
Low-cost sensors (LCS) for monitoring
air quality

Alison Simcox, PhD
U.S. Environmental Protection Agency

Region 1, Air and Radiation Division

Disclaimer: The views expressed in this presentation are those of the author and do not necessarily represent the views or policies of the U.S. Environmental 
Protection Agency. Any mention of trade names, products, or services does not imply an endorsement by the U.S. Government or the U.S. Environmental 
Protection Agency. The EPA does not endorse any commercial products, services, or enterprises.

EANET Seminar on expanding monitoring systems 
using low-cost sensors

EANET Project Activity 5 in 2022 
21-22 July 2022



Outline

• Overview of air sensors

• How are air sensors being used?

• US EPA position on use of air sensors

• US EPA reports on ozone & PM2.5 air sensors

• PM2.5 air sensors 

• Air sensor testing protocols (field and lab) 

• Base testing: site selection criteria

• Air sensor setup at testing site

• Air sensor performance metrics

• Out-of-box sensor performance

• Comparing PM2.5 sensor and FRM/FEM data

• Case Study – US EPA use of PM2.5 air sensors
to monitor wildfires

• Developing a correction equation

U.S. Environmental Protection Agency 2



Overview of air sensors
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• Air sensors (or LCS) are devices that integrate hardware and software 
and use sensing components to detect or measure pollutants.

• Pollutants monitored using LCS:

• PM2.5: fairly reliable with collocation; cross-sensitivities, especially to 
humidity

• Black carbon (a key constituent of PM2.5); can combine PM LCS with 
aethalometer

• Ozone (O3): fairly accurate, reliable with collocation
• Nitrogen dioxide (NO2): highly variable performance, strong cross-

sensitivities
• Carbon monoxide (CO): fairly reliable with collocation, finite lifetime
• Sulfur dioxide (SO2): highly variable performance; cross-sensitivities, 

especially to meteorology
• Total Volatile Organic Compounds (tVOC): high detection limits, non-

speciated measurement

Note: Gas-phase sensors have limited life 
span (6 mo to 2 years); PM sensors have 
longer lifespans (3-5 years)



PM2.5 sensing components
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Most PM2.5 sensors use optical 
detection:

• Measures light scattered by particles 
carried in an air stream through a light 
beam.

• Composed of a light source (light 
emitting diode), a light receptor 
(photodiode detector), a set of focusing 
lenses, and a fan enclosed in a small 
housing.

Image source: Wikipedia



Overview of air sensors
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• Compared to Federal Reference or Equivalent Method 
Monitors (FRMs/FEMs), LCS are smaller, cheaper, and 
easier to use: $100 to $2500 compared to $20,000+ 
for a regulatory station.

• US EPA does not accept sensor data as official data, 
but these data are useful for non-regulatory, 
supplemental, and informational monitoring (NSIM) 
applications.



How are air sensors being used?
• To detect elevated PM events or “hot-spots” (e.g., wood smoke in valleys)

• To improve the spatiotemporal resolution of PM data in widely dispersed sensor networks

• To obtain personalized health information, especially for susceptible people (e.g., 
asthmatics)

• To raise awareness and educate communities about air pollution, and to inspire 
behavioral changes

• To supplement national, state, or local monitoring networks (e.g., western US wildfires)

• To identify pollution sources by monitoring near suspected sources

• To locate leaks at industrial facilities

• To assist with daily forecasting

• Air-modeling verification

• To site regulatory monitors

• As a research tool (e.g., epidemiological studies)

• Science education
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Taiwan example of using data fusion to improve spatial-temporal resolution of PM2.5 
estimates using sensors: https://www.sciencedirect.com/science/article/pii/S0160412018326552

https://www.sciencedirect.com/science/article/pii/S0160412018326552


US EPA position on use of air-sensors

June 2020 - Memo on EPA's position on the use of air sensor data

• Under the Clean Air Act, for compliance with NAAQS, monitoring instruments need to meet 

sampling, siting, and QA requirements of CFR Parts of Title 40 (40 CFR Parts 50, 53, and 58).

• Part 50 — National Primary and Secondary Ambient Air Quality Standards (NAAQS) 

https://ecfr.io/Title-40/Part-50

• Part 53 - Ambient Air Monitoring Reference and Equivalent Methods https://ecfr.io/Title-

40/Part-53

• Part 58 - Ambient Air Quality Surveillance https://ecfr.io/Title-40/Part-58

• Sensors are not likely to meet these requirements. However, they provide useful information 
for many non-regulatory supplemental and informational monitoring (NSIM) applications

• For NSIM applications, there is a need to assess uncertainty and ensure that devices are 
adequate for intended purposes (identify pollution hotspots, monitor in new areas, build 
community AQ awareness, etc.)
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https://www.epa.gov/sites/default/files/2020-07/documents/air_sensors_memo_june_22.2020.pdf
https://ecfr.io/Title-40/Part-50
https://ecfr.io/Title-40/Part-53
https://ecfr.io/Title-40/Part-58


US EPA position on use of air-sensors

• Key areas of focus for air sensors: data quality, data interpretation, and data 
management

• Challenges:
• Ability to accurately and precisely measure pollutant of interest (i.e., ability to meet 

data-quality performance indicators or data quality objectives (DQOs)).
• Performance under different environmental conditions (effects of RH, temperature, 

different pollutant types/concentrations).
• Ability to measure target pollutants in a pollutant mixture.
• Performance out-of-the-box:  Are corrections/adjustments needed to provide more 

accurate data?
• Performance over time
• How to interpret short-term values

• Sensor data uncertainties result in distrust of data, data disregarded based on quality 
issues, loss of public confidence in decision-makers. 
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US EPA position on use of air-sensors

• To characterize LCS measurements, EPA is supporting research on 
sensor performance including:

• Development of non-regulatory performance targets and testing 
protocols for monitoring applications that complement – but do 
not replace – existing regulatory programs.

• Interpretation of real-time, non-regulatory LCS data

• EPA recognizes need for guidance related to interpretation and 
communication of LCS data.

• For example, sensor data may show episodic spikes in pollutant 
concentrations, but health science doesn’t tell us what short-term 
(e.g., one minute) exposures mean for an individual.
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US EPA example of communicating sensor data 
(analogous to AQI)
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US EPA reports on ozone & PM2.5 air sensors
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• Intended audience: testing 
organizations, sensor developers, 
sensor manufacturers

• Goal: to provide consistent approach 
for performance testing and for 
reporting results to help users identify 
sensors that meet their needs.

• Testing protocols are specifically for 
ambient, outdoor, fixed-site 
environments and for non-regulatory 
supplemental and informational 
monitoring (NSIM) applications

Ozone: EPA/600/R-20/279
Feb 2021

PM2.5: EPA/600/R-20/280
Feb 2021

https://www.epa.gov/air-sensor-toolbox/air-sensor-performance-targets-and-
testing-protocols

Note: similar reports with same NSIM application focus of sensors 
for other pollutants (PM10, NO2, CO, SO2 ) are being developed.

https://www.epa.gov/air-sensor-toolbox/air-sensor-performance-targets-and-testing-protocols


US EPA reports on ozone & PM2.5 air-sensors
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Focus and approach:
• Review of peer-reviewed literature focusing on:

• Performance attributes (e.g., measurement range, detection limit)

• Metrics [e.g., precision (SD or CV), bias (slope, intercept)]

• Testing protocols [base (field) testing, enhanced (lab) testing]

• EPA and ECOS (Environmental Council of the States) hosted a workshop “Air 
Sensors 2018: Deliberating Performance Targets” with 700 in attendance, 
including experts from government, academia, and international organizations 
and stakeholders from states, tribes, sensor manufacturers, general public.

https://www.epa.gov/sites/default/files/2018-10/documents/epareshighlights-em_published_-_air_sensors.pdf
https://cfpub.epa.gov/si/si_public_record_Report.cfm?dirEntryId=344961&Lab=NERL
https://www.epa.gov/air-research/presentations-deliberating-performance-targets-air-quality-sensors-workshop-june-25-27

https://www.epa.gov/sites/default/files/2018-10/documents/epareshighlights-em_published_-_air_sensors.pdf
https://cfpub.epa.gov/si/si_public_record_Report.cfm?dirEntryId=344961&Lab=NERL
https://www.epa.gov/air-research/presentations-deliberating-performance-targets-air-quality-sensors-workshop-june-25-27


Air sensor testing protocols (field and lab) 
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• EPA encourages 
testers to conduct 
base testing at a 
minimum. 

• EPA also 
encourages 
enhanced testing, 
but it requires a 
controlled lab 
exposure chamber. 



Base testing: site selection criteria
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Air sensor setup at testing site
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From G. Allen, “Is it good enough?” The Role of PM and Ozone Sensor Testing/Certification Programs
https://www.epa.gov/air-research/presentations-deliberating-performance-targets-air-quality-sensors-workshop-june-25-27

Other interferences: pollutants or other chemical compounds 
that are not of interest, weather conditions (e.g., fluctuations in 
wind speed, humidity, and temperature), radio frequencies, 
power fluctuations,  vibration,  dirt, dust, and insects

NO scavenging of ozone by “titration” often occurs near busy 
roads and in power-plant plumes.



Air sensor performance metrics
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Out-of-box sensor performance metrics
(before user corrections)
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From G. Allen, “Is it good enough?” The Role of PM and Ozone Sensor Testing/Certification Programs
https://www.epa.gov/air-research/presentations-deliberating-performance-targets-air-quality-sensors-workshop-june-25-27



Drift testing
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• For low (e.g., 10 µg/m3) to mid (35 µg/m3) PM2.5 concentrations, operate sensors 
in ambient, outdoor air.

• For high (e.g., 150 µg/m3) PM2.5 concentrations,  recommend using exposure 
chamber. 
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Table continues ….



PM2.5 air sensors: examples of bias, lack of precision
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• Sensors and regulatory monitors may 
capture the general pattern of PM2.5. 
However, absolute concentrations may 
be biased high or low.

• There may be significant variation in 
agreement (or precision) between 
sensors of same make and model. Data 
corrections may be needed to compare 
data from two similar sensors

Tight agreement (precision) 

More variable agreement (precision)

between sensors



Comparing PM2.5 sensor and FRM/FEM data
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Curved, but the sensor output 
becomes constant even 
though reference 
concentrations are still 
increasing.

Ideal

• Linear corrections may be suitable 
at lower ambient concentrations 
(common in U.S.)

• The relationship between sensor 
and FRM/FEM measurements may 
change depending on concentration

• Shifts in aerosol properties (e.g., 
seasonal dust source) often changes 
the relationship between sensor 
and FRM/FEM reference 
measurements

Air Sensor Guidebook (clickable link)

https://cfpub.epa.gov/si/si_public_file_download.cfm?p_download_id=519616&Lab=NERL


Comparing PM2.5 sensor and FRM/FEM data
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To be most useful, a calibration curve must only increase, 
or only decrease, and not do both. This calibration curve 
both increases and decreases, causing the calibration 
curve to be difficult to use properly. The dashed line 
shows that one sensor value can be interpreted as three 
concentrations.

Only the linear (straight) region in the middle of the 
calibration curve is useful in this example because curves 
at the end start to curve inappropriately.



Case Study – US EPA use of air sensors
to monitor US Wildfires
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• For wildfire smoke monitoring, supplemental data are needed due to 
spatial variability of smoke impacts and sparse FRM/FEM monitoring 
network.

• In 2020, EPA partnered with state, tribal and local air-monitoring 
groups and US Forest Service to add sensor data to the AirNow Fire 
and Smoke Map.

• Goal to develop a single model to be applied to all crowd-sourced 
PurpleAir PM2.5 data.

• Purple Air sensors

• Widely used by public

• Evaluations reveal that data is often biased high

• Identified need for correction equation for Purple air PM2.5 sensor data 
to address bias.

• Correction allowed 1000s of new AQ observations to be added to map 
and visualized at the same scale. Image source: http://nwcg.gov



Field Testing of PurpleAir sensors 
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Sensors were collocated with FRM, FEM, or temporary monitors across 
the country

• Typical ambient conditions were sampled in several NOAA climate 
regions over several seasons with help from state/local/tribal 
agency partners

• Smoke-impacted conditions were sampled from fresh and aged 
prescribed burns and wildfire burns with several fuel types 

• Higher concentrations were sampled from several locations during 
2020 wildfires
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Regions and state, local, and tribal air-monitoring sites with collocated PurpleAir
sensors used to evaluate correction model.



Selected correction model
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• Removed poorly performing sensors and short-term outlier measurements using 
channel A and B comparisons.

• The US correction improves PurpleAir performance, reducing 24-h averaged 
PM2.5 data RMSE from 8 to 3 µg m−3 when evaluated against regulatory 
measurements across US, and reduced bias to ±3 µg m−3 when validated on a state-
by-state basis and to ±1 µg m−3 when evaluating by region.

• Only an RH correction needed to reduce error and bias in the nationwide dataset.

PM2.5=0.524×PAcf_1−0.0862×RH+5.75

• More work needed to understand if similar corrections can be developed for other 
sensor types.

Barkjohn et al. 2021, https://doi.org/10.5194/amt-14-4617-2021
Holder et al. 2020, https://doi.org/10.3390/s20174796

PM2.5= µg m-3 • RH= Relative Humidity (%) • 
PA_cf1(avgAB)] =PurpleAir higher correction factor 
data averaged from the A and B channels

https://doi.org/10.5194/amt-14-4617-2021
https://doi.org/10.3390/s20174796
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US-wide correction yields better agreement 
between sensor and reference monitors

• Better agreement over full range of 
concentrations

• Evaluation at AQI breakpoint suggests 
the bias ≤±8% and error ≤± 20%

Improved PM2.5 estimates

1Cf_alt*3 may soon be added. Details: https://doi.org/10.1016/j.atmosenv.2021.118432
2LRAPA – Lane Regional Air Protection Agency

https://doi.org/10.1016/j.atmosenv.2021.118432
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• Map provides localized 
data important for 
communities impacted by 
smoke

• Map integrates satellite 
smoke data and fire 
information

Integration of data sources into AirNow fire & smoke map



U.S. EPA Air Sensor Toolbox: https://www.epa.gov/air-sensor-toolbox
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