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Distributed Sensors for Wildfire Early Warnings
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Wildfires cause immense damage and loss of life. They are exacerbated by climate change effects and will be getting worse each year
for some time to come. One way to deal with them is to have better means of early detection. Fires produce significant changes in the
physical and chemical makeup of the local atmosphere that, in practice, can be detected by air quality monitors. This paper describes a
sensor array that measures trace levels of fire produced emissions that is coupled to computation and communication equipment that is
low power and low cost. The emission arrays are calibrated and deployed in controlled fire detection situations. Evaluations illustrate
some important characteristics of detecting fire emissions including: 1] sensing CO and Particulates together reduce ambiguity of
signals; and 2] fire emission signatures for relatively close fires produce rapid spikes in concentrations of emissions. Most importantly,
the details of this work indicate that an individual sensor node consisting of only a CO and particle detector can provide an early
indication of a wildfire. Additionally, the low-cost CO and particle sensors used in this study show a correlation of greater than 0.9 R*
with FRM reference monitors. The results are encouraging that very low-cost arrays could substantially contribute to an early warning
system for detection of wildland fires thereby improving response times for mitigation measures.
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Early detection of wildland fires could improve emergency
response and limit and loss of lives and property damage caused
by wildland fires that have been observed at increasing frequency
and magnitude over the past decade. The wildfires in California and
throughout the western USA have been devastating, especially over
the past 3 years. And it is not just the USA that suffers fiery disasters
but Europe, Asia, Australia, and Russia.'™® The magnitude is so
great that notwithstanding loss of many lives and incredible property
losses, fire is largely responsible for the bankruptcy of a giant utility
with over $50B of debt. It is estimated that in the USA alone, the
first half of 2021 has seen more than 4 M acres burned. Natural
disasters cost the USA about $17 B/year a few decades ago, but last
year natural disasters cost the USA > $180 B and costs are projected
to increase rapidly.

Wildfire emissions contain numerous hazardous species—
including but not limited to fine particulate, carbon monoxide,
NOx and other strong oxidizers, and a variety of hazardous VOC
compounds.”® The levels of primary hazardous pollutants emitted
include CO (150 g kg~" biofuel burned), PM 10 (25 g kg~ "), NOx
(2-5g kg™"), NH3 (0.5-10 g kg™"), ST'072 (0.5 g kg™ "), and total
NMOCs (50-100 g kg™'), including acetic acid (2-10g kg™'),
formaldehyde and acetaldehyde (1-5 g kg~' among and numerous
other species at lower emission rates. Actual atmospheric concen-
trations will of course depend on the size and duration of the fire as
well as windspeed. Also, two of the primary greenhouse gases—CO,
(1,500 g kg™") and methane (5-10 g kg~ ')—are emitted during
wildfire, further contributing to climate change in a self-reinforcing
cycle. Early detection with response and containment of even one
large fire could save lives and billions of dollars in property loss, and
reduce hazards of prolonged breathing of polluted air. The pollutants
from large wildfires are dispersed over very large areas, and
thousands to millions of people are exposed to unhealthy levels of
these pollutants for varying periods of time.”"

Additionally, early detection of expansion of a fire, or change in
direction, would be of great benefit to the firefighters working in the
immediate vicinity of the fire."*'® There are standards guiding the
protection of wildland firefighters and firefighters in general,'*° and
protective equipment including respirators and multigas monitors is
available. The reality of the situation, however, is that often the gear

*Electrochemical Society Fellow.
“E-mail: mfindlay @kwjengineering.com; dpeaslee @spec-sensors.com; jrstetter @g-
mail.com; scott@thingy.com; andrew @smallridge.com.au

is uncomfortable, bulky, or gets in the way when working amongst
trees and brush. These emergency responders are thus often exposed
to potentially hazardous levels of pollutants,?'~° in addition to the
increasing risk of being trapped within the fire fronts as the fires
become larger and more prone to rapid growth and change of
direction.

Numerous reports have demonstrated that climate change and
land use changes have led to increasing susceptibility to fires. >’
Climate change has increased the average air temperature, with
earlier spring and later fall seasons drying the forests and making
fuel more combustible. Wildfires have been started by Mother
Nature in the form of lightning strikes, or by utility lines downed
by wind or falling debris, by careless people, or even gender reveal
party accidents. Even if we stopped greenhouse gas emission today,
as global warming continues methods to deal with this reality are
existential for many of us.

Current methods to detect these fires include patrol by local forest
rangers, satellite imaging, local monitoring, the use of local
temperature arrays, and public education (for example about climate
change, citizen science, and behavior changes to limit fire risk).
Since satellites can be obscured by weather, and do not have
sufficient spatial or temporal resolution or sensitivity required to
catch small startup fires quickly, improved methods are needed to
proactively react to fire danger.

Since fires produce emissions including gases and particles that
can change the local atmospheric air quality, as well as physical
plumes and airborne embers,'* then the detection of these “fire”
signatures with a low cost distributed network of sufficiently
sensitive low-cost sensors could provide early warning of potential
fires. Such a network would enable rapid response and the early
control of some fires.

In order to match a sensor to any application, one must under-
stand the sensors and their performance as well have clear
engineering requirements for the field application. While lab
performance of a sensor is important, field data is required and
often obtained through co-location data of the sensors with “stan-
dards” for the measurement of interest. The requirements on
distributed sensor performance include: sensitivity, response time,
selectivity, and stability in addition to logistical properties like
uniform performance, long lifetime, low or no maintenance, small
size, low power, communications capability, and of course low cost.
It is equally important to understand the application’s requirements.
Such requirements include considerations of the density of spatial
and temporal data needed for early warning for a sensor with a given
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Figure 1. (a) SPEC Sensors printed electrochemical sensors, showing small dimensions of the standard package (15 x 15 x 2 mm [3 mm with selective filter]).
(b) Response for 60 sensors for carbon monoxide, illustrating the uniform nature of the printed CO sensor.
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Figure 2. Correlation between SPEC CO sensor and EPA reference analyzer
during AQ-SPEC testing of ambient outdoor air over several months in LA
county during winter 2015-2016.

sensitivity, the range of AQ parameters needed for unambiguous
detection, and the potentially changing matrix in which the early
detection occurs. One of the challenges of deployed sensors noted by
the citizen science community is the need to guide the placement of
the sensors [e.g., not next to a local pollution source like a grille or
auto tailpipe] so that the data reflect the general AQ variability.
Sensors and systems must be evaluated in the lab and the field to be
validated for practical applications and while environmental vari-
ables such as temperature, pressure, and humidity (T/P/Rh) can be
easily controlled in lab testing, these variables are widely different
around the globe in the wild and make intelligently and automati-
cally compensated sensors a goal of such work.

Under SBIR projects being funded by the US EPA and the
USDA, we are evaluating arrays of particle and gaseous pollutant
sensors for utility in rugged, outdoor applications for both air quality
monitoring in the areas impacted by wildfires (including remote rural
and small-town areas tens to 100’s of miles down-wind from fires),
as well as monitors to protect the safety of ﬁreﬁ%hters in the
immediate vicinity of emerging and growing fires.'>™"

In this applied sensor paper, we discuss two important aspects: 1]
the sensing, computation, and communication hardware for fire
detection, and 2] application testing with a goal toward under-
standing the use (scenario) and implications for the sensor and vice
versa. The sensing and networks discussed herein can have wider
uses in rural, urban, and roadside air quality networks, and with a
small form factor (and lower cost) can also be utilized as personal
wearable protective equipment.

Experimental

Laboratory controlled tests and sensors.—An array of sensors
was evaluated in earlier laboratory testing and reported to US EPA
and USDA (funding/sponsors'®'®) prior to this work. “Constant-
potential” amperometric gas sensors (AGS)*® for CO, Ozone, NO,
and SO, (SPEC Sensors, Newark, CA) were compared to industry
standard Alphasense (Essex, UK) amperometric gas sensors (A4 “air
quality” series) for the same gases. Sensirion SPS30 and Plantower
PMS 5003 sensors and Sensirion SCD30, Alphasense IRC-A1 and
GSS CozIR-A CO; sensors were evaluated for inclusion in the array.
The particulate sensors were compared to Alphasense OPC-N3 and
Particles Plus 8306 particle monitors during measurements of wood
smoke introduced into a small (25 1) chamber, and the CO2 sensors
were evaluated for accuracy and response time in the same test.
Since the sensors all provide a digital output, communication
reliability was also tested.

SPS30 PM sensors and SCD30 CO2 sensors (Sensirion, AG,
Switzerland) were chosen based on excellent combination of size,
cost and performance. Performance was comparable to or exceeded
the other low-cost sensors for calibrated optical sensors with digital
output.

SPEC Sensors, LLC amperometric sensors were chosen because
they are printed sensors manufactured in a scalable batch process for
low cost, and have many of the features needed for deployable field
sensors.”’° Figure la illustrates the small size.'® Figure 1b shows
the response for 60 sensors for carbon monoxide, illustrating the
uniform nature of the printed CO sensor. The UL rating requires
stability for months at extreme RH and the performance has been
field tested at low CO levels (0-3 ppm) against the industry standard
IR CO meters in outdoor air over several months in LA county in
2015% (see Fig. 2). Other features of the AGS include algorithms for
temperature compensation to improve baseline stability, and for CO,
selectivity is obtained with an internal carbon filter which scrubs
most other reactive pollutants and VOCs. Further, the SPEC CO
sensor is a UL approved part and has more than 3 years of lab testing
to provide a MTBF that is measured in decades.

The AGS are mounted on digital potentiostat module (Digital
SDK, SPEC Sensors), consisting of a configurable analog front end
(AFE; LMP9100 Texas Instruments), a precision voltage reference,
and a microcontroller with a 10 bit ADC (PIC24F16, Microchip).
The AGS for ozone, NO2, and SO2 monitoring were individually
calibrated at the time of deployment. The sensors were evaluated by
gathering the field data and then performing individual post-
compensation for temperature by using an exponential baseline
correction algorithm provided by the vendor. In the tests described
here, all gas sensors are sampling from an enclosure using simple
diffusion into the enclosure through vents, while the particle sensors
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Figure 3. KWJ Prototype Wildfire Air Quality Monitors (WFAQM). (a) Concept layout with flow paths designated with arrows; (b)benchtop prototypes
fabricated during st year evaluation; (c) Thingy:AQ outdoor air quality monitor, using SPEC printed gas sensors and Sensirion low-cost PM and CO, sensors.

are sampling through enclosure ports using integral fans to pump air
into the optical sensing cavities.

A wildfire pollutant monitor concept was developed (Fig. 3a) and
prototypes constructed (Fig. 3b) using the above sensors.
Preliminary evaluation and selection criteria for sensors included
in the monitor have been reported previously. These prototype
monitors have been assembled and tested in the laboratory and under
outdoor simulated fire conditions. The laboratory testing is being
conducted to determine optimum temperature compensation and
potential need for cross-sensitivity to gases other than the target
analyte.

Additionally, we have been collaborating with Thingy, LLC
(Bellevue, WA) to develop and validate a field rugged wildfire air
pollutant monitor (Fig. 3c). This monitor has been tested by EPA at
the Missoula, MT USFS Combustion Laboratory - data analyzed
and reported herein was collected in conjunction with EPA and
USDA Phase II SBIR projects.'®'® The Thingy:AQ monitor uses a
proprietary LoRa and LPWAN communication protocols to transmit
the sensor data to a LoRa gateway. For testing purposes, the gateway
is located within the test area. The data collected by each node is raw
sensor module data, with the AGS sensor modules reporting
temperature compensated gas concentrations.

Outdoor tests and simulated wildfires.—

1. A preliminary test was conducted outdoors with a small wood
fire. All sensors were stabilized for several days so that a stable
zero in air was assured. Then during field tests, the sensors we
allowed to stabilize overnight before beginning data acquisition.

2. A second test was conducted in April, 2021 by EPA and USFS
personnel at the Missoula, MT, Combustion Laboratory. This

was a more detailed evaluation of a number of low-cost
monitors, including several monitors built in a collaboration
between KWIJ and Thingy, LLC. These “Thingy:AQ” wildfire
monitors utilize the set of SPEC AGS as well as the Sensirion
SPS30 PM and SCD30 CO, sensors evaluated by KWJ in
laboratory testing. A number of burns using various fuel
compositions, loadings, and moisture content were conducted
over a 2 week period, with data collected from the test devices
as well as from a bank or reference analyzers.

Results

Preliminary test—A ‘“small” wood fire was ignited approxi-
mately 1 m upwind from the sensor array box, and burned for
approximately 15 min. This first test incorporated the reference and
benchmark sensors—a Particle Plus 8306 and Alphasense OPC for
particles and Alphasense CO, SO,, NO, and O3 sensor for ampero-
metric benchmark sensors. Outdoor ambient air was monitored for
more than 24h, to establish baseline signals and trends. A
commercial AQ node, containing Alphasense 4-electrode “ppb-
level” air quality sensors was located next to the KWJ prototype.

Data is summarized in the figures below.

Particulate—The particulate concentration during a small out-
door woodfire was measured using the 8306 monitor and the
Alphasense and Sensirion PM sensors. The results are shown in
Fig. 4. Figure 4a is the PM1 and PM2.5 data from the Particles Plus
Model 8306 Analyzer used as benchmark. 4.b is the data from the
Sensirion SPS30 sensor. The Sensirion data for 1 and 2.5 pum tracks
the reference very closely, though concentrations read about 1.5-2
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Figure 4. (a) PM1 and PM2.5 data from the Particles Plus Model 8306 Analyzer; (b): Data from the Sensirion SPS30 sensor; (c) Response from the Alphasense

OPC-N3 sensor.

times high. Figure 4c shows the response from the Alphasense OPC-
N3 sensor. The OPC data has a 5-min averaging routine to filter out
rapid spikes and noise. The 5-min average data is OK for air quality
applications, but dampens the rapid increases and fluctuations that
may be indicative of an emerging fire. The OPC also shows a greater
fraction of the particles are more than 1 ym, whereas the PPLus
analyzer and SPS30 both indicate most particles are more than
1.0 pm.

The performance of the Sensirion SPS30 in this test made us
comfortable choosing this sensor for inclusion in the field array
going forward. Where the agreement with the analyzer varied
substantially, it was uncertain if this was due to location (although
they were close to each other steep gradients and narrow plumes can
occur in field testing) or to accuracy and calibration differences
among the sensors. In any case, both particle sensors can detect the
fire event and provide correlation to the analyzer; the Sensirion
device is much smaller and about 1/5 the cost.

Gaseous emissions.—To give us an indication of whether any of
the gaseous components are detectable early enough to provide early
warning of an emerging wildfire, we compared the responses from

the different gas sensors with that of the particle concentrations as
measured with the Particles Plus 8306. This preliminary correlation
test was performed outdoors without trace gas reference analyzers,
so comparison of concentrations was against the Alphasense bench-
mark sensors.

Carbon monoxide.—First the CO sensor is discussed, with
Fig. 5a presenting response of the Alphasense CO sensor response,
and Fig. 5b showing the SPEC CO response. In both plots, the
measured CO is overlain on the PM1 data to illustrate the correlation
between the measured CO and measured particulate. Clearly the
particle sensor (green trace) and the CO sensor (blue trace) show
comparable response indications when detecting the small fire from
1 m away. The CO levels are greatest in the later stage of the fires,
when the flames had disappeared and the material was smoldering.

Ozone and NOx.—Both the Alphasense and SPEC ozone
sensors, which in fact respond to nitrogen oxides as well as Os,
also provide a rapid response to the wood smoke, though at much
lower concentrations. Figure 6 presents the data from the same small
burn. Again, a very good qualitative correlation is observed,
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Figure 6. Measured NO, concentration overlain on the PM1 data. (a) Response of the Alphasense sensor; (b) SPEC sensor response.

although levels are much closer to the MDL, based on baseline noise
and drift.

NO, and SO, also were measurable in this simulated wildfire,
but at low concentrations (see Figs. 7 and 8). The Alphasense
sensors responded with a signal well above the background noise.
The SPEC sensors, while giving a definite response, were much
lower relative to the baseline noise. 1-min averaging of the SPEC
sensor signal reduces the high frequency noise, but also dampens the
response to rapid concentration changes (Fig. 9), not appreciably
improving S/N.

Figure 10 demonstrates one advantage of multi-parameter
monitoring to improve reliability of indication of a fire. By
overlaying the CO and PM sensor responses, it can be seen that

when farm equipment drove by the rural test location, the particle
sensor recorded the resulting dust cloud, but there was no response
from the CO sensor. This combination of particle and CO sensors
provides a one simple way to discriminate and reduce false alarms.

Simulated burns at missoula USFS combustion laboratory.—
The second test involved putting the KWJ SPEC sensor array inside
several Thingy:AQ air quality modules and testing at the USFS in
Missoula, Montana where a variety of fires were tested over several
weeks during April, 2021. The sensors were tested “as received,”
with initial baseline zero but no calibration throughout these tests.

Results are summarized below in representative plots for the
pollutants measured by the Thingy:AQ monitor system over a
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Figure 8. Measured NO, (a) and SO, (b) concentrations with 1-min averaging. Compare to unaveraged signals (7b and 8b).

two-week period. The picture of Fig. 11 shows the system as
deployed in the test facility.

These first plots illustrate the sensitivity of the different sensors
to the fire events, and, by overlaying each gaseous parameter with
the PM2.5, give a strong visual indication of correlation of the
measured gas with the particulate concentrations.

PM?2.5 and CO.—Again, in Fig. 12 we see a strong correlation
between the CO levels and PM2.5 concentration, across highly
variable concentrations within the plume and reflecting similar rapid
responses. The fires used a variety of fuels and moistures, and
controlled burns were conducted every day except Sunday, 4/18.
Interesting observations confirm that the fire signature will have

some unique features that include the temporal concentration
variability.

CO; and PM2.5.—The CO, sensor tracks PM2.5 (Fig. 13), but
shows a slower and less conclusive response than CO, primarily due
to fact that the CO2 produced is being added to an existing
background of > 400 ppm. There were no burn tests on Sunday,
4/18, the variable CO2 level is likely due to people in the building
and lack of rapid ventilation that is used between burns.

Temperature and RH profiles (Fig. 14).—While temperature
does increase during the combustion period, it is smaller compared
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Figure 10. Plot of the CO and PM sensor responses overlain over a 24-h period deployed outdoors. The solid/blue trace is a SPEC CO sensor (AGS), while the

dashed/green trace is the optical particle sensor.

to ambient fluctuations, and the response is much slower than that of
particulate and CO concentrations .

PM2.5 and Oy (Fig. 15).—Total oxidizing gases (“OX,” or NO,
+ 0O3), though concentrations are much lower than CO, tracks
PM2.5 well and the data illustrate that rapid increase in the two
parameters together are a strong indicator of emerging fire .

PM2.5 and NO, (Fig. 16).—NO, tracks PM2.5; rapid increase in
the two parameters together are strong indicator of emerging fire.
However, the measured NO, is < 5X the noise level, providing a
less conclusive early response .

PM2.5 and SO2 (Fig. 17).—The SO, sensor tracks PM2.5,
though not as strongly as CO in this test. There appears to be a
significant difference in the SO2 emissions during the 2nd week
compared to the first week. This may be due to fuel composition and
this is being further investigated .

Responses can be highly varied depending on the fuel composi-
tion and the water content of the fuel. In general, the common

character of the fire signature includes a variable and large response
to CO compared to a smaller response to CO2 and other pollutants
and temperature. A significant observation is that CO and particles
are a good team for an inexpensive, rapid responding and reliable
monitor to early warning of fires of widely variable wood fuel and
moisture content.

Estimations of accuracy and reliability of the sensor arrays.—
Multiple Thingy:AQ monitors were placed in the combustion lab
space, alongside an array of EPA’s FRM and FEM reference
monitors for particulate and a suite of gaseous pollutants emitted
by wildland materials during fires. Multiple burn events were
conducted over a 2-week period, using a variety of fuels, loadings,
and moisture contents.

The following plots illustrate the consistency of response
between four Thingy:AQ systems, and correlation between the
Thingy:AQ and Reference analyzers for several of the measured
parameters. Accuracy is also indicated by the slope of the correlation
plot (NOTE: the data presented is using the “as received” factory
span of sensors, with a single onsite zero measurement).
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Figure 11. Thingy:AQ monitors with SPEC Sensor gas sensors and Sensirion PM and CO2 sensors, as specified by KWJ following laboratory evaluations.
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Figure 12. Measured CO and PM2.5 during combustion laboratory burns across a variety of fuels and moistures, and controlled burns were conducted every day
except Sunday, 4/18.
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Figure 13. Measured CO, and PM2.5 during combustion laboratory burns across a variety of fuels and moistures, and controlled burns were conducted every
day except Sunday, 4/18.
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Figure 14. Measured temperature and RH during combustion laboratory burns across a variety of fuels and moistures, and controlled burns were conducted
every day except Sunday, 4/18.
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Figure 15. Measured oxidizers (O3 + NOx) and PM2.5 during combustion laboratory burns across a variety of fuels and moistures, and controlled burns were

conducted every day except Sunday, 4/18.
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Figure 16. Measured NO2 during combustion laboratory burns across a variety of fuels and moistures, and controlled burns were conducted every day except

Sunday, 4/18.

Device-to-device uniformity of thingy:AQ monitors.— PM2.5
(Fig. 18).—The PM sensors exhibit excellent device-to-device
uniformity of response, using the as-found calibration .

CO (Fig. 19).—The CO sensors exhibit excellent uniformity of
response, following a field zero the morning of 4/13. (The CO
sensors were zeroed against the EPA reference analyzer in the test
chamber).

The consistency in performance for CO and PM measurement
between the three monitors was excellent. We plan to gather
additional data on a number of monitors with down-selected sensor
arrays, monitoring response to repeated simulations, initially with
new, freshly stabilized sensors.

Accuracy.—For health, safety and exposure assessment, the accuracy
and stability of the sensors is also important, in addition to uniformity.
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Figure 17. Measured SO2 and PM2.5 during combustion laboratory burns across a variety of fuels and moistures, and controlled burns were conducted every

day except Sunday, 4/18.

Thingy:AQ Device Uniformity - PM2.5

4000 —2007
3500 —2008
3000 —2016

—2019
2500

m

.,EZOOO
1500
1000 _ 1 L

4/13 4/14 4/15 4/16 4/17 4/18 4/19 4/20 4/21 4/22 4/23 4/24 4/25

Figure 18. Device-to-Device uniformity of measured PM2.5 during EPA testing of 4 Thingy:AQ monitors.
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Figure 19. Device-to-Device uniformity of measured CO during EPA testing of 4 Thingy:AQ monitors.

The figures below show the response of the PM2.5 and CO
sensors during tests 10 days apart, relative to the EPA qualified FRM
analyzers. [NOTE: The Thingy:AQ monitors were located ~1 m from
the combusted material. The reference analyzers were drawing air
from the chamber via sample lines. It is possible that the AQ
monitors may have been exposed to higher levels, and possible
transient levels during the initial phase of each burn event.]

There is excellent correlation between inexpensive optical PM
sensor and an FRM reference analyzer (T640 PM Mass Monitor,
Teledyne) during the 4/13/21 and 4/23/21 burns (Fig. 20). There is
also excellent ccorrelation between the inexpensive electrochemical
AGS CO sensor and the EPA reference analyzer during the 4/13/21
and 4/23/21 burns (Fig. 21).

Concluding Remarks

There are several very important observations in the sensor data
collected that are relevant to detection of wildfires. It should first be
said that it is clear our hypothesis that AQ changes can be used to
detect wildfires is exactly correct. But it is also clear that sensor
placement, adequate sensitivity in the field, and remote communica-
tion needs to be more thoroughly evaluated. Major observations
include:

(1) Response time: all the sensors show a very rapid response when
detecting the plume. The sensor response time is rapid enough
to see these variations and spike emissions can be a
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Figure 20. Correlation between inexpensive optical PM sensor and EPA reference analyzer during the 4/13/21 and 4/23/21 burns. (a) & (c) Response to four
burns on 4/13/21; (b) & (d) Response to four burns on 4/23/21. For all four charts the units are in ug m~>.

characteristic differentiator of a fire signature from a slow
increase in background levels.

(2) A combination of only 1) CO and 2) particulate sensors can
provide a mini-array without reduction of ambiguity.

(3) Low cost and low power sensors are feasible for deployment in
distributed arrays with some confidence of reliability and
repeatability.

(4) The principal question not addressed here is required lower level
of detection, because we know the concentration will decrease
rapidly as the distance from the fire increases. The dynamics in
play are the distance from the fire, the emissions and air dilution
of the plume and the distance apart the sensors are placed in the
area to be monitored. These conditions are not yet modeled.

There are now practical sensors for deployment of large arrays.
This work did not report on the communications requirements
[LORA or cellphone or satellite wireless part of the system] but
indications are that a heterogeneous system will be needed in today’s
world. That is a combination of simple low cost nodes with line of
sight LoRa communication with interspersed “gateway” nodes that
can upload data to cloud communication and alert and deploy first

responders immediately. A combination of sensors will clearly
reduce false positives and nuisance alarms and deployment around
high value target areas like cities and high probability fire locations
is yet to be designed.

One primary concern with the use of low-cost gas sensors is the
anticipated drift and accuracy over time. The EPA testing in
Missoula was only two weeks, but is being followed by a series of
outdoor ambient studies conducted over the summer and fall at
several of their laboratories in the west and northwest. These data
will provide insight into the reliability of the sensors for monitoring
background outdoor ambient levels, and, most importantly for our
study, the ability to track and alert to increasing levels of pollutants
that show strong correlation to an emerging fire.

We are planning additional deployments of sensor arrays wherein
we can detect controlled burns in a local community around small
and large areas. Using current printed sensor designs, a million CO
sensors can be produced for several million dollars which would be a
small price to save billions in assets and precious human life. It will
take all of us to join forces to combat the effects of climate change
and specifically the exacerbated effect of wildfires on our people.
First responders, sensors and warning systems, better mitigation
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Figure 21. Correlation between amperometric CO sensor and EPA reference analyzer. (a) & (c) represent the data collected on 4/13/2021, while (b) & (c)
represent the data collected on 4/23/2021. NOTE: If the three extreme outlier data points corresponding to transient CO spikes on 4/23 are excluded, R> = > 0.9.
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strategies, and multi-dimensional large data array collection by
citizen science, as well as partnerships of industry, and government
will all contribute to a better world.
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