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Executive Summary

Background

Particulate matter (PM) is a pollutant of high public interest regulatedtional
ambient air quality standarddAAQS) usingfederal reference methd&RM) andfederal
equivalert method(FEM) instrumentation identifiebr environmental monitoring. P4
presentn the atmospheri concentrationshat canvary greatlyaccording to location,
temperature, and a number of circumstancesirtflaence local air quality Citizen scientists and
otherresearcherbave a desire to monitor this pollutaabd there is a need forcreased
accessibility tgportable and economical monitoriagd samplinggqupment. Thesvolution of
low cost PM sasors has resulted immaimber of sch instrumentbecomingcommercially
available.However, tlis evaluation was not conducted to assess the suitabiliheséPM
sensorgo serveas eitheFRM or FEMsampler instrumentd his activity representghe first
step in evaluating some tife commercially available low cost PM sensors anthpaimng their
datacollectioncapabilities tahat ofcollocated FEMsamples during field evaluations.

Study Objectives

As part of its Air Climate & Energy (ACE) research program on emerging technologies
(ACE EM-3),the US EPA developed a research effaith the goals afconducting a world
wide market survey of low cost PM sensors (<$2500), aogwsuch sensors, and then
conducing collocated field evaluations of these sensors in direct comparison klith F
instrumentationA total ofeightsuch devicesvereobtained and sited itne established PM
sensor test platform on t h&hetblocak®PPEFREMRTP, NC
instrumentatiorwith 5-minutetime resolutiorprovidedthe means to invegfatebothshort
durationanddaily (24-hr) comparisons betweehetest devices and the FEM response. Potential
data cofounders such as temperature and redadhumidity were obtained todhin the
investigation.The relationship between FEM response tadvarious sensorgasestablishedn
a regressionAncillary findings related to ease of use, portability, data collection efficiency,
among others, were established based upon our experiences over approxineatepth of
continuous operation.

Study Approach

Direct manufacturer contact, as well as internet searshdaceceight prospetive low
cost sensors meing incorporation intahis study. In some instances, sensor developers
contactedhe research team amdpressedhterest in having thedevice evaluatediny device
accepted under such conditions was incorporated without restriotigiirect involvement of
the developerDespite there being a large numbePM sensoren the marketmanyappeared
to lack specific propertieghatdiscouaged us from incorporating them into the reseansh.
focused on sensotkat demonstratedirect reading, providedither true or estimatesize cut
point data (preferably PM), and were responsive to at least some outdoor monitdNiotg.
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every sensothat wasevaluated methese criteriaRecentsensoirelated conferencdssted by

EPA! and other scientific exchanges (including peer review literatliodearly indicated that

PM sensors repang only particle number (or counta)ere bothavailable atow costand may

prove comparable more expensive light scattering (nephelometric) and direct mass measuring
(Tapered Element Oscillating Microbalanr€BOM) instrumentationA number of these devices
were secured and evaluated to meetparent growig use rate among both research
professionals and citizen scientists.

Concerning outdoor monitoringpplications only one of the sensors evaluated came
fully weather protectedand allowances (sheltensieredeveloped to protect the remaining
devicesIn severalinstancesthe sensor developers expressed that their devices were primarily
intended for indoor monitoring.dgardless of how a manufactudafinesthe applicability of a
given low cost PM sensor, it is highly likely thatioen scientists andtleers wouldry to use
such devices to the greatest extent possvbiée perhaps ignoring cautions about primary siting
requirementsOutdoor monitorings a prime example of such a scenaandwas therefordully
assimilated into the study desigks aresult, one might consider the performance characteristics
defined in this report as potentially representingoastcasescenario. Regardless, we protected
all sensors from weather conditions (ambient temperature, moisture, stray light) to the best of o
ability.

For approximately one month, thesslacated low cost sensors were cited on a PM
monitor test platform vih aGrimm Model EDM180 PMs(EQPM-0311:195)FEM on the US
E P ART$, NC campusThe units operated continuously during this time wiid éxception of
data recovery, flow checks/calibration, and general servicing as required by the various
manufacturersOnce the monitoring period was completddta from the FEMsensorand
meteorological findingsvere comparetb determinehow thesevariablesinfluencelow cost
Sensor response.

Sensor Performance Results

Discreet statistical evaluation of sensor performance was established with respect to
collocated data associated with tBemm FEM. When possible, resulting regression
characteristis were optimized with respect to data normalization and influence of confounders.

L EPA Air Sensors Workshop, 2014. Posters, presentation slides, and abstracts.
https://sites.google.com/site/airsensors2014/home

2 Hagler, G., Solomon, P.A., and Hunt, S.W. New Tatbgy for LowCost, ReaiTime Air Monitoring;
EMJanuary 2014 -8.

® Watkins, T., Snyder, E., Thoma, E., Williams, R., Solomon, P., Hagler, G., Shelow, D., Hindin, D, Kilaru, V., Preuss,
P. Changing the paradigm for air pollution monitoring. Enviroraie®cience and Technology, 47: 11-38377
(2013).
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Ease of Use Features Evaluation

Concerning ease of use features, several key findings were eVidgeneralthese
included but werenot limited to:

1 Power Requirementdlone of the units tested had the ability to operate for extensive {multi
day) periods without electrical assistance. Since our goal was to obtain as much collocated data
as possible, we purposefully removed such a variable (battery life) from the reJé¢waich
being said, certain sensors required specific power supplies (sat¥ss computer
connection)while others simplyequireda éstepdownd 115V transformerUpon battery
power alone, the sensors would expect to operate from 8 hours to 3 dayslimigpg@on
sensor type.

1 Data collection/transmission/storage/recoveiiyhere were numerous data
collection/transmission/storage/recovery approaches observed between the various sensor
devices.Therefore, extensive efforts had to be performed to ensureegtateery to perform
the evaluationsCellular communication, WiFi hot spots, direct storage via laptaps,
electronic tablet connectiommad to be established, developed, or in some cases unexpectedly
refined as to t he man uData@mmunietiodissuesbad@best ed pr
fully vetted to ensure both consistent and reliable data recovery.

1 Data Schemed®ataschemas wereidely variable between the sensors evaluaiéds lack of
standardization across manufacturers anaftez-uniquepatern of their data formatting (and
the types of data being reported) made data recovery and insertion into statistical analysis
schema somewhat difficulindividual data recovery programs often had to be established for
each sensor so that data couldd@overed. In some instances, communication with the
developer was necessary to understand what their output was so timatleveorrectly
identify variables for analysis.

1 Installation and WiFi considerationg&lmost all of the low cost sensors were etsinstall
following our development of weathshielded assemblie$heir low mass and small sizes
were highly advantageous for sitirigven so, all of the units had to have external power
supplies.Some of the sensors required direct computer connegtidgmsh in our opinion
minimizes is capabilities relative to outdoor udeven so, it should be recognized that
manufacturers are not necessarily trying to market these as outdaby PMsamples. It
cannot be underestimated that when used outdodaklisement of data communication can
be difficult, especially if cellular communication afocal WiFi hot spot is requiredin our
situation, we were able to establish a local WiFi hot spother needed communication
requirementsWe sometimesad towork directly with a manufacturer to develop digital data
storage internal to the unit or via other means such asferamble data storage card when
necessary to ensure sufficient data recovery for our purpose

Sensor Performance Characteristics

With rare exception, most of the low cost PM sensi@monstragdan ability to provide
at least some short duration response variability (some on the order of d)s&=ta clearly
indicatedthat time weighted averagesagproximatelyone to 5 minuteare nore acceptale
when it camédo end users being able to understand the general response encduntbeed
simple noise of the instrument itself.
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1 Precision:Only the MicroPEM was evaluated for precision capabiliflésee collocated
sensors were operatent fa period of approximately one month and their generalinter
variability established.

1 Linearity: The sensors typically provided coefficient of determinafif) in compaison with
FEM measures of < 0.& a nunber of situations, there was little or skatistical agreement
(R? < 0.1).Estimates of either particle count or algoritiiased mass concentrations (Ugy/m
were equally capable of reasonable FEM agreement or equal lack of agreginenall
algorithmbased mass concentration estimates aream@jood as the base light scattering
determination itself, it would appear that much of the lack of agreement probably ligbavith
latter. As established by the design of the field studies reportedahexasonable estimation of
mass concentration fno particle counts could have been established for one of the sensors
(Dylos DC1100).

1 Relative Humidity and Temperature ChangBsere was wide disparity in the response of
individual sensors to extremes of either RH or temperature challBogeminimal mpacts as
well as extreme impacts were observed as they relate to the sensors successfully reporting the
challenge concentrations as environmental conditions changed. Some of this was expected due
to the very nature of the sensing mechanism (approaci) erftployed in low cost sensors.
Considering that all of the sensors tested were based upon light scattering principles where
particle hydroscopic properties are known to be an influencing factor in mass concentration
estimation, it is uncertain why sucwéde range in RH influence (as noted b¥rBlationships)
were obtained. Likewise, some sensors were highly collinear with respect to changes in
outdoor temperature while others showed no such relationship.

1 Response Rang&esponse range of the sensonsecawidely. It was not unusual to see
multiple order of magnituddifferences between sensors and the concentrations they were
reporting.It should be clearly stated here that environmental impacts of relative humidity and
temperature are often a signditt influence in sensor response (light scatteriRg) was not
accounted for with sensor algorithmagth only one exception (MicroPEMand therefore a
widespread variety of resposseith changing meteorological conditions wasbe expected.
Light scatering optics, cell geometry, and other key engineering features are known to be
highly influential relative to nephelometric response and therefore the variability observed here
in the findings reflectsot only the physics of light scattering deviceg@meral, but also how
such features have or have not been incorporated into these low cost devices.

Conclusions

While both the discreet performance characteristics and ease of use charadtaristics
each devie were highly variable, some of the devicppeared to provideeasonable agreement
with the collocated FEM mass concentration estimdtesfrequentlack of agreement between
the sensor and the FEElaclear indication that citizen scientists and others employing such
devices (especially under toloor monitoring conditionsnust remairaware of the uncertainty
surroundinghe data being generatedt times, meteorological conditions (temperature, RH) had
a significant impact upon low cost sensor responses and it was necessary to remove some data t
improve the performance statistics. It should be notedtiba&nd users of these devices need to
understand where data exclusion might be necessary, as often little or no instructions on such
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matters are clearly defined by the sensor manufactuteveuld appear that collocation in the
general test area would provide a reasonable approach for end users to ascertain the ability of a
low cost sensor to be provide useable dal&. information provided in this report represents a

first steptowardsensumg thatthe nextgeneration of low cost air quality sensors éasn more
capabilities meeting avide variety of air quality monitoring needshe studyalso provides

potential low cost sensor users with key informatiegardingsensor performance ariuket

criteriathat must be addressed in order to collect data successfully.
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1.0 Introduction

EPAGs Office of Re sORR)recentlyparfotineddsengas/l o p ment (
applicatiors challengen response tan EPA-sponsored new technology workshégr his
challengeis a high priority for EPA and one inwhichORDs Nat i onal Exposure |
Laboratory(NERL) is takinga leadership rofe ConsequentlyEPA establisheds a priority
providing critical feedback to groups individualsconsidering the usef citizen science
applicationcommunitybased data collection8s PM is a pollutantof greatinterest the NERL
sought out novel sensor technologies for the measurement of apdigctlateshrough a
general appedb inventorsand developers of thegsechnologies.

The effort reported her@med to provide data for identifying which technologies might
prove valuable imeasurement of PM for a variety of potential users

As part of thisevaluationwe obtained a total afight PM sensorgosting unde$2500.
This is ageneral cost consideratiove anticipate being a ceiling for many citizen scientistis
recognized that a sizeable number of potentially racoeiratd®M sensors exist at higher cost
($3-36K) but these were purposefully excluded frdra testing due to the consideration defined
above.Table1-1 lists the sensors purchased for evaluatiResearch operating procedures
(ROPs) were developddr each sensgorior to testing.

Table 1-1. Sensors Acquired for Evaluation

Sensor Manufacturer City/State ~Cost Website
CanarlT AirBase Israel $1500 | http://www.myairbase.com/#!technology
CairClip PMzs | CairPol Méjannes les Ales, France |* http://www.cairpol.com/index.php?lang=en
Speck Carnegie Mellon | Pittsburgh, PA $150 http://specksensor.org/
DC1100 Dylos Riverside, CA $300 http://www.dylosproducts.com/ornodcairgum.html
831 Met One Grants Pass, OR $2050 | http://www.metone.com/particulate-831.php
MicroPEM RTI Research Triangle Park, NC | $2000 | http://www.rti.org/page.cfm/Aerosol_Sensors

. . http://v2.sensaris.com/store/index.php?route=pro

Eco PM Sensaris Crolles, France duct/product&product id=66
PMS-SYS-1 Shinyei Chuo-ku, Japan $1000 Eit:g;//mfhmvel.co.m/STC/optlcaI/maln pmmo

* Manufacturers had not yet established a constbased cost poirat the time of EPA acquired
these devices for evaluatiofhese devices were acquired at coatgying from$500 to $1000.

4 https://sites.google.com/site/airsensors2014/home

®Vallano, D., Snyder, E., Kilaru, V., Thoma, E., Williams, R., Hagler, G., WatldirsPollution Sensorddighlights
from an EPA workshop on the evolution and revolution in low cost participatory air monitoring. Environmental
Manager. December 20128-33 (2012).

8 http://www.epa.gov/heasd/airsensortoolbox/
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2.0 Materials and Methods

i Bwl o msenposhelees were devised and ctyasted for thedield evaluations
The sheltes, shown inFigures 2-1 through 2.12, were constructeih-houseof aluminum
Thermostated thermal heating pads were attached to the tops of the bowls in an attempt to
maintain interior shelter conditiomghere the sensors were housedr above 6Celsius Even
S0, it must be recognized that these heaters were purposefully selected to provide for a minimal
degree of general heating and that internal temperatures of the sensors registering at or just
below freezing were sometimes observEdeseaforementione@nclosures were constructed to
ensure sensor protection from windblown rain as well as direct sunlight upon the inlets of the
devices.The shelters did not fully protect the inlets of the devices from the effects of any face
velocity issues (wind speeddor its direction) Even so, the interface of the sensor inlet did
attempt to place a shield between the immediate sensor inlet opening antbibst
atmosphere. That shieisl viewable inFigure 21 with the sensor often placed directly abave
its inlet in one of the opening® provide unencumbered access to ambient conditions. Effects of
sensor PM starvation or stagnation would not be expected to have occurred under the test
conditions.

Figure2-1.AiBowl on pol ed s ens ceft)ane aper (rimist)posions. n c | os



2.1 PM Sensors

Theoncampus Ambient
Air Innovation Site (AIRS; RTP,
NC) was selected for all Pidensor &
testing.Thecustomma d e fi b
on pol e weresatiaghed te
the railing of themonitoring
platform & shown in Figure.1-1.
In order from left to right weréhe
Dylos DC1100, the Met Oneodel
831, the Carnegie Mellon Speck, |
theRTI MicroPEM, the CairPol
CairClip, and the Sensarisch PM.
The AirBase CanarlT incluagits
own shelter and was placed to the
right of the Sensaris Eco PM.

Two aluminumshelters Figure 2.1-1. AIRS sampling platform with all shelters shown.
were usedo house a laptop
computer for data recovefsom all sensorsind most of the electrical connections. Any
connectionghatcould not ke made inside theluminum high volumeh(-vol) shelter were
encased in a zifpck bagthatwas closedvith zip tiesto further protect against water. The setup
inside one of the kvol shelters is shown iRigure 2.1-2. All power and data lines were seedr
in place with zip tiesWith the exception of the MicroPEM, primary data collections reported
here were performed during the NovembBecember 2013 time periolhe MicroPEM was
operated during Jul®9-SeptembeR, 2014.

Note that the Sensaris EBM and the AirBase CanarlT both transmit their data to
proprietary websitesAs such, data recovery for these sens@s performed via an internet
download

Figure 2.1-2. Hi-vol shelter opened with laptop displayed (left) and with wiring and laptop inside (right).



Thepreviously mentioned operation schedsléentended to provide a general
understanding of the data collection periods for each of the sensors evaluated in thik report.
should be clarified that initial investigation (~ 30 day) collomatirials involving the RTI
MicroPEM were performed in the fall/winter of 2013 and that data were successfully captured
Data findings from these evaluations were voluntarily provided toneufacturerThedevice
had results indicating generally pooregment with the collocated FEMurther discussions
with the manufactureindicated significant hardware ama/software upgrades had been
performed.To provide the greatest value to the scientific community at large, we obtained
upgraded versions of tlievice and summarily retested them. Only the retest findingsigor th
sensorarebeing reported here. It should be recognized that the retest conditions were conducted
during summer/fall conditions as compared to generally colder conditions for the remaini
sensorslt should also be mentioned here that AidaseCanarlTis now no longer available
under that name following its acquisition by a secondary party (REtkier) ands now
marketed as the ELMDiscussions with this new vendor indicaigignificant changes to the
original device we tested have occurrédée have no data findings to report on this upgraded
device at this time.

Table 2.1: Summary of Sensors Evaluated

Sensor Method Size Measurement | ~ Weight ?ihn?;test igizspszvrver Data Retrieval
Fraction | Unit (Ib) . y Method
Resolution
AirBase Optical ) 3 _ AC/DC Proprietary Web
CanarlT Undefined | ug/m 5 20 sec Adapter Server
- Optical 3 B . Battery Proprietary
CairClip PM PMzs ug/m 0.4 1 min Software
Carnegie Optical Undefined Particle -05 1 sec UsB Proprietary
Mellon Speck counts Software
Dylos DC1100 Optical Undefined Particle -4 1 min AC/DC Proprietary
counts Adaptor Software
Met One 831 Optical <10um ug/m? -4 1 min Battery Proprietary
Software
. . 3 _ Battery Proprietary
RTI MicroPEM | Optical PMzs ug/m 1 10 sec Software
Sensaris Eco Optical 3 B . UsB Proprietary Web
PM PMzs ug/m 0.5 <1 min Server
Shinyei PMS- | Optical 3 B Power Circuit | Proprietary
SYS-1 PMzs ug/m 0.5 1sec Board Software

2.1.1 PM Reference Analyzers

A Grimm Technodgies, Inc. (Doglasville, GA) Federal Equivalent &éhod (FEM)
Model EDM180 PMs(EQPM0311195)monitorand an RM Young (Model 41382VC) RH and
temperature sensorwesep er at ed by EPAOG6s Office of Air Qua
(OAQPS) alongside meteorologidastrurentationatthe AIRS monitoring station on the EPA
campus in Research Triangle Park (RTP), Nike established reference method operation was

" http://elm.perkinelmer.com/



covered under a QAPP for that stéidlyDatafrom the Grimmwere availableduringthe data
collectionperiodof the sensor evaluaticas tmin, 5min, or 60min averagesSensors tested in
this study featred time resolutions betweersland 5min. We selected a matchddta
integration period (average) of 5 minufes comparison witlithe sensorgseneral relationsps
between th&rimmresponse and environmental conditions are repartEayure 2.1.11.

Temperature (°C) Relative Humidity (%)
25 =0.1213x + 8.0222 25
* y=u X - y=0.084x + 3.0625 PN
20 R2=0.0237 R2=0.0697
R 20 ' ® o

15 L2 16 s
- 10 w * 10 &
SIPEIF 26 > 5 Tepu
= * ¢ L 2 & ( o ¢
é 0 T T T 1 0 T T T T 1
5 -10 0 10 20 30 0 20 40 60 80 100

Figure 2.1.1-1. Grimm data vs. temperature and RH.

2.1.2 AirBase CanarlT

Because the AirBase Cananivias too large dr the customized shelters andswa
adequately sheltered by its own housing, it was attached to a lacgattagstand as shown in
Figure2.1.2-1. This lalmratorystand was in turn attached to the railing of the AIRS sampling
platform viaa C-clamp such that its height matched those of the other settsoes oriented so
that its main inlet faced the platform as shown in Figuie?-2.

8 U.S. Environmental Protection Agency (EPA). July 2013. QAPP. RaleigRdilutitint NearRoad Site: Measuring
the Impact of Local Traffic on Air Quality. Research Triangle Park, NC.

® Alion Science and Technology. 2013. Quality Assurance Project Plan: PM and VOC Sensor Evaluati®iiQAPP
13-01(1), November 14, 2013. Research Triangle Park, NC.
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Figure 2.1.2-1. AirBase CanarlT attached to laboratory stand via bailing wire.

Figure 2.1.2-2. AirBase CanarlT on its laboratory stand perch.

2.1.3 CairPol CairClip PM25

The CairClip was originally placed on top of the shelter grating with the inlet flush to a
hole in the grating. On December, 2813 following a review of the data in harfcelativdy low
concentrations being reported)was suspended underneath the grating with zipdag&shown
in Figure2.1.3-1, to maximizeairflow. The reason for this being the concern that inadequate
fresh air supply (stagnation) might be the cause of adhokserved dayo-day PM
concentration variability with this sensdihe repositioning of the sensor to a fully open nature



did not subsequently change its basic performance characteristics and all data captured regardless
of positioning were used in tleeibsequent statistics.

Figure 2.1.3-1. CairClip PM sensor suspended beneath shelter grating.

2.1.4 Carnegie Mellon Speck

Because the Carnegie Mellon Speckds inlet
on the grating as shown in Figu2d 4-1. The Speck experiencédo interruptions in data
collection, both of whiclbegan while the operator was in the fielthissuggest that it failed to
restart data collection aftardata download was completed. Thmgyht be the result of operator
error and not necessarily the fault of the device.

Figure 2.1.4-1. Carnegie Mellon Speck oriented in its shelter with the lid up.
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2.1.5 Dylos DC1100

The Dylos DC1100 has all of its vents, inlehd outlet on itbackside Therefore, it was
placed on its bacwith the vents restindirectly on the grated floor of the sheltas pictured in
Figure2.15-1. There was one interruption in sampling, the reasons for which remain unknown.

Figure 2.1.5-1. Dylos DC1100 oriented in its shelter with the lid up.

2.1.6 Met One Model 831

The Met Onemodel831was positioned upsiddown so that its inlet proided beneath
the grating of its shelter as shownrFigures2.1.6-1 and2.1.6-2. The Met One experienceaxhe
interruption in samplingwhich began while the opemat was in the fieldThis suggest that it
failed to restart data collection afi@data download was completed. Thigyht be the result of
operator error and not necessarily the fault of the device.



-

Figure 2.1.6-1. Met One model 831 oriented in its shelter with the lid up.

Figure 2.1.6-2. Met One model 831 oriented in its shelter with the lid down.

2.1.7 RTI MicroPEM

The RTI MicroPEM is an optical particulate matter sensor that uses-sedective inlet
to measure Plk. Three RTI MicroPEM uns weresimultaneouslyested from July 2éhrough
September 22014 at the AIRS sapling site. On the advice of the manufactutbey were
arranged in the bowdn-pole shelters as shown kigure 2.1.71. As shown, they are placed on
the grating on theiside with the opening to the nozzle facing dowach MicroPEMunit was
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assigned a number, 1, 2, or 3, based on its position on the sampling platform. The operator was
kept blind to the serial number of each unit while it was in the field. There wasteniption

in sampling from 8/12/14 to 8/18/14 caused by the tripping of the ground fault circuit interrupter
(GFCI) circuit powering the devices.

Figure 2.1.7-1. RTI MicroPEM orientation on the plate of a beart-pole shelter.

2.1.8 Sensaris Eco PM

The Sensaris EcBM was placed on its side so that one of its several ventilation holes
would be in contact with the grate. The AIRS platform proved to be too far away from the only
WiFi hotspotat the AIRS monitoring sitéAs suchthe Sensaris ECBM wasrelocated first to a
hi-vol shelter and then tof@owl! on pol® shelteron top of the trailer containing the AIRS WiFi
hotspot. This relocation placed it approximately 50 m from the other samgassll in close
proximity (< 10 nj to the collocated Gmm FEM analyzer Care was taken to place it at
approximatelfthe same altitude as the other seasbhe Sensaris Ed®M orientationand
location areshownin Figures2.1.8-1 and2.1.8-2. The Sensaris Ed®M sufferedfrom many
interruptions in overall datcollection Connectivity problemsere believed to have influenced
overall data collection rates for this device

10



Figure 2.1.8-1. Sensaris Eco PM oriented in its shelter with the lid up.

Figure 2.1.8-2. Sensaris Eco PM sampling location (circled above).

2.1.9 Shinyei PMS-SYS-1

The Shinyei PMSSYS-1 is an opticaPM sensor that uses a sigelective inlet to
measure Pls. One unit was tested from July 29 to Septemb&024and then again from
September 15 to October,12014 at the AIRS samiply site. The first test was performed with
the Shinyei sensor attached to the bottom of a{wwdole shelter. The intention was to
maximize airflow to the sensor. However, the unit was found to be extremely sensitive to light
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interference. Whenever tlsein was shining, the unit reported nearly 800 |ig/s suchthe

initial test was discarded and the unit relocated to-"dishelter where it would be better
protected from sunlight. The position and orientation of the unit in the second test is Bhown i
Figure2.1.91. The unit was attached to the lid of the\Hil shelter via doubleided tape.

Figure 2.1.9-1: Shinyei in a Hi-Vol shelter. Note that the lid to the Hi-Vol shelter was closed
during sampling.

3.0 PM Sensor Results and Discussion

3.1 AirBase CanarlT
3.1.1 AirBase Results

TheCanarlT(AirBase)is a multisensor unit capable of measuring BM/n?), total
VOCs(ppb), and NQ (ppb). Several other parameters were measured bjitBase but only
the unitdés PM rirthspeportOata thatmigttiha/e been affealed by the
presence of an operafos v €ghneral Higruption of the local air qualityereremoved
starting 15 min before the oper a$Buchréviswwas r i v al
consistentiyperformed across all data collected for all sensors.

As seen in the trad®-min) datashown in Figure.1.1-1, theAirBasedid not correlate
well with the Grimm.During lateNovember through early Decembter example, te AirBase
indicated dower PM loal, while the Grimm indicatkthat this is a period of increased PM
loading. This lack of correlation is quanigid in the 24hour averagedata scatteplot shown n
Figure3.1.1-2. In addition, theAirBaseshowed poor correlation witkemperaturéFigure
3.1.1-3) and RH (Rjure3.1.1-4) measurements
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Since RH fluctuatesonstantlyover the course of a daywas important tanvestigate
the 5-min averageRH versus thesensor data even if the 2dour datandicatel somecorrelation.
The graph of that daia Figure3.1.1-5 showsthat the outliers we not correlated with RHEA
second graph withll AirBasedataabove 2Qug/m® removed(Figure3.1.1-6) alsoshows no
correlation between the rest of the data Ritl

Given the data detailed above, masisfor ary correction factors or removal of outliers
can be foundThe finalscattermlot of Grimm vs AirBasedata is shown below inigure3.1.1-7.
The scale has been chosen manually to better illustrate the bulk of the data.

Grimm and AirBase Trace
= Grimm =—AirBase

Concentration (ug/m?3)
N
w

ELSLILL

ELIOT/LI A
ELSTILI A
ELOEIL A
ELOLTI
ELSLITI
ELI0ZIT) -

Time

Figure 3.1.1-1. Grimm and AirBase data over time.
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Figure 3.1.1-2. 24-hour time-averaged PM data comparing the Grimm reference sampler with the

AirBase CanarlT PM sensor.
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Figure 3.1.1-3. Temperature vs. AirBase 24-hour averaged data.
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Relative Humidity vs. AirBase
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Figure 3.1.1-4. RH vs. AirBase 24-hour averaged data.
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Figure 3.1.1-5. RH vs. AirBase (5-min averages).
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Figure 3.1.1-6. RH vs. AirBase (5-min averages) with data > 20 pug/m?® removed.
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Figure 3.1.1-7. Grimm vs. AirBase (5-min averages).
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3.1.2 AirBase Discussion

The AirBasehas several featasthatareuseful for remote sampling operations. The unit
runs on 12VDC power whichis normally supplied by an AC/DC adapté/ith minimal wiring,
however, the unitould be modifiedo work usingany number obatteryoptions The stainless
steel hosging of theAirBase which includes a protective covever all sampling inletsallows
the AirBaseto perform outdoors withownyadditional shelteng.

The AirBasetransmits # data to gproprietaryserver where it cabe accessed online.
The model tsteduseda Global System for Mobile Communicati¢®SM) subscriber identity
module(SIM) card and data plan for this purpose. This design decision eases ogma@son,
as the unit requissfewer inpersonoperator check However it does add a recung cost of
operationsincecellular data plansurrentlycostapproximately $50 per month.

During the evaluation, interruptions in transmission to the server were experienced after
every few days of operation. These interruptions requist¢d cycle poweto theAirBase
However, it appeared tharBasestill collected and stored data even when it stopped
transmitting. Upon reestablishing a connection to the server, it appeared from the fiashing
transmission indicator lights that tAe@rBasetransmited its backlog of data at a much higher
rate than during normal operation, which is supported by the fact that no gaps occurred in the
data despite several transmission interruptions.

The trace of th&irBasePM sensomata does not appear to follow tludithe Grimm
FEM analyzer Scattemplots show that thA&irBasePM datahad minimal correlatiowith the
Grimm or with any other factordlo speculation can be provided as to why this lack of
agreement was observed.

3.2  CairPol CairClip PM_5
3.2.1 CairClip PM25 Results

The CairPol CairClip PMs sensor is a single sensor unit used for measuring PM in
micrograms per cubic meter (ugdmit should be stated that the device tested was a prototype
model kindly released by the manufacturer to accommodateseanch desir®ata that might
have been affected by the presence of an opatstoirbing the general air qualiyere
removed starting Hmin beforetheper at or 6 s ar r-mirvafidr depantide. endi ng 1!

As seen in the trag®-min) of the CairClipand Grimm data in Figurg2.1-1, the
CairClip appears to have substantial sensitivity issues. It recorded &fogftime vast majority
of the sampling timeT his was the justification for reconfiguring the device following an initial
data review. Reorigation did not appear to improve the respoi$e 24hour average data
show no correlation between the CairClip and the Grimm (Fig2&-2), but a strong
correlation with temperature (FiguBe2.1-3) and a possible correlation with RH (Fig®&.1-
4).
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RH was examined first because of a known correlation between RH and the presence of
outliers in many optically based PM sensér¥he 5min averagd RH data clearly show that all
of the highest points detected occurred at greater than 95% RH (Bigur&). These data
points, which are significantly gher than any others, were considemegteorologyimpacted
outliers. As suchall data at RHyreater tha®5% wereremoved.

As shown in Figuré&.2.1-6, the CairClip producedetectable responsesly at
temperatures above 198. Figure3.2.1-7 is the same graph using only data at temperatures
above 19.8 °C. This clearly shows correlation between temperature and the CairClip signal.
Figure3.2.1-8 shows that even with high humidity and low temperature ganovedno clear
correlationis observedetween the CairClip and the GrinffEM data.

Grimm and CairClip Trace

+ Grimm = CairClip
60

50 =

40 '

Concentration (1g/m?)

- - - - ~ ~ —~ ~ ~ ~
n 3 n 3 = = N 3 n 2 = »
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Figure 3.2.1-1. Grimm data and CairClip data over time.

10 Chakrabarti, B., Fine, P.M., Delfino, R., and Sioutas, C. 2004. Performance evaluationtafetfievagpersonal
DataRam PWM, mass monitor (Thermo Andersen pDR200) designed for continuous personal exposure
measurementsAtmospheric Environn@si332$3340.
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Figure 3.2.1-2. 24-hour time-averaged PM data comparing the Grimm reference sampler with the CairPol

CairClip PM sensor.
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Figure 3.2.1-3. Temperature vs. CairClip 24-hour averaged data.
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Relative Humidity vs. CairClip PM, 5 y=0.0017x-0.0425
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Figure 3.2.1-4. RH vs. CairClip 24-hour averaged data.
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Figure 3.2.1-5. RH vs. CairClip (5-min averages).
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Temperature vs. CairClip
5-min averages
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Figure 3.2.1-6. Temperature vs. CairClip (5-min averages). All data taken at humidities > 95% were
removed.

Temperature vs. CairClip
5-min averages > 95% and < 19.8 °C removed
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Figure 3.2.1-7. Temperature vs. CairClip (5-min averages). All data taken at humidities > 95% and
temperatures < 19.8 °C were removed.
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Grimm vs. CairClip y=-0.2289x + 2.6107
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Figure 3.2.1-8. Grimm vs. CairClip (5-min averages).

3.2.2 CairClip PM25 Discussion

The CairClipsensooperates under battery power for approximately 24 hours at a time,
although it can be (and was for this study) operated continuassiga powered mirlUSB
cableconnectionThe unit is lightweight and venyortable which maks it viable for mobile
applicationsDataare collectednce per minutandmust bedownloaded at least every gdays
or data files arat risk of being overwrittenThe device maintained excellent uptime throughout
the studyin part lecause of the ease of use of both the software and hardypane opening the
software, a warning message in Frepehtaining to portintermittentlyappeareclongwith an
OK button.This warning message po@dup repeatedly when clicking on the OK buttdout the
software opeednormaly after sufficientclicking of the OK buttonThe sameavarningwasseen
with other models of th€airClip usedin otherEPA studies and seems to be a softwadesign
issuerather thara faultof the sensor itselfAside from the inconvenience of clighg OK
multiple times, there waso evidence that thiinctionimpedeal operation of the unit in any
way.

Due to the temperature correlatiqgreviously discussedhe CaiClip PM instrument
would not appear to be usefol monitoringbelow 20°C. While no correlation with the Grimm
reference datwas establishenly three days out of the entire study featured temperatures
above 2C°C reducing the overall database used for compari&dditional dataarerequired
before ag conclusionsanbe drawrregardingthe&Ca i r C1 i rmanee atphigherf o
temperatures.
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3.3 Carnegie Mellon Speck
3.3.1 Speck Results

The Carmgie Mellon Speck is an optical P8¢ nsothatmeasures particle counts once
per secondT he raw data includeghany highly defined response peaks (spikes), but the response
had reasonable characteristics ditinot possessufficient noise features tme viewed as
electronic noise s o0 t h o s ewerd rtremo\ed fsom th& rave dataEven so Figure
3.3.2:1 shows that spikes in the data completely obgtany correlation thamight be present.

The 24hour averaged data depicted in Figures 323through 3.3.4 suggest a strong
correlation with humidity that is likely obscuring any correlatibat mightbe present with
temperature and the GrimiRelative humidity can change rapidly over the course of a day,
necessitating a furthexamination othe correlation between humidity and sensor response at
the 5min averaged time resolution, as shown in FiguB1%5.

The Specldatashowed greatly increased vdility at high humidity. Consequentigl
data taken at times wh&H wasgreater tha®0% were removedWhile this removes the
largest spikes, at least two large spikes at low humidity remain. @isggection of the data
found nothing to suggest these spikes were related to high humidity or rain &igunts.3.3.16
showsSpeck particle counts vs. temperature \lith high humidity data remove8omelarge
outliers remainsuggestingome relationsh between the potential range of these outliers and
temperature, butausality has not been defined

Many attempts were made to associate the remaining spikes to a factor that could be
corrected for or removed, but these attempts were unsuccessfuly Tlakisquare root or the log
of the Speck data was also futile. With no clear method to identify additional outliers, the plot of
Speck vs. Grimm data in Figure 3.3 khows no correlation.
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Figure 3.3.1-1. Speck data and Grimm data over time.

23



Grimm vs. Speck y =-6.5434x+119.11
24-hour average PM data R2=0.0342
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Figure 3.3.1-2. 24-hour time-averaged PM data comparing the Grimm reference sampler with the Speck.

Temperature vs. Speck y = 3.7986x + 31.565
24-hour average PM data Rz=0.0153
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Figure 3.3.1-3. Temperature vs. Speck 24-hour averaged data.
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Figure 3.3.1-4. RH vs. Speck 24-hour averaged data.

Speck (particle counts)

14000

12000

10000

8000

6000

4000

2000

Relative Humidity vs. Speck

Relative Humidity (%)

Figure 3.3.1-5. RH vs. Speck (5-min averages).
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y=1.6775x-3.9824
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Figure 3.3.1-6. Temperature vs. Speck (5-min averages).
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Figure 3.3.1-7. Grimm vs. Speck (5-min averages).
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3.3.2 Speck Discussion

The Speck unit does not contain a battery and therefore requires a constant connection to
power via a minrUSB cable. Data angreset by the manufacturer to ¢gpenerated once per
second, which causes data to accumulate very quickly. It is important to note that due to the
massive file sizes involved, data must be downloaded at least every 10 days, os thd file
contain too many lines to import into Microsoft Excel without manipulating the output text file.
Finally, it is recommended that Speck Gateway software remain running continuously while the
unit is in operation, as it can take several hours to dmadhd backlog of a few days of data.

Data are time stamped in UTC seconds (9 digits), which is the number of seconds since
midnight, January 1, 1970, GMT. Data are also time stamped in UTC milliseconds (12 digits)
when downloaded. This convention left tfagv data for the Speck impossible for operators to
scan visually as-%and 12digit numbers are not easily mentally converted to dates and times.
Thus, making sure the correct data were downloaded required exporting the data to Excel and
converting the tira stamps into an easily readable format.

The data contained large groupings of very small values interspersed with very large
spikes; not all of these spikes could be explained. No correlation could be found viEthntine
FEM analyzer.

It should be memned here that based on pasialysis summarization of the Speck data
and information on the development of a more advanced Speck that a second round of testing
was performed during the early fall of 2014 using the newest version available from the
develmer. Unfortunately, the device we obtained suffered a mechassca, which resulted in
its failure,and no updated findings can be shared here. Resource limitations prevent us from
conducting a third data collection attempt with this sensoreki¢eurag readers to review
information provided by the manufacturer that indicated the device now reports output in units of
ug/m? and with a response algorithm developed versus collocated reference monitoring
(www.speckensor.ory Based upon the information shared by the manufacturer, the device has
been upgraded substantially. Even so, we have no data relative to the upgraded model.

3.4 Dylos DC1100
3.4.1 DC1100 Results

The DylosDC1100measure®M in particle countst two size cutoffsi Lar ge 6 par t i ¢
are defined ¥ the manufacturer ggarticles2.5umin diameterorlargei Smal | 6 parti cl e
defined ly the manufacturer gzarticles0.5 um in diameter or largeBy subtracting the count of
large particles fronthe count of small particles, Plparticle cours can be approximatedt.is
important to nee that particlegess thard.5 um in diameter wee not measuredn addition, any
conversion faar between particle counts aitsl conversion tqug/m® would degndon the
particle density profile remaining constafihe manufacturer provided no conversion between
counts and mass concentration.

For comparison with the Grimm reference datajib averages were calculated fdir a
data from the Dylos DC1100 he 5-min averagd largeparticle counts were then sutted
from the5-min averagd small particlecounts to yieldlata defined as-min averagd
difference.Figure3.4.1-1 shows that the Grimm and the Dyldata compare well despitsing
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different units on dnaatically different scales his comparison ifurtherexplored
guantitatively withthe DC1100 24our averagedataplottedagainst the @mm reference data
(Figure3.4.1-2) as well as temperatuf€igure3.4.1-3) andRH (Figure3.4.1-4). The 24hour
avelage data suggest a strong correfatioth the Grimm reference data. Morrelationwith
temperaturavas observed whila potentialcorrelation withhumidity was evident.

RH fluctuatesover the course of a day, necessitating a further look at the camelati
betweerRH and sensor response at-mih averagd time resolution(Figure3.4.1-5). The Dylos
signal showed increased variability at high humiditlye upper bound of this variability appears
to increasexponentiallywith RH. The production of artifi@lly high results in the presence of
highRH is a welldocumented phenomenon with optigddased particulate monitdtsAs such
all data at RHyreater tha®5% wereremoved.

A comparison of th&-min averagd data forthe Grimmandthe Dylos yieldecainR?
valuethat was sufficienthhigh to warrant nomalization of the Dylos data. €hoestfit line
shown inFigure3.4.1-6 was used to normalize the Dylos data against the Grimm, producing the
trace in Figure8.4.1-7.

' Chakrabarti, B., Fine, P.M., Delfino, R., and Sioutas, C. 2004. Performance evalithtactiveflow personal
DataRam Pl mass monitor (Thermo Andersen pDR200) designed for continuous personal exposure
measurementsAtmospheric Environn@si33293340.
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Figure 3.4.1-1. Grimm data and Dylos data over time.
Grimm vs. Dylos y = 21562x + 86531
24-hour average PM data R>=10.533
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Figure 3.4.1-2. 24-hour time-averaged PM data comparing the Grimm reference sampler with the Dylos

DC1100 PM sensor.
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Temperature vs. Dylos y=-3881.8x+ 331399

24-hour average PM data R?=0.0265
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Figure 3.4.1-3. Temperature vs. Dylos 24-hour averaged data.
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Figure 3.4.1-4. RH vs. Dylos 24-hour averaged data.
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Relative Humidity vs. Dylos
5-min averages
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Figure 3.4.1-5. RH vs. Dylos (5-min averages).
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Figure 3.4.1-6. Grimm vs. Dylos (5-min averages).
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Grimm and Dylos Trace

+ Grimm = Dylos (Normalized)

(Hg/m?)

-10 T T T T T T T T 1
— — — — — — — — — (:)
— — — ro ro ro ro ro ro —
— — — ] ] — — — — —
— ro o] o o — — ro o] o
~ ¥ ~ N ~ N ~ ¥ ~ =
— — — — — — — — — —
— — — — — — — — — —
w w w w w w w w w EEN
Time

Figure 3.4.1-7. Grimm and normalized Dylos data (5-min averages) against time.

3.4.2 DC1100 Discussion

The Dylos DC1100 does not contain @tbey and musbe connected to AC power to
operateln addition, only data recorded directly to a computer via the Dydggjer software
contains timestamps Consequentlythe Dylos should be considered for stationary applications
only. When preparing toperate @®ylos DC1100 it is important to note thahdRS-232
connection to a computer is required.

Raw dataareproduced once per minutéisual inspection of the raw data showed it to be
smooth and evoid of fast time resolutiospikes which indicateno obviousmalfunctiors,
electrical noise, or other errosscurred during its operatiofihe device showeab correlation
with temperature andhinimal correlation with humidityRemovingdata takemat 95% RH and
above was sufficient to bring tfi¢ value b 0.55when comparewith the Gimm reference
monitor. Analysis of the differences betwetre normalized Dylos data and the Grintata
compared to temperature and humidity suggetsigidurtherremovingdata above 90% RH
while removing data obtained &mperaturebelow 0°C might yield a furtheimprovement in
R2. However, this representeemoval ofa large volume of datahile only increasing Rto 0.6.

A closer lookat the data reveals discreyuges between the Dyldaormalized)and the
Grimm FEMdaa (Figure3.4.1-8). On the afternoons of November 28, November 29, and
December 1, 2013, the Dylos showaghnificant and protracted spik@sparticulates, whereas
the Grimmindicatedonly very modest increases. Timeeespikes appear to correlate wih
sudden increase in temperature amblop in humidity, but this pattemas not consistently
repeated in the rest of the data. These spikght berelatedto meteorological phenometizat
were not tracked in this experimehtt which feature suddenmperature and humidity
changesilt is also possible that these spikedicatealocalized combustiorvent(e.g., idling
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diesel engine) that produckdge numbers of lovdensity particleaffectingthe deviceEven
so, we have no record of such an ewsaurring and it is only speculation as to one possible
explanation.
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Figure 3.4.1-8. Dylos, Grimm, Temperature, and RH from November 27 to December 2, 2013.

35 Met One Model 831
3.5.1 Met One Model 831 Results

The Met OneModel 831 is an optical PMeasor that uses a proprietary algorithm to
calculate particle density in micrograms per cubic meter (f)ghom particle courgat four
different sizefractions(PMi, PMzs, PM4, and PMo).

Early attempts to interpret tidet Onedata focused on the PMchannel as it was
hypothesized thadata from this channelould provide the besmnatchwith the Grimm PM5s
data. The PI¢s channel was found to contain many outliers in the form of sharp spikes on an
order of magnitude or greater than ttgacentdata Many attempts were made identify and
remove outliers from the PM data prior tacalculatings-min averages. Despite these efforts,
5-min averages of raw PMlata were found to have a coefficient of determinatidative to the
Grimm reference dataore than three times greater than the PWith the Grimm. Figure
3.5.1-1 clearly shows that compared to the Rilannel (which had no outliers removed), the
PM:z s channel (which had margutliers removed) displayed significantiyore spikes. For these
reasons, only data for the Rhannel are reported in the remainder of this seetsoabestcase
scenario
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Figure3.5.1-2 shows that theesponses from th@&rimm and the Met One compare well.
This comparison is furtheltustratedusingMet One24-houraveraged data plotted against the
Grimm reference data (FiguB.1-3) as well as temperature (Figug®.1-4) and RH (Figure
3.5.1-5). The 24hour averaged data suggests a correlation with the Grimm reference data, no
correlation with temperature, andiong correlation with humidity.

As RHnaturally fluctuateaver the course any givenday, further investigation into
the correlation between humidity and sensor response atrtire & eragd time resolutiorwas
necessaryThese results areshown inFigure3.5.1-6. The Met One signal showed increased
variability at high humidity. The upper bound of this variability appears to incesgmmentially
with rising relative humidity.As a result, all data taken at times when the relative humidity was
greaer than 90% wreremoved

The5-min averagd data scatter platomparing the Grimm to the Met One yielded &n R
value sufficiento warrantits normalization to examine potential improvemeiithe besfit line
of Figure3.5.1-7 was used to normalize the M@ne data against the Grimm, producing the
trace in Figure3.5.1-8.

The spike seen on December 4, 2013 straddles datae¢hatemoved becaudbey were
taken aggreater than 90% RH. It is possible there was an unrecorded drizzle or light rain event
during this timethat mighthave caused the spike. Consequently, all dallactedbetween 04:00
and 14:00 on December 4, 20%&reremoved. The scatter plof the Met One dates. the
Grimm was remade in Figufe5.1-9 and renormalized in FiguB5.1-10.
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Figure 3.5.1-1. Grimm vs. Met One Model 831 PM: and PMzs (5-min averages).
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Figure 3.5.1-2. Grimm data and Met One Model 831 data over time.
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Figure 3.5.1-3. 24-hour time-averaged PM data comparing the Grimm reference sampler with the Met
One Model 831 PM sensor.

35



Temperature vs. Met One y=0.0325x +0.8165
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Figure 3.5.1-4. Temperature vs. Met One Model 831 24-hour averaged data.
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Figure 3.5.1-5. RH vs. Met One Model 831 24-hour averaged data.
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Figure 3.5.1-6. RH vs. Met One Model 831 (5-min averages).

Met One (Hg/m?)

) y=0.057x-0.0562
Grimm vs. Met One R2=0.6368

Grimm (pg/m?)

Figure 3.5.1-7. Grimm vs. Met One Model 831 (5-min averages).
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Grimm and Met One Trace
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Figure 3.5.1-8. Grimm and normalized Met One Model 831 data (5-min averages) against time.
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Figure 3.5.1-9. Grimm and Met One Model 831 data (5-min averages) with data from 04:00 to 14:00 on
December 4 removed.
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Grimm and Met One Trace
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Figure 3.5.1-10. Grimm and renormalized Met One Model 831 data against time (5-min averages).

3.5.2 Met One Model 831 Discussion

While the Met OneModel 831 doesontain a battery, the operational duratidnhat
battery was not tested as part of thigdy and remains unverifiedhe device was easy
operateandran smoothlywvith only one section of missing data (11/23through 12/213).
Because this gap spans exactly frone operator visit to the nexhe failure wadikely aresult
of operator gor. The Met Onedoes require flow checks and zero checks, but neither required
anyadjustmentluring the evaluatiariThe only caveat is that flow rate checks and zero checks
require an unusually tiny hex key makingifficult to use and hard to replademisplaced or
lost.

Raw dataareproduced once per minut€he PMz s and larger channels featured many
abnormally high spikesvhile the PM channel was comparatively smooRurther analysis
showed that the PMchannel matched the reference analyzex far greater degree than the
others. As such, this report focused on the  EMannel only.

The device showed no correlation with temperature but a signiftcarglationwith RH.
Removal of data taken at Rifeater tha®0% improved the coefficient aietermination
between the Met One and the Grimm to 0$dveral outlier spikes remaindtbwever.Closer
examination of these spikesveas they were immediately before aftertime periods
associated withigh humidity.Even s they ae not present ithe majority ofsuch periods. In
addition, there are multiple periods of high humidity in which the Met One data is devoid of
spikes and matches the Gringlata extremely welllt is possible that light mist or drizzle might
have influenced the Met One pasise but with rainfall accumulation too small to be adequately
measured.

39



3.6 RTI MicroPEM
3.6.1 MicroPEM Results

The RTI MicroPEM is an optical particulate mat{eephelometer$ensothat uses a
sizeselective inlet to measure BM The device as origally received produced data of poor
quality during the November to December 2013 testirtgs includedmany outliers. One of the
more obvious and prevalefatatures of these was a frequent negative spike to
approximately-600pg/n?. Subsequent discussis with RTI International on the findings
indicated a recent upgrade on the device was available that should resolve the issues we were
observing (poor peak trends versus the Grimm, high degree of temperature and RH influence in
concentration response). &al upon this information, the MicroPEM was upgraded to meet the
latestcomponent configuration and themew round of testing was performéds data from
that round of testing that we report.

It should be clearly stated here that the MicroPEM is eeighated by RTI as a device
intended for 24r outdoor monitoringT hereforethe evaluation performed involves factors
beyond its general scope of use (personal and/or indoor monitdewey).so, the evaluation
performed here should be viewed as oné shauld provide practical guidelines on the use of
this device, whiclthe authors of this report consider as one of the more advancegsBisors
relative to its potential for meeting a variety of monitoring ne®ds protected the device from
stray light as much as practically possible by operating it within the aluminum shelters
previously mentioned.

Raw data was inspected visually for large outliers. Less thasutéerswere found and
were removed manuallifthese outliers were highly fluctuatinggitive and negative signal
responses, whicappeared to be possibly electrical noise in nalbata was then compiled into
5-minuteblock awerages. Traces of each MicroPEM respang time overlaid with a trace of
the Grimm over time are shown in Figus.6.11, Figure 3.6.12, and Figure 3.6:3.

All three MicroPEMs appear to track the Grimm well. There are, however, frequent
spikes diring which the MicroPEM i gnal greatly exceeds the Grin
spikes occur in all three MicroPEM it simultaneoushand as previously mentioned may have
been related to a common electrical spike at the Blitis suggests they are systemic to the
design. All three units were+zeroed on 8/12/14 and 8/25/14. All three units show significant
baseline kifts & these timesBased upon our observations, a more frequent zeroing frequency
(e.g. every 24 hrs) might have provided benefit to the comparison performeddwperature
and humidity are examined as possiblenémunding factors for MicroPEM ih Figure 3.6.14
and Figure 3.6-b.

Figure3.6.13-4 demonstrates that there is no correlation between the performance of
MicroPEM 1 and temperature. This is in sharp contrast to the experiments conducted in the
winter of 20132014 during which strong correlahs were reportedrigure3.6.15 demonstrates
that relative humidity has no effect on tiécroPEMS signal below 90% RH. There is a
significant cluster of aberrantly high data points when RH > 94%.

All datawith RH > 94% was removed. The remaining dates compiled intmne-hour
rolling averages to smooth Einally, the data wadividedinto three cohorts (7/294to 8/1214,
8/12/14to 8/2514 and 8/2%14to 9/1/14) in order to account for the significant base kints,
which occurred when the MioPEMs were reeroedFigures 3.6.1:6, 3.6.17, and 3.6.18 are
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scatterplots of this data for each unit vs the Grimm. Tal@id compiles ther? figures for each
unit and cohort.

Grimm and MicroPEM 1 over Time * GRIMM
= MicroPEM 1
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Figure 3.6.1-1. A trace of MicroPEM unit 1 and the Grimm over time.
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Figure 3.6.1-2. A trace of MicroPEM unit 2 and the Grimm over time.
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Grimm and MicroPEM 3 over Time * GRIMM
= MicroPEM 3
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Figure 3.6.1-3. A trace of MicroPEM unit 3 and the Grimm over time.
MicroPEM 1 vs Temperature {®@in Avg)
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Figure 3.6.1-4. Scatterplot of MicroPEM 1 vs Temperature.
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MicroPEM 1 vs Relative Humidity {@in Avg)
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Figure 3.6.1-5. Scatterplot of MicroPEM 1 vs Relative Humidity
MicroPEM 1 vs Grimm
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Figure 3.6.1-6. Scatterplot of MicroPEM 1 vs the Grimm. The data has been divided into three time
periods following zeroing of the unit.
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Figure 3.6.1-7. Scatterplot of MicroPEM 2 vs the Grimm. The data has been divided into three time

periods following zeroing of the unit.
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Figure 3.6.1-8. Scatterplot of MicroPEM 3 vs the Grimm. The data has been divided into three

time periods following zeroing of the unit.
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MicroPEM 1 MicroPEM 2 MicroPEM 3 All Units
7/29 to 8/12 0.61 0.88 0.76
8/12 to 8/25 0.80 0.87 0.62
8/2510 9/1 0.59 0.78 0.54
Average 0.67 0.84 0.64 0.72
Std. Dev. 0.11 0.06 0.11 0.13

Table 3.6.1. R? values for all cohorts of all MicroPEMs versus the Grimm

3.6.2 MicroPEM Discussion

The MicroPEM is a relativelgimple unit to use, although it does require signficantly
more maintainence than any of the other sensors. Filters must be changed multiple times a week
depending on particulate loadirandthe nephelometer shoute zeroedrequently ¢aily if
possible)to take full advantage of its capabiliti@$he flow rate requires calibratifauditingat
regular(e.g., twice weekly)ntervals.

The MicroPEM is capable of running on either AC power on on battery power, although
using AC power is recommended. Despiiening on AC power, a functioning coin cell battery
must be in place to record accurate tste@mps. If the coin cell has run down, the device is
capable of running on AA batteries instead; however, the operators found that the lifespan of a
set of AA bateries in the absence of a coin cell battery was a few days at best. In the event the
device has no battery power but is running on AC power,dimea mp s wi | | roevert
time and begin counting from there. In all instances of running on défaaltthe amount of
time recorded on default tinerrespondedimost exactly with the amount of time missing from
the accurate timstamps. This allowed @pators to usthe default timestamped data with less
than5-min uncertainty of when the dategeretaken. Finally, the software delivers the same
battery warning regardless of which battery system has failed.

An interesting effect that stands antthe operation of this devids the difficulty in
properly zeroing the instrument. Since each of theethréts was reeroed three times, there are
a total of 9 zeroing events to evaluate. The degree of error of each zeroing is equal to the Y
intercept of the scatterplot between the unit and the Grimm. In only one of the nine zeroings was
the zero set tomW, resulting in a positive baseline shift error. In seven of the nine, the zero was
set too high resulting in a negative baseline shift error. In three instances, this error was greater
than 5 pg/m. A zeroingwhich is set too high might dée result oparticles slipping into the
system past the zero air filter. The variability in the observed severity of this error suggests an
operator error component rather than simple equipment failure. It is likely that the seal between
the zero air filter assemblynd the MicroPEM inlet was to blame. The gasketed cup which
connects the MicroPEM inlet to the zero air filter is not much deeper than the opening of the
MicroPEM inlet. Slight errors in seating this cup may result in outside air, laden with particles,
leaking into the MicroPEM during zeroing. This would cause the observed abnormally high
zeroes. The problem may be solved by fabricating a deeper cup to more easily provide a seal
between the MicroPEM and the zero air filter. Figre.1-9 illustrates how theero air filter
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attaches to the MicroPEM; FiguBe6.1-10 demonstrates the relatively shallow nature of the
gasketed cup compared to the inlet of the MicroPEM.

Finally, a look at the response factors for each of our scatterplots shows that the
MicroPEM isbetween 10% and 60% more sensitive to PM load than the GBmmeof this
excessive response is in the form of spikes that fomagitly changindhigh humidity
conditions.

Figure 3.6.1-9. RTI MicroPEM with zero air filter attached.

Figure 3.6.1-10. RTI MicroPEM inlet alongside the gasketed cup which serves as an attachment
point for the zero air filter.
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3.7 Sensaris Eco PM
3.7.1 Sensaris Eco PM Results

The Sensaris Eco PM produces data-sed¢ond and 38econd averages for Rind
PM>. The dataverehighly discontinuous and largmrtionswere missing. These problems were
SO0 great as to make a comparison of the trace of the Eco PM sensor andihe&erence
sampler of no value. The Zibur averages weamilarly inappropriatdecause othis sporadic
data. All four channels are plotted against time in Figurel-1. It should be recognized that this
device was fAprototypedo and kindly provided

may not reflect t henaladysioh.ity of the develope

Most of the data recorded on both Pdhannels was 0.Q@/n?; therefore, the remainder
of the analysis effort focused on the PB0-second averaged data. The Eco PM sensor and the
Grimm sampler are compared in a scatter plot in Figutd -2. The R valueof 0.3153
suggests some correlatidsutthere are other significant factors at work. Relative humidity and
temperature were both checked as potential confounding factors in R3gufe8 and3.7.1-4,
respectively There is no clear evidee of a trend with humidity. The temperature graph (Figure
3.7.1.4) shows an®f 0.3133 indicating a possible correlation. Howeveirle Grimm displays
higher measurements at the same points wher&to PM measuremerare highersuggesting
that thecorrelation with temperature might be coincidentdlus, more datarerequired before
a casean bemade for a temperature correction factor.

All Sensaris Eco PM Channels vs. Time
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Figure 3.7.1-1. Sensaris Eco PM concentration measurements over time.
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Sensaris Eco PM PM, y = 0.034x + 0.0037
30-s average PM data R?=0.3153
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Figure 3.7.1-2. 30-s time-averaged PM data comparing the Grimm reference sampler with the
Eco PM sensor.

Relative Humidity vs. Sensaris Eco PMPM,  y=0.0008x + 0.251
30-s average PM data R2=0.0031
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Figure 3.7.1-3. RH vs. Eco PM (30-s averages).
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Temperature vs. Sensaris EcoPM PM;  y=0.0248x + 0.0757
30-s average PM data Rz2=0.3133
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Figure 3.7.1-4. Temperature vs. Eco PM (30-s averages).

3.7.2 Sensaris Eco PM Discussion

The Sensaris Eco PM must communicate &ittandroid device via Bluetooth, which in
turn must have WiFi access. Daii@ transmittetb Sensdots.com aratenot stored locally. An
attempt was made by the vendor to provide a version of the sotiwedmould allow local
storage of data, bahisnew versiondidnotwork f t er a full daydés exper.
troubleshooting. Time and budgetary restrictions prevented further attempts at troubleshooting.

Perhaps the singlmost interesting problem encountered in the entire study occurred
while initially configuring the Eco PM sensor. Early testing attempts were made at a coffee shop
near the EPARTP office in order to take advantageawhilableWiFi. These efforts met witho
success. During the troubleshooting processyereinformed that the EPM, upon activation
of its Bluetooth antennammediately attemystto pair with the first Bluetootitapable iOS
device it detectsTherefore, the first discoveré@S devicewasunrelated to this studjikely
| ocated i n a hsedhe arond @erdtisg systerand é&id npt have the Android
app required to operate the Eco PAs a result, the pairingan be a problemnd can only be
deactivated by powering down the Eco PM. It is, therefore, mandatory that there be no iOS
devices within Bluatoth rangevhile the EcoPM is initializing. This particulafeaturein the
systemmight limit urban applications of the Eco PM.

The Eco PMalsostruggled to maintain uptime. Despite all attempts to correct the issue
by ensuring all transmitters and rees were close to one another and shutting off
sleep/hibernation modes for all devices involved, the Eco PM was frequently found to have
ceased recording within Z¥burs of being reset. In addition, recordkda weréighly
discontinuous. At no point werdata points recordedthin 5 consecutive minutes. Only 328
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data points were recordeahd they were so spread out that this becaméb28@ fiaverages
Many of these averages amly a single data point.

The Sensaris Eco PBupposedlyepors PM; andPM: data at two different averaging
times; however, the data reported for Adconsistently greater than the data reported fof. PM
This should not be possible since all of Pd4tashould be contained within PMAII of the
channels recorded very lovalues. The 1.3 pg/fmecorded on the PMchannel 36second
averaging time was the largest concentration recorded.

3.8  Shinyei PMS-SYS-1
3.8.1 Shinyei PMS-SYS-1 Results

The Shinyei was set wllect5-minute averagdata Thetracedata fromthe Shinyei
compared to the Grimm FEM dasashown inFigure 3.8.11.

The Shinyei appears to track the Grimm, but with significant deviations. Figtie23
shows that these deviations are significant enough to cause the coefficient of determ#)ation (r
between th&hinyei and the Grimm to be extremely poor.

Temperature ancklative humidity were explored as possible sources of thegatitens
in Figures3.8.1:3 and3.8.14. Temperature was found to have no correlation, while relative
humidity hal no correlation blow 95%. Above 95% RH thewmeas a significant cluster of
aberrantly high data points.

Data in whichRH > 95% was removed, but significant spikes remained. Daily rainfall
totals from NOAA were found to correlate highly with the remaining spikes. Rairaft!fdom
the OAQPS Triple Oaksear roadnonitoring statior(35°5 1 6 5 4 . $43900NL, 0 . vi&s® o W)
gathered to provide a more nuanced view of the rainfall data. Allicddiectedwithin one hour
of detected rainfall was removed. Significant spikes remairmsever.

It was discovered that many of these spiesuredseveral hours before rain was
detected. A detailedvaluation of thevind data recorded at the Triple Oaks site found that the
Shinyei was much more likely to report particulate concentratigtehthan the GrimmfkEM
analyzemwhen the one hour average wind speed was greater than 1.7 m/s. In addition, when the
wind speed was greattvan 1.7 m/s, thenaas a positive correlationq{r 0.3144) between the
difference between the Shinyei and thén@®n and wind speed. At wirngbeeds less than 1.7 m/s
there wa no correlation. This is detailed kigure 3.8.1-5. Data was removed that containetirl
average wind speeagteater than 1.7 m/s.

Figure3.8.1-6is a trace of the Shinyei data with high huityidhigh wind, and rain removed
alongside the Grimm data over time. Fig@r8.1-7 is a scatterplot of the Shinyei vs the Grimm.
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Figure 3.8.1-1: A trace of the Shinyei and the Grimm over time.
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Figure 3.8.1-2: Grimm vs. Shinyei (5-min averages).
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Figure 3.8.1-3: Scatterplot of the Shinyei vs Temperature.
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Figure 3.8.1-4: Scatterplot of the Shinyei vs Relative Humidity.
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