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H I G H L I G H T S

• Certification standards do not exist for low-cost air sensors.

• Some sensor performance targets are being considered by various organizations.

• Lack of standards impacts data quality and confidence in using sensor data.

• In literature, reported sensor performance attributes are highly variable.

• Possible next steps include recording best practices and quality assurance results.

A R T I C L E I N F O
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A B S T R A C T

The United States Environmental Protection Agency held an international two-day workshop in June 2018 to
deliberate possible performance targets for non-regulatory fine particulate matter (PM2.5) and ozone (O3) air
sensors. The need for a workshop arose from the lack of any market-wide manufacturer requirement for
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Ozone documented sensor performance evaluations, the lack of any independent third party or government-based
sensor performance certification program, and uncertainty among all users as to the general usability of air
sensor data. A multi-sector subject matter expert panel was assembled to facilitate an open discussion on these
issues with multiple stakeholders. This summary provides an overview of the workshop purpose, key findings
from the deliberations, and considerations for future actions specific to sensors. Important findings concerning
PM2.5 and O3 sensors included the lack of consistent performance indicators and statistical metrics as well as
highly variable data quality requirements depending on the intended use. While the workshop did not attempt to
yield consensus on any topic, a key message was that a number of possible future actions would be beneficial to
all stakeholders regarding sensor technologies. These included documentation of best practices, sharing quality
assurance results along with sensor data, and the development of a common performance target lexicon, per-
formance targets, and test protocols.

1. Introduction

Low-cost air quality sensors are being used by a diverse group of
users to meet a wide variety of measurement needs. “Low-cost” gen-
erally represents devices costing under $2,500 USD although no for-
mally recognized cost definition exists for such nomenclature.
Measurement needs range from environmental awareness to purposeful
data measurements for decision making (Clements et al., 2017). The
data quality of these sensors is often poorly characterized and there
appears to be confusion in how to effectively use the resulting data
(Lewis et al., 2018). At the core of the confusion is the need to ensure
sensors provide data quality meeting basic performance criteria (Lewis
and Edwards, 2016). Currently, there is no standardized means of ad-
dressing performance for targeted end use (Woodall et al., 2017). As
such, sensors are not yet appropriate for regulatory use in which spe-
cific performance and operation criteria are required.

Some of the many applications being reported for sensor technolo-
gies include:

• Real-time high-resolution mapping of air quality (spatio-temporal
settings),

• Fenceline monitoring to detect industrial source air emissions,

• Community monitoring to assess hot spots,

• Personal, indoor or other microenvironmental monitoring to assess
human exposures,

• Data collection in remote places or in locations that are not routi-
nely monitored,

• Extreme events monitoring (e.g., wildfires), and

• Environmental awareness activities and citizen science.

As seen in the list above, data quality requirements may vary de-
pending upon the intended end use. Given the rapid adoption and
technological advances of new air sensor technologies, there are nu-
merous questions about how well they perform and how lower-cost
technologies can be used for certain non-regulatory applications. To
facilitate discussion on these topics, the United States Environmental
Protection Agency (US EPA) held the “Deliberating Performance Tar-
gets for Air Quality Sensors Workshop” from June 25–26, 2018 in Re-
search Triangle Park, North Carolina (https://www.epa.gov/air-
research/deliberating-performance-targets-air-quality-sensors-
workshop). The purpose of the workshop was to solicit individual sta-
keholder views related to non-regulatory performance targets for sen-
sors that measure fine particulate matter (PM2.5) and ozone (O3). PM2.5

and O3 were selected as the primary focus for all discussions because it
was believed more technical information existed concerning low-cost
sensors for these pollutants. Through on-site and webinar discussions,
national and international participants totaling more than 700 re-
gistrants addressed a range of technical issues involved in establishing
performance targets for air sensor technologies. Discussion topics in-
cluded:

• The state of technology with respect to sensor performance for

various measures (e.g., limits of detection, linearity, interference,
calibration, etc.),

• Review of relevant government-based and peer-reviewed literature
reports concerning performance requirements or technical findings,

• Important attributes of sensor technology to include in a perfor-
mance target and why,

• Consideration of a single set of performance targets for all non-
regulatory purposes or a tiered approach for different sensor appli-
cations,

• Manufacturers' perspectives on the need for and value of any per-
formance certification process,

• Expert opinion from tribal/state/local air agencies on specific end-
use categories including epidemiological, human exposure, and
community-based monitoring, and

• Lessons learned from other countries about choices or trade-offs
they have made or debated in establishing performance targets for
sensor technologies.

2. Approach

The public workshop consisted of two days of structured presenta-
tions and panel discussions from subject matter experts (SEs) and
general attendees using the US EPA-defined charge questions. A third
day meeting (non-public) was convened among the SEs and the US EPA
workshop organizers to review information from each session and begin
the process of developing the workshop summary. The SEs identified in
the sections below were selected to represent a variety of viewpoints
(e.g., international, regulatory agencies, academia, etc.) to obtain a
diverse perspective on sensor performance considerations. The names,
affiliations, and expertise of the SEs are listed in Table S1. There was
widespread interest in the workshop topics as suggested by the regis-
tered attendance statistics which included international governments/
interests (137) from a total of 44 countries, US federal agencies (16),
tribes (5), states (167), academics (119), private companies and non-
profits (47), sensor manufacturers and industry (121), and the general
public and non-categorized attendees (29). Of over 700 registrants, the
US EPA attendees represented 249.

The workshop consisted of 12 unique sessions with some com-
monality between various topics. In brief they are summarized as fol-
lows:

• PM2.5 and O3 peer-reviewed literature and/or government-based
documentation on sensor use and certification efforts,

• International perspectives on ongoing or established sensor certifi-
cation programs,

• Tribal/state/local air agency perspectives on sensor data quality
benchmarks and application considerations,

• Needed performance targets for nonregulatory monitoring and other
associated measurements applications,

• Case studies describing specific uses of PM2.5 and O3 sensor data,

• Perspective from PM2.5 and O3 sensor manufacturers on the value in
and means by which sensor performance might be standardized,
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• The value of either a binary (yes/no) or tiered (multiple perfor-
mance conditions) approach to standardizing sensor technologies,
and

• Miscellaneous: An open call from all attendees on topics of relevance
pertaining to low-cost sensor performance targets.

Each of the individual sessions provided both in-person as well as
web-based attendees the opportunity for open discussion on the
workshop topics. During the workshop, except for the literature review
discussions, the US EPA staff were not engaged in directly leading the
discussions or presenting information pertaining to the key topics. The
purpose of this was to recover a non-biased perspective on low-cost
sensor performance targets and potential next steps to facilitate stake-
holder needs. Presentations delivered by the subject experts are avail-
able on the US EPA Air Sensor Toolbox website (https://www.epa.gov/
air-sensor-toolbox) and the workshop website.

3. Results

3.1. PM2.5 and O3 peer-reviewed literature and select government-based
certification documentation

The US EPA sponsored a comprehensive review of select literature
pertaining to both PM2.5 and O3 sensor-based measurements and gov-
ernment-based air quality instrumentation certification requirements.
This work has been summarized in detail in an US EPA Technical Re-
port (Williams et al., 2018). Excerpts from the report were presented
during the workshop by Ronald Williams (US EPA) and are summarized
here. As part of the literature review, automated database searches
were conducted using Compendex, Scopus, Web of Science, Digital li-
braries of Theses and Dissertations, Open Grey, OpenAIRE, Worldcat,
US Government Publications, Defense Technical Information Center,
and UN Digital Library. Computer-based searches using relevant sensor-
based words/phrases revealed more than 20,000 citations from Jan 1,
2007 to Dec 31, 2017. This time period was selected to ensure that only
the timeliest literature would be examined relative to sensor perfor-
mance targets. A systematic hand-curated review was conducted to
reduce the quantity of citations to a meaningful number. Information
from 56 titles was selected for this summary and included only the
literature that provided the potential for informing the US EPA on 1)
existing US and international performance standards, 2) identification
of any non-regulatory technology performance standards, 3) discovery
of the types of data identified in the reports, 4) data quality indicators
(DQIs) and data quality statistics associated with low-cost sensor use,
and 5) discovery of the air monitoring applications where specific
sensor data quality indictors had been reported.

Four broad categories of performance requirements were defined
from this selection including spatio-temporal variability, comparisons,
trends analysis, and decision-making. Sixteen application categories
were found including air quality forecasting, air quality index re-
porting, community near-source monitoring, control strategy effec-
tiveness, data fusion, emergency response, epidemiological studies,
personal exposure reduction, hot-spot detection, model input, model
verification, process study research, public education, public outreach,
source identification, and supplemental monitoring. While many DQIs
exist in the literature, a total of 10 were selected as part of the review
process. Throughout this document both the correlation coefficient (r;
measure of how well data points correlate) and the coefficient of de-
termination (R2; measure of variance for linear regression models) are
referenced and discussed when referring to correlation and linearity as
DQIs.

The technical report included a review of select government-based
certification standards for ambient air monitoring instruments. These
criteria provide information on attributes that characterize measure-
ments. These included the US Federal Reference Method and Federal
Equivalent Method Program (FRM/FEM) descriptions (US EPA, 40 CFR
Part 50 and Part 53), the People's Republic of China National En-
vironmental Monitoring Standards (Chinese Ministry of Environmental
Protection, HJ 653-2013), the European Ambient Air Quality Directives
[2008/50/EC; European Committee for Standardization (CEN)
Technical Committee 264 for Air Quality, DS/EN 16450:2017], and the
People's Republic of China Performance Standard for Air Sensors
(Chinese Ministry of Environmental Protection, HJ 654-2013). A si-
milar listing as above exists for government-based O3 instrumentation
certification. One specific example of a certification program that en-
compasses sensors was the aforementioned CEN Technical Committee
264. While the timing for enacting the certification program has not yet
been determined, the CEN efforts represent some of the most mature
certification concepts known including a three-tiered approach ranging
from regulatory quality (meeting Air Quality Directives of 2008/50 EC),
to those meeting simple ad hoc end user performance criteria.

The literature review showed differences in DQI requirements for
regulatory monitoring across the US, EU, and China. For instance, with
PM2.5 measurement ranges, the US requires a range of 3–200 μg/m3 (US
EPA, 40 CFR Part 50), the EU requires a range of 0–1000 μg/m3 per 24-
h period (CEN, DS/EN 16450:2017), and China requires a range of
0–1000 μg/m3 (Williams et al., 2018). Similar differences were found
for regulatory requirements for O3 monitoring. Examples for O3 include
lag and rise times ranging from 120 s (US) to up to 5min (China). This
information may suggest that even if low-cost sensors could meet reg-
ulatory requirements, DQIs would likely vary across the world.

In terms of purposes for using low-cost sensors, the literature review

Table 1
Frequency and number of times information sources contained DQOs/MQOsa for different performance attributes (Williams et al., 2018).

Performance Characteristic/DQIb PM2.5 PM10 Carbon Monoxide (CO) Nitrogen Dioxide (NO2) Sulfur Dioxide (SO2) Ozone (O3)

Accuracy/Uncertainty 84% (16) 77% (10) 65% (11) 68% (15) 80% (4) 76% (19)
Bias 5% (1) 8% (1) 18% (3) 9% (2) 40% (2) 16% (4)
Completeness 26% (5) 31% (4) 12% (2) 14% (3) 40% (2) 16% (4)
Detection Limit 26% (5) 8% (1) 47% (8) 32% (7) 80% (4) 24% (6)
Measurement Duration 26% (5) 8% (1) 18% (3) 14% (3) 0% (0) 20% (5)
Measurement Frequency 26% (5) 15% (2) 35% (6) 23% (5) 0% (0) 32% (8)
Measurement Range 47% (9) 46% (6) 35% (6) 32% (7) 80% (4) 40% (10)
Precision 42% (8) 31% (4) 29% (5) 36% (8) 80% (4) 32% (8)
Response Time 0% (0) 0% (0) 29% (5) 32% (7) 80% (4) 20% (5)
Selectivity 11% (2) 8% (1) 24% (4) 23% (5) 80% (4) 16% (4)
Otherc 5% (1) 8% (1) 0% (0) 0% (0) 0% (0) 8% (2)
All Information Sources 40% (19) 27% (13) 35% (17) 46% (22) 10% (5) 52% (25)

a MQO=Measurement Quality Objective.
b Totals across all performance characteristics for a given pollutant are always greater than the figures shown in the last row because a single information source

may contain performance requirements for more than one pollutant and/or performance characteristic.
c “Other” category captures all performance characteristics not among the 10 listed.
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found that for both pollutants, sensor data were more often collected
and reported for spatial-temporal understanding purposes (63% and
72%, respectively for PM2.5 and O3). Specifically, the need to use a low-
cost sensor was primarily linked to the desire to collect a high spatial
density of measurements. Only rarely (< 26%) were low-cost sensors
used for decision support and with stated DQIs. It was interesting to
note that the cost of the technology was reported as a deciding factor in
its selection as much as 70% of the time under such circumstances.
Even so, reported cost of purchase did not necessarily equate to good or
poor sensor performance.

Another major outcome from the literature review was the disparate
reporting of DQIs for both pollutants (summarized in Table 1). As an
example, it was not uncommon to have as many as 9 different statistical
attributes being reported for accuracy/uncertainty. Even when a
common term might be reported (e.g., drift), it was often reported ei-
ther as a percentage (%) or as a given concentration value (e.g., ± X
ppb) making direct comparison of the results difficult. This was also
true for DQIs such as bias, completeness, measurement range, precision,
and others. In short, conference attendees reported that because there
are currently no data standards or even a common lexicon of statistical
terms associated with reporting sensor data, it is difficult to clearly
compare findings from one study to another. It was also noted that any
effort to systematically define statistical terms and common data re-
porting criteria would benefit all sensor data users, regardless of the
sponsoring organization. Examples of where data reporting confusion
has been resolved as technologies matured, include organizations pro-
ducing voluntary consensus standards such as ASTM International
(ASTM D1356-17, 2017) where specific data reporting requirements
exist. Similar standardization has been seen where professional orga-
nizations publish suggested lexicons on terminology for their members
(Zartarian et al., 2006).

3.2. International perspectives on sensor use and certification

These sessions included discussions on PM2.5 and O3 sensor certifi-
cation efforts, consideration of sensor performance issues, and how data
from low-cost sensors were being used for different purposes inter-
nationally. The SEs included Nick Martin (UK National Physical
Laboratory), Michel Gerboles (EU Joint Research Center), Peter Louie
(Hong Kong Environmental Protection Department), Michele Penza
(ENEA, EuNetAir), and Zhi Ning (The Hong Kong University of Science
and Technology). Gerboles and Ning were unable to attend in person
but provided material that was presented by others and is summarized
here. The international SEs were asked to describe their organization
and its purpose and efforts to establish or seek to establish sensor cer-
tification requirements. They were asked to define the performance
standards and measurements practices to conduct certification and the
rationale behind those choices. They provided examples of certification
standards and their perspective on the future of low-cost sensors
needing or benefiting from a certification requirement. Lastly, they
provided their perspective on tiering or a binary (yes/no) consideration
of sensor certification.

Martin, Gerboles, and Penza reported on ongoing work performed
by their organizations in concert with the CEN Technical Committee
264 efforts (Gerboles, 2018; Martin, 2018; Penza, 2018). In brief, this

multi-national organization led by air quality experts has the respon-
sibility for defining low-cost air quality sensor certification procedures
for the European governing bodies to consider. Working Group 42 has
been devoted to examining current gas-phase and PM sensor perfor-
mance and defining potential protocols and procedures needed to en-
sure harmonization of sensor performance benchmarks and relevant
evaluation requirements. As seen in Table 2, specific consideration to
key performance benchmarks are being considered. The listed bench-
marks are proposed and have not been ratified. Developing the stan-
dard language has been ongoing for approximately 3 years. If, and
when the CEN performance requirements are ratified, sensor manu-
facturers interested in obtaining certification would be required to
submit their device (in replicate) to any European-nominated institu-
tion in charge of sensor evaluation according to the CEN Technical
Committee Working Group 42's protocol. Sensor manufacturers would
be responsible for the cost of the certification activities that might in-
clude laboratory, field, or a mixture of both test scenarios. Estimated
costs of a single certification testing involving about 4 sensors (re-
plicates) were valued in the range of $10,000-$100,000 (USD) and
would remain valid in any European country.

Martin has been working extensively on PM2.5 standards for the UK
National Physical Laboratory where regulatory PM instrumentation are
compared against UK standardized Monitoring Certification Scheme
(MCERTS) protocols. Specific criteria have already been defined re-
lative to any instrumentation desiring certification (Table 3). Martin
noted that the UK considers language where the type of instrumentation
in a certification process (e.g., sensor, monitor, analyzer, etc.) need not
be identified by a given technology type, but rather as being “agnostic”.
In other words, regardless of the cost, measurement technology, or
other specifics of the instrument, it has no bearing on whether the in-
strumentation is eligible to be considered for certification. The only
dependent variable is the ability of the device to meet the performance
benchmark requirements. Such agnostic programs are believed to
sometimes foster manufacturing innovation while having the potential
to simplify the standard performance language needed for government-
based approval of the certification program. Martin indicated that a
simplified process in comparison to the MCERTS requirements was
needed for low-cost sensor-based technologies. He provided examples
of DQIs that might be meaningful for PM2.5 and O3 and how the dis-
tribution of a sensor-based network approach might have to be con-
sidered as part of any certification process.

Penza reiterated many of the same points provided by both Gerboles
and Martin. He provided a number of examples where low-cost PM2.5

sensor technologies were deployed in multiple European cities with
varying degrees of comparability versus regulatory monitors. He noted
open questions of air sensors in particular lower accuracy compared to
reference monitors, cross-sensitivity, low stability, more periodic cali-
bration needs, and regular maintenance in the field, among others.
Penza also noted advantages and benefits of air quality sensors for uses
including deployment in cities at high spatial-temporal resolution,
personal exposure studies, gaining information on emission sources,
outdoor and indoor monitoring, and combining sensors with modeling
for micro-scale analysis.

Louie presented on the development of marine-based pollutant
standards in Hong Kong. While no PM2.5 or O3 data were shared relative

Table 2
Measurement parameters for air sensor performance (Penza, 2018).

Transducer Sensitivity Selectivity Stability Limit of Detection Open Questions

Electrochemical High Variable Improved ppb Interference, calibration, signal processing
Spectroscopic and NDIR High Variable Low ppm Interference, calibration, signal processing
Photo-Ionization Detector High Low Improved ppb Interference, calibration, signal processing
Optical Particulate Counter High Improved Improved μg/m3 Interference, calibration, signal processing
Metal Oxides High Variable Low ppb Interference, calibration, signal processing
Pellistors High Low Improved ppm Interference, calibration, signal processing
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to low-cost sensor use, Louie demonstrated successful field and la-
boratory calibration of numerous gas-phase sensors. His tests included
examination of precision and linearity, range of measurement, long
term drift examination, temperature and relative humidity response.
Following calibration, the plume sniffer technology his team developed
(portable and aerial platforms) has been used to enforce the Domestic
Emission Control Areas ambient air quality with respect to marine-
based combustion product emissions.

Ning's presentation (delivered by Louie) provided field-based and
laboratory examples of where low-cost air quality sensors had perfor-
mance issues (response) related to changing temperatures, relative
humidity, and sensor drift over time (Fig. 1). Not only did the low-cost
O3 sensor shown yield only a modest agreement with a collocated re-
ference monitor over a 0–60 ppb challenge range, it had multiple
groupings of residuals around the regression line where vastly different
sensor response was observed depending on temperature and humidity
conditions. In lieu of any certification requirements or even if such a
requirement was ever developed, Ning proposed a process for ex-
amining sensor performance over time which included:

• Collocated testing with a reference monitoring for a 2-day period
using a 1-min time resolution,

• Collocation calibration with a reference monitor at 1-min time

resolution for another 24-h period, immediately after the initial
“training” period to ensure the training algorithm was sufficient,

• Immediate deployment of sensors to the area of interest,

• In field zero audits and if possible, use of temperature and humidity
stabilization, hardware with the sensors to minimize unwanted re-
sponse features, and

• Collocation testing with a reference monitor every 2 months of
operation to ensure basic performance characteristics and correction
algorithm review.

It must be stated that some of the experts felt that collocation per-
iods longer than 2 days as suggested above were needed. The shorter
collocation periods might not be sufficient in potentially training a
given sensor to quantify a wide enough range of ambient O3 con-
centrations.

As a general summary, the international SEs indicated that the
current state of air quality sensors warrant localized calibration, and if
possible, verification/certification of manufacturer's performance
claims be performed. This is needed because of concerns about varia-
tions between sensor components, potentially inaccurate data proces-
sing algorithms, detection to output conversion processes, response
variability due to localized pollutant mixtures, and sensor drift issues,
among others. At this time, the greatest progress in certification dis-
cussions have taken place in Europe and Asia. Considering that the CEN
Technical Committee 264 has been engaged for approximately 3 years
in developing consensus-based standards for member states to consider,
the process is complex and many of the technical details remain to be
resolved within that committee's work. The Europe model of a com-
prehensive laboratory and/or field-based approach for sensor certifi-
cation was very well received by those in attendance. Many requested
the US EPA workshop organizers attempt to stay abreast of the EU's
efforts. Sensor manufacturers expect the EU to be successful in im-
plementing Working Group 42 efforts and hope that any future US or
independent third-party approach to sensor certification, if it was ever
attempted, would heavily rely upon the performance benchmark values
of the CEN. This sentiment was voiced because of the manufacturer's
desire for common standards to promote global-scale marketing of
sensor products without the conflict of different country-specific per-
formance requirements.

3.3. Tribal/state/local air agency panel: perspectives on sensor use and
certification

This session included a panel dedicated to Tribal/State/Local air
agency perspectives on sensor applications. The panelists included Kris
Ray (Confederated Tribes of the Colville Reservation), Paul Fransioli
(Clark County Department of Air Quality, Nevada), Gordon Pierce
(Colorado Department of Public Health and the Environment), and
Andrea Polidori (South Coast Air Quality Management District). Four
charge questions were provided for each panelist to address as follows:

• How would your organization use non-regulatory air quality mea-
sures?

• Please identify sensor applications and needs.

• Are there specific data quality objectives (DQOs) or measurement
criteria that are most important in non-regulatory data for them to
be useful?

• What sampling time intervals are important for your end-use of non-
regulatory sensor data, and why?

During the discussions, it was evident that all four air agencies were
dealing with sensors on one level or another, from simply working with
other groups to performing full laboratory testing. For non-regulatory
air quality measures, a range of sensor types were being used, with costs
ranging from a few hundred dollars to a few thousand (USD). Non-
regulatory uses were varied and included assessing pollutant

Table 3
PM2.5 criteria/DQIs defined relative to any instrumentation for regulatory air
monitoring requirements in the U.S., EU, and China (Williams et al., 2018;
Table B1). Note: A description of the terms and abbreviations are listed in Table
S3.

Performance
Attributes/DQIs

Decision Support

Accuracy/Uncertainty RPDflow: ≤2%
%Diffspecifiedflow: ± 5%,±5%
%Diffonepointflow: ± 4%
%Diffmultipointflow: ± 2%
Tamb (°C): ± 2, ± 2, ± 2
Pamb (mm Hg): ± 10,≤ 7.5, ± 7.5
RHamb: ± 5%
Clock/timer (sec): ± 60, ± 20
D50: 2.5 ± 0.2 μm
Collection efficiency: σg= 1.2 ± 0.1
Average flow indication error:≤ 2%
Slope: 1 ± 0.15, 1 ± 0.10
Intercept (μg/m3): 0 ± 10, 0 ± 2
Aerosol transmission efficiency:≥ 97%
Expanded uncertainty: < 25% in 24-hr averages
Zero level: < 2.0 μg/m3

Zero check: 0 ± 3 μg/m3

Maintenance interval: < 14 days
Bias None
Completeness Completeness (%): 85, ≥90
Detection Limit Detection limit (μg/m3): < 2.0, 2

Tamb resolution: 0.1 °C
Pamb resolution: 5mm Hg

Measurement Duration Measurement duration: 60min
Measurement

Frequency
Flow rate measurement intervals:≤ 30 s

Measurement Range Concentration range: 0–1000 μg/m3, (0–1000 24-hr
avg, 0–10000 1-hr avg μg/m3), 3–200 μg/m3

Precision CVconc:≤ 5%,≤ 15%
CVflow: < 2%,≤ 2%, (Avg: ≤2%, Inst.: ≤5%)
σ:≤ 2 μg/m3

Precision: < 2.5 μg/m3

RMS: 15%
Response Time None
Selectivity Temperature influence: zero temperature dependence

under 2.0 μg/m3, < 5.0% change in min and max
temperature conditions
Voltage influence: < 5% change in min and max
voltage conditions
Humidity influence: < 2.0 μg/m3 in zero air
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concentrations in areas without monitors or areas that have experi-
enced growth, assessing the impact of regulatory measures, screening
risk assessments, defining hot spots, evaluating facilities, supple-
menting regulatory networks, event sampling, validating models, re-
sponding to community/environmental justice concerns, and educa-
tion/outreach. While these non-regulatory uses were typically
performed with non-regulatory monitors and as such cannot be used for
determining compliance with air quality standards, the panelists noted
that sensor data could be very useful to determine if air quality issues
do exist. Based on findings, decisions could be made if new or addi-
tional air monitoring is needed, if higher quality sensors need to be
employed, or if additional regulations need to be implemented.

Specific applications that were noted by the air agencies include
monitoring wildfires and prescribed burns, residential wood-burning,
specific industries, and oil and gas development. Other applications
included forecasting, air toxics studies, and community studies and
grants. It was noted that low-cost sensors are needed and very useful,
but they also need to have at least a certain level of quality for the data
to be useable. While PM sensors are currently developed enough to
provide a level of confidence in the data, sensors for other pollutants
such as volatile organic compounds (VOCs) still need significant work.
PM sensors still need further development for higher concentration
applications. The panelists also discussed that handling the large data
sets generated by sensor networks is a problem and how data are dis-
played and interpreted is a challenge to the general user. As pointed
out, the initial cost of a given sensor might not reflect its cost-effec-
tiveness when deployment and data recovery/data reduction require-
ments are factored into the full cost of use. Education is needed to
ensure that users can collect the highest quality data.

Panelists stated that DQOs that are the most important can be ap-
plication specific. However, accuracy, repeatability, and good sensi-
tivity are critical for all sensors. Different tiers to quickly decide what
sensors might be appropriate for an application was discussed. One
option noted was a 5-tier system such as regulatory monitoring,

fenceline monitoring, community monitoring, health research, and
environmental education. Air agencies noted a desire for secure data
transfer communications, non-proprietary software, standardized
communication protocols, and standardized data outputs in common
units.

For sampling time intervals, agencies recognized that longer-term
averages (e.g., 1-h, 8-h, 24-h) are generally the primary interval needed
for comparisons to criteria air quality standards, but shorter timeframes
of 1-min are very useful for seeing short term spikes that can be related
to specific sources. It was discussed that public education is very im-
portant so that people recognize timeframes that relate to potential
health concerns, and that a short spike in concentration values does not
necessarily translate into an immediate health concern.

Overall, this panel session provided some useful discussion as
Tribal/State/Local air agencies are often the first contacts for the gen-
eral public. The public is looking for guidance on how to use sensors for
air monitoring. There is often hesitation from air agencies on using
sensors due to lack of knowledge on how sensors work, the perceived or
actual accuracy of sensors, and a lack of resources to take on additional
work. Air agencies may need to consider addressing these and other
issues as sensor networks become more widespread and data quality
improves.

3.4. Manufacturer's perspectives on sensor performance targets

During the workshop, two open-ended sessions were held for those
involved in building sensors and integrated sensor systems to provide
their perspectives on sensor performance targets. Approximately 10
individuals provided commentary, with the majority representing sys-
tems integrators – those buying original equipment manufacturer
(OEM) sensor components and combining these with other ancillary
electronics and algorithms to have a fully working monitoring system.
Some of the perspectives shared were from organizations developing
sensor components and advancing the fundamental measurement

Fig. 1. Sensor performance relating to changes in temperature, RH, and drift. Example of a low-cost NO2 electrochemical sensor with an O3 filter. Test is displaying
responses to changes in temperature, relative humidity, and drift over time (Ning, 2018).
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technology over time. In addition to sharing comments, about half of
the participants opted in to sit on an impromptu panel session and re-
ceive questions from the audience.

An area of commonality among all the participants was expressed
support for sensor performance targets. Additionally, that the perfor-
mance targets should be at the “integrated device” level rather than at
the OEM sensor level, given the system design including its packaging
and data handling/processing algorithms, may modify the performance
of OEM sensors. Performance targets were viewed as driving tech-
nology development, identifying well-performing devices from sub-
standard technology, and aiding customers in their purchasing deci-
sions. Several representatives noted their desire to see harmonization in
sensor performance targets that may be developed in the US versus by
international bodies (e.g., CEN Technical Committee 264 Working
Group 42). There was not uniformity among the representatives toward
a tiered versus binary approach for sensor performance targets. Various
speakers noted challenges in setting performance targets given the wide
variety of potential use cases and environments of measurement, and
they also noted that users are almost always pushing the limits of sensor
technology in unique, and sometimes unexpected, applications.

In terms of testing protocols, a variety of perspectives were shared.
Collocation with reference monitors was noted as an attractive ap-
proach; however, questions were raised about whether performance in
one geographic location would translate to other geographic areas
when meteorological and other environmental conditions might be
highly variable. Additionally, cost was a concern if a performance
target required testing in multiple geographic areas. Laboratory testing
was also noted as attractive due to its reproducibility; however, ex-
perience has shown that sensors may perform very differently in real-
world scenarios and thus the potential need for field calibrations to be
part of any testing protocol. A “gold standard” reference monitor was
proposed, that could be used in both laboratory and field environments
to support comparability in performance tests. Several representatives
noted the need for simplicity and urged a rapid drafting of performance
standards, even if interim in nature or without a full-fledged certifica-
tion program, to help guide the fast-paced technology development.

Finally, manufacturing representatives noted the unique challenge
of setting performance targets for sensors that are utilizing sophisti-
cated algorithms and may process data from a group of sensor devices
(nodes) in a network. A variety of perspectives were shared on whether
manufacturers would be willing to disclose data processing algorithms
to organizations evaluating the technology, be entirely open source
with algorithms, and whether performance targets should consider a
calibrated network approach. It was noted that the network calibration
approach was so new, that peer reviewed research was needed, but
conducting this research would be challenging if sensor raw data and
proprietary algorithms are not shared with users conducting in-
dependent research. Even with this caveat, some panelists suggested
that encouraging research in network calibrations is being reported in
the literature and at international conferences.

3.5. Non-regulatory monitoring and associated measurement performance
targets

This session covered non-regulatory monitoring needs associated
with use of low-cost sensors for measurement of PM2.5 and O3. These
discussions featured real-world applications or case studies where
sensor technologies were being used for different purposes. Viewpoints
associated with personal exposure monitoring, epidemiological data
needs, air quality modeling considerations, and atmospheric exposure
assessment, among other monitoring scenarios were discussed. We re-
port summaries of the case study presentations given during the two-
day public workshop as well as summaries from the third day follow-on
discussions (charge questions shown in Table S2). These follow-on
discussions resulted in non-consensus-based identification of suggested
sensor performance attributes (e.g., monitoring focus/use, key data
quality indicators, value or range of suggested performance bench-
mark). A variety of data quality terminologies and definitions were
discussed by the SEs and are reported here without bias or endorse-
ment. While discussions concerning PM2.5 and O3 findings on perfor-
mance were often quite similar, they are presented separately here as
an aid to the reader.

Fig. 2. Plots demonstrating the 1 and 60-min averaging times of 35 collocated low-cost (∼$100 USD) Sharp GP2Y10 light scattering sensors during a 48-h de-
ployment (Hannigan, 2018).
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3.5.1. PM2.5 focus
For PM2.5, the SEs included Mike Hannigan (University of Colorado-

Boulder), Rima Habre (University of Southern California), and James
Schauer (University of Wisconsin-Madison). As described by Hannigan
and others during this portion of the workshop, low-cost PM2.5 sensors
have been used in a wide range of applications. These include in-
vestigations of spatio-temporal variability, indoor/outdoor residential
air quality monitoring, emission and other source characterizations,
personal exposure monitoring, and sensor network applications to
provide supplemental or complimentary ambient air quality mon-
itoring.

Hannigan provided an example where he investigated the appro-
priate averaging time of collocated low-cost PM2.5 sensors (HAPEx
Nano Monitor; Fig. 2) to achieve the best results. In particular, 1-min
averaging times resulted in poorer agreement (median r= 0.65) as
compared to 1-h time intervals (r= 0.93). Even so, this sensor yielded
very poor accuracy as compared to direct gravimetric analysis com-
parisons (adjusted R2= 0.47). This highlighted one of the re-occurring
points made by many of the SEs, namely, the ability of a low-cost PM2.5

sensor to have acceptable linearity and precision might not equate to it
producing a concentration value (μg/m3) of benefit for any intended
application. Care must be taken by the end users in correcting raw
sensor response to a meaningful value. Collocated sensor calibration
with reference monitors was often reported during the workshop as key
to developing and applying such correction factors.

Habre provided an overview of the Los Angeles PRISMS Center
(https://www.mii.ucla.edu/research/projects/prisms/) BREATHE in-
formatics platform where a low-cost PM sensor (Habitat Map AirBeam)
was integrated for real-time personal exposure monitoring, in con-
junction with sensors collecting human activity data and biomonitoring
sensors for epidemiological assessments of pediatric asthma. Desirable
performance features of the PM sensor are summarized in Table 4. In
brief, these features included the need for accuracy and precision er-
rors< 15%, low participant burden (e.g., safety, weight and form
factor of sensor), and other data integration and ease-of-use functions
(e.g., internal storage, secure wireless data transmission, 12 + h battery
capacity). She reiterated that sensor performance features of greatest
need are highly dependent upon the intended use and exposure or
health research question. For example, if an epidemiological study was
focusing upon inter-personal (between-person) exposure comparisons
within a cohort, sensor accuracy might be the most important perfor-
mance feature. Conversely, sensor precision and bias (e.g., drift) per-
formance attributes might be more important for an epidemiological
investigation involving within-person monitoring over a longitudinal
period. Habre reported that the successful integration of a low-cost PM
sensor as part of a system or informatics platform is providing definitive
and highly spatially and temporally resolved information on potential
human exposure characterization and its relation to acute health out-
comes.

Schauer noted many pros and cons associated with low-cost PM
sensor use. Positive features included low-cost and ease-of-use, port-
ability that allows for wide spatial coverage across multiple monitoring
scenarios, and sensor failure is often easy to diagnose (obvious poor
data quality). He shared negative performance features of low-cost PM

sensors such as their susceptibility to systematic bias, time dependent
drift, and initial as well as “aging” sensor accuracy. He described the
difficulty in conducting field-based calibrations and the sensor's sus-
ceptibility to negative influencing factors (e.g., relative humidity,
temperature extremes, variable response to differing aerosol composi-
tion). Even so, Schauer suggested a number of ideal applications for the
use of low-cost PM sensors including supplemental monitoring to aug-
ment true gravimetric-based assessments, spatio-temporal investiga-
tions, investigations involving “hot spots”, source tracking and char-
acterization, and assessing the value of emission source interventions
and control measures. Schauer suggested specific precision and accu-
racy values of benefit to a wide range of application scenarios (Table 5).
The suggested precision and accuracy errors ranged from 10 to 50%.
Source tracking and scaling filter-based measurement scenarios were
judged as being able to support higher error rates (50%), while micro-
environmental monitoring, intervention assessments and spatio-tem-
poral monitoring required significantly lower precision and accuracy
errors (< 25%).

There was also discussion that most of the low-cost sensors do not
measure PM2.5, rather they measure particle number in a specific size
range and then use a conversion factor (user derived, or manufacturer
supplied, based on reference data) to convert the measured number of
particles to PM2.5. There may be conversion errors because the size
range of particles in the environment is different than the size range for
the reference data. For example, some of the sensors only measure
particles larger than 1 μm. Particles in that size range could reasonably
comprise 75% of the PM2.5 mass or 50% of the mass. In such circum-
stances, the sensor could be performing perfectly but our ability to
interpret the measurement correctly is limited by incomplete knowl-
edge of the particles in the environment. In addition, the low-cost PM
sensors measure of particle number is affected by particle composition.
Differences between the reference particle composition and the ob-
served particles could cause a bias. This type of error is not associated
with poor performance of the sensors but can result in misinterpretation
of the relationship between the measured quantity and PM2.5 mass.
Additionally, for optical sensors (bulk or single particle), size is usually
specified as physical size. When referring to aerodynamic particle size,
that number becomes larger.

The third day discussions were focused on the issue of performance
targets for sensors. While no formal survey information on performance
attributes were obtained, the responses from the SEs were summarized

Table 4
Desirable performance features of wearable PM sensors established as part of the Los Angeles PRISMS Center BREATHE informatics platform and pediatric
asthma panel study (Habre, 2018).

Parameter Selection Criteria

Accuracy and precision As close as possible to equivalent FRM/FEM±15% or less
Interferences Minimal
Data collection, storage, and retrieval Internal storage, wireless, secure and real-time communication
Energy consumption Minimal: Battery life ∼8–12 h and/or simple charging requirements
Participant burden Low: Low weight, low noise, unobtrusive form factor, “wearable”, flexible wear options
Durability, known performance Consistent and proven performance, across microenvironments and mobility levels, low drift over time

Table 5
Suggested precision and accuracy targets for low-cost sensors to benefit a wide
range of application scenarios (Schauer, 2018).

Application Precision Accuracy

Comparison to Standards ±10% ±10%
Scaling Filter Based Measurements ± 50% ±50%
Spatial Gradients ± 10% ±25%
Microenvironmental Monitoring ±25% ±25%
Meteorological Drives ±10% ±25%
Source Tracking ±50% ±50%
Intervention and Control Measures ±25% ±25%
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as general findings (Table 6). The listed sensor performance attributes
should not be considered suggestive about any specific US EPA (re-
commended) means of establishing such a value. Rather, they are
meant to be indicative of the general workshop discussions. The sum-
mary provided in Table 6 sometimes required aggregating different
performance attributes in an attempt to define a common measure. For
example, precision was discussed in terms of percent error,± a given
concentration value, root mean square error, or coefficient of variability
among others. Aggregation was performed only when a common metric
was described (e.g., a type of %) even if the means of calculating that
measure might be variable. The range of performance attributes, and
associated values, voluntarily shared by the SEs as necessary attributes
were widely variable. Accuracy was considered a key performance at-
tribute with acceptable ranges suggested to be 10–100% depending
upon the purpose of the data collection. Median acceptable accuracy
error values were calculated to be 25%. Precision was another perfor-
mance attribute generating much discussion and in particular, the sta-
tistical term of merit. Regardless of the statistical term (e.g., root mean
square error, coefficient of variation) most of the volunteered terms
could be designated as percent error. We captured a range of 10–50%
precision error with the median approaching 25%.

Significant concerns with bias (and its various definitions) were
expressed throughout the workshop. Both mass concentration as well
percent error value terms were often shared. In general, a concentration
range of acceptable bias from 1 to 5 μg/m3 or 2.5–50% over the full
concentration measurement range were reported. There was general
agreement that a highly linear response need (r≥ 0.8) exists for PM
sensor-based measurements over the full measurement range. The
median acceptable correlation was estimated to be r= 0.89. Only a few
of the SEs shared their opinions regarding a needed limit of detection
(1–4 μg/m3). Even so, many provided input on the needed performance
range. Many SEs from the US suggested a range of approximately
0–200 μg/m3 while SEs from Europe and Asia suggested a wider re-
sponse range (0–1000 μg/m3). Lastly, of the performance attributes
discussed, acceptable relative humidity ranges of performance varied
between 0 and 100%. The upper range suggested by some (100%)
would indeed be a very hard performance target for low-cost sensors to
achieve considering the well-known relative humidity bias issues for
the popular nephelometer-based PM sensors.

3.5.2. O3 focus
Workshop O3 discussions were led by George Thurston (New York

University), Ronald Cohen (University of California-Berkeley) and
Anthony Wexler (University of California-Davis). Thurston shared in-
formation where spatial consideration of O3 measurements was a de-
termining factor in observed measurements, and where such measure-
ments using sensors would be highly valuable for epidemiological
assessments. For example, 1-h based outdoor O3 concentrations were
reported to vary significantly (up to a factor of 3) depending upon the
height at which the measurement was taken in one urban environment
(Restrepo et al., 2004). Other examples he provided where low-cost O3

sensor measurements would be useful included greater spatio-temporal
coverage to supplement regulatory monitoring data, and deployment in
proximity to near road locations, where O3 “quenching” takes place, as
O3 reacts locally with fresh emissions of nitric oxide (NO). Thurston
indicated that one of the most significant benefits of additional personal
sensor measurements would be in support of future epidemiological
assessments of the adverse health effects at the individual rather than
overall population level.

Cohen shared his perspective on the applicability of O3 sensors for
non-regulatory data collections from his experience with the BEACO2N
study. He presented measurement findings associated with their low-
cost sensor pod (Kim et al., 2018). While the BEACO2N study often had
a primary focus on CO2 observations, many of the same considerations
could be applied to O3-based measurements. Published findings (Turner
et al., 2016) reported that use of a large number of low-cost sensors had

the potential of outperforming a smaller number of more expensive
monitors with respect to estimating near-road line source emission
rates. In other words, a network-based approach using low-cost O3

sensors might achieve significant benefit to those trying to measure and
model spatial variability/chemical mechanisms of gaseous pollutants.
He further extrapolated on the value of a network-based approach re-
lative to performance considerations which might best be described as
“the sum is greater than any single measurement”. Weather forecasting
was cited as an example where it was the cumulative information ob-
tained from the synthesis of many measurements provided significantly
more useful information as compared to any one measurement itself.
Precision and accuracy of an O3 network approach would be expected
to improve with averaging over integration time as well as potentially
being dependent upon the square root of the number of sensors in the
network.

Wexler shared his perspective on the potential value (benefits) of
low-cost O3 sensors. He indicated that their low-cost provided the
means to deploy them in large numbers. Such deployments would
provide the opportunity to capture spatial-temporal variability here-to-
fore unable to be achieved with more traditional monitoring ap-
proaches. This is especially important when one considers fast reaction
rates for select gas pollutants (e.g., NO, O3, NO2). Such situations might
be expected to occur in near road locations and therefore more spatial
coverage of O3 monitoring would be of benefit in assessing O3 gradients
over any given geographical location. Low-cost O3 sensors have the
potential to gather information on the spatial variability of ever de-
creasing ambient concentrations, now often well below the 70 ppb, 8-h
primary standard (US National Ambient Air Quality Standards). He
pointed out that it would be inappropriate to expect low-cost O3 sensors
to be as reliable or as accurate as federal reference monitors, although
these monitors also have uncertainties due to light scattering and ab-
sorption by other pollutants such as PM and VOCs. Their performance

Table 6
Summary of PM2.5 sensor performance attributes from the subject matter expert
discussion on Day 3. (Note: The listed sensor performance values should not be
considered suggestive about any specific US EPA recommended means of establishing
such a value).

Technology
Attribute

Minimum Acceptable Value/
Range (count)a

Estimated Minimum Acceptable
Value/Range

Accuracy 10% (2) Range: 10%–100%
15% (2) Median: 25%
20% (1)
30% (1)
50% (1)
20–50% (1)
20–30% (2)
Factor of 2, 100% (1)

Bias 2.5% (1) Range: 1 μg/m3 – 5 μg/m3

10% (2) or 2.5%–50%
20% (1) Median: 2 μg/m3 or 15%
35% (1)
50% (1)
1 μg/m3 (1)
3 μg/m3 (1)
5 μg/m3 (1)

Correlation r= 0.84 (1) Range: r= 0.84–0.95
r= 0.87 (1) Median: r= 0.89
r= 0.89 (2)
r= 0.95 (1)

Detection Limit 1 μg/m3 (1) Range: 2–4 μg/m3

2 μg/m3 (1) Median: 2 μg/m3

4 μg/m3 (1)
Precision 10% (1) Range: 10%–50%

20% (2) Median: 23%
25% (1)
30% (1)
50% (1)

a Numbers (X) represent the count of SEs who suggested each metric.
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attributes (e.g., accuracy, precision) must be judged specifically with
their intended use and therefore no single set of criteria best serves the
scientific community at large relative to establishing any performance
standards for such technology.

The third day discussions captured general viewpoints from the SEs
on suggested performance attributes for O3 sensors. Similar to the PM2.5

discussions, a wide range of views were shared concerning O3 sensor
performance. There was general agreement that this technology already
provides often good to excellent agreement when compared to federal
reference monitors. The most frequently heard negative opinion con-
cerning the current state of the technology was co-responsiveness to
other gas species (e.g., oxides of nitrogen or NOx) and the uncertainty
of its useful lifespan (sensor aging). Table 7 provides a general summary
of suggested O3 sensor performance attributes. The SEs covered a wide
range of applications (e.g., epidemiology, atmospheric modeling, ex-
posure assessment). Even so, the suggested performance needs for O3

sensors were significantly smaller in overall scale than previously dis-
cussed for PM2.5. For example, a tighter range of accuracy error was
suggested (7–20%) with an equally smaller degree of acceptable bias
(5–25% or 2–5 ppb). Precision error of 7–20% was deemed necessary
and currently achievable. Linearity needs from r= 0.70 to r= 0.95
were expressed. SEs indicated that the current state of O3 technology
should be able to achieve a 0–200 ppb working range. Other perfor-
mance attributes were discussed (e.g., response time, cross-inter-
ferences, need for limits on relative humidity and temperature effects)
but to such a limited degree it cannot be successfully categorized here.

3.6. Perspectives on a testing and certification program: scope and structure

This session involved discussion on the scope and structure of a
testing and/or certification program for low-cost sensors. In general, a
testing program [e.g., Air Quality Sensor Performance Evaluation
Center (AQ-SPEC), EU JRC, US EPA, etc.] provides objective data on the
technical performance of sensor devices either in the laboratory and/or
in the field. No judgements are rendered, and no recommendations are
given as to how well a device performs for a given application. The US
EPA's former Environmental Technology Verification Program (ETV)
represents an example of this nature (https://archive.epa.gov/nrmrl/
archive-etv/web/html/). A certification program commonly goes be-
yond testing and evaluation to provide judgement on the data quality
and fit-for-purpose of a device for a given application or set of appli-
cations. In addition, a certification program would provide a stamp of
approval from an authoritative body [e.g., Underwriters Laboratories
(UL) for electrical devices, Energy Star Program].

In this session, SEs including Edmund Seto (University of
Washington), George Allen (NESCAUM), and Stephan Sylvan (US EPA),
provided presentations on considerations for a tiered and/or binary
sensor certification program. Seto provided an example of Tier 1 (ap-
ples to apples) versus Tier 2 (apples to oranges) certification testing
(Seto, 2018). Tier 1 was based on standardized testing protocols and
recommended performance measures that aim to address the need for
highly reproducible testing results. Examples provided for PM included
use of reference aerosol composition (e.g., Arizona Road dust), tem-
perature, humidity, concentration ranges, reference instruments and
methods, and specific performance metrics (e.g., correlation, bias,
sensor to reference plots; Seto, 2018). He suggested that Tier 1 testing
might be more easily adopted by manufacturers as a standardized
testing regime because it could be performed in a laboratory under
controlled conditions to provide reproducible results and allow for
apples to apples performance comparisons among different sensors.
Tier 1 results may be misleading because they may not represent real-
world use cases (e.g., indoor monitoring, mobile monitoring, personal
exposure assessment, etc.). Tier 2 was based on developing a protocol
or process that is use-specific, acknowledging that use cases have dif-
ferent requirements. The first step would be defining a sensor use case,
followed by specific DQOs/DQIs for that use, a Quality Assurance

Project Plan (QAPP), and systematic data reporting/sharing of results.
Tier 2 testing would ideally be conducted in real-world field settings to
understand how a sensor performs outside of controlled laboratory
conditions or other specific settings. As part of Tier 2 testing, sensors
collocated with a reference instrument in the field can help identify
bias, noise, interferences, and degradation over time. Seto noted that
consumers want a device that is trusted and would like recommenda-
tions on which device to use and how good it will perform for their use
case.

Allen acknowledged that certification, while attractive, is complex,
expensive, and difficult to implement, but would still be worth con-
sidering as a long-term goal (Allen, 2018). He suggested constructing a
more formalized testing and evaluation program that includes effective
communication of the results to a wide range of end users with differing
data quality needs. Allen noted that current testing programs, like AQ-
SPEC, were at the “high end” of the spectrum, requiring large resources
and providing results that are more suited to a technical audience. He
proposed a list of parameters as an example of a testing protocol which
included precision, bias, linearity, goodness of fit using either R2 or root
mean square deviation (RMSD), sensitivity, level of detection (LOD),
and interferences such as relative humidity for PM sensors and NO2 for
electrochemical O3 sensors (Allen, 2018). Allen also provided an ex-
ample of a five-tiered system for sensor performance targets that de-
scribe a sensor's suitability for a given use case (Table 8). He noted that
the errors were a function of averaging time and needed to be specified.

Sylvan provided a perspective on several ecolabel and certification
programs, including the Energy Star Program. These programs com-
monly promote trust, provide unique value, and offer simplicity. Sylvan
noted that ecolabel/certification make sense when there are many
buyers (or a market) that cannot easily distinguish product perfor-
mance, a significant demand, misleading/confusing claims, market
confusion leading to under investment, and existence of at least one

Table 7
Summary of O3 sensor performance attributes from the subject matter expert
discussion on Day 3. (Note: The listed sensor performance values should not be
considered suggestive about any specific US EPA recommended means of establishing
such a value).

Technology
Attribute

Minimum Acceptable Value/
Range (count)a

Estimated Minimum
Acceptable Value/Range

Accuracy 7% (1) Range: 7%–20%
10% (2) Median: 13%
15% (2)
20% (1)

Bias 5% (1) Range: 5%–25%
10% (1) or 2 ppb-5 ppb
25% (1) Median: 12.5% or 4 ppb
10–20% (1)
2 ppb (1)
5 ppb (1)
3–5 ppb (1)

Correlation r= 0.74 (1) Range: r= 0.74–0.95
r= 0.89 (1) Median: r= 0.86
r= 0.95 (1)

Detection Limit 2 ppb (1) Range: 2ppb-10 ppb
10 ppb(1) Median: 5 ppb
2–5 ppb (1)

Precision 7% (1) Range: 7%–20% or 5 ppb-
200 ppb

15% (2) Median: 15% or 102 ppb
20% (2)
5 ppb (1)
5–10 ppb (1)
30–200 ppb (1)

Range 0–180 ppb (1) Range: 0 ppb-200 ppb
0–200 ppb (1) Median: 100 ppb
10–200 ppb (1)
200 ppb (1)

a Numbers (X) represent the count of SEs who suggested each metric.
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credible “actor” that would issue the ecolabels with a market-based
approach as opposed to a legal or technical approach (Sylvan, 2018). In
the case of ratings/multi-tier approaches, Sylvan stated that these ap-
proaches are often complex and only make sense in special cases be-
cause they require the same elements of an ecolabel/certification pro-
gram along with sophisticated buyers, a deliberative purchasing
process, and credible actors with sufficient, ongoing resources to de-
velop/maintain/enforce multiple standards. In general, multi-tier cer-
tifications have not worked however a few success stories include
Leadership in Energy and Environmental Design (LEED) rating system
for commercial buildings, Electronic Product Environmental Assess-
ment Tool (EPEAT) for certain electronic devices, and level (developed
by a trade association) for office/institutional furniture. Sylvan noted
that even the most professional buyers want simple and trusted choices.

In summary, opinions on the scope and structure of a testing and/or
certification program varied among the SEs. Some were against a cer-
tification program given the complexities, nuances, and long-time
frames involved. As an alternative, they recommended sensor perfor-
mance targets, voluntary standards, and best practices. Others preferred
pursuing a testing type structure like AQ-SPEC to achieve progress in
the short/medium term, while continuing to explore how to structure a
viable certification program. Most agreed that the target audience for
any effort would be the general consumer, mass market sector.
Opinions varied on whether tiering should be an element of any pro-
gram. Some SEs preferred presenting objective testing results with no
tiering or judgement involved, while others were partial to a binary
tiering strategy that defines a lower threshold to separate out very
poorly performing devices from the remainder. Several SEs believed
that a multi-tiered approach, harmonious with the EU efforts, should be
pursued. Lastly, the SEs indicated that regardless of the scope and
structure of a program, it needs to provide flexibility to handle in-
novation and technological development. Additionally, the data and
metadata used to summarize the technical performance of any device
should be widely available and transparent. They emphasized that a
portal is needed to effectively communicate and share findings, in-
formation, and data on low-cost sensor evaluations.

4. Conclusions

This workshop was attended by national and international partici-
pants from multiple sectors, which helped to obtain a diverse set of
perspectives and feedback on sensor performance targets. It provided
participants with a valuable opportunity to discuss: the air sensor
performance state-of-science; how sensors can and are being used for
non-regulatory purposes; perspectives on sensor performance targets of
greatest importance; and, lessons learned from organizations that have
established or ongoing plans for implementing sensor certification
programs.

There are many emerging issues that could drive the need for sensor
performance targets. For example, California's Assembly Bill (AB) 617
passed in June 2017, requires community air monitoring systems in
locations that are adversely impacted by air pollution in order to pro-
vide information to help reduce exposures. It is anticipated that sensor
technologies will play an important role in implementing AB 617 and
ensuring data quality will be imperative. Another issue is the increased

prevalence of wildfires which brings a need to rapidly obtain and
communicate air quality data to protect public health. For this appli-
cation, sensors are advantageous as they are easy to deploy (in-
dividually or in networks), portable, obtain real-time data that can be
quickly communicated, and allow for monitoring in dangerous condi-
tions. The quality of data is critical not only to inform immediate
emergency response efforts but also in exposure and health studies
aimed at detecting and quantifying public health impacts on commu-
nities for a range of health outcomes. Public confusion can result when
such individual and short-term personal sensor concentrations are in-
appropriately compared to ambient air quality standards with different
measurement methods and averaging times. Matters such as these will
continue to inform the dialogue about sensor performance targets and
appropriate public health messaging.

The topic of sensor performance targets also introduces many other
issues and questions to consider. For example, if implemented, what
would the structure of a certification-type program look like (Pass/Fail?
Tiering? Ecolabel approach?); given the varied backgrounds of users
ranging from technical to non-technical, would guidance or tools need
to be provided for proper use and deployment of sensors, QA/QC, and
interpreting and visualizing data; and cost to both manufacturers for
“certifying” their products and users for purchasing, operating, main-
taining, processing and storing data, among other activities.

A significant number of challenges exist in advancing the purposeful
use of sensor technologies. These include how data are being collected,
processed, and reported. Should any determination of sensor perfor-
mance be specific to the instrument itself or should it be performed at
the final stage of reporting where vendor-specific data processing (in-
cluding machine learning and other data treatments) might be per-
formed? A real need for end users is greater confidence in the accuracy
of sensor data. Continued discussions that bring together a variety of
expertise, from manufacturers to users, will be beneficial in shaping the
future of sensor technologies and potential performance targets or
certification-type programs.

5. Next steps

Innovative measurement and information technologies are pro-
viding a tremendous amount of new air quality data. However, as
discussed during the workshop, uncertainties exist regarding the char-
acterization of these measurements and the end use of non-regulatory
data. While opinions differed on the best approach, there was a basic
desire to understand air sensor data in a more systematic way.
Recognizing that sensors are developing rapidly, the US EPA plans to
take an agile approach in setting priorities, developing outputs or
programs, and conducting research to ensure that all current and future
efforts support the continued need. Our workshop discussions with
regulatory officials from Europe and Asia indicated that ultimately
government organizations worldwide will choose their own best path
on any certification or suggested air sensor performance targets, and
coordination or at a minimum enhanced dialogue on such efforts from
all parties will be vital in ensuring the best outcomes for advancing air
sensor technologies. Sensor manufacturers communicated during the
workshop that consistent performance targets or certification require-
ments from governing institutions should be pursued.

The efforts described above are intended to provide governments
and other stakeholders alike with streamlined, unbiased assessments of
sensor performance, both initially and over time. Moving forward, the
US EPA will consider the various opinions expressed during the work-
shop on the attributes required to characterize sensor performance, the
need for various tiers of performance, the development of a common
vocabulary when defining performance attributes, the desire to co-
ordinate with other international programs and colleagues, and the
market demand for certified products.

Table 8
Breakdown of an example tiering system for sensor performance targets (Allen,
2018).

Tier Performance targets

0 – Just Don't Use It R2 < 0.25 or RMSD >100%
1 – Qualitative R2 0.25 to 0.50, RMSD <100%
2 – Semi-Quantitative R2 0.50 to 0.75, RMSD <50%, bias < 50%
3 – Reasonably Quantitative R2 0.75 to 0.90, RMSD <20%, bias < 30%
4 – Almost Regulatory R2 > 0.90, RMSD <10%, bias <15%
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