoring.

Given the significance of IAQ for impacted populations, exploring studies performed in impacted
communities and those with actionable behavioral changes to modify IAQ were prioritized.
Section 4.2 focuses on these studies, examining characteristics, participant behaviors, challenges
faced during IAQ monitoring, and necessary steps to narrow the gaps and improve IAQ in these
communities. Findings from these studies as well as future-facing considerations for LCS users,

community groups, air quality agencies, researchers, and policymakers are also outlined.
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Table 4.1.1. Studies characterizing IAQ using LCS.

Reference

Matz et al. 2017'%

Wong-Parodi et al.
20181

Casey et al. 2018'%*

Moore et al.
20181%

Shrestha et al.
2019%

Kaduwela et.
20197

Gaskins and Hart
201918

Rickenbacker et al.
2020

Singer et al.
2020%%

Location & Timeline

Southwest Pennsylvania
(2014)

Pittsburg, PA
(Spring-Summer 2016)

Navajo Nation
Southwestern US
(February-April 2014)

Salt Lake City, UT
(2017-2018)

Colorado
(1 year)
Wildfire seasons
(August-October 2016)
(June-September 2017)

Albany Middle School, CA
CAMP Fire
(November 2018)

Massachusetts General
Hospital (2018);
Nationwide (2019)

Pittsburg, PA
(1 year)
2016-2017
(November-April)
(May-September)

San Franscico Bay Area,
Southern California
(2016-2018)

Community

Environmental
Health Project

City of Pittsburg

Tsaile, Arizona;
Shiprock, New
Mexico

University of Utah
asthma study

Denver;
Colorado northern
front range

School community

Epidemiology
cohorts

Greater Pittsburgh
region

Owner-occupied,
detached California
houses

Participant(s)

Households in the
Marcellus region

276 Pittsburgh residents;
Participant-led LCS use
and monitoring

Diné College students or
faculty

Families/households

Low-income residents

High school students (AQ
club)

Women fertility
participants;
Men reproductive
participants

Local residents in single-
family homes

California residents

Setting

Residences
(3-4 wks)

Residences
(up to 3 weeks)

Tribal residences
(41 homes, 2-3 days each)

Residences
(6 Homes, 20-47 weeks)

Residences
(28 homes, 2-7 days each)

1 Classroom
(~2 months)

Residences and wearable
(Women, 3 days)
(Men, 90 days)

Residences
(13 homes, 7-31 days each)

Residences
(70 Homes, ~7 days)

Goal

To use low-cost ways to understand
exposures to air emissions associated with
unconventional natural gas development

Assess whether using LCS changes what
people know and do about indoor air
pollution.

Help inform households on the Navajo
Nation about how home heating practices
could be impacting air quality (CO) in their
homes

To capture the added value for residents from
an air quality monitoring system that collects
data from multiple monitors, supports
proactive annotations, and presents real-time
data interactively

To understand how IAQ in low-income
homes is affected by (1) outdoor air
pollutants during wildfire seasons and (2) the
role of home characteristics and occupant
behavior in worsening or mitigating impacts

Compare and contrast air quality observations
made before and during the wildfire in school

To provide an overview of the unique
challenges and opportunities that arise when
measuring acute exposure to air pollution in
two ongoing reproductive epidemiology
studies

To examine the relationship between the built
environment, IAQ, and quality of life

To assess the impacts of ventilation and
emission standards on IAQ

LCS/Model

Speck

Speck

U-Pod:
(Alphasense CO-
B4)

Dylos

Dylos DC1700,
Acthlabs, AE51

LCS package
(Plantower
PMS7003, Winsen
MH-Z19)

AirBeam2;
emmET:
(Alphasense OPC-
N3 and NO2B43F,
Netatmo)

Graywolf 3016,
GraywolfFM801,
AethLab, AES],
AirThings,
Corentium,
Dylos

Met One BT-645,
Extech SD-800,
Aeroqual S500,
GraywolfFM801
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Pollutant(s)

PMys

PMys

(60)

PM,s

PM,s,
BC

PM.3
CO,

PM,¢;
PM, 5, NO,,
CO,

COy;
PM03-10);
BC;
Radon;
HCHO;
Total VOCs

PM,s, CO,,
NO;


https://doi.org/10.17351/ests2017.127
https://doi.org/10.2196/mhealth.8273
https://doi.org/10.1016/j.scitotenv.2017.12.312
https://doi.org/10.1145/3264938
https://doi.org/10.3390/ijerph16193535
https://doi.org/10.1080/10962247.2019.1629362
https://doi.org/10.1111/ppe.12599
https://doi.org/10.1061/(ASCE)AE.1943-5568.0000439
https://doi.org/10.1111/ina.12676

Reference

Shao et al. 20217

Webb et al. 20212

Do et al. 20212

Collier-Oxandale et
al. 20223

Kang et al. 20222

Fritz et al. 20222

Masri et al. 20222

Connolly et al.
2022%

Location & Timeline

Maryland/Washington DC
2018-2019
(December-July)

Mountain West Region
(March/April 2018)
(November 2018)

Southern California
(March-April 2019)

California
(2016-2022)

Chicago
(2017-2020)

Austin, TX
(2020)

Santa Ana, CA
(August 2021)

Los Angeles, CA
(December 2017-June 2019)

Community

Center for
Assisting Families;
Health Advocates
In-Reach and
Research campaign
network

Two (2) frontier
reservations in the
Rocky Mountain
West

Inland Empire

14 communities
(Southern, central,
and northern
California)

Chicago Bungalow
Association

University of Texas

Local community

UCLA university
village housing
community

Participant(s)

Black/Latino Hair salon
workers and clients

Tribe members

18 Inland Empire
residents (5 cities)

350 community members

Occupant-owned
households

University students

Factory employees

Graduate students with
families

Setting

6 Hair salons
(3 days)

Tribal housing
(19 homes, 6-8 days)

Personal monitoring (GPS
for participant locations
including in homes)

Single- and multi-family
homes (up to 3 yrs.)

Residences
(40 homes, >2 years)

Residences
(20 Homes, 77 days)

Industrial facility
(3 days)

Residences
(18 apartments, 1.5 years)

Goal

To fill critical data gaps by characterizing
TIAQ and PM concentrations in hair salons
predominantly serving clients of Black
African/Latino descent

To assess local IAQ, and inform the tribal
communities of any concerning levels in need
of mitigation

To establish recommendations for future
assessments

To characterize PM, s exposure variability for
individuals from different inland Southern
California cities and socioeconomic status
neighborhoods

To understand which microenvironments
pose the greatest exposure risk in region

To facilitate successful LCS use by citizen
scientists and how to appropriately engage,
educate, and empower emerging community
air monitoring networks.

To evaluate the impacts of three types of
residential mechanical ventilation system
retrofits on reducing indoor pollutants,
maintaining IAQ, and improving adult
asthma outcomes in Chicago homes

To address the effect of IAQ on sleep quality

To address worker concerns in an industrial
facility by characterizing indoor PM, s and
heat exposure over an 8-h workday

To evaluate long-term LCS performance and
explore the potential applications of PA-II
devices in a community residential setting

LCS/Model

uRAD Model A3;
AirVisual Pro;
PlumeLabs Flow

AirU: (PMS3330,
Plantower);
Passive radon test
kits

Applied Particle
Technology
Minima

PurpleAir PA-IT

MetOne GT-526;
Aeroqual SM-50
and Series 500;
Extech SD800;
Lascar EL-USB-
CO; GrayWolf
FM-801

Sensirion SPS30,
SCD30, and
SGP30; SPEC
DGS-CO

AtmoTube Pro

PurpleAir PA-IT
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Pollutant(s)

PM, s,
RPM

PMs,
Radon

PM, s

PMys

PM,, PMys,
PM,, Os,
NO,, CO,,

CO, HCHO

CO,, CO,
PM,
TVOCs

PMys

PMy s


https://doi.org/10.1111/ina.12817
https://doi.org/10.3389/fpubh.2021.606430
https://doi.org/10.1016/j.jaerosci.2020.105704
https://doi.org/10.3390/s22072543
https://doi.org/10.1016/j.scitotenv.2021.150129
https://doi.org/10.1016/j.buildenv.2022.108835
https://doi.org/10.3390/atmos13050722
https://doi.org/10.1016/j.scitotenv.2021.150797

Reference

He et al. 20222

Anastasiou et al.
202320

Walker et al.
2023207

Gerding et al.
202328

Masri et al. 20232

Pei et al. 202320

Wenner et al.
20241

Prathibha et al.
202412

Location & Timeline

Seatle, WA
Wildfire season
(September 2020)

New York City
(2018-2021)

Missoula, MT
Wildfire season
(June -October 2022)

Cincinnati, OH
(January-March 2023)

Santa Ana, CA
(June-July 2022)

Philadelphia, PA
(July 2018-January 2019)

Chicago, IL
(April-May 2023)

Northwest California,
Humboldt County
(September-October 2021)
(January-March 2022)

Community

University of
Washington;
Urban Seattle

NYC Housing
Authority

Local climate
advocacy
organization

Local home
healthcare agencies

Green Madison
Park Neighborhood
Association

N/A

N/A

Hoopa Valley Tribe
Land Management
and Tribal EPA

Participant(s)

Seattle Residents and
research staff

244 Black and Hispanic
nonsmoking households

Nonsmoking households

12 nonsmoking status
female home healthcare
workers

Community volunteers;
Crowdsourced data

2 office occupants

Volunteering office
occupants

Tribe members and non-
smoking households

Setting

Residences, 2 offices
(5 homes, 20 days)

High-rise building
(21 apartments, 3 years)

Residences paired with
outdoors
(20 homes, 4 months)

Work locations and client
residences
(during work weeks)

Residences paired with
outdoors
(10 homes, 22 days);
6 Southern most CA counties
for crowdsourced data

Office;
Ventilation system of 2-story
building

11-floor office building
paired with outdoors
(floor 1, 4, 6, 9)

Tribal housing paired with
outdoors

(12 homes, four 1-2-week
phases)

Goal

To evaluate the effectiveness of intervention
strategies on PM, 5 during wildfire and
estimate personal exposure

To evaluate the impact of smoke-free housing
policy on secondhand smoke exposure and
health outcomes

To better understand what household and
behavioral characteristics impact particle
infiltration and indoor exposures during
wildfire events

To assess the association between
occupational stress and salivary cortisol
levels among home healthcare workers and
the influence of personal air pollution
exposure on cortisol fluctuations

To characterize July 4th firework-related air
pollution using LCS both indoors and
outdoors at the neighborhood level in Santa
Ana, CA and at the city level throughout
southern California

To examine the potential application of low-
cost particle sensors for monitoring particle
removal performance of the mechanical
ventilation system

To increase our understanding about vertical
variations in PM, s in urban areas

To evaluate DIY portable air cleaner (PAC)
effectiveness in an underserved community
with a history of extreme smoke impacts
To evaluate whether a real-time air quality
display (LCS) affected PAC usage

LCS/Model

Plantower

PMSA003

AirBeam

PurpleAir PA-II-
SD

PlumeLabs Flow-
2

AtmoTube Pro;
PurpleAir
monitors

IC Sentinel LCS

PurpleAir PA-II
and Touch

PurpleAir PA-II-
SD
Kaiterra Laser

Egg
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Pollutant(s)

PM: s

PM: s

PMy s

PM,, PMz s,
PM;o, NO,,
VOCs

PMy s

PMo3s.1,
PM,.s,
PM.;

PM: s

PMy s


https://doi.org/10.1016/j.atmosenv.2022.119244
https://doi.org/10.1093/ntr/ntac202
https://doi.org/10.1016/j.scitotenv.2023.165238
https://doi.org/10.3390/atmos14091393
https://doi.org/10.3390/atmos14020401
https://doi.org/10.1016/j.jobe.2023.107774
http://www.cbei.psu.edu/navy-yard-building-661-advanced-energy-retrofit-living-laboratory-2/index.html
http://www.cbei.psu.edu/navy-yard-building-661-advanced-energy-retrofit-living-laboratory-2/index.html
https://doi.org/10.3390/s24082493
https://doi.org/10.1016/j.atmosenv.2024.120650

Table 4.1.2. Crowdsourced studies characterizing IAQ using LCS.

Reference

May et al. 2021%°

Liang et al. 20212

Krebs et al. 20213213

Mousavi and Wu
2021214

O’Dell et al.
202221

Kramer et al.
202321

Location & Timeline

Western USA
2020 Wildfires
(September 2020)

San Fransisco Bay Area and
Los Angeles Area
2018 & 2020 Wildfires
(November 2018)
(August-September 2020)

California
(2019)

Southern and Northen
California
Pre- and Post-COVID
(2019-2020)

Six western US cities: San
Francisco, Los Angeles, Salt
Lake City, Denver, Seattle,
Portland
(2020)

San Fransisco Bay Area and
Los Angeles Area
2020 Wildfires
(August-December 2020)

Community

PurpleAir LCS
users

PurpleAir LCS
users

PurpleAir LCS
users

PurpleAir LCS
users

PurpleAir LCS
users

PurpleAir LCS
users

Participant(s)

Crowdsourced data with
occupant selected case
studies with filtration

Crowdsourced data

Crowdsourced data

Crowdsourced data

Crowdsourced data

Crowdsourced data

Setting

Residences, schools,
commercial buildings paired
with outdoors

Residences paired with
outdoors

Indoor environments paired
with outdoors

Residences, offices, schools
paired with outdoors

Indoor environments paired
with outdoors

Indoor environments paired
with outdoors

Goal

Evaluate the infiltration of smoke in different
building types and the impact of interventions
to improve IAQ

Evaluate a low-cost PM, s filtration method
that might be able to significantly improve
TAQ during smoke events

Characterize how IAQ during wildfire
episodes is affected by buildings and their
occupants

Explore the dynamic relationship between
indoor and outdoor PM concentrations of
various particle sizes across time of day,
seasons, and locations

Understand the influence of stay-at-home
COVID orders on both indoor and outdoor air
quality across location, type of building, and
proximity to road emissions

Quantify PM; s exposures indoors and
outdoors during smoke-free and smoke-
impacted periods

Evaluate census-tract level socioeconomic
representation of co-located indoor and
outdoor LCS

Evaluate indoor and outdoor PM, 5
concentrations during 2020 California
wildfires and characterize associated public
health and equity implications

LCS/Model

PurpleAir
monitors

PurpleAir
monitors

PurpleAir
monitors

PurpleAir
monitors

PurpleAir
monitors

PurpleAir
monitors
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Pollutant(s)

PMy 5

PM: s

PM03-0.5),
(0.5-1), (1-2.5),
(255, (5-10)

PMy s

PMy s

PM: s


https://doi.org/10.4209/aaqr.210046
https://doi.org/10.1073/pnas.2106478118
https://doi.org/10.1021/acs.est.0c08469
https://doi.org/10.1021/acs.est.0c06937
https://doi.org/10.1088/2752-5309/ac7d69
https://doi.org/10.1016/j.scitotenv.2022.159218

4.2  Studies on LCS for IAQ Monitoring in Impacted Communities

This section discusses IAQ monitoring studies conducted in impacted communities using LCS.
Nine (9) studies from the literature review (Tables 4.1.1 and 4.1.2) focused on indoor deployments
of LCS in low-income communities and communities of color to assess the impact of LCS
monitoring on IAQ and the occupants themselves. These studies include Matz et al. 2017,' Casey
et al. 2018,'” Shrestha et al. 2021,% Shao et al. 2021,'”" Webb et al. 2021,%°! Do et al. 2021,%¢
Masri et al. 2022,2%* Masri et al. 2023,2% and Prathibha et al. 2024.2!? These studies cover a range
of settings, including unconventional natural gas development impacted areas in Pennsylvania,
Native American reservations, and industrialized regions in Southern California. They also
highlight different sources of indoor air pollution, such as household heating, outdoor pollution

impacts on IAQ, occupational exposures, and wildfire smoke infiltration.

A common theme across these studies is the shared motivation for IAQ monitoring, with emphasis
on the significant health risks associated with poor IAQ, including respiratory issues (e.g., asthma),
cardiovascular diseases, and other adverse health effects linked to specific pollutants like PM; s,
CO, and VOCs. Additionally, impacted communities included in the studies, namely low-income
households, communities of color, and indigenous populations, were disproportionately affected
due to their proximity to pollution sources, limited access to cleaner energy alternatives, and

inadequate housing conditions.

LCS deployments in the studied impacted communities were often facilitated by community-
academic or community-agency partnerships and revealed high levels of indoor air pollution. In
some cases, these levels exceeded both prior findings in other homes and established air quality

1 195

guidelines. Casey et a showed Navajo homes using wood and coal for heating had CO levels

exceeding World Health Organization guidelines, with peak CO concentrations in some homes
being higher than those recorded in other parts of the United States and Canada. Shao et al.!”!
reported high respirable PM levels in Latino/Dominican salons, with one salon’s 95" percentile
PM concentration exceeding OSHA’s action level. Masri et al.>** observed significantly higher
PMb> s levels indoors in two industrial buildings compared to outdoor conditions, with Latino
workers, especially those engaged in sanding and welding, exposed to AQI-defined unhealthy air
quality for most of their 8-hour shifts. Webb et al.?°! found some Native American homes in the
US Mountain West region experienced PMas levels significantly above EPA’s daily limit for

several days, along with radon concentrations in many homes also exceeding EPA’s action level.
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LCS monitoring of IAQ in impacted communities also revealed variability in pollution
concentrations across different homes and reference points within studies, highlighting how
socioeconomic status, residential location, building quality, and occupant activities or behaviors
could influence exposures. Casey et al.!”> observed a wide variation in air exchange rates across
Navajo homes, of which 23% were below ASHRAE ventilation standards, indicating a higher
potential for harmful CO accumulation from home heating practices. Shrestha et al.?> showed
indoor CO levels were three to five times higher than outdoor levels in some low-income homes,
potentially due to standing pilot lights in combustion devices present. Additionally, low-income
homes with exhaust hoods effectively reduced indoor air pollutant concentrations more than
recirculating hoods and no installed stove hoods in other homes. Shao et al.!”! showed that
although Black/African American and Latino/Dominican hair salons had elevated respirable PM
concentrations (median 299 pg m™), higher levels were observed in Dominican salons, likely due

to the more frequent use of blow drying and flat ironing documented in participant surveys.

Webb et al.?’! monitored IAQ in two Mountain West Native American Tribes, recording notably
high but distinct peak PMz s concentrations for Tribe A (463 pug m™) and Tribe B (896 ug m?),
indicating a myriad of potential sources, including woodburning stoves and smoking. This study
also highlighted housing inequality and an uneven distribution of exposure risks across tribal
housing due to the consistent presence of radon in both Tribes A and B homes. Do et al.?
characterized personal PM; s exposure across five inland Southern California cities and found that
participants from San Bernardino, the lowest socioeconomic status community, experienced higher
home exposures over consecutive 24-hour monitoring periods. With participants also spending
~70% of their time at home, those in San Bernardino were more likely to face greater exposure to
elevated PM> s, despite high participant mobility and relatively stable ambient PM> s levels. Masri
et al.>** found that Latino workers in “sanding and welding” roles experienced the highest mean
PM: 5 concentration (167.6 pg m™) at an industrial facility, followed by strictly “welders” (111.7
ng m>). These concentrations were 2 to 5 times greater (33.5-68.1 pg/m?) than those observed in

the other three occupational categories, sheet metal folding, assembly working, and oversight.

Masri et al.?% investigated firework-related personal PMz s exposure in Santa Ana, CA during the
4™ of July celebration. Indoor-outdoor PM, s ratios for disadvantaged homes in the area varied
widely, influenced by building characteristics, holiday behaviors (e.g., windows open or closed),
and other indoor activities. The study also found that race and ethnicity were leading predictors of
July 4th-related PMb> s pollution in Southern California, with higher pollution levels in areas with

1212

greater proportions of Hispanic residents such as in Santa Ana. Prathibha et al.”’~ explored the use
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of DIY and commercial portable air cleaners for reducing smoke exposure in underserved Native
American homes in the Hoopa Valley Reservation. Study findings showed varied reductions in

PMb s levels across homes due to usage behavior from occupants impacting air cleaner efficacy.

Across the nine studies using LCS in impacted communities, various engagement levels and
behaviors in response to IAQ monitoring were observed. Many residents actively used LCS to
validate exposure, understand pollution sources, and take immediate action, such as improving
ventilation or using air cleaners (Matz et al.,'** Prathibha et al.?'?). Some participants engaged less
frequently with LCS, often due to technical complexity or feeling overwhelmed by ongoing
environmental health concerns (Matz et al.'®*) while other participants’ behavior suggested a
decline in interventions over time without regular external reminders (Prathibha et al.?'?). IAQ
monitoring in disadvantaged homes showed that staying indoors during firework episodes
effectively reduces PM; s exposure, and even more so when combined with an indoor air purifier
(Masri et al.2??). In industrial settings, workers used LCS data to advocate for better workplace
conditions and protective measures for basic air quality control, such as adequate ventilation
systems and high-efficiency particulate air filters (Masri et al.?%%). Similarly, in Native American
homes, IAQ monitoring prompted recommendations for immediate radon remediation (Webb et

al.?") and the installation of CO monitors in homes heated with solid fuels (Casey et al.'*>).

However, despite strong motivations to better understand IAQ in impacted communities, often
with successful indoor LCS deployments, several challenges emerged across studies. These
included technical and data issues with LCS during deployment by academic or agency partners,
as well as barriers faced by impacted communities related to improving IAQ. Issues such as LCS
malfunction, lack of user-friendly interfaces, difficulties in data interpretation, and low LCS
performance were present (Casey et al.,'>> Shrestha et al.,> Shao et al.,'”! Webb et al.?%!). For the
participants engaged, high costs and limited access to effective air cleaning technologies were
significant barriers, especially in low-income communities (Shrestha et al.,> Prathibha et al.
2024%). Additionally, continuous and effective use of IAQ monitoring and mitigation devices was
influenced by factors like noise levels, ease of use, and indoor comfort (Matz et al.,'”> Casey et
al.,!>> Shao et al.,!”! Webb et al.,?°! Prathibha et al.?!?).

The studies suggest that improving IAQ in impacted communities can leverage various
opportunities facilitated by LCS, including community engagement and education, affordable
tools and solutions, policy and advocacy, and technical improvements. Community engagement

and education: continued engagement with residents, workers, and other populations in impacted
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communities to educate them about IAQ risks and mitigation strategies is crucial. Providing
simple, actionable information can empower communities to take effective measures (Matz et
al.,!>> Masri et al.,** Prathibha et al.,>!?). Affordable tools and solutions: the promotion of low-
cost, effective solutions like DIY air cleaners can be helpful in mitigating exposure in
economically disadvantaged communities. It is important to note that support for maintenance and
replacement of parts is essential for sustained usage of these tools and solutions in impacted
communities (Prathibha et al.?!?). Policy and advocacy: strengthening regulations and increasing
inspections in workplaces and residential areas can help ensure better IAQ and enforcement of air
quality standards for already overburdened communities. Given the propensity of inadequate
housing conditions, smaller unit sizes, lack of cleaner heating fuels, and energy insecurity for low-
income communities and communities of color, having community air quality data indoors and
outdoors is a powerful tool in advocating for change (Masri et al.>**). Technical improvements:
developing more robust, user-friendly, and accurate LCS with validated performance testing will
enhance data reliability and usability. Accessible training and support for users from LCS

manufacturers to interpret and act on the data are also important (Casey et al.,!>> Webb et al.?’!).

Insights from IAQ monitoring studies in impacted communities also suggest several future-facing
considerations on LCS utility. Longitudinal studies for IAQ monitoring are recommended to
capture chronic exposure and seasonal variations that can provide a deeper understanding of health
impacts and the effectiveness of interventions (Masri et al.,?** Webb et al.,?*! Prathibha et al.?!?).
Additionally, the continual integration of mobile applications, wearables, and other digital
tools with LCS, which can be easily accessed and used even for less technologically savvy users,
is essential for adapting LCS into daily life for [AQ monitoring and facilitating real-time data
knowledge, engagement, and responsiveness (Matz et al.,'”®> Shao et al.,!”! Prathibha et al.?'?).
Scaling up successful models of community-facing engagement and low-cost monitoring to more
communities can also help address widespread IAQ issues and promote environmental justice for
impacted populations (Webb et al.,>°! Prathibha et al.>!?). Likewise, individual, crowdsourced, or
community-led monitoring of TAQ in impacted communities can influence local and national
policies to drive systemic changes to improve air quality in these communities. Overall, by
addressing challenges in IAQ monitoring and building on the strengths of LCS technologies,
significant improvements in IAQ and public health can be achieved, particularly in marginalized

and vulnerable communities.
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5 Insights from Stakeholder Interviews on LCS for ITAQ
Monitoring

5.1 Overview

Stakeholder interviews were conducted in accordance with the goals specified in Task 3 (Section
2.4). Interviewees were recruited from the four stakeholder groups: IAQ researchers, LCS
manufacturers, members of impacted communities, and LCS users. Interview questions were co-
designed with CARB staff and tailored to each stakeholder group. The detailed summaries that
follow are organized by stakeholder group, and insights gained from each interview are organized
into five themes. These themes include best practices, benefits, caveats, unique experiences, and
recommendations. Best practices describe activities that are commonly carried out to improve the
indoor air monitoring experience. Benefits describe the positive aspects associated with LCS
monitoring for IAQ. Caveats describe aspects of using LCS for IAQ monitoring that users should
be aware of, whether based on expert knowledge or whether the knowledge was gained from a
negative or challenging experience. Unique experiences include specific recollections of past
occurrences from the interviewee regarding IAQ monitoring, exposures, and mitigation
approaches. Recommendations include advice from interviewees for future monitoring efforts,

science communication, and indoor air pollution mitigation.

A total of 10 individuals were interviewed, and the length of the sessions ranged from 20 to 45
minutes. Specifically, interviewees included one sensor manufacturer, two members from
impacted communities, three IAQ researchers, and four sensor users. Interviews were digitally
recorded and transcribed to retain the original meaning of interviewees’ spoken words. Following
transcription, interview content was then sorted into the aforementioned themes and summarized
for readability. It is important to note that some themes were not reflected in certain interviews.
Section 5.3 collates and combines the unique experiences from stakeholder groups when using
LCS for IAQ monitoring as outlined in Tables 5.3.1-5.3.3 while Section 5.4 highlights best
practices (Table 5.4.1), identifies key caveats (Table 5.4.2), and presents recommendations (Table
5.4.3) shared from the diverse experiences of the interviewed stakeholders. Together, these insights
offer practical guidance for implementing LCS in a variety of contexts, addressing technical,

educational, and operational aspects.
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5.2 Highlights and Implications of Interview Insights

Interviews were very insightful in gaining an understanding of the experience of multiple
stakeholders after using LCS for a variety of applications. All researchers and the manufacturer
recommend calibration or comparison to reference grade instrumentation, and this comparison
should occur intermittently for longer-term applications. Impacted community members and
sensor users appreciate qualitative groupings of data into easily interpretable colors, but
researchers warn against inconsistencies in groupings across manufacturers. Sensor users greatly
benefited from having access to monitors and were able to make impactful changes to their indoor
behavior. However, these changes can be slow for community members with deeply embedded
cultural practices that lead to indoor emissions. Impacted communities are presently suffering from
low-quality housing that sometimes does not have windows or air conditioning. Tensions and fears
surrounding eviction can hamper the willingness of a renter to advocate for healthy household
interventions for better IAQ, such as electric stoves and air filtration. The majority of stakeholders
cite PM> s and CO LCS as having reliable data, but would like to see the same for other pollutants.
Total VOCs and NO> were cited as being not as reliable.

The public would benefit from targeted educational campaigns about IAQ, LCS monitoring
indoors, LCS data, data interpretation, indoor air pollution sources, and mitigation strategies.
Providing succinct guidance in multiple languages in digital video format, TV and radio

announcements, or billboards would promote IAQ education and awareness.
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5.3  Unique Experiences of Stakeholders

Table 5.3.1. Unique experiences of impacted community members.

Indoor Pollutants
& Unhealthy
Indoor Conditions

LCS Purchase &
Use for TAQ
Monitoring

Behavioral
Changes to
Improve IAQ

Obstacles for
Improving IAQ

Summary of Insights
Indoor pollution sources include air fresheners, pet dander, rugs, cooking, gas stoves, and air
fryers.

Bleach, Febreze, and other cleaners are asthma triggers, and were especially noticeable during
the height of the COVID-19 pandemic.

Old buildings lead to unfavorable indoor conditions as well as overcrowded housing, lack of
windows, and limited ventilation.

o There was an aversion to opening windows during winter.

o Proximity to freeways and high-traffic roadways worsens [AQ.

o Asthma and eczema cited as health effects worsened by poor IAQ.

Manufacturer recommended purchasing an ultra-low-cost sensor ($75-100) due to their budget
constraints.

o Community member has not purchased their own sensors directly due to cost constraints.

o Experienced difficultly when setting up monitors and reading and understanding measurements

in real time.

A small, tube-shaped, portable monitor was used for a youth engagement project. Monitors
were lightweight, transmitted data to an app without a hotspot, and stayed charged for up to
seven days. However, there was limited accessibility to the app’s data due to the lack of an
online dashboard.

A wearable PM; s monitor was liked for its real-time data transmission and ability to record
measurements while mobile. However, the alarm system was too loud in a school environment.

o Future purchases will include solar-powered, cellular-enabled PM, s monitors.

o Community member is now using air filters in their workplace due to IAQ monitoring indoors.

o In another community household, they decided to vape outside instead of indoors as a

o

O O O O

o

mitigation strategy for indoor air pollution.
There is no clean IAQ baseline to compare to in the community.

Learned how to use filters in window air conditioning units.
Changed the time of using their built-in oven to only being used in the morning.
Taping up windows during wildfire smoke events suppresses infiltration.

Uses Google, AQ-SPEC, Home Depot, and Amazon as resources to learn about IAQ
monitoring.

Community member would like to purchase an electric convection oven while renting to
improve IAQ and then put the original gas oven back after the lease ends.

Stagnant ambient conditions (e.g., strong marine layer) allowed emissions from a neighbor’s
fireplace to infiltrate their home.

Window air conditioning units were ineffective during Northern California wildfires,
prompting temporary displacement to get relief from smoke impacts.

Air conditioning alone on a summer day doesn't remove indoor pollutants as effectively as
expected when using a built-in oven.

83



Obstacles for
Improving IAQ

Summary of Insights
Tensions with landlords may arise when advocating for cleaner indoor air. Before a 2024
California provision for tenant protection was put in place, landlords could evict when tenants
complained.
Lack of public awareness about IAQ in a non-residential location (e.g., gym class) led to
higher exposure risks.
For some communities, behaviors don't change overnight, and so funding for [AQ monitoring
and education needs to be available for five or more years.

In some cases, it takes time to find community-driven solutions and to change behaviors. So,
changes shouldn't be expected in as few as 3-6 months.

Table 5.3.2. Unique experiences of IAQ researchers.

Feedback on
Sensors

Lessons from
Residential IAQ
Monitoring

Lessons from IAQ
Monitoring in
Schools

Summary of Insights

For tVOC sensors, a unique application has recently been developed where the sensors are used
to understand indoor mixing and timing to disperse across a space, but this may not be useful
for a community organization.

Low-cost ultrafine particle sensors are emerging that perform well compared to scanning
mobility particle sizers (SMPS).

IQAIr has a nice monitor for PM, s and CO because there is no Wi-Fi requirement, but battery
issues have been experienced.

A multi-pollutant indoor monitor is useful for its ability to switch out sensors. A homeowner
may only be interested in short-term monitoring, but these are good in the long-term because
sensors can be switched out.

Researcher unknowingly installed a well-known PM» s monitor at their home residence near a
water heater vent and saw spikes at regular intervals. This was caused by small amounts of
particles that are emitted from natural gas combustion.

Wildfires are a big motivation for using LCS.

There is not always a paid incentive for community studies, and payments depend on the
application. Project implementers are usually paid.

In an indoor monitoring effort with a Tribal community, 50 homes were assessed for IAQ using
low-cost monitors for PM, s, tVOC, CO, CO,, temperature, and relative humidity. Community
members kept activity diaries, and then had a chance to follow up with researchers for one hour
to discuss findings. Then, monitoring continued for two additional weeks. The education and
capacity building that emerged from this study were then used to leverage ongoing ambient
monitoring efforts.

Sometimes schools may not want to buy something deemed “low-cost” because they are
concerned about liability and quality when communicating findings with parents.

Parents were eager to get access to the data. There was some pressure to release high-quality
data (e.g., remove poorly performing sensors).
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Table 5.3.3. Unique experiences of LCS users.

Indoor Pollutants
& Associated
Health Effects

Feedback on
Sensors

LCS Deployment
and Public
Engagement

Summary of Insights

Users identified cigarette smoke, cooking, off-gassing from carpet and furniture, improper
filtration, wildfire smoke, proximity to roadways, and outdoor sources as threats to human
health indoors.

One user identifies the length of exposure as a determinant of the severity of subsequent health
effects, e.g., skin issues, respiratory issues, and certain kinds of cancers.

There are difficulties in establishing causation because of the many chemicals that are in the
air. The user recognizes correlational evidence of exposure and adverse health.

For personal purchases, the user would choose a well-known PM; s monitor for its affordability,
popularity in the neighborhood, and product familiarity.

A small, tube-shaped monitor was portable but had to be charged often, and the connectivity
was inconsistent. It was also responsive to turning on a gas stove, but searing meat led to a
spike.

User was motivated to use two popular sensors at home due to exceptional events (e.g.,
wildfires). The setup was easy, but the charging cycle was inconvenient.

Some monitors are better for research applications, and others are more suitable for the public
due their user-friendly design and operation.

User cites a solar-powered, cellular enabled PM; s monitor as their monitor of choice.

Sensor user has experience with deploying solar-powered, cellular-enabled PM» s monitors
indoors in a school along with CO, sensors in partnership with a state agency. One sensor model
was chosen based on an existing collaborative relationship with a vendor. The other sensor
model was acquired through a partnership with the state agency, which purchased the sensors.

User found the setup process for a popular PM, s monitor to be easy and found the website for
data access to be convenient.

User took advice from a friend on Twitter to use the small, tube-shaped monitor. Purchasing
and setup was easy, but they experienced lack of connectivity and didn't like the charging cycle.
User does not see spikes when smelling combustion exhaust.

User's experience with deployment is different depending on who they are engaging with, e.g.,
a business owner, residential locations, or a city staff member. Questions and responses will be
different from stakeholder to stakeholder.

Sensor manufacturer provided advice on where to site monitors and what to look out for.

In a school application, it wasn't realistic to give teachers direct access to the LCS dashboard
without a customized guidance document, so one was created.

Outreach to find deployment locations has been challenging for an ambient monitoring effort,
because air monitoring is not a priority for everyone or it is difficult to get in contact with
building owners.

In a multi-stakeholder collaborative monitoring project, some communities needed workshops
on how to file a complaint; some needed better air filtration in schools; and some wanted to
know how the regulatory system works so they can be better advocates for air quality.
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Behavioral
Changes and
Associated
Improvements in
1AQ

Summary of Insights

User worked with DIY air cleaners and used LCS to understand how well the cleaners worked
in their bedroom. User saw significant reductions in pollutant levels after 15-20 minutes of use.

User experienced an immediate behavior change when cooking as a result of indoor monitoring
at home. User now opens a window when cooking because there is no range hood available.

Having additional information about in-home placement of sensors and how to act on the data
helps to change behavior and make better decisions about mitigation.

In an IAQ assessment in a school, even when provided with air filters along with monitors,
sometimes air filters were never turned on.

COVID-19 was a major driver for the indoor monitoring efforts in one local school district.
These efforts also coincided with a district-wide HVAC system upgrade.

User has enjoyed having a popular and commonly used monitor to see which activities increase
indoor PM; s levels. User also enjoys learning how long it takes to mitigate indoor pollution by
opening windows or turning on an air filter to return to baseline levels. Having the indoor PM: s
data allows for informed decision-making around the house. User hasn't experienced any
significant issues with the popular PM; s monitor in four years.

User is more conscious of indoor sources as a result of the monitoring, and now opens windows,
if the weather allows, or turns on the exhaust fan when cooking.

User likes being able to see the gradient from outside to inside during smoky days. One popular
PM2: s monitor is in the living room and one is in the backyard.

Commercial air filters didn't work as well during smoky days due to having an older, leaky
house. So, the user decided to spend time in one closed-off room with the air filter. User
concluded that controlling a smaller environment and spending more time there was more
useful during smoky days. User noticed that even with windows closed, indoor air quickly rose
to outdoor levels during smoky days without air filtration.

User was inspired to better understand IAQ dynamics due to a childhood asthma diagnosis.

User would not have purchased a popular PM> s monitor before their work program offered
them due to cost. After experiencing their benefits, they would replace the sensors on their own.
If the user didn't have their monitor, they would infer their ambient pollutant levels from a
neighbor's monitor.

User is borrowing a well-known multi-pollutant monitor as a loaner from work. The CO,
readings led to them opening their windows, but PM, s readings didn't have much variation.

User identifies CO; as an indoor pollutant of importance because of the monitor they have
access to.

Seeing the numbers on the monitor change as a result of their indoor activities prompted a
change in their habits, such as opening the window during data spikes.

Opening two windows and using an industrial fan lowers CO2 levels.

The well-known multi-pollutant monitor emits a light at 8 AM, so the user took the monitor
out of their bedroom.

After observing patterns and changing behaviors, there wasn't much additional information
needed from the sensors.

User would not have appreciated how much air quality degraded during cooking without
having access to the data.

Personalized air pollution information is helpful, especially when outside of the home or when
visiting a new location.
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Lingering
Concerns

Summary of Insights

After PM» s monitoring, the user is still interested and concerned about levels of other indoor
pollutants, mold, and pollen.

User still needs ventilation infrastructure to be installed (e.g., range hood), so the need wasn't
immediately met as a result of monitoring.

As a higher-income household that is susceptible to higher levels of indoor pollution due to
leaky seals, the pollution levels could be similar to those in an AB 617 household. However,
more income leads to the ability to deploy more resources to manage 1AQ.

User is experiencing a leaky home even after updated duct work and an upgraded furnace being
installed within the last 10 years.

User would be interested in sensors for other pollutants if they are as reliable as the popular
and commonly used PM, s monitors

User would not be interested in invasive equipment (e.g., very big, large power requirement,
Or N0isy).

5.4  Best Practices, Caveats, and Recommendations for LCS

Table 5.4.1. Best practices from all interviewees.

Sensor
Manufacturer

Members of
Impacted
Communities

o

Summary of Insights

Lauds small mobile monitors as being advantageous for monitoring in indoor environments.

Referencing the South Coast AQMD's AQ-SPEC testing results is a good reference point for
evaluating monitor performance.

PM; s LCS should be evaluated against Arizona road dust. This is an indicator of good quality
assurance practices.

For a quick check of sensor performance, taking the sensor outside and comparing the values
to the nearest reference monitor may be a good check, unless the home is downwind of a strong
source.

If a user is seeing a “zero” reading indoors, this could be due to high detection limits, i.e., the
sensor doesn’t read very low values and measurements are rounded to zero for low values.

PM; s sensors should show high readings during cooking activities.

Going door-to-door for community outreach and creating personal connections is best for
promoting behavior change for indoor exposure mitigation because it takes time to change
behaviors.

It is helpful to hear IAQ education from multiple sources over time.

For someone who is initiating community monitoring, it is best to first start talking to
community members about air quality.

It is important to understand the occupant density of a household.

Community members need to understand LCS capabilities, e.g., they are not calibrated to
measure specific source impacts, like smoke.

87



IAQ Researchers

LCS Users

Summary of Insights

For PurpleAir monitors, the data should not be used if A and B channels diverge significantly.
It is helpful to compare sensor data to measurements from nearby EPA/reference monitors.

When a house is well-ventilated, indoor concentration measurements are similar to outdoor
measurements.

Community-based organizations need guidance on how to implement LCS, and they need plain
language explanations of the value and limitations of the monitoring.

Always calibrate sensors with research-grade instrumentation. This should be done
intermittently for longer-term studies.

It is best to compensate community assistants for their time when working on these monitoring
efforts.

The most typical use of LCS was for mitigation of indoor exposure. For example, the researcher
could demonstrate how pollutant levels increased in response to cooking without an exhaust
fan, and then make recommendations for mitigation. They were not attempting to provide exact
exposure estimates.

Co-location in an environment with the target source is a standard practice. For instance, if
traffic is expected to be the dominant source, then sensors are co-located in a near-road
environment.

Co-location is sometimes carried out at a federal monitoring site.
LCS that are drifting or malfunctioning should be replaced.

For sensor recommendations, it is good practice to reference LCS evaluations on the AQ-SPEC
website.

CO; sensors have been reliable, but calibration is manufacturer-specific, so they always check
performance against research-grade instruments.

Community monitoring efforts are most successful when they are internally motivated by the
impacted groups.

Public resources that are commonly used include the EPA sensor guidance document, AQ-
SPEC website, manufacturer websites, wildfire guidance documents, and fact sheets.

Other sources of useful information include blogs, customer reviews, and tailored webinars.

Oftentimes, users will ask questions to researchers and colleagues who work directly with LCS
professionally.

It is good for people to think about where in the home the major sources are and where most
of the time is spent to determine in-home sensor placement.

Knowledge is power and having IAQ data can help make informed decisions.
Having colors associated with pollutant levels is an accessible way to interpret the data.
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Table 5.4.2. Caveats from all interviewees.

Sensor
Manufacturer

IAQ Researchers

Summary of Insights
Although, some sensors may be manufactured for ambient use, they can also be used indoors.
A “zero” value that is observed outside may be a sign that the sensor is not working.

Some sensors are targeted for industrial applications and enterprise-scale monitoring and
therefore may not be very user-friendly.

Be mindful that manufacturers haven't necessarily provided direct information to be included
in EPA or AQ-SPEC evaluations. These evaluations are conducted independent of input from
manufacturers.

Be mindful of where LCS are installed at a residence to avoid placement near sources.

The current distribution of a popular PM; s monitor doesn’t represent low-income communities
very well.

LCS are not usually high-quality.

There may need to be different duration (time scale) and threshold considerations for
community/residential vs. commercial building applications of LCS use in [AQ monitoring.

IAQ in commercial buildings may need longer-term measurements, which may be longer than
the optimal lifetime of LCS.

Community organizations and homeowners may have different IAQ goals, so separating the
advice for those groups could be useful.

Community organizations may need similar advice to what is useful for school applications.

It is up to the manufacturer to decide how high quality their sensor-provided information is.
Since there isn’t a standard, this creates inconsistencies, which is not the best of circumstances.

The public generally relies on [qualitative] IAQ groupings (colors) and not numbers
(concentration or numerical values), and these groupings can vary across manufacturer.

Community groups may not know what to look for in terms of data quality or accuracy with
respect to research-grade measurements (i.e., when comparing LCS to reference values).

For schools and community organizations, a challenge may arise with deciding who owns the
data that are collected, as well as accessing those data. So, with organizational-level networks,
there may be challenges with data ownership.

Long-term planning can be challenging because organizations may not have a good sense of
what to do after 5-10 years, e.g., how to maintain equipment, how to update or repair
equipment, and where funding for maintenance comes from.

Community organizations and schools may not be interested in raw data, so access to quality-
screened data may be most useful and would need to be easily accessible.

LCS have difficulty detecting ultrafine particles, which will be a challenge in capturing
accurate impacts when sampling near activities with lots of fresh emissions, such as cooking.

Research has observed lots of drift for NO; sensors.

Regarding accuracy, depending on the pollutant source, the sensors may be measuring
something different than what we think they are measuring. For example, indoor combustion
sources are not measured well by low-cost PM» 5 sensors.

CO and CO, sensors perform reasonably well. VOC sensors are not particularly well
performing either, in terms of specificity.

The full extent of major sources won't be captured with PM, s LCS due to size range limitations.
It can be challenging to manage large volumes of LCS data.
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LCS Users

Summary of Insights

It can be difficult to connect Wi-Fi dependent sensors to a protected Wi-Fi network. It may be
best to use personal hotspots.

There is a high occurrence of trial and error when siting sensors, and lessons get learned along
the way. On site, finding the place to mount the sensor can be unpredictable.

When engaging with the public and trying to generate interest in air monitoring, socioeconomic
or psycho-social challenges may take precedence over air quality concerns.

If users knew the challenges with siting, they may be deterred from purchasing certain ambient
Sensors.

Table 5.4.3. Recommendations from all interviewees.

Sensor
Manufacturer

Members of
Impacted
Communities

Summary of Insights

If consumers want to use industrial sensors, they should reference their user manuals as well
as EPA and AQ-SPEC documents for additional information on operation, evaluation, and
quality control.

We need to clearly educate the community about the sources of poor IAQ.

Regarding cultural practices that involve candle burning, we should start educating the
community about how to specifically manage candle pollution when the smoke is black, such
as extinguishing outside. Other solutions could be for community members to use battery-
powered or electric candles.

Community IAQ could be improved by providing air filters, which could also address the high
prevalence of pulmonary diseases.

Since community members live in homes with low-bandwidth Wi-Fi or no Wi-Fi, LCS should
have an app that makes the data more accessible. Without internet, it is hard to have a clear
picture of what is going on in the home.

Having a sensor that indicates that air is good, okay, or poor would be helpful.

For improved community education, having public announcements on TV or radio would be
helpful, e.g., a 30-second clip that explains the color-based indicators of poor AQ.

Use of self-contained monitors with their own power source and data transmission is
recommended for low-income communities.

Landlords need to be held responsible for supporting home improvements for IAQ, e.g.,
switching to electric ranges, regularly changing air filters, and upgrading air conditioning
systems.

Landlord business license renewal could be tied to their commitment to providing safe and
healthy housing for tenants.

A community IAQ campaign would be helpful for raising awareness among families (e.g.,
informational billboards).

There should be increased awareness raised about exposures in hazardous jobs (e.g., stone
countertop artisans, carpet layers, etc.).

Having a dedicated technical expert to work with would facilitate community monitoring
efforts.
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IAQ Researchers

Summary of Insights

Create targeted indoor air regulation that is focused on human health.

Consumer concerns around air quality, particularly wildfire smoke, led to increases in
PurpleAir purchases. Such sensors can be useful for climate adaptation planning purposes.

We could propose through new legislation that sensors, like CO detectors, not only report
threshold breaches, but also continuously measure and then report those measurements in an
accessible central database.

Deployment of affordable sensor packages that include CO, CO,, NOx, PM,s, and ozone to
have measurements across many residential and business environments is useful.

Sensors need to be foolproof to install.

Having a broader array of multi-pollutant sensors where data are publicly available allows
people to put what they are measuring in their own homes into context.

To overcome the income discrepancy of indoor LCS use, they should be given away for free.

The 2021 ASTM standard for low-cost PM»s LCS evaluation will help to standardize IAQ
thresholds for this measurement across manufacturers.

We should probably refer to LCS as consumer-grade sensors because low-cost means
something different to everyone. Usually, manufacturers don't use the term low-cost.

Sensors themselves need to be certified in a standardized way, similar to how ASTM
standardizes the performance evaluation.

Guidance documents should include some things that community organizations can easily
check to evaluate data quality.

There is high value in the research space to make calibration information more usable (or
accessible).

Different levels of access to online data interfaces for different roles are useful for community
organizations and schools for accessibility. The different roles could include: administrator,
analyst, user, public; and the different interfaces on a sensor's online dashboard could be public
map only, raw data access, and the administrator setup for sensors.

It is difficult for community organizations to figure everything out on their own, so it may be
useful to have an email address where people can actively seek and receive help.
Community-academic partnerships are helpful to provide technical assistance for low-cost
monitoring.

We need to think about the case of portfolio-level monitoring, when someone is managing
hundreds of buildings, and how to make the data most valuable (e.g., visual presentation).
Having access to a nice dashboard facilitates data management.

There should always be a discussion of sensor limitations for community applications, such as
not being able to capture the full magnitude of combustion impacts.

It would be helpful to have more manufacturer guidance on the length of useful life for sensors
and their parts.

There should be a clear replacement system in place for sensors and parts (in reference to LCS
vendors or manufacturers).

For lender programs (e.g., sensor loans from libraries), there should be simple guidance on how
to access the data and what to do with the information.
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LCS Users

o O O O

Summary of Insights

Having a device with a cellular plan is recommended to avoid Wi-Fi availability challenges.

Having a device with solar power to keep them charged is also helpful, especially for field
work.

It would be helpful to have technical support at multiple levels, such as from the manufacturer,
from the user's job, and from a technically trained help desk employee (sometimes they don't
have real-world experience). Larger companies may have more capacity to handle technical
support.

It is very important that communities can get in contact with technical support quickly, whether
it is a state or local entity. Having ready access to technical expertise is important.

When recommending sensors to others, user would recommend a popular and commonly used
PM, s monitor to more technical people and for ambient applications.

For indoor applications and people with less technical experience, a popular multi-pollutant
indoor monitor or a comparable device is recommended.

User would recommend a lower-cost PM; s monitor for more research-leaning applications for
its robustness, solar power capability, cellular connection, and back-end support.

It is best to use a sensor with a plug-and-play setup and with a graphical interface that makes
the data easy to read.

Having adequate in-house staff support for outreach related to sensor siting is key for the
success of monitoring efforts.

Guidance on siting efficiently is greatly needed for end users that facilitate projects who may
be interfacing with unfamiliar communities.

It is important to note that improving air pollution disparities requires an interdisciplinary
solution, one that doesn't solely rely on monitoring or technical solutions.

User would like a more personalized app to connect to the LCS or an LED display that shows
green, yellow, or red based on [AQ. User would rather not be required to always check the
status on the website.

User would recommend a popular and commonly used PM; s monitor to others.
User would like information upfront about where to place sensors in the home.
User recommends information on how to interpret spikes in the data.

It would be useful to have access to short (~3 min) videos about each sensor to explain what
the values mean (i.e., an accessible video library). This may be more desirable than attending
a 1.5-hour webinar.

Comparing local exposures to those outside of California could be an interesting reference
point for people.

Using sensors for one month provides time to understand the link between activities and
pollution levels, so that is the recommended time for using the sensors and calibrating behavior.
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6 Recommendations on LCS for Sustaining Healthier IAQ

LCS for IAQ monitoring play a crucial role in sustaining healthier indoor environments by
providing accessible and affordable means to track pollutants. Insights from market surveys on
LCS, reviews of TAQ monitoring studies, and stakeholder interviews reveal that LCS are effective
tools for identifying and mitigating exposure to harmful air pollutants, particularly in impacted
communities. These contributions highlight the importance of user-friendly interfaces, reliable
data, and continuous community engagement to maximize the benefits of LCS. By addressing
technical challenges and ensuring equitable access to these technologies, LCS can significantly

improve public health outcomes and environmental justice for vulnerable populations.

To reduce barriers to IAQ monitoring with LCS in impacted communities and promote healthy
IAQ, several actions can be undertaken by various stakeholders, including LCS manufacturers,
researchers, community groups, air quality agencies, policymakers, and LCS users. Broadly, LCS
manufacturers can enhance device reliability, user-friendliness, and affordability, while researchers
can focus on continuous validation of LCS performance and exploring innovative applications.
Community groups can facilitate education and engagement, helping residents understand and
utilize LCS effectively. Air quality agencies can support regulatory frameworks and provide
technical assistance, while policymakers can advocate for funding and policies that promote
equitable access to [AQ monitoring tools. LCS users, including residents and workers in impacted
communities, can actively participate by learning about IAQ and using LCS devices to monitor
their environments to advocate for healthier indoor conditions. Recommendations for these

stakeholders, without a detailed assessment of their implications, are provided in Sections 6.1-6.5.

6.1 Recommendations for Community Groups and Air Quality Agencies

Recommendations for community groups and air quality agencies to facilitate LCS use for IAQ

monitoring in impacted communities are as follows:

(1) Provide accessible training programs and workshops on IAQ, including the use and
maintenance of LCS, and offer community forums and question and answer sessions to

address concerns and provide guidance.

(2) Distribute multilingual educational materials on IAQ health risks, data interpretation, and

mitigation strategies or solutions.
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6.2

Subsidize the cost of LCS for low-income households and impacted communities, and

facilitate bulk purchasing or subsidies to lower costs for community members.
Promote and distribute low-cost, effective solutions like DIY air cleaners.

Encourage community-led monitoring projects and citizen science initiatives, and create a

local network of volunteers to assist with [AQ monitoring efforts.

Collect and share success stories and case studies to motivate others and demonstrate the

benefits of [AQ monitoring.

Tailor TAQ monitoring and mitigation strategies to address specific local sources of

pollution, promoting sustainable practices like cleaner cooking and heating methods.

Develop community-led reports and presentations to highlight IAQ concerns and propose

solutions.

Partner with policymakers to address systemic IAQ issues in impacted communities.

Recommendations for Researchers

Recommendations for researchers to facilitate LCS use for IAQ monitoring in impacted

communities are as follows:

(1)

)

3)

4

)

(6)

Scale up successful community engagement models to more areas, leveraging community-

led LCS monitoring to influence policies and improve IAQ locally.

Conduct long-term studies with LCS to understand chronic exposure and seasonal variations

in JAQ, monitoring the sustained impact of interventions over time.

Incorporate insights from public health, engineering, and social sciences for a

comprehensive approach to IAQ.

Ensure IAQ LCS data is accessible, transparent, and easily interpretable for non-experts,

while protecting the privacy and ownership of community members' data.

Offer workshops and seminars to disseminate research findings, best practices, and health

resources based on IAQ data.

Involve community members in decision-making processes to ensure the relevance and

applicability of LCS monitoring and IAQ interventions.
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(7) Seek funding opportunities to support community-based research and collaborate with local

organizations.

(8) Advocate for increased research funding focused on marginalized and vulnerable

communities.

(9) Test LCS technologies tailored to community needs, continuing to validate their

performance for accuracy and reliability.

(10) Expand efforts for performance evaluation studies on gas-pollutant LCS and to advance

LCS technology, particularly for small particles and gas pollutants with lower data quality.

6.3 Recommendations for LCS Manufacturers

Recommendations for LCS manufacturers to facilitate LCS use for [AQ monitoring in impacted

communities are as follows:

(1) Offer discounts, subsidies, or donations of LCS units to schools, clinics, and community

centers in underserved areas.
(2) Participate in initiatives to support IAQ improvement projects in vulnerable communities.

(3) Develop user-friendly LCS with simple interfaces, clear instructions, and multilingual

support, ensuring accessibility across technological skill levels.

(4) Create mobile applications for real-time monitoring and alerts that integrate seamlessly
with LCS.

(5) Enhance LCS accuracy and reliability through rigorous performance testing, ensuring

devices are durable and require minimal maintenance.

(6) Establish robust support services for troubleshooting, data interpretation, and continuous

technical assistance, including extended warranties.

(7) Implement feedback loops for community reporting and timely responses, using this

feedback to improve LCS technology and IAQ programs.
(8) Engage in community-academic partnerships to build credibility and trust.

(9) Invest in research and development to advance LCS technology, staying updated on

emerging IAQ issues and trends to adapt features accordingly.
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6.4

Recommendations for Policymakers

Recommendations for policymakers to facilitate LCS use for IAQ monitoring in impacted

communities are as follows:

(1)

)

)

(4)

©)

(6)

6.5

Establish and enforce technical standards for LCS performance in indoor environments (e.g.,
ASTM D8405-21'%%) to ensure reliable data.

Allocate and increase funding for the distribution of LCS and IAQ initiatives in low-income
communities and communities of color — e.g., CARB programs: Community Air Grants and

Supplemental Environmental Projects.?!7-2!8

Support LCS studies on the long-term health impacts of poor IAQ and the effectiveness of

various interventions.

Facilitate collaboration between health services and IAQ monitoring to link LCS data with

health outcomes in impacted communities (dependent on the formation of LCS standards).

Offer incentives for adopting LCS TAQ monitoring, clean air technologies, and energy-

efficient appliances, such as tax credits.

Encourage businesses and industries to implement monitoring with LCS and additional IAQ

improvement measures through regulatory support and incentives.

Recommendations for LCS Users

Recommendations for LCS users to facilitate LCS use for IAQ monitoring in impacted

communities are as follows:

(1)

)

3)
“4)
)

Educate yourself on air pollutants (e.g., PMa2s, CO, NO2, VOCs), their health impacts, and

safe versus hazardous levels with resources from AQ agencies (e.g., the EPA).21%-2%

Utilize available resources like online guidebooks, tutorials, community workshops, and

user manuals to improve LCS understanding and data interpretation.*’->*

Join or form local IAQ-focused groups to share experiences, solutions, and resources.
Inform family members and neighbors about the importance of IAQ and the use of LCS.

Engage with policymakers and community leaders to advocate for IAQ improvements and

the benefits of using LCS for indoor monitoring.

96



(1)

2)

)

(4)

)

(6)

(7

®)

)

(10)

(1)

References

Murray, C. J. L.; Aravkin, A. Y.; Zheng, P.; Abbafati, C.; Abbas, K. M.; Abbasi-
Kangevari, M.; Abd-Allah, F.; Abdelalim, A.; Abdollahi, M.; Abdollahpour, I.; et al.
Global Burden of 87 Risk Factors in 204 Countries and Territories, 1990-2019: A
Systematic Analysis for the Global Burden of Disease Study 2019. The Lancet 2020, 396,
1223-1249. https://doi.org/10.1016/S0140-6736(20)30752-2.

Landrigan, P. J. Air Pollution and Health. The Lancet Public Health 2017, 2, e4—e5.
https://doi.org/10.1016/S2468-2667(16)30023-8.

Lee, K. K.; Bing, R.; Kiang, J.; Bashir, S.; Spath, N.; Stelzle, D.; Mortimer, K.; Bularga,
A.; Doudesis, D.; Joshi, S. S.; et al. Adverse Health Effects Associated with Household
Air Pollution: A Systematic Review, Meta-Analysis, and Burden Estimation Study. The
Lancet Global Health 2020, 8, e1427—e1434. https://doi.org/10.1016/S2214-
109X(20)30343-0.

Smith, K. R.; Bruce, N.; Balakrishnan, K.; Adair-Rohani, H.; Balmes, J.; Chafe, Z.;
Dherani, M.; Hosgood, H. D.; Mehta, S.; Pope, D.; Rehfuess, E. Millions Dead: How Do
We Know and What Does It Mean? Methods Used in the Comparative Risk Assessment
of Household Air Pollution. Annual Review of Public Health 2014, 35, 185-206.
https://doi.org/10.1146/annurev-publhealth-032013-182356.

Apte, K.; Salvi, S. Household Air Pollution and Its Effects on Health. F'/000Research
2016, 5, F1000 Faculty Rev-2593. https://doi.org/10.12688/f1000research.7552.1.

Klepeis, N. E.; Nelson, W. C.; Ott, W. R.; Robinson, J. P.; Tsang, A. M.; Switzer, P.;
Behar, J. V.,; Hern, S. C.; Engelmann, W. H. The National Human Activity Pattern Survey
(NHAPS): A Resource for Assessing Exposure to Environmental Pollutants. Journal of

Exposure Science & Environmental Epidemiology 2001, 11,231-252.
https://doi.org/10.1038/sj.jea.7500165.

Kumar, P.; Singh, A. B.; Arora, T.; Singh, S.; Singh, R. Critical Review on Emerging
Health Effects Associated with the Indoor Air Quality and Its Sustainable Management.
Science of The Total Environment 2023, 872, 162163.
https://doi.org/10.1016/j.scitotenv.2023.162163.

Sundell, J. Reflections on the History of Indoor Air Science, Focusing on the Last 50
Years. Indoor Air 2017, 27, 708—724. https://doi.org/10.1111/ina.12368.

Mannan, M.; Al-Ghamdi, S. G. Indoor Air Quality in Buildings: A Comprehensive
Review on the Factors Influencing Air Pollution in Residential and Commercial

Structure. International Journal of Environmental Research and Public Health 2021, 18,
3276. https://doi.org/10.3390/ijerph18063276.

Long, C. M.; Suh, H. H.; Catalano, P. J.; Koutrakis, P. Using Time- and Size-Resolved
Particulate Data To Quantify Indoor Penetration and Deposition Behavior. Environmental
Science & Technology 2001, 35, 2089-2099. https://doi.org/10.1021/es001477d.

Chan, W. R.; Nazaroff, W. W.; Price, P. N.; Sohn, M. D.; Gadgil, A. J. Analyzing a
Database of Residential Air Leakage in the United States. Atmospheric Environment
2005, 39, 3445-3455. https://doi.org/10.1016/j.atmosenv.2005.01.062.

97


https://doi.org/10.1016/S0140-6736(20)30752-2
https://doi.org/10.1016/S2468-2667(16)30023-8
https://doi.org/10.1016/S2214-109X(20)30343-0
https://doi.org/10.1016/S2214-109X(20)30343-0
https://doi.org/10.1146/annurev-publhealth-032013-182356
https://doi.org/10.12688/f1000research.7552.1
https://doi.org/10.1038/sj.jea.7500165
https://doi.org/10.1016/j.scitotenv.2023.162163
https://doi.org/10.1111/ina.12368
https://doi.org/10.3390/ijerph18063276
https://doi.org/10.1021/es001477d
https://doi.org/10.1016/j.atmosenv.2005.01.062

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

21)

(22)

(23)

Steinemann, A.; Wargocki, P.; Rismanchi, B. Ten Questions Concerning Green Buildings
and Indoor Air Quality. Building and Environment 2017, 112, 351-358.
https://doi.org/10.1016/j.buildenv.2016.11.010)

Siddique, A.; Al-Shamlan, M. Y. M.; Al-Romaihi, H. E.; Khwaja, H. A. Beyond the
Outdoors: Indoor Air Quality Guidelines and Standards — Challenges, Inequalities, and
the Path Forward. Reviews on Environmental Health 2023. https://doi.org/10.1515/reveh-
2023-0150.

Steinle, S.; Reis, S.; Sabel, C. E. Quantifying Human Exposure to Air Pollution—Moving
from Static Monitoring to Spatio-Temporally Resolved Personal Exposure Assessment.
Science of The Total Environment 2013, 443, 184—193.
https://doi.org/10.1016/j.scitotenv.2012.10.098.

Goldstein, A. H.; Nazaroff, W. W.; Weschler, C. J.; Williams, J. How Do Indoor
Environments Affect Air Pollution Exposure? Environmental Science & Technology
2021, 55, 100-108. https://doi.org/10.1021/acs.est.0c05727.

Adamkiewicz, G.; Zota, A. R.; Fabian, M. P.; Chahine, T.; Julien, R.; Spengler, J. D.;
Levy, J. I. Moving Environmental Justice Indoors: Understanding Structural Influences

on Residential Exposure Patterns in Low-Income Communities. American Journal of
Public Health 2011, 101, S238-S245. https://doi.org/10.2105/AJPH.2011.300119.

Tessum, C. W.; Paolella, D. A.; Chambliss, S. E.; Apte, J. S.; Hill, J. D.; Marshall, J. D.
PM2.5 Polluters Disproportionately and Systemically Affect People of Color in the
United States. Science Advances 2021, 7, eabf4491.
https://doi.org/10.1126/sciadv.abf4491.

Mohai, P.; Lantz, P. M.; Morenoff, J.; House, J. S.; Mero, R. P. Racial and Socioeconomic
Disparities in Residential Proximity to Polluting Industrial Facilities: Evidence From the
Americans’ Changing Lives Study. American Journal of Public Health 2009, 99, S649—
S656. https://doi.org/10.2105/AJPH.2007.131383.

Crippa, M.; Guizzardi, D.; Pisoni, E.; Solazzo, E.; Guion, A.; Muntean, M.; Florczyk, A.;
Schiavina, M.; Melchiorri, M.; Hutfilter, A. F. Global Anthropogenic Emissions in Urban
Areas: Patterns, Trends, and Challenges. Environmental Research Letters 2021, 16,
074033. https://doi.org/10.1088/1748-9326/ac00e2.

O’Dell, K.; Ford, B.; Fischer, E. V.; Pierce, J. R. Contribution of Wildland-Fire Smoke to
US PM2.5 and Its Influence on Recent Trends. Environmental Science & Technology
2019, 53, 1797-1804. https://doi.org/10.1021/acs.est.8b05430.

Liang, Y.; Sengupta, D.; Campmier, M. J.; Lunderberg, D. M.; Apte, J. S.; Goldstein, A.
H. Wildfire Smoke Impacts on Indoor Air Quality Assessed Using Crowdsourced Data in
California. Proceedings of the National Academy of Sciences 2021, 118, €2106478118.
https://doi.org/10.1073/pnas.2106478118.

Swope, C. B.; Hernandez, D. Housing as a Determinant of Health Equity: A Conceptual
Model. Social Science & Medicine 2019, 243, 112571.
https://doi.org/10.1016/j.socscimed.2019.112571.

Jacobs, D. E. Environmental Health Disparities in Housing. American Journal of Public
Health 2011, 101, S115-S122. https://doi.org/10.2105/AJPH.2010.300058.

98


https://doi.org/10.1515/reveh-2023-0150
https://doi.org/10.1515/reveh-2023-0150
https://doi.org/10.1016/j.scitotenv.2012.10.098
https://doi.org/10.1021/acs.est.0c05727
https://doi.org/10.2105/AJPH.2011.300119
https://doi.org/10.1126/sciadv.abf4491
https://doi.org/10.2105/AJPH.2007.131383
https://doi.org/10.1088/1748-9326/ac00e2
https://doi.org/10.1021/acs.est.8b05430
https://doi.org/10.1073/pnas.2106478118
https://doi.org/10.1016/j.socscimed.2019.112571
https://doi.org/10.2105/AJPH.2010.300058

24)

(25)

(26)

27

(28)

(29)

(30)

€2))

(32)

(33)

(34)

Office of the Surgeon General (US). The Surgeon General’s Call to Action to Promote
Healthy Homes; Publications and Reports of the Surgeon General; Office of the Surgeon
General (US): Rockville (MD), 2009.

Shrestha, P. M.; Humphrey, J. L.; Carlton, E. J.; Adgate, J. L.; Barton, K. E.; Root, E. D.;
Miller, S. L. Impact of Outdoor Air Pollution on Indoor Air Quality in Low-Income

Homes during Wildfire Seasons. International Journal of Environmental Research and
Public Health 2019, 16, 3535. https://doi.org/10.3390/ijerph16193535.

Do, K.; Yu, H.; Velasquez, J.; Grell-Brisk, M.; Smith, H.; Ivey, C. E. A Data-Driven
Approach for Characterizing Community Scale Air Pollution Exposure Disparities in
Inland Southern California. Journal of Aerosol Science 2021, 152, 105704.
https://doi.org/10.1016/j.jaerosci.2020.105704.

Connolly, R. E.; Yu, Q.; Wang, Z.; Chen, Y.-H.; Liu, J. Z.; Collier-Oxandale, A.;
Papapostolou, V.; Polidori, A.; Zhu, Y. Long-Term Evaluation of a Low-Cost Air Sensor
Network for Monitoring Indoor and Outdoor Air Quality at the Community Scale.
Science of The Total Environment 2022, 807, 150797.
https://doi.org/10.1016/j.scitotenv.2021.150797.

Lunderberg, D. M.; Liang, Y.; Singer, B. C.; Apte, J. S.; Nazaroff, W. W.; Goldstein, A.
H. Assessing Residential PM2.5 Concentrations and Infiltration Factors with High
Spatiotemporal Resolution Using Crowdsourced Sensors. Proceedings of the National
Academy of Sciences 2023, 120, €2308832120. https://doi.org/10.1073/pnas.2308832120.

Tsoulou, I.; Senick, J.; Mainelis, G.; Kim, S. Residential Indoor Air Quality Interventions
through a Social-Ecological Systems Lens: A Systematic Review. Indoor Air 2021, 31,
958-976. https://doi.org/10.1111/ina.12835.

Rajagopalan, P.; Goodman, N. Improving the Indoor Air Quality of Residential Buildings
during Bushfire Smoke Events. Climate 2021, 9, 32. https://doi.org/10.3390/cli9020032.

Commodore, A.; Wilson, S.; Muhammad, O.; Svendsen, E.; Pearce, J. Community-Based
Participatory Research for the Study of Air Pollution: A Review of Motivations,
Approaches, and Outcomes. Environmental Monitoring and Assessment 2017, 189, 378.
https://doi.org/10.1007/s10661-017-6063-7.

Hubbell, B. J.; Kaufman, A.; Rivers, L.; Schulte, K.; Hagler, G.; Clougherty, J.; Cascio,
W.; Costa, D. Understanding Social and Behavioral Drivers and Impacts of Air Quality
Sensor Use. Science of The Total Environment 2018, 621, 886—894.
https://doi.org/10.1016/j.scitotenv.2017.11.275.

Ivey, C. E.; Amegah, A. K.; Hodoli, C. G.; Kelly, K. E.; Lawal, A. S.; Pant, P.; Singh, S.;
Subramanian, R.; Torres, 1.; Westervelt, D. M.; Yu, H. To Share or Not To Share?

Academic Incentives May Hamper Public Good. Environmental Science & Technology
2022, acs.est.2c05721. https://doi.org/10.1021/acs.est.2c05721.

Snyder, E. G.; Watkins, T. H.; Solomon, P. A.; Thoma, E. D.; Williams, R. W.; Hagler, G.
S. W.; Shelow, D.; Hindin, D. A.; Kilaru, V. J.; Preuss, P. W. The Changing Paradigm of
Air Pollution Monitoring. Environmental Science & Technology 2013, 47, 11369—-11377.
https://doi.org/10.1021/es4022602.

99


https://doi.org/10.3390/ijerph16193535
https://doi.org/10.1016/j.jaerosci.2020.105704
https://doi.org/10.1016/j.scitotenv.2021.150797
https://doi.org/10.1073/pnas.2308832120
https://doi.org/10.1111/ina.12835
https://doi.org/10.3390/cli9020032
https://doi.org/10.1007/s10661-017-6063-7
https://doi.org/10.1016/j.scitotenv.2017.11.275
https://doi.org/10.1021/acs.est.2c05721
https://doi.org/10.1021/es4022602

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

Caubel, J. J.; Cados, T. E.; Preble, C. V.; Kirchstetter, T. W. A Distributed Network of 100
Black Carbon Sensors for 100 Days of Air Quality Monitoring in West Oakland,
California. Environmental Science & Technology 2019, 53, 7564—7573.
'https://doi.org/lO. 1021/acs.est.9b00282.|

Zheng, T.; Bergin, M. H.; Johnson, K. K.; Tripathi, S. N.; Shirodkar, S.; Landis, M. S.;
Sutaria, R.; Carlson, D. E. Field Evaluation of Low-Cost Particulate Matter Sensors in

High- and Low-Concentration Environments. Atmospheric Measurement Techniques
2018, /1, 4823-4846. https://doi.org/10.5194/amt-11-4823-2018.

Gupta, P.; Doraiswamy, P.; Levy, R.; Pikelnaya, O.; Maibach, J.; Feenstra, B.; Polidori,
A.; Kiros, F.; Mills, K. C. Impact of California Fires on Local and Regional Air Quality:
The Role of a Low-Cost Sensor Network and Satellite Observations. GeoHealth 2018, 2,
172—-181. https://doi.org/10.1029/2018GH000136.

Liang, Y.; Stamatis, C.; Fortner, E. C.; Wernis, R. A.; Van Rooy, P.; Majluf, F.; Yacovitch,
T. I.; Daube, C.; Herndon, S. C.; Kreisberg, N. M.; Barsanti, K. C.; Goldstein, A. H.
Emissions of Organic Compounds from Western US Wildfires and Their Near Fire
Transformations; preprint; Aerosols/Field Measurements/Troposphere/Chemistry
(chemical composition and reactions), 2022. https://doi.org/10.5194/acp-2022-297.

May, N. W.; Dixon, C.; Jaffe, D. A. Impact of Wildfire Smoke Events on Indoor Air
Quality and Evaluation of a Low-Cost Filtration Method. Aerosol and Air Quality
Research 2021, 21, 210046. https://doi.org/10.4209/aaqr.210046.

Kramer, A. L.; Liu, J.; Li, L.; Connolly, R.; Barbato, M.; Zhu, Y. Environmental Justice
Analysis of Wildfire-Related PM2.5 Exposure Using Low-Cost Sensors in California.
Science of The Total Environment 2023, 856, 159218.
https://doi.org/10.1016/j.scitotenv.2022.159218.

Sun, Y.; Mousavi, A.; Masri, S.; Wu, J. Socioeconomic Disparities of Low-Cost Air
Quality Sensors in California, 2017-2020. American Journal of Public Health 2022, 112,
434442, https://doi.org/10.2105/AJPH.2021.306603.

deSouza, P.; Kinney, P. L. On the Distribution of Low-Cost PM2.5 Sensors in the US:
Demographic and Air Quality Associations. Journal of Exposure Science &
Environmental Epidemiology 2021, 31, 514-524. https://doi.org/10.1038/s41370-021-
00328-2.

Demanega, I.; Mujan, I.; Singer, B. C.; Andelkovi¢, A. S.; Babich, F.; Licina, D.
Performance Assessment of Low-Cost Environmental Monitors and Single Sensors under

Variable Indoor Air Quality and Thermal Conditions. Building and Environment 2021,
187, 107415. https://doi.org/10.1016/j.buildenv.2020.107415.

Chojer, H.; Branco, P. T. B. S.; Martins, F. G.; Alvim-Ferraz, M. C. M.; Sousa, S. I. V.
Development of Low-Cost Indoor Air Quality Monitoring Devices: Recent
Advancements. Science of The Total Environment 2020, 727, 138385.
https://doi.org/10.1016/j.scitotenv.2020.138385.

Rai, A. C.; Kumar, P.; Pilla, F.; Skouloudis, A. N.; Di Sabatino, S.; Ratti, C.; Yasar, A.;
Rickerby, D. End-User Perspective of Low-Cost Sensors for Outdoor Air Pollution
Monitoring. Science of The Total Environment 2017, 607—608, 691-705.
https://doi.org/10.1016/j.scitotenv.2017.06.266.

100


https://doi.org/10.5194/amt-11-4823-2018
https://doi.org/10.1029/2018GH000136
https://doi.org/10.5194/acp-2022-297
https://doi.org/10.4209/aaqr.210046
https://doi.org/10.1016/j.scitotenv.2022.159218
https://doi.org/10.2105/AJPH.2021.306603
https://doi.org/10.1038/s41370-021-00328-2
https://doi.org/10.1038/s41370-021-00328-2
https://doi.org/10.1016/j.buildenv.2020.107415
https://doi.org/10.1016/j.scitotenv.2020.138385
https://doi.org/10.1016/j.scitotenv.2017.06.266

(46)

(47)

(48)

(49)

(50)

(1)

(52)

(53)

(54)

(35)

(56)

(57)

Bi, J.; Wallace, L. A.; Sarnat, J. A.; Liu, Y. Characterizing Outdoor Infiltration and Indoor
Contribution of PM2.5 with Citizen-Based Low-Cost Monitoring Data. Environmental
Pollution 2021, 276, 116763. https://doi.org/l 0.1016/j.envpol.2021.11 6763]

Clements, A.; Duvall, R.; Greene, D.; Dye, T. The Enhanced Air Sensor Guidebook;
Overviews and Factsheets EPA/600/R-22/213; U.S. Environmental Protection Agency,
Washington, DC: U.S. Environmental Protection Agency, Washington, DC, 2022.
https://www.epa.gov/air-sensor-toolbox/how-use-air-sensors-air-sensor-guidebook
(accessed 2024-05-26).

Morawska, L.; Thai, P. K.; Liu, X.; Asumadu-Sakyi, A.; Ayoko, G.; Bartonova, A.;
Bedini, A.; Chai, F.; Christensen, B.; Dunbabin, M.; et al. Applications of Low-Cost
Sensing Technologies for Air Quality Monitoring and Exposure Assessment: How Far
Have They Gone? Environment International 2018, 116, 286—299.
https://doi.org/10.1016/j.envint.2018.04.018.

Roédenas Garcia, M.; Spinazzé, A.; Branco, P. T. B. S.; Borghi, F.; Villena, G.; Cattaneo,
A.; Di Gilio, A.; Mihucz, V. G.; Gomez Alvarez, E.; Lopes, S. 1.; Bergmans, B.;
Ortowski, C.; Karatzas, K.; Marques, G.; Saffell, J.; Sousa, S. I. V. Review of Low-Cost
Sensors for Indoor Air Quality: Features and Applications. Applied Spectroscopy Reviews
2022, 57, 747-779. https://doi.org/10.1080/05704928.2022.2085734.

Sa, J. P.; Alvim-Ferraz, M. C. M.; Martins, F. G.; Sousa, S. I. V. Application of the Low-
Cost Sensing Technology for Indoor Air Quality Monitoring: A Review. Environmental
Technology & Innovation 2022, 28, 102551. https://doi.org/10.1016/j.eti.2022.102551.

Kang, Y.; Aye, L.; Ngo, T. D.; Zhou, J. Performance Evaluation of Low-Cost Air Quality
Sensors: A Review. Science of The Total Environment 2022, 818, 151769.
https://doi.org/10.1016/j.scitotenv.2021.151769.

Karagulian, F.; Barbiere, M.; Kotsev, A.; Spinelle, L.; Gerboles, M.; Lagler, F.; Redon,
N.; Crunaire, S.; Borowiak, A. Review of the Performance of Low-Cost Sensors for Air
Quality Monitoring. Atmosphere 2019, 10, 506. https://doi.org/10.3390/atmos10090506.

Collier-Oxandale, A.; Papapostolou, V.; Feenstra, B.; Der Boghossian, B.; Polidori, A.
Towards the Development of a Sensor Educational Toolkit to Support Community and
Citizen Science. Sensors 2022, 22, 2543. https://doi.org/10.3390/s22072543.

Polidori, A.; Papapostolou, V.; Collier-Oxandale, A.; Hafner, H.; Blakey, T. Community in
Action: A Comprehensive Guidebook on Air Quality Sensors; South Coast Air Quality
Management District: South Coast Air Quality Management District, 2021.
https://www.agmd.gov/ag-spec/special-projects/star-grant (accessed 2024-05-29).

Rueda, E. M.; Carter, E.; L’Orange, C.; Quinn, C.; Volckens, J. Size-Resolved Field
Performance of Low-Cost Sensors for Particulate Matter Air Pollution. Environmental
Science & Technology Letters 2023. https://doi.org/10.1021/acs.estlett.3c00030.

KireSova, S.; Guzan, M.; Sobota, B. Using Low-Cost Sensors for Measuring and
Monitoring Particulate Matter with a Focus on Fine and Ultrafine Particles. Atmosphere
2023, /4, 324. https://doi.org/10.3390/atmos14020324.

Kaur, K.; Kelly, K. E. Performance Evaluation of the Alphasense OPC-N3 and Plantower
PMS5003 Sensor in Measuring Dust Events in the Salt Lake Valley, Utah. Atmospheric

101


https://www.epa.gov/air-sensor-toolbox/how-use-air-sensors-air-sensor-guidebook
https://doi.org/10.1016/j.envint.2018.04.018
https://doi.org/10.1080/05704928.2022.2085734
https://doi.org/10.1016/j.eti.2022.102551
https://doi.org/10.1016/j.scitotenv.2021.151769
https://doi.org/10.3390/atmos10090506
https://doi.org/10.3390/s22072543
https://www.aqmd.gov/aq-spec/special-projects/star-grant
https://doi.org/10.1021/acs.estlett.3c00030
https://doi.org/10.3390/atmos14020324

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

Measurement Techniques 2023, 16, 2455-2470. |https://doi.0rg/10.5194/amt—l 6—2455-‘
é023.

Kaur, K.; Kelly, K. E. Laboratory Evaluation of the Alphasense OPC-N3, and the
Plantower PMS5003 and PMS6003 Sensors. Journal of Aerosol Science 2023, 171,
106181. https://doi.org/10.1016/j.jaerosci.2023.106181.

Canu, M.; Galvis, B.; Morales, R.; Ramirez, O.; Madelin, M. Understanding the Shinyei
PPD24NS Low-Cost Dust Sensor. In 2018 IEEE International Conference on
Environmental Engineering (EE); IEEE: Milan, 2018; pp 1-10.
https://doi.org/10.1109/EE1.2018.8385268.

Johnson, K. K.; Bergin, M. H.; Russell, A. G.; Hagler, G. S. W. Field Test of Several
Low-Cost Particulate Matter Sensors in High and Low Concentration Urban

Environments. Aerosol and air quality research 2018, 18, 565-578.
https://doi.org/10.4209/aaqr.2017.10.0418.

Mukherjee, A.; Stanton, L. G.; Graham, A. R.; Roberts, P. T. Assessing the Utility of
Low-Cost Particulate Matter Sensors over a 12-Week Period in the Cuyama Valley of
California. Sensors 2017, 17, 1805. https://doi.org/10.3390/s17081805.

Bulot, F. M. J.; Russell, H. S.; Rezaei, M.; Johnson, M. S.; Ossont, S. J. J.; Morris, A. K.
R.; Basford, P. J.; Easton, N. H. C.; Foster, G. L.; Loxham, M.; Cox, S. J. Laboratory
Comparison of Low-Cost Particulate Matter Sensors to Measure Transient Events of
Pollution. Sensors 2020, 20, 2219. https://doi.org/10.3390/s20082219.

Plantower Technology. Laser PM2.5 Sensor. https://www.plantower.com/en/products 33/
(accessed 2024-06-24).

SHINYEI Technology. Particle Sensing. https://www.shinyei.co.jp/stc/ (accessed 2024-
06-24).

Sensirion AG. Product Catalog: Particulate Matter.
https://sensirion.com/products/catalog (accessed 2024-06-24).

Piera Systems. IPS-7100 Intelligent Particle Sensor.
https://pierasystems.com/product/piera-7100-intelligent-particle-sensor/ (accessed 2024-
06-24).

Alphasense. Air Quality Sensors | Toxic Gas Sensors.
https://www.alphasense.com/Products/View by Target Gas (accessed 2024-06-24).

Alphasense. Particulate Matter Sensors | PM Sensor.
https://www.alphasense.com/Products/View by Target Gas/Particulates Optical Particle
Counters (accessed 2024-06-24).

SPEC Sensors. Air Quality Gas Sensing. https://www.spec-sensors.com/product-
category/air-quality/ (accessed 2024-06-24).

AIRVALENT. Premium Indoor Air Quality Monitor. https://airvalent.com/ (accessed
2024-07-04).

Applied Particle Technology. Real-Time APT Sensor Technology.
https://www.appliedparticletechnology.com/technology (accessed 2024-07-04).

102


https://doi.org/10.1016/j.jaerosci.2023.106181
https://doi.org/10.1109/EE1.2018.8385268
https://doi.org/10.4209/aaqr.2017.10.0418
https://doi.org/10.3390/s17081805
https://doi.org/10.3390/s20082219
https://www.plantower.com/en/products_33/
https://www.shinyei.co.jp/stc/
https://sensirion.com/products/catalog
https://pierasystems.com/product/piera-7100-intelligent-particle-sensor/
https://www.alphasense.com/Products/View%20by%20Target%20Gas
https://www.alphasense.com/Products/View%20by%20Target%20Gas/Particulates%20Optical%20Particle%20Counters
https://www.alphasense.com/Products/View%20by%20Target%20Gas/Particulates%20Optical%20Particle%20Counters
https://www.spec-sensors.com/product-category/air-quality/
https://www.spec-sensors.com/product-category/air-quality/
https://airvalent.com/
https://www.appliedparticletechnology.com/technology

(72)

(73)

(74)

(75)

(76)

(77)

(78)
(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

(88)
(89)

(90)

oD

Davis Instruments. AirLink Air Quality Monitor.
'https://www.davisinstruments.com/pages/airlink| (accessed 2024-07-04).

DylosCorporation. AIR QUALITY MONITORS.
http://www.dylosproducts.com/index.html (accessed 2024-07-04).

Ecowitt. Air Quality Monitor Series. https://shop.ecowitt.com/collections/air-quality-
sensor (accessed 2024-07-04).

Elitech Technology, Inc. Temtop Air Quality Monitors.
https://www.elitechus.com/collections/air-quality-detector (accessed 2024-07-04).

Eve Home. Eve Room. https://www.evehome.com/en-us/eve-room (accessed 2024-07-
04).

HabitatMap. AirBeam. HabitatMap is an environmental tech org and maker of AirBeam.
https://www.habitatmap.org/ (accessed 2024-07-04).

INKBIRD. IAM-T1. https://inkbird.com/pages/iam-t1 (accessed 2024-07-04).

Netatmo. Indoor air quality measuring instruments. https://shop.netatmo.com/en-
us/aircare (accessed 2024-07-04).

Piera Systems. Canaree Air Quality Monitors. https://pierasystems.com/canaree/
(accessed 2024-07-04).

PurpleAir. Air Quality Monitors. https://www?2.purpleair.com/products/list (accessed
2024-07-04).

SAF Tehnika. Aranet4 HOME. https://aranet.com/en/home/products/aranet4-home
(accessed 2024-07-04).

Smart Air. CO: Monitor. https://smartairfilters.com/en/product/co.-monitor/ (accessed
2024-07-04).

TSI Incorporated. Environmental Air Monitors - BlueSky.
https://tsi.com/products/environmental-air-monitors/ (accessed 2024-07-04).

uRADMonitor. Real-time Environmental Monitoring.
https://www.uradmonitor.com/products/ (accessed 2024-07-04).

Aethair. Aethair IAQ | Real-time indoor air quality monitoring.
https://aethair.io/products/iaq/ (accessed 2024-07-04).

AirGradient Co. Indoor Air Quality Monitor. https://www.airgradient.com/indoor/
(accessed 2024-07-04).

air-Q. Sensor Products. https://en.air-q.com/produktvarianten (accessed 2024-07-04).

AirThings. Comprehensive Air Quality Monitors.
https://www.airthings.com/products/comprehensive (accessed 2024-07-04).

Amazon. Smart Air Quality Monitor. https://www.amazon.com/Introducing-Amazon-
Smart-Quality-Monitor/dp/BO8W8KS8D3/ (accessed 2024-07-04).

ATMOTECH INC. 4ir Quality Monitors for Consumers and Businesses.
https://atmotube.com/ (accessed 2024-07-04).

103


http://www.dylosproducts.com/index.html
https://shop.ecowitt.com/collections/air-quality-sensor
https://shop.ecowitt.com/collections/air-quality-sensor
https://www.elitechus.com/collections/air-quality-detector
https://www.evehome.com/en-us/eve-room
https://www.habitatmap.org/
https://inkbird.com/pages/iam-t1
https://shop.netatmo.com/en-us/aircare
https://shop.netatmo.com/en-us/aircare
https://pierasystems.com/canaree/
https://www2.purpleair.com/products/list
https://aranet.com/en/home/products/aranet4-home
https://smartairfilters.com/en/product/co%E2%82%82-monitor/
https://tsi.com/products/environmental-air-monitors/
https://www.uradmonitor.com/products/
https://aethair.io/products/iaq/
https://www.airgradient.com/indoor/
https://en.air-q.com/produktvarianten
https://www.airthings.com/products/comprehensive
https://www.amazon.com/Introducing-Amazon-Smart-Quality-Monitor/dp/B08W8KS8D3/
https://www.amazon.com/Introducing-Amazon-Smart-Quality-Monitor/dp/B08W8KS8D3/
https://atmotube.com/

92)

(93)

(94)

(95)

(96)
7

(98)

(99)

(100)

(101)
(102)

(103)

(104)

(105)

(106)

(107)

Awair Inc. Become Awair | Start monitoring your indoor air quality.
'https://www. getawair.com/ |(accessed 2024-07-04).

EDIMAX. Air Quality Detection.
https://www.edimax.com/edimax/merchandise/merchandise list/data/edimax/us/air_quali
ty detection/ (accessed 2024-07-04).

IKEA. VINDSTYRKA air quality sensor. https://www.ikea.com/us/en/p/vindstyrka-air-
quality-sensor-smart-30498239/ (accessed 2024-07-04).

1QAIr. AirVisual Series Air Quality Monitors | IQAir. https://www.iqair.com/us/air-
quality-monitors (accessed 2024-07-04).

Kaiterra. Smart Air Quality Monitors. https://www.kaiterra.com (accessed 2024-07-04).

NuWave Sensors. AirSentric - Indoor Air Quality Monitor. https://airsentric.com/
(accessed 2024-07-04).

Qingping. Air Monitors. https://www.qingping.co/air-monitor/overview (accessed 2024-
07-04).

TSI Incorporated. Continuous IAQ Monitoring Instruments - AirAssure.
https://tsi.com//Products/Indoor-Air-Quality-Meters-Instruments/Continuous-IAQ-
Monitoring-Instruments (accessed 2024-07-04).

uHoo. Smart Air Quality Monitor. https://getuhoo.com/smart-air-monitor/ (accessed
2024-07-04).

Wicked Device. Air Quality Egg. https://airqualityegg.com/egg (accessed 2024-07-04).

U. S. Government Accountability Office. Air Quality Sensors. Policy Options to Help
Address Implementation Challenges; GAO-24-106393; U. S. Government Accountability
Office: Washington, D.C., 2024; p 53. https://www.gao.gov/products/gao-24-106393
(accessed 2024-05-27).

Wang, Z.; Delp, W. W.; Singer, B. C. Performance of Low-Cost Indoor Air Quality
Monitors for PM2.5 and PM10 from Residential Sources. Building and Environment
2020, /71, 106654. https://doi.org/10.1016/j.buildenv.2020.106654.

Manibusan, S.; Mainelis, G. Performance of Four Consumer-Grade Air Pollution
Measurement Devices in Different Residences. Aerosol and Air Quality Research 2020,
20, 217-230. https://doi.org/10.4209/aaqr.2019.01.0045.

Zamora, M. L.; Rice, J.; Koehler, K. One Year Evaluation of Three Low-Cost PM2.5
Monitors. Atmospheric Environment 2020, 235, 117615.
https://doi.org/10.1016/j.atmosenv.2020.117615.

Barkjohn, K. K.; Gantt, B.; Clements, A. L. Development and Application of a United
States-Wide Correction for PM2.5 Data Collected with the PurpleAir Sensor.
Atmospheric Measurement Techniques 2021, 14, 4617-4637. https://doi.org/10.5194/amt-
14-4617-2021.

Feenstra, B.; Papapostolou, V.; Hasheminassab, S.; Zhang, H.; Boghossian, B. D.;
Cocker, D.; Polidori, A. Performance Evaluation of Twelve Low-Cost PM2.5 Sensors at
an Ambient Air Monitoring Site. Atmospheric Environment 2019, 216, 116946.
https://doi.org/10.1016/j.atmosenv.2019.116946.

104


https://www.edimax.com/edimax/merchandise/merchandise_list/data/edimax/us/air_quality_detection/
https://www.edimax.com/edimax/merchandise/merchandise_list/data/edimax/us/air_quality_detection/
https://www.ikea.com/us/en/p/vindstyrka-air-quality-sensor-smart-30498239/
https://www.ikea.com/us/en/p/vindstyrka-air-quality-sensor-smart-30498239/
https://www.iqair.com/us/air-quality-monitors
https://www.iqair.com/us/air-quality-monitors
https://www.kaiterra.com/
https://airsentric.com/
https://www.qingping.co/air-monitor/overview
https://tsi.com/Products/Indoor-Air-Quality-Meters-Instruments/Continuous-IAQ-Monitoring-Instruments
https://tsi.com/Products/Indoor-Air-Quality-Meters-Instruments/Continuous-IAQ-Monitoring-Instruments
https://getuhoo.com/smart-air-monitor/
https://airqualityegg.com/egg
https://www.gao.gov/products/gao-24-106393
https://doi.org/10.1016/j.buildenv.2020.106654
https://doi.org/10.4209/aaqr.2019.01.0045
https://doi.org/10.1016/j.atmosenv.2020.117615
https://doi.org/10.5194/amt-14-4617-2021
https://doi.org/10.5194/amt-14-4617-2021
https://doi.org/10.1016/j.atmosenv.2019.116946

(108)

(109)

(110)

(111)

(112)

(113)

(114)

(115)

(116)

(117)

(118)

(119)

Williams, R.; Kilaru, V. J.; Snyder, E.; Kaufman, A.; Dye, T.; Rutter, A.; Russell, A.;
Hafner, H. Air Sensor Guidebook; Overviews and Factsheets EPA/600/R-14/159 (NTIS
PB2015-100610); U.S. Environmental Protection Agency, Washington, DC: U.S.

Environmental Protection Agency, Washington, DC. 2014 |https://www.epa.g0v/ air-‘
sensor-toolbox/how-use-air-sensors-air-sensor-guidebook [(accessed 2024-05-26).
Polidori, A.; Feenstra, B.; Papapostolou, V.; Zhang, H. Field Evaluation of Low-Cost Air
Quality Sensors: Field Setup and Testing Protocol; South Coast Air Quality Management

District, 2017. http://www.agmd.gov/docs/default-source/aq-spec/protocols/sensors-field-
testing-protocol.pdf (accessed 2024-03-14).

Polidori, A.; Papapostolou, V.; Zhang, H. Laboratory Evaluation of Low-Cost Air Quality
Sensors; South Coast Air Quality Management District, 2016.
https://www.agmd.gov/docs/default-source/aq-spec/protocols/sensors-lab-testing-

protocol6087afefc2b66127bf61tf00004a91a9.pdf (accessed 2024-03-14).

Papapostolou, V.; Zhang, H.; Feenstra, B. J.; Polidori, A. Development of an
Environmental Chamber for Evaluating the Performance of Low-Cost Air Quality
Sensors under Controlled Conditions. Atmospheric Environment 2017, 171, 82-90.
https://doi.org/10.1016/j.atmosenv.2017.10.003.

Applied Particle Technology (APT) - MINIMA. South Coast Air Quality Management
District, Air Quality Sensor Performance Evaluation Center (AQ-SPEC).

https://www.aqmd.gov/aq-spec/sensordetail/applied-particle-technology-(apt)---minima
(accessed 2024-07-14).

Davis Instruments - Airlink. South Coast Air Quality Management District, Air Quality
Sensor Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/davis-instruments---airlink (accessed 2024-07-14).

Dylos - DC1100 PRO. South Coast Air Quality Management District, Air Quality Sensor
Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/dc1100-pro (accessed 2024-07-14).

Dylos - DC1700-PM. South Coast Air Quality Management District, Air Quality Sensor
Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/dc1700pm (accessed 2024-07-14).

Ecowitt WH41B. South Coast Air Quality Management District, Air Quality Sensor
Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/ecowitt-wh41b (accessed 2024-07-14).

HabitatMap - AirBeam3. South Coast Air Quality Management District, Air Quality
Sensor Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/habitatmap---airbeam3 (accessed 2024-07-14).

PurpleAir PA-I1. South Coast Air Quality Management District, Air Quality Sensor
Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/purpleair-pa-ii (accessed 2024-07-14).

Purpledir PA-II-FLEX. South Coast Air Quality Management District, Air Quality Sensor
Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/purpleair-pa-ii-flex (accessed 2024-07-14).

105


http://www.aqmd.gov/docs/default-source/aq-spec/protocols/sensors-field-testing-protocol.pdf
http://www.aqmd.gov/docs/default-source/aq-spec/protocols/sensors-field-testing-protocol.pdf
https://www.aqmd.gov/docs/default-source/aq-spec/protocols/sensors-lab-testing-protocol6087afefc2b66f27bf6fff00004a91a9.pdf
https://www.aqmd.gov/docs/default-source/aq-spec/protocols/sensors-lab-testing-protocol6087afefc2b66f27bf6fff00004a91a9.pdf
https://doi.org/10.1016/j.atmosenv.2017.10.003
https://www.aqmd.gov/aq-spec/sensordetail/applied-particle-technology-(apt)---minima
https://www.aqmd.gov/aq-spec/sensordetail/davis-instruments---airlink
https://www.aqmd.gov/aq-spec/sensordetail/davis-instruments---airlink
https://www.aqmd.gov/aq-spec/sensordetail/dc1100-pro
https://www.aqmd.gov/aq-spec/sensordetail/dc1100-pro
https://www.aqmd.gov/aq-spec/sensordetail/dc1700pm
https://www.aqmd.gov/aq-spec/sensordetail/dc1700pm
https://www.aqmd.gov/aq-spec/sensordetail/ecowitt-wh41b
https://www.aqmd.gov/aq-spec/sensordetail/ecowitt-wh41b
https://www.aqmd.gov/aq-spec/sensordetail/habitatmap---airbeam3
https://www.aqmd.gov/aq-spec/sensordetail/habitatmap---airbeam3
https://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-ii
https://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-ii
https://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-ii-flex
https://www.aqmd.gov/aq-spec/sensordetail/purpleair-pa-ii-flex

(120)

(121)

(122)

(123)

(124)

(125)

(126)

(127)

(128)

(129)

(130)

(131)

(132)

PurpleAir PA-I-Indoor. South Coast Air Quality Management District, Air Quality Sensor
Performance Evaluation Center (A -SPEC).l https://www.aqmd. gov/aq-‘
spec/sensordetail/purpleair-pa-i-indoor (accessed 2024-07-14).

TSI - BlueSky. South Coast Air Quality Management District, Air Quality Sensor

Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/tsi---bluesky (accessed 2024-07-14).

Magnasci SRL - SMOGGIE-PM. South Coast Air Quality Management District, Air
Quality Sensor Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/magnasci-srl---smoggie-pm (accessed 2024-07-14).

AirThinx IAQ. South Coast Air Quality Management District, Air Quality Sensor
Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/airthix-iaq (accessed 2024-07-14).

Atmotube - Pro. South Coast Air Quality Management District, Air Quality Sensor
Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/atmotube---pro (accessed 2024-07-14).

Edimax - EdiGreen Home. South Coast Air Quality Management District, Air Quality
Sensor Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/edimax---edigreen-home (accessed 2024-07-14).

Elitech - Temtop M2000 2nd Generation. South Coast Air Quality Management District,
Air Quality Sensor Performance Evaluation Center (AQ-SPEC).
https://www.aqmd.gov/ag-spec/sensordetail/elitech---temtop-m2000 (accessed 2024-07-
14).

Elitech - Temtop LKC-1000S+. South Coast Air Quality Management District, Air
Quality Sensor Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/elitech---temtop-lkc-1000s (accessed 2024-07-14).

1QAir - AirVisual Pro. South Coast Air Quality Management District, Air Quality Sensor
Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/igair---airvisual-pro (accessed 2024-07-14).

1QAir - AirVisual Outdoor. South Coast Air Quality Management District, Air Quality
Sensor Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/iqair---airvisual-outdoor (accessed 2024-07-14).

Qingping - Air Monitor. South Coast Air Quality Management District, Air Quality
Sensor Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/qingping---air-monitor (accessed 2024-07-14).

Qingping - Air Monitor Lite. South Coast Air Quality Management District, Air Quality
Sensor Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/qingping---air-monitor-lite (accessed 2024-07-14).

TSI - AirAssure. South Coast Air Quality Management District, Air Quality Sensor
Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/tsi---airassure (accessed 2024-07-14).

106


https://www.aqmd.gov/aq-spec/sensordetail/tsi---bluesky
https://www.aqmd.gov/aq-spec/sensordetail/tsi---bluesky
https://www.aqmd.gov/aq-spec/sensordetail/magnasci-srl---smoggie-pm
https://www.aqmd.gov/aq-spec/sensordetail/magnasci-srl---smoggie-pm
https://www.aqmd.gov/aq-spec/sensordetail/airthix-iaq
https://www.aqmd.gov/aq-spec/sensordetail/airthix-iaq
https://www.aqmd.gov/aq-spec/sensordetail/atmotube---pro
https://www.aqmd.gov/aq-spec/sensordetail/atmotube---pro
https://www.aqmd.gov/aq-spec/sensordetail/edimax---edigreen-home
https://www.aqmd.gov/aq-spec/sensordetail/edimax---edigreen-home
https://www.aqmd.gov/aq-spec/sensordetail/elitech---temtop-m2000
https://www.aqmd.gov/aq-spec/sensordetail/elitech---temtop-lkc-1000s
https://www.aqmd.gov/aq-spec/sensordetail/elitech---temtop-lkc-1000s
https://www.aqmd.gov/aq-spec/sensordetail/iqair---airvisual-pro
https://www.aqmd.gov/aq-spec/sensordetail/iqair---airvisual-pro
https://www.aqmd.gov/aq-spec/sensordetail/iqair---airvisual-outdoor
https://www.aqmd.gov/aq-spec/sensordetail/iqair---airvisual-outdoor
https://www.aqmd.gov/aq-spec/sensordetail/qingping---air-monitor
https://www.aqmd.gov/aq-spec/sensordetail/qingping---air-monitor
https://www.aqmd.gov/aq-spec/sensordetail/qingping---air-monitor-lite
https://www.aqmd.gov/aq-spec/sensordetail/qingping---air-monitor-lite
https://www.aqmd.gov/aq-spec/sensordetail/tsi---airassure
https://www.aqmd.gov/aq-spec/sensordetail/tsi---airassure

(133)

(134)

(135)

(136)

(137)

(138)

(139)

(140)

(141)

(142)

(143)

(144)

uHoo. South Coast Air Quality Management District, Air Quality Sensor Performance
Evaluation Center (AQ-SPEC). |https://www.aqrnd. gov/aq-spec/sensordetail/uhoo|
(accessed 2024-07-14).

Magnasci SRL - uRADMonitor A3. South Coast Air Quality Management District, Air
Quality Sensor Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/magnasci-srl---uradmonitor-a3-(hw105) (accessed 2024-07-14).

Air Quality Egg (v.2) - PM. South Coast Air Quality Management District, Air Quality
Sensor Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/air-quality-egg-(v.2)---pm (accessed 2024-07-14).

Air Quality Egg 2022 Model. South Coast Air Quality Management District, Air Quality
Sensor Performance Evaluation Center (AQ-SPEC). https://www.agmd.gov/aq-
spec/sensordetail/air-quality-egg-2022-model---co-and-pm (accessed 2024-07-14).

Li, J.; Mattewal, S. K.; Patel, S.; Biswas, P. Evaluation of Nine Low-Cost-Sensor-Based
Particulate Matter Monitors. Aerosol and Air Quality Research 2020, 20, 254-270.
https://doi.org/10.4209/aaqr.2018.12.0485.

Williams, R.; Kaufman, A.; Hanley, T.; Rice, J.; Garvey, S. Evaluation of Field-Deployed
Low Cost PM Sensors; EPA/600/R-14/464 (NTIS PB 2015-102104); U.S. Environmental
Protection Agency, Washington, DC, 2014.

https://ctfpub.epa.gov/si/si_public record report.cfm?Lab=NERL&dirEntryld=297517
(accessed 2024-07-20).

Dacunto, P. J.; Klepeis, N. E.; Cheng, K.-C.; Acevedo-Bolton, V.; Jiang, R.-T.; Repace, J.
L.; Ott, W. R.; Hildemann, L. M. Determining PM2.5 Calibration Curves for a Low-Cost
Particle Monitor: Common Indoor Residential Aerosols. Environmental Science:
Processes & Impacts 2015, 17, 1959—1966. https://doi.org/10.1039/CSEM00365B.

Manikonda, A.; Zikova, N.; Hopke, P. K.; Ferro, A. R. Laboratory Assessment of Low-
Cost PM Monitors. Journal of Aerosol Science 2016, 102, 29—40.
https://doi.org/10.1016/j.jaerosci.2016.08.010.

Jiao, W.; Hagler, G.; Williams, R.; Sharpe, R.; Brown, R.; Garver, D.; Judge, R.; Caudill,
M.; Rickard, J.; Davis, M.; Weinstock, L.; Zimmer-Dauphinee, S.; Buckley, K.

Community Air Sensor Network (CAIRSENSE) Project: Evaluation of Low-Cost Sensor
Performance in a Suburban Environment in the Southeastern United States. Atmospheric
Measurement Techniques 2016, 9, 5281-5292. https://doi.org/10.5194/amt-9-5281-2016.

Jones, S.; Anthony, T. R.; Sousan, S.; Altmaier, R.; Park, J. H.; Peters, T. M. Evaluation
of a Low-Cost Aerosol Sensor to Assess Dust Concentrations in a Swine Building. The
Annals of Occupational Hygiene 2016, 60, 597-607.
https://doi.org/10.1093/annhyg/mew009.

Tan, B. Laboratory Evaluation of Low to Medium Cost Particle Sensors, University of
Waterloo, University of Waterloo, 2017. http://hdl.handle.net/10012/12776.

Feinberg, S.; Williams, R.; Hagler, G. S. W.; Rickard, J.; Brown, R.; Garver, D.;
Harshfield, G.; Stauffer, P.; Mattson, E.; Judge, R.; Garvey, S. Long-Term Evaluation of
Air Sensor Technology under Ambient Conditions in Denver, Colorado. Atmospheric

107


https://www.aqmd.gov/aq-spec/sensordetail/magnasci-srl---uradmonitor-a3-(hw105)
https://www.aqmd.gov/aq-spec/sensordetail/magnasci-srl---uradmonitor-a3-(hw105)
https://www.aqmd.gov/aq-spec/sensordetail/air-quality-egg-(v.2)---pm
https://www.aqmd.gov/aq-spec/sensordetail/air-quality-egg-(v.2)---pm
https://www.aqmd.gov/aq-spec/sensordetail/air-quality-egg-2022-model---co-and-pm
https://www.aqmd.gov/aq-spec/sensordetail/air-quality-egg-2022-model---co-and-pm
https://doi.org/10.4209/aaqr.2018.12.0485
https://cfpub.epa.gov/si/si_public_record_report.cfm?Lab=NERL&dirEntryId=297517
https://doi.org/10.1039/C5EM00365B
https://doi.org/10.1016/j.jaerosci.2016.08.010
https://doi.org/10.5194/amt-9-5281-2016
https://doi.org/10.1093/annhyg/mew009
http://hdl.handle.net/10012/12776

(145)

(146)

(147)

(148)

(149)

(150)

(151)

(152)

(153)

(154)

Measurement Techniques 2018, 11, 4605-4615. Ihttps://doi.org/IO.Sl94/amt—l 1 —4605-‘
éOlS.

Collingwood, S.; Zmoos, J.; Pahler, L.; Wong, B.; Sleeth, D.; Handy, R. Investigating
Measurement Variation of Modified Low-Cost Particle Sensors. Journal of Aerosol
Science 2019, 135, 21-32. https://doi.org/10.1016/j.jaerosci.2019.04.017.

Hegde, S.; Min, K. T.; Moore, J.; Lundrigan, P.; Patwari, N.; Collingwood, S.; Balch, A.;
Kelly, K. E. Indoor Household Particulate Matter Measurements Using a Network of
Low-Cost Sensors. Aerosol and Air Quality Research 2020, 20, 381-394.
https://doi.org/10.4209/aaqr.2019.01.0046.

Zou, Y.; Clark, J. D.; May, A. A. A Systematic Investigation on the Effects of
Temperature and Relative Humidity on the Performance of Eight Low-Cost Particle
Sensors and Devices. Journal of Aerosol Science 2021, 152, 105715.
https://doi.org/10.1016/j.jaerosci.2020.105715.

Holstius, D. M.; Pillarisetti, A.; Smith, K. R.; Seto, E. Field Calibrations of a Low-Cost
Aerosol Sensor at a Regulatory Monitoring Site in California. Atmospheric Measurement
Techniques 2014, 7, 1121-1131. https://doi.org/10.5194/amt-7-1121-2014.

Steinle, S.; Reis, S.; Sabel, C. E.; Semple, S.; Twigg, M. M.; Braban, C. F.; Leeson, S. R.;
Heal, M. R.; Harrison, D.; Lin, C.; Wu, H. Personal Exposure Monitoring of PM2.5 in
Indoor and Outdoor Microenvironments. Science of The Total Environment 2015, 508,
383-394. https://doi.org/10.1016/j.scitotenv.2014.12.003.

JovaSevi¢-Stojanovi¢, M.; Bartonova, A.; Topalovi¢, D.; Lazovi¢, 1.; Pokri¢, B.;
Ristovski, Z. On the Use of Small and Cheaper Sensors and Devices for Indicative
Citizen-Based Monitoring of Respirable Particulate Matter. Environmental Pollution
2015, 206, 696—704. https://doi.org/10.1016/j.envpol.2015.08.035.

Han, I.; Symanski, E.; Stock, T. H. Feasibility of Using Low-Cost Portable Particle
Monitors for Measurement of Fine and Coarse Particulate Matter in Urban Ambient Air.
Journal of the Air & Waste Management Association 2017, 67, 330-340.
https://doi.org/10.1080/10962247.2016.1241195.

Carvlin, G. N.; Lugo, H.; Olmedo, L.; Bejarano, E.; Wilkie, A.; Meltzer, D.; Wong, M.;
King, G.; Northcross, A.; Jerrett, M.; English, P. B.; Hammond, D.; Seto, E. Development
and Field Validation of a Community-Engaged Particulate Matter Air Quality Monitoring
Network in Imperial, California, USA. Journal of the Air & Waste Management
Association 2017, 67, 1342—1352. https://doi.org/10.1080/10962247.2017.1369471.

Oluwadairo, T.; Whitehead, L.; Symanski, E.; Bauer, C.; Carson, A.; Han, 1. Effects of
Acrosol Particle Size on the Measurement of Airborne PM2.5 with a Low-Cost

Particulate Matter Sensor (LCPMS) in a Laboratory Chamber. Environmental Monitoring
and Assessment 2022, 194, 56. https://doi.org/10.1007/s10661-021-09715-6.

Sousan, S.; Koehler, K.; Hallett, L.; Peters, T. M. Evaluation of Consumer Monitors to
Measure Particulate Matter. Journal of Aerosol Science 2017, 107, 123—133.
https://doi.org/10.1016/j.jaerosci.2017.02.013.

108


https://doi.org/10.1016/j.jaerosci.2019.04.017
https://doi.org/10.4209/aaqr.2019.01.0046
https://doi.org/10.1016/j.jaerosci.2020.105715
https://doi.org/10.5194/amt-7-1121-2014
https://doi.org/10.1016/j.scitotenv.2014.12.003
https://doi.org/10.1016/j.envpol.2015.08.035
https://doi.org/10.1080/10962247.2016.1241195
https://doi.org/10.1080/10962247.2017.1369471
https://doi.org/10.1007/s10661-021-09715-6
https://doi.org/10.1016/j.jaerosci.2017.02.013

(155)

(156)

(157)

(158)

(159)

(160)

(161)

(162)

(163)

(164)

(165)

(166)

Hainsworth, M.; Lim, C. C. AirBeam2 Technical Specifications, Operation &
Performance; 2018. |t ps://www.habitatmap.org/blog/ airbeamZ-technical-speciﬁcations—‘
bperation—performanc (accessed 2024-07-14).

Huang, J.; Kwan, M.-P.; Cai, J.; Song, W.; Yu, C.; Kan, Z.; Yim, S. H.-L. Field
Evaluation and Calibration of Low-Cost Air Pollution Sensors for Environmental
Exposure Research. Sensors 2022, 22, 2381. https://doi.org/10.3390/s22062381.

Sayahi, T.; Butterfield, A.; Kelly, K. E. Long-Term Field Evaluation of the Plantower
PMS Low-Cost Particulate Matter Sensors. Environmental Pollution 2019, 245, 932-940.
https://doi.org/10.1016/j.envpol.2018.11.065.

Kim, S.; Park, S.; Lee, J. Evaluation of Performance of Inexpensive Laser Based PM2.5
Sensor Monitors for Typical Indoor and Outdoor Hotspots of South Korea. Applied
Sciences 2019, 9, 1947. https://doi.org/10.3390/app9091947.

Holder, A. L.; Mebust, A. K.; Maghran, L. A.; McGown, M. R.; Stewart, K. E.; Vallano,
D. M.; Elleman, R. A.; Baker, K. R. Field Evaluation of Low-Cost Particulate Matter
Sensors for Measuring Wildfire Smoke. Sensors 2020, 20, 4796.
https://doi.org/10.3390/s20174796.

Ardon-Dryer, K.; Dryer, Y.; Williams, J. N.; Moghimi, N. Measurements of PM> 5 with
PurpleAir under Atmospheric Conditions. Atmospheric Measurement Techniques 2020,
13, 5441-5458. https://doi.org/10.5194/amt-13-5441-2020.

Magi, B. L.; Cupini, C.; Francis, J.; Green, M.; Hauser, C. Evaluation of PM2.5 Measured
in an Urban Setting Using a Low-Cost Optical Particle Counter and a Federal Equivalent
Method Beta Attenuation Monitor. Aerosol Science and Technology 2020, 54, 147—-159.
https://doi.org/10.1080/02786826.2019.1619915.

Malings, C.; Tanzer, R.; Hauryliuk, A.; Saha, P. K.; Robinson, A. L.; Presto, A. A.;
Subramanian, R. Fine Particle Mass Monitoring with Low-Cost Sensors: Corrections and
Long-Term Performance Evaluation. Aerosol Science and Technology 2020, 54, 160—174.
https://doi.org/10.1080/02786826.2019.1623863.

Bi, J.; Wildani, A.; Chang, H. H.; Liu, Y. Incorporating Low-Cost Sensor Measurements
into High-Resolution PM2.5 Modeling at a Large Spatial Scale. Environmental Science &
Technology 2020, 54, 2152-2162. https://doi.org/10.1021/acs.est.9b06046.

Sankhyan, S.; Witteman, J. K.; Coyan, S.; Patel, S.; Vance, M. E. Assessment of PM2.5
Concentrations, Transport, and Mitigation in Indoor Environments Using Low-Cost Air

Quality Monitors and a Portable Air Cleaner. Environmental Science: Atmospheres 2022,
2, 647-658. https://doi.org/10.1039/D2EA00025C.

Koehler, K.; Wilks, M.; Green, T.; Rule, A. M.; Zamora, M. L.; Buehler, C.; Datta, A.;
Gentner, D. R.; Putcha, N.; Hansel, N. N.; Kirk, G. D.; Raju, S.; McCormack, M.
Evaluation of Calibration Approaches for Indoor Deployments of PurpleAir Monitors.
Atmospheric Environment 2023, 310, 119944,
https://doi.org/10.1016/j.atmosenv.2023.119944.

Park, S.; Lee, S.; Yeo, M.; Rim, D. Field and Laboratory Evaluation of PurpleAir Low-
Cost Aerosol Sensors in Monitoring Indoor Airborne Particles. Building and Environment
2023, 234, 110127. https://doi.org/10.1016/j.buildenv.2023.110127.

109


https://doi.org/10.3390/s22062381
https://doi.org/10.1016/j.envpol.2018.11.065
https://doi.org/10.3390/app9091947
https://doi.org/10.3390/s20174796
https://doi.org/10.5194/amt-13-5441-2020
https://doi.org/10.1080/02786826.2019.1619915
https://doi.org/10.1080/02786826.2019.1623863
https://doi.org/10.1021/acs.est.9b06046
https://doi.org/10.1039/D2EA00025C
https://doi.org/10.1016/j.atmosenv.2023.119944
https://doi.org/10.1016/j.buildenv.2023.110127

(167)

(168)

(169)

(170)

(171)

(172)

(173)

(174)

(175)

(176)

(177)

(178)

deSouza, P.; Barkjohn, K.; Clements, A.; Lee, J.; Kahn, R.; Crawford, B.; Kinney, P. An
Analysis of Degradation in Low-Cost Particulate Matter Sensors. Environmental Science:
Atmospheres 2023, 3, 521-536. ihttps://doi.org/lO.lO39/D2EA00142J.

Villanueva, F.; Jiménez, E.; Felisi, J. M.; Garrido, T.; Jiménez, J. L.; Rédenas, M.;
Muioz, A. Guide about Affordable CO2 Detectors for COVID-19 Prevention, Version
1.6; 2021. https://bit.ly/monitorsCO2 (accessed 2024-07-20).

Zheng, H.; Krishnan, V.; Walker, S.; Loomans, M.; Zeiler, W. Laboratory Evaluation of
Low-Cost Air Quality Monitors and Single Sensors for Monitoring Typical Indoor
Emission Events in Dutch Daycare Centers. Environment International 2022, 166,
107372. https://doi.org/10.1016/j.envint.2022.107372.

He, R.; Han, T.; Bachman, D.; Carluccio, D. J.; Jaeger, R.; Zhang, J.; Thirumurugesan, S.;
Andrews, C.; Mainelis, G. Evaluation of Two Low-Cost PM Monitors under Different
Laboratory and Indoor Conditions. Aerosol Science and Technology 2020, 55, 316-331.
https://doi.org/10.1080/02786826.2020.1851649.

Shao, Y.; Kavi, L.; Boyle, M.; Louis, L. M.; Pool, W.; Thomas, S. B.; Wilson, S.; Rule, A.
M.; Quiros-Alcala, L. Real-Time Air Monitoring of Occupational Exposures to
Particulate Matter among Hairdressers in Maryland: A Pilot Study. /ndoor Air 2021, 31,
1144—1153. https://doi.org/10.1111/ina.12817.

Baldelli, A. Evaluation of a Low-Cost Multi-Channel Monitor for Indoor Air Quality
through a Novel, Low-Cost, and Reproducible Platform. Measurement: Sensors 2021, 17,
100059. https://doi.org/10.1016/j.measen.2021.100059.

PurpleAir Community. What is the Difference Between CF=1, ATM, and ALT?
https://community.purpleair.com/t/what-is-the-difference-between-ct-1-atm-and-alt/6442
(accessed 2025-01-31).

Tryner, J.; Mehafty, J.; Miller-Lionberg, D.; Volckens, J. Effects of Aerosol Type and
Simulated Aging on Performance of Low-Cost PM Sensors. Journal of Aerosol Science
2020, 750, 105654. https://doi.org/10.1016/].jaerosci.2020.105654.

Singer, B. C.; Delp, W. W. Response of Consumer and Research Grade Indoor Air
Quality Monitors to Residential Sources of Fine Particles. Indoor Air 2018, 28, 624-639.
https://doi.org/10.1111/ina.12463.

Zou, Y.; Young, M.; Wickey, M.; May, A.; Clark, J. D. Response of Eight Low-Cost
Particle Sensors and Consumer Devices to Typical Indoor Emission Events in a Real
Home (ASHRAE 1756-RP). Science and Technology for the Built Environment 2020, 26,
237-249. https://doi.org/10.1080/23744731.2019.1676094.

Ji, X.; Le Bihan, O.; Ramalho, O.; Mandin, C.; D’Anna, B.; Martinon, L.; Nicolas, M.;
Bard, D.; Pairon, J.-C. Characterization of Particles Emitted by Incense Burning in an
Experimental House. Indoor Air 2010, 20, 147—158. https://doi.org/10.1111/5.1600-
0668.2009.00634 .x.

Wallace, L.; Bi, J.; Ott, W. R.; Sarnat, J.; Liu, Y. Calibration of Low-Cost PurpleAir
Outdoor Monitors Using an Improved Method of Calculating PM2.5. Atmospheric
Environment 2021, 256, 118432. https://doi.org/10.1016/j.atmosenv.2021.118432.

110


https://bit.ly/monitorsCO2
https://doi.org/10.1016/j.envint.2022.107372
https://doi.org/10.1080/02786826.2020.1851649
https://doi.org/10.1111/ina.12817
https://doi.org/10.1016/j.measen.2021.100059
https://community.purpleair.com/t/what-is-the-difference-between-cf-1-atm-and-alt/6442
https://doi.org/10.1016/j.jaerosci.2020.105654
https://doi.org/10.1111/ina.12463
https://doi.org/10.1080/23744731.2019.1676094
https://doi.org/10.1111/j.1600-0668.2009.00634.x
https://doi.org/10.1111/j.1600-0668.2009.00634.x
https://doi.org/10.1016/j.atmosenv.2021.118432

(179)

(180)

(181)

(182)

(183)

(184)

(185)

(186)

(187)

(188)

(189)

(190)

Zamora, M. L.; Xiong, F.; Gentner, D.; Kerkez, B.; Kohrman-Glaser, J.; Koehler, K. Field
and Laboratory Evaluations of the Low-Cost Plantower Particulate Matter Sensor.
Environmental Science & Technology 2019, 53, 838-849.
'https://doi.org/lO.102l/acs.est.8b05174.|

Kelly, K. E.; Whitaker, J.; Petty, A.; Widmer, C.; Dybwad, A.; Sleeth, D.; Martin, R.;
Butterfield, A. Ambient and Laboratory Evaluation of a Low-Cost Particulate Matter
Sensor. Environmental Pollution 2017, 221, 491-500.
https://doi.org/10.1016/j.envpol.2016.12.039.

Semple, S.; Apsley, A.; MacCalman, L. An Inexpensive Particle Monitor for Smoker
Behaviour Modification in Homes. Tobacco Control 2013, 22, 295-298.
https://doi.org/10.1136/tobaccocontrol-2011-050401.

Kumar, P.; Skouloudis, A. N.; Bell, M.; Viana, M.; Carotta, M. C.; Biskos, G.; Morawska,
L. Real-Time Sensors for Indoor Air Monitoring and Challenges Ahead in Deploying
Them to Urban Buildings. Science of The Total Environment 2016, 560-561, 150—159.
https://doi.org/10.1016/j.scitotenv.2016.04.032.

Barkjohn, K. K.; Clements, A.; Mocka, C.; Barrette, C.; Bittner, A.; Champion, W.; Gantt,
B.; Good, E.; Holder, A.; Hillis, B.; et al. Air Quality Sensor Experts Convene: Current
Quality Assurance Considerations for Credible Data. ACS ES&T Air 2024, 1, 1203—-1214.
https://doi.org/10.1021/acsestair.4c00125.

ASTM International. Standard Test Method for Evaluating PM2.5 Sensors or Sensor
Systems Used in Indoor Air Applications, ASTM D8405-21. https://www.astm.org/d8405-
21.html (accessed 2025-01-29).

South Coast Air Quality Management District. ASTM International Test Standards
Development. https://www.aqmd.gov/aq-spec/astm-test-standards (accessed 2025-01-29).

PurpleAir Community. How to Obtain Sensor Data.
https://community.purpleair.com/t/how-to-obtain-sensor-data/9727 (accessed 2025-01-
28).

Bulot, F. M. J.; Johnston, S. J.; Basford, P. J.; Easton, N. H. C.; Apetroaie-Cristea, M.;
Foster, G. L.; Morris, A. K. R.; Cox, S. J.; Loxham, M. Long-Term Field Comparison of

Multiple Low-Cost Particulate Matter Sensors in an Outdoor Urban Environment.
Scientific Reports 2019, 9, 7497. https://doi.org/10.1038/s41598-019-43716-3.

Sugrue, R. A.; Preble, C. V.; Butler, J. D. A.; Redon-Gabel, A. J.; Marconi, P.; Shetty, K.
D.; Hill, L. A. L.; Amezcua-Smith, A. M.; Lukanov, B. R.; Kirchstetter, T. W. The Value
of Adding Black Carbon to Community Monitoring of Particulate Matter. Atmospheric
Environment 2024, 325, 120434. https://doi.org/10.1016/j.atmosenv.2024.120434.

English, P.; Amato, H.; Bejarano, E.; Carvlin, G.; Lugo, H.; Jerrett, M.; King, G.;
Madrigal, D.; Meltzer, D.; Northcross, A.; Olmedo, L.; Seto, E.; Torres, C.; Wilkie, A.;
Wong, M. Performance of a Low-Cost Sensor Community Air Monitoring Network in
Imperial County, CA. Sensors 2020, 20, 303 1. https://doi.org/10.3390/s20113031.

Liu, J.; Clark, L. P;; Bechle, M. J.; Hajat, A.; Kim, S.-Y.; Robinson, A. L.; Sheppard, L.;
Szpiro, A. A.; Marshall, J. D. Disparities in Air Pollution Exposure in the United States

111


https://doi.org/10.1016/j.envpol.2016.12.039
https://doi.org/10.1136/tobaccocontrol-2011-050401
https://doi.org/10.1016/j.scitotenv.2016.04.032
https://doi.org/10.1021/acsestair.4c00125
https://www.astm.org/d8405-21.html
https://www.astm.org/d8405-21.html
https://www.aqmd.gov/aq-spec/astm-test-standards
https://community.purpleair.com/t/how-to-obtain-sensor-data/9727
https://doi.org/10.1038/s41598-019-43716-3
https://doi.org/10.1016/j.atmosenv.2024.120434
https://doi.org/10.3390/s20113031

(191)

(192)

(193)

(194)

(195)

(196)

(197)

(198)

(199)

(200)

(201)

by Race/Ethnicity and Income, 1990-2010. Environmental Health Perspectives 2021,
129, 127005. https://doi.org/10.1289/EHP8584]

Demetillo, M. A. G.; Harkins, C.; McDonald, B. C.; Chodrow, P. S.; Sun, K.; Pusede, S.
E. Space-Based Observational Constraints on NO2 Air Pollution Inequality From Diesel
Traffic in Major US Cities. Geophysical Research Letters 2021, 48, €2021GL094333.
https://doi.org/10.1029/2021GL094333.

California Air Resources Board. Community Air Protection Program (AB 617).
https://ww?2.arb.ca.gov/capp (accessed 2024-05-31).

Matz, J. R.; Wylie, S.; Kriesky, J. Participatory Air Monitoring in the Midst of
Uncertainty: Residents’ Experiences with the Speck Sensor. Engaging Science,
Technology, and Society 2017, 3, 464—498. https://doi.org/10.17351/ests2017.127.

Wong-Parodi, G.; Dias, M. B.; Taylor, M. Effect of Using an Indoor Air Quality Sensor
on Perceptions of and Behaviors Toward Air Pollution (Pittsburgh Empowerment Library
Study): Online Survey and Interviews. JMIR mHealth and uHealth 2018, 6, ¢8273.
https://doi.org/10.2196/mhealth.8273.

Casey, J. G.; Ortega, J.; Coftey, E.; Hannigan, M. Low-Cost Measurement Techniques to
Characterize the Influence of Home Heating Fuel on Carbon Monoxide in Navajo
Homes. Science of The Total Environment 2018, 625, 608—618.
https://doi.org/10.1016/j.scitotenv.2017.12.312.

Moore, J.; Goffin, P.; Meyer, M.; Lundrigan, P.; Patwari, N.; Sward, K.; Wiese, J.
Managing In-Home Environments through Sensing, Annotating, and Visualizing Air
Quality Data. Proceedings of the ACM on Interactive, Mobile, Wearable and Ubiquitous
Technologies 2018. https://doi.org/10.1145/3264938.

Kaduwela, A. P.; Kaduwela, A. P.; Jrade, E.; Brusseau, M.; Morris, S.; Morris, J.; Risk, V.
Development of a Low-Cost Air Sensor Package and Indoor Air Quality Monitoring in a
California Middle School: Detection of a Distant Wildfire. Journal of the Air & Waste
Management Association 2019, 69, 1015-1022.
https://doi.org/10.1080/10962247.2019.1629362.

Gaskins, A. J.; Hart, J. E. The Use of Personal and Indoor Air Pollution Monitors in
Reproductive Epidemiology Studies. Paediatric and Perinatal Epidemiology 2020, 34,
513-521. https://doi.org/10.1111/ppe.12599.

Rickenbacker, H. J.; Vaden, J. M.; Bilec, M. M. Engaging Citizens in Air Pollution
Research: Investigating the Built Environment and Indoor Air Quality and Its Impact on
Quality of Life. Journal of Architectural Engineering 2020, 26, 04020041.
https://doi.org/10.1061/(ASCE)AE.1943-5568.0000439.

Singer, B. C.; Chan, W. R.; Kim, Y.-S.; Offermann, F. J.; Walker, 1. S. Indoor Air Quality
in California Homes with Code-Required Mechanical Ventilation. Indoor Air 2020, 30,
885—-899. https://doi.org/10.1111/ina.12676.

Webb, L.; Sleeth, D. K.; Handy, R.; Stenberg, J.; Schaefer, C.; Collingwood, S. C. Indoor
Air Quality Issues for Rocky Mountain West Tribes. Frontiers in Public Health 2021, 9.
https://doi.org/10.3389/fpubh.2021.606430.

112


https://doi.org/10.1029/2021GL094333
https://ww2.arb.ca.gov/capp
https://doi.org/10.17351/ests2017.127
https://doi.org/10.2196/mhealth.8273
https://doi.org/10.1016/j.scitotenv.2017.12.312
https://doi.org/10.1145/3264938
https://doi.org/10.1080/10962247.2019.1629362
https://doi.org/10.1111/ppe.12599
https://doi.org/10.1061/(ASCE)AE.1943-5568.0000439
https://doi.org/10.1111/ina.12676
https://doi.org/10.3389/fpubh.2021.606430

(202)

(203)

(204)

(205)

(206)

(207)

(208)

(209)

(210)

211)

(212)

Kang, I.; McCreery, A.; Azimi, P.; Gramigna, A.; Baca, G.; Abromitis, K.; Wang, M.;
Zeng, Y.; Scheu, R.; Crowder, T.; Evens, A.; Stephens, B. Indoor Air Quality Impacts of
Residential Mechanical Ventilation System Retrofits in Existing Homes in Chicago, IL.
Science of The Total Environment 2022, 804, 150129.
https://doi.org/l0.1016/j.scit0tenv.2021.150129I

Fritz, H.; Kinney, K. A.; Wu, C.; Schnyer, D. M.; Nagy, Z. Data Fusion of Mobile and
Environmental Sensing Devices to Understand the Effect of the Indoor Environment on
Measured and Self-Reported Sleep Quality. Building and Environment 2022, 214,
108835. https://doi.org/10.1016/j.buildenv.2022.108835.

Masri, S.; Rea, J.; Wu, J. Use of Low-Cost Sensors to Characterize Occupational
Exposure to PM2.5 Concentrations Inside an Industrial Facility in Santa Ana, CA:
Results from a Worker- and Community-Led Pilot Study. Atmosphere 2022, 13, 722.
https://doi.org/10.3390/atmos 13050722.

He, J.; Huang, C.-H.; Yuan, N.; Austin, E.; Seto, E.; Novosselov, I. Network of Low-Cost
Air Quality Sensors for Monitoring Indoor, Outdoor, and Personal PM2.5 Exposure in
Seattle during the 2020 Wildfire Season. Atmospheric Environment 2022, 285, 119244.
https://doi.org/10.1016/j.atmosenv.2022.119244.

Anastasiou, E.; Gordon, T.; Wyka, K.; Tovar, A.; Gill, E.; Rule, A. M.; Elbel, B.; Kaplan,
J. D. S.; Shelley, D.; Thorpe, L. E. Long-Term Trends in Secondhand Smoke Exposure in
High-Rise Housing Serving Low-Income Residents in New York City: Three-Year
Evaluation of a Federal Smoking Ban in Public Housing, 2018-2021. Nicotine &
Tobacco Research 2023, 25, 164—1609. https://doi.org/10.1093/ntr/ntac202.

Walker, E. S.; Stewart, T.; Jones, D. Fine Particulate Matter Infiltration at Western
Montana Residences during Wildfire Season. Science of The Total Environment 2023,
896, 165238. https://doi.org/10.1016/j.scitotenv.2023.165238.

Gerding, T.; Wang, J.; Newman, N. Examining Work Stress and Air Pollutants Exposure
of Home Healthcare Workers. Atmosphere 2023, 14, 1393.
https://doi.org/10.3390/atmos 14091393.

Masri, S.; Flores, L.; Rea, J.; Wu, J. Race and Street-Level Firework Legalization as
Primary Determinants of July 4th Air Pollution across Southern California. Atmosphere
2023, /4, 401. https://doi.org/10.3390/atmos14020401.

Pei, G.; Freihaut, J. D.; Rim, D. Long-Term Application of Low-Cost Sensors for
Monitoring Indoor Air Quality and Particle Dynamics in a Commercial Building. Journal
of Building Engineering 2023, 79, 107774. https://doi.org/10.1016/j.jobe.2023.107774.

Wenner, M. M.; Ries-Roncalli, A.; Whalen, M. C. R.; Jing, P. The Relationship between
Indoor and Outdoor Fine Particulate Matter in a High-Rise Building in Chicago
Monitored by PurpleAir Sensors. Sensors 2024, 24, 2493.
https://doi.org/10.3390/s24082493.

Prathibha, P.; Turner, M.; Wei, L.; Davis, A.; Vinsonhaler, K.; Batchelder, A.;
McCaughey, B.; Carlstad, J.; Chelminski, A. N.; Rappold, A. G.; Hassett-Sipple, B.;
Holder, A. L. Usage and Impact of a Do-It-Yourself Air Cleaner on Residential PM2.5 in
a Smoke-Impacted Community. Atmospheric Environment 2024, 333, 120650.
https://doi.org/10.1016/j.atmosenv.2024.120650.

113


https://doi.org/10.1016/j.buildenv.2022.108835
https://doi.org/10.3390/atmos13050722
https://doi.org/10.1016/j.atmosenv.2022.119244
https://doi.org/10.1093/ntr/ntac202
https://doi.org/10.1016/j.scitotenv.2023.165238
https://doi.org/10.3390/atmos14091393
https://doi.org/10.3390/atmos14020401
https://doi.org/10.1016/j.jobe.2023.107774
https://doi.org/10.3390/s24082493
https://doi.org/10.1016/j.atmosenv.2024.120650

(213)

(214)

(215)

(216)

217)

(218)

(219)

(220)

(221)

(222)

(223)

(224)

Krebs, B.; Burney, J.; Zivin, J. G.; Neidell, M. Using Crowd-Sourced Data to Assess the
Temporal and Spatial Relationship between Indoor and Outdoor Particulate Matter.
Environmental Science & Technology 2021, 55, 6107-6115.

'https://doi.org/lO. 102l/acs.est.0c08469.|

Mousavi, A.; Wu, J. Indoor-Generated PM2.5 During COVID-19 Shutdowns Across
California: Application of the PurpleAir Indoor—Outdoor Low-Cost Sensor Network.
Environmental Science & Technology 2021, 55, 5648-5656.
https://doi.org/10.1021/acs.est.0c06937.

O’Dell, K.; Ford, B.; Burkhardt, J.; Magzamen, S.; Anenberg, S. C.; Bayham, J.; Fischer,
E. V.; Pierce, J. R. Outside in: The Relationship between Indoor and Outdoor Particulate

Air Quality during Wildfire Smoke Events in Western US Cities. Environmental
Research: Health 2022, 1, 015003. https://doi.org/10.1088/2752-5309/ac7d69.

Kramer, A. L.; Liu, J.; Li, L.; Connolly, R.; Barbato, M.; Zhu, Y. Environmental Justice
Analysis of Wildfire-Related PM2.5 Exposure Using Low-Cost Sensors in California.
Science of The Total Environment 2023, 856, 159218.
https://doi.org/10.1016/j.scitotenv.2022.159218.

California Air Resources Board. Community Air Grants.
https://ww?2.arb.ca.gov/capp/fund/cag/community-air-grants (accessed 2025-03-11).

California Air Resources Board. Supplemental Environmental Projects (SEP).
https://ww?2.arb.ca.gov/our-work/programs/supplemental-environmental-projects-sep
(accessed 2025-03-11).

U.S. Environmental Protection Agency. Indoor Pollutants and Sources.
https://www.epa.gov/indoor-air-quality-iag/indoor-pollutants-and-sources (accessed
2025-03-11).

U.S. Environmental Protection Agency. Improving Your Indoor Environment.
https://www.epa.gov/indoor-air-quality-iaq/improving-your-indoor-environment
(accessed 2024-08-02).

California Air Resources Board. Indoor Air Pollution from Cooking.
https://ww2.arb.ca.gov/resources/documents/indoor-air-pollution-cooking (accessed
2024-08-02).

California Air Resources Board. Reducing Your Exposure to Indoor Air Pollution.
https://ww?2.arb.ca.gov/resources/fact-sheets/reducing-your-exposure-indoor-air-pollution
(accessed 2024-08-02).

U.S. Environmental Protection Agency. Wildfires and Indoor Air Quality (I40).
https://www.epa.gov/indoor-air-quality-iaq/wildfires-and-indoor-air-quality-iaq (accessed
2024-08-02).

South Coast Air Quality Management District. Wildfire Health Information & Smoke
Tips. https://www.aqmd.gov/home/air-quality/wildfire-health-info-smoke-tips (accessed
2024-08-02).

114


https://doi.org/10.1021/acs.est.0c06937
https://doi.org/10.1088/2752-5309/ac7d69
https://doi.org/10.1016/j.scitotenv.2022.159218
https://ww2.arb.ca.gov/capp/fund/cag/community-air-grants
https://ww2.arb.ca.gov/our-work/programs/supplemental-environmental-projects-sep
https://www.epa.gov/indoor-air-quality-iaq/indoor-pollutants-and-sources
https://www.epa.gov/indoor-air-quality-iaq/improving-your-indoor-environment
https://ww2.arb.ca.gov/resources/documents/indoor-air-pollution-cooking
https://ww2.arb.ca.gov/resources/fact-sheets/reducing-your-exposure-indoor-air-pollution
https://www.epa.gov/indoor-air-quality-iaq/wildfires-and-indoor-air-quality-iaq
https://www.aqmd.gov/home/air-quality/wildfire-health-info-smoke-tips

	Untitled
	   Low-Cost Sensors for Healthier Indoor Air Quality in Impacted Communities 
	Disclaimer 
	Table of Contents 
	List of Figures and Tables 
	Glossary of Acronyms 
	Acknowledgements 
	Executive Summary 
	1 Introduction 
	2 Task summary and work described in this project 
	2.1 Overview 
	2.2 Task 1: Review of LCS Technologies 
	2.3 Task 2: Evidence of IAQ Assessment Efforts using LCS 
	2.4 Task 3: Insights from Stakeholder Interviews on LCS for IAQ Monitoring 
	2.5 Task 4: Draft White Paper and Guidance Document 
	3 Review of LCS Technologies 
	3.1 Overview 
	3.2 Single- and Multi-Pollutant LCS Devices on the Market 
	3.3 Performance Evaluations for LCS Devices 
	3.3.1 AQ-SPEC Performance Evaluations of LCS Devices 
	3.3.2 Literature Performance Evaluations of LCS Devices 
	3.3.3 Summary of Performance Evaluations of LCS 
	3.4 Questions and Considerations for IAQ Monitoring with LCS 
	4 Evidence of IAQ Assessment Efforts using LCS 
	4.1 Overview 
	4.2 Studies on LCS for IAQ Monitoring in Impacted Communities 
	5 Insights from Stakeholder Interviews on LCS for IAQ Monitoring 
	5.1 Overview 
	5.2 Highlights and Implications of Interview Insights 
	5.3 Unique Experiences of Stakeholders 
	5.4 Best Practices, Caveats, and Recommendations for LCS 
	6 Recommendations on LCS for Sustaining Healthier IAQ 
	6.1 Recommendations for Community Groups and Air Quality Agencies 
	6.2 Recommendations for Researchers 
	6.3 Recommendations for LCS Manufacturers 
	6.4 Recommendations for Policymakers 
	6.5 Recommendations for LCS Users 
	7 References 




