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ABSTRACT:

In November 2022, Allegheny County residents raised concerns about increased air pollution,
especially in the Clairton region area. Due to the recent air inversion, the Clairton region was
regarded as a highly polluted area because of the concentrated hydrogen sulfide smell invading
the area and the exceedance of the daily PM2.5 average. Consequently, Allegheny County Health
Department installed low-cost sensors (PurpleAir) in Mon Valley regions to increase the air
monitoring rate and verify the efficiency of federal Reference Methods in place. Low-cost
sensors are a relatively new technology adopted in air monitoring. Therefore, this project seeks
to assess the effectiveness of these sensors relative to the reference method (FRM) while
considering only PM2.5 data for the two methods. According to the EPA, establishing a
relationship between the sensor and FRM data requires plotting the variables on a correlation
graph and generating an equation of a line with a coefficient of determination (R?). The
coefficient of determination is given a value of 1 and the closer the value of R? generated from
the plot is to 1, the more likely the sensor behaves like FRM. According to the analysis of the data
collected from Allegheny County Health Department using Microsoft Excel and Minitab, R =0.52,
0.69 and 0.12 for three different sensors. Then, a correction was made to remove the effect of
relative humidity consequently, R2= 0.63, 0.67 and 0.09. Also, during the analysis, it was
observed that the sensors did not generate data for a certain number of days, and as a result, the
corresponding number of days were removed from the FRM data to enable correlation. For
better visualization, an air quality index (AQl) was generated for the sensors data with
corresponding AQI categories, and a heat map was developed for the sensor within the study

area. Finally, analysis shows that the first-second sensors established moderate relationships

Xii



with the reference instrument and the third sensor did not establish any relationship. The sensor
was able to detect the presence of pollution but could not generate accurate concentration. This
work could not establish why sensor three has a low R?, but an assumption was made to conclude
that the poor performance of the third sensor is either due to the fact that the sensor is bad or
early degradation occurred and probably the effect of an unforeseen environmental factor.
Therefore, more work needs to be done in the future so that the sensors can be reassessed during
other seasons to compare their performance.

Key words: Air _inversion, Average, PurpleAir Sensor, Federal Reference Method, Criteria

pollutants, EPA, Data collection, Data Analysis, Coefficient of Determination (R?), T640, Allegheny

Health Department.

Abstract word count: 415
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CHAPTER ONE

1.1 BACKGROUND OF STUDY

Due to the series of environmental issues that have happened in the past, the federal
government established environmental laws of which The Clean Air Act is among the important
ones. The Clean Air Act was established to ensure that we attain a cleaner atmospheric
environment and greater air quality. The Environmental Protection Agency (EPA) was authorized
to administer standards for pollutants that have been deemed dangerous to human health. These
pollutants are called criteria pollutants. To ensure that we are in attainment with the standards
established for criteria pollutants, constant air monitoring, and quality assurance are often
required. The Environmental Protection Agency established the Federal Reference Method
(FRM) that must be adopted in air monitoring and data collection. These methods required a lot
of technicality and series of maintenance and in fact, everything about it has a procedure that
must be followed, and as a result, the accuracy of FRM was attained. Recently, a new technology
called low-cost sensor was introduced into the air monitoring process. The cost of purchasing
them is relatively cheap with fewer technical requirements for installation and data can be
generated in real time. Therefore, this project seeks to assess the effectiveness of low-cost
sensors relative to the federal reference method.

The Federal Reference Method (FRM) is the main conventional sampling techniques established
for collecting and testing PM 2.5 concentrations. FRM combines gravimetric method designed to
measure particulate matter concentrations over a period of 24 hours. The gravimetric term
means that it’s considered the total mass in a sample to evaluate PM 2.5 concentration. This
method involves the use of sampling head equipped with an inlet to draw in air from the

atmosphere and remove debris and large particles. The second layer after the sampling head is
1



the cyclone with the capacity of only retaining particles with diameter of 2.5 and rejecting

particles greater than 2.5 microns (EPA, 2022).

Historically wise, the Pittsburgh area was known to struggle for cleaner air. In 1941, the City of
Pittsburgh passed a law to reduce coal production, but the law didn’t get enacted completely
until after World War II. While this was a good idea, other factors such as introducing natural gas,
switching from coal to diesel for railways and stoppage of steel and iron production in the region

quickly improve the air quality of Allegheny County (Byrnes, 2012).

Towards the end of the year 2022, there was a lot of complaint in the news about increased daily
PM 2.5 and people with sensitive health issues were advised to stay indoors as a result Allegheny
County Health Department deployed Purple Air monitoring sensors in Mount Valley region to
support the current monitoring system in place. According to the Health Department, they stated
that the increase in air pollutants was due to an air inversion. Air inversion was a switch in the
atmospheric process between the lower and higher altitude thereby preventing gas exchange
within the atmosphere. More so, low-cost sensors are relatively cheap, and affordable, and
generate readings of any range with little and no technical skill required for installation. It was
reported that low-cost sensors can only measure the mass of particulate matter by inferring from
light scattered by particles and thus, their measurement can be affected by particle sizes and
refractive index. More so, the relative humidity would have much on its particulate matter mass
measurement and recommended to always correct for relative humidity in case of exceedingly
high measurement. Hence, this project seeks to evaluate the effectiveness of the low-cost sensor

as a probable alternative for air quality monitoring devices.



1.2 STATEMENT PROBLEM

In November 2022, it was broadcasted that the Pittsburgh area exceeds the daily PM2.5 average
and people with challenging health conditions may be in danger consequently, Health
Department, deployed low-cost sensors in the Mon Valley region to augment the initial
monitoring system in place. Therefore, this work seeks to analyze the effectiveness of the sensor

data relative to the reference method in place.

13 OBJECTIVES

1. Toreview an existing literature on the possibility of using low-cost sensor as an alternative

to the federal reference method

2. To find out if truly PM2.5 daily average was exceeded and not just a rumor.

3. Todetermine if there is a correlation between Sensor data and Federal Reference Method

data.

4. To identify which air quality parameters can be effectively measured by low-cost sensors.

5. To determine if low-cost sensors could be recommended for regulatory purposes or

individual uses.

1.4 RESEARCH QUESTIONS

1. How comparable is the accuracy of low-cost sensors measurement to the
conventional air monitoring devices?
2. What are the limitations of low-cost sensors compared to the federal reference

method?



How does low-cost sensor compare in terms of cost and maintenance to the
federal reference method?
Can we improve accuracy of these sensors by calibration?

What are the benefits of using these in different environmental settings?



CHAPTER TWO

1.0 INTRODUCTION

2.0 LITERATURE REVIEW

With growing concerns for exposure to PM 2.5, with little availability of spatiotemporal data to
evaluate exposure to particulate matter, and with the cost of conventional monitoring systems,
makes it invaluable to explore low-cost as an alternative to supplement the existing monitoring
systems. Preexisting research shows that when optical monitors were collocated with Shinyei
PPD42NS in the United States, a strong correlation was observed between them but when the
sensor was collocated with a gravimetric reference method, moderate correlation was observed.
Even though one of the correlations was moderate still, the two observations were able to
identify pollution hotspots. Many low-cost sensors including PurpleAir have been deployed
worldwide to locate pollution hotspots more spatially than they do for monitors used for

regulatory services (Gao et al., 2015).

Four different low-cost sensors were calibrated with a TEOM reference method under steady
conditions and observed that when the particle sizes were kept constant in the laboratory, the
sensors generate a perfect correlation with the reference method. The low-cost sensors did not
measure the mass of PM 2.5 directly rather, they measure particle size distributions under the
assumption that particle sizes are spherical, and density is known therefore, error in
measurement can easily be magnified. The sensors employed were based on the photometric
method, but the operation conditions were steady instead of transient as known in other studies.

The Lag time between sensor responses and reference can result in a potential error during



calibration therefore, selecting the right reference method for calibration is crucial. (Di Liu et al.,

2017).

Different studies have documented spikes in low-cost sensor measurements and therefore, there
is a need for a way to calibrate the monitors for better efficiency (Malings et al., 2019). Kelly et
al. (2017) observed that PurpleAir model PMS1003 reported elevated PM 2.5 concentration when
atmospheric particulate matter concentration exceeds 10 pg/m? in the United States during
winter air inversion. Since the low-cost sensor principle of measuring PM is based on a light
scattering mechanism hence, calibrating it will be difficult because the detection of PM
concentration may be affected by changes in particle sizes and therefore, calibration developed

in one place may not be applicable in another place (Sardar et al., 2005).

Malings et al. (2019) explained ways to correct low-sensor data. The first correction was used to
correct for the major factor contributing to the major difference in measurement between
PurpleAir and T640 by removing the effect of relative humidity, a hygroscopic growth factor. The
second correction was to correlate the size distribution, chemical composition of factory
calibration and the aerosol to be measured. Even after the correction, a large difference was still
observed between PurpleAir and reference data hourly average. When an aerosol composition is
close to this average value, the empirically derived equation would work well but if the

composition is not close, it won’t work well.

Jessica et al. (2020) reported that particulate matter concentrations measurement taken with
low-cost sensors were often elevated. They investigated this by attempting to calibrate the
PurpleAir sensor using field and laboratory approaches by collocating PurpleAir sensors with a

TEOM reference method. They established linear relationships between the two sets of data and
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R? = 0.99 but F-test indicated there was no fit between the model and the data. They observed
that the correction factor developed in the laboratory does not translate to the field, but the
correction factor derived from ambient relative humidity improved PurpleAir PM 2.5
concentrations that are within 20% of the TEOM PM concentration from 24% to 66%. Data from
sensor networks can be very useful to people that are allergic to particulate matter exposure

(Nelson, 2016).

(Wallace et al. 2021) compared data from 33 outdoor PurpleAir sensors to a nearby 27 EPA Air
Quality Stations over a period of a year and a half. The sensors with ALT_CF3 algorithms had better
precision and lower detection limit. A calibration factor was developed for the sensors by
comparing all its data to the reference data and a very strong correlation was achieved. Sensors
high reading value correspond to a major fire event, each event had different correlations factors
and the observation shows that sensor data were overestimated by 40 % which agrees with other

researchers about overestimation of particulate matter data reported by low-cost sensors.

(Wallace, 2022) compared functionality of the recent low-cost sensor (ALT_CF3) algorithm to the
earlier version algorithm (CFI_ATM) in an attempt to answer questions regarding the reliability of
the sensors in acquiring data, sensor degradations, and accuracy of the algorithms in estimating
PM 2.5 concentrations. He observed that CFI_ATM lost about 25 — 50 % of data in an attempt to
convert data below a certain threshold to zero and no data was lost using ALT_CF3 with 92 %
better precision than the CFI_ATM. He concluded that both algorithms are not good for indoor

monitoring and low atmospheric concentrations but the ALT_CF3 made by PurpleAir can be used.



2.1 INTRODUCTION TO AIR SENSOR

The term low-cost sensor originated from advancements in microprocessing technology, and they
have been referred to as Original Equipment manufacturer Devices (OEM) or Sensor Systems or
Sensor Nodes in literature. Air Sensors are a piece of equipment capable of sampling ambient
conditions and generating readings of high frequency such as in seconds and minutes. They are
capable of measuring most air pollutants but not all. They generate quick readings with high
variation in data quality hence, differences may exist in measurements taken by sensors of the

same model (EPA, 2022). The figure shows typical Air Sensor components.

Display screen

Communications
(cellular, WiFi, etc.)

Power transformer
(solar, land power)

Enclosure

Microprocessor
Battery/backup power

Weather sensors

Air quality
detection devices

Figure 1.1: Typical Air Sensor (EPA, 2022)



The Environmental Protection Agency has established that air sensors cannot be used for
regulatory services but may be used for information monitoring purposes. Since sensors do not
meet conventional monitoring criteria, it may be essential during spatiotemporal analysis either
to monitor air quality trends of a geographical location or to use as a tool for air forecasting. It
was also established that air sensors may be invaluable to locate pollution hotspots especially
when certain regions increased air pollution more than the others and it may be applicable to

epidemiological studies to visualize changes in air pollution over time (EPA, 2022).

2.2 AMBIENT ENVIRONMENT

The word air quality is used to illustrate how much pollution is in our atmospheric environment.
Air quality has become a subject of concern because it has been attributed to many health
problems such as asthma and respiratory diseases as demonstrated by epidemiological reports.
Furthermore, it can reduce visibility, destroy organisms’ lives, and to the point of damaging
climate conditions. Air pollution comprises solid particles, liquid droplets, and gases. It can be
created by human activities called anthropogenic sources such as emissions from electrical power
plants, vehicles, and oil rigs. Natural sources include wildfires and volcanoes. Air quality is not
stable and changes depending on weather conditions. The lifespan of any air pollutant depends
on its reactivity with other factors such as wind, temperature, relative humidity, sunlight, and
precipitation in the atmosphere. Excessive wind speed can decrease air pollutants concentration
by dispersion over time. Another type of pollutant that has caused a huge spike in data recorded
at monitoring sites in Allegheny County is the stagnant pollutant called air inversion. Air inversion

is a phenomenon whereby cool air is trapped near the surface and warm air stays above thus, no



exchange can occur. Consequently, pollution builds up near the surface and could remain like that

for days. See Figure 2.2 below for details. (EPA, 2022)

Cooler

Rising Warm Air Inhibited
by Inversion

Warm Air Rising

Figure 2.2. Typical airflow versus trapped air (Air inversion): (EPA, 2022)

Pollutants can either be primary or secondary. The primary pollutants come directly from a source
while the secondary pollutants are formed after reacting with the atmosphere and their

concentration varies depending on weather conditions, emission rate, and closeness to a source.

The concentrations are either reported in (ug/m3), ppm, or ppb. Table 2-1 below represents criteria

pollutants.
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Table 2-1. Criteria pollutants (EPA)

Pollutant Primary/ Averagin
[links to historical tables of = . ging Level Form
) Secondary Time
NAAQS reviews]
o . 8 hours dppm Not to be exceeded more than once per
Carbon Monoxide (CO) primary
1 hour 35 ppm year
rimar
o P Y Rolling 3 month a3
Lead (Pb) and 0.15 pg/m= "= Mot to be exceeded
average
secondary
. 98th percentile of 1-hour daily maximum
primary 1 hour 100 ppb )
concentrations, averaged over 3 years
Nitrogen Dioxide (NO3) primary
and 1vyear 53 ppb 2 Annual Mean
secondary
primary Annual fourth-highest daily maximum 8-
Ozone (03) and 8 hours 0.070 ppm £ hour concentration, averaged over 3
secondary years
primary 1year 12.0 pg/m?* annual mean, averaged over 3 years
secondary 1year 15.0 pg/m? annual mean, averaged over 3 years
PMzs
primary
w and 24 hours 35 pug/m? 98th percentile, averaged over 3 years
(EM) secondary
primary
3 Not to be exceeded more than once per
PMyg and 24 hours 150 Hg/m
year on average over 3 years
secondary
) ) 99th percentile of 1-hour daily maximum
primary 1 hour 75 ppb & .
concentrations, averaged over 3 years
Sulfur Dioxide (SO5)
Not to be exceeded more than once per
secondary 3 hours 0.5 ppm
year

2.3 OUTDOOR AIR MONITORING

Air Pollution Monitoring involves identifying different pollutant concentrations in the atmosphere
by determining the magnitude and classes of a particular pollutant detected during observation.
Different methods and equipment are deployed to quantify the pollutants and therefore, it is
paramount that we select an instrument that can provide accurate, consistent, and traceable

measurements. The different measurement categories are discussed below:

11



REFERENCE MONITORS: They are used to assess compliance with National Ambient Air Quality
Standards (NAAQS). It can either be a Federal Reference Method (FRM) or Federal Equivalent
Method (FEM) and must adhere to requirements stated in the U.S. Code of Federal Regulations
(40 CFR Parts 50, 53, and 58). The reference method generates highly reliable and accurate data.
The FRM particulate matter used filters to collect particles over a period whereas, the FEM
continuously monitors particles say every hour, and the list of recognized FRM/FEM monitors is
presented in U.S EPA Ambient Monitoring Technology Information (AMTIC). The accuracy of FRM

relies on constant precision checks and quality assurance and control.

RESEARCH INSTRUMENTS: These are different types of air monitoring devices developed for a
special purpose to achieve certain results in the field. They are often created because there is no
existing method to be used. They are often operated by experts and can be incorporated into

FRM/FEM if they show comparable capability in measurements.

REMOTE SENSING: This method does not require physical touch and measuring can be taken from
a distance. It involves measuring emitted light in order to collect information about a specific
pollutant. It is a valuable method to detect particulate matter, gaseous pollutants, and certain
volatile organic compounds. Data can be collected using aircraft, satellites, or ground-based

installations.

AIR SENSORS: See section 2.1.
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Table 2-2. Differences Between Reference Monitors and Low-cost Sensors (EPA, 2022)

Parameters

Reference Monitors

Low-cost Sensors

Equipment cost

Between ($15,000-S40,000)

Between ($100-55,000)

Personnel

Required highly trained

personnel

Understanding the user guide

is sufficient

Cost of Maintenance

Very expensive (cost of
housing the equipment,
trained personnel, repairs,

and quality control)

Inexpensive to replace the
sensors or repair and

maintained

Sitting Location

Instruments required a
permanent location such as

providing a shelter

It is very portable and
therefore, it can be

transported

Lifespan

> 10 years

Between 1 to 2 years

Regulatory Monitoring

Used for regulatory services

Supplementary purposes

The location of the air monitoring network is very important because the closer the air quality

monitors to the source of the pollution, the higher the concentration of the pollutant recorded

and vice-versa. Even if pollutants are distributed over a given area, the concentration of the

pollutant recorded at the monitoring stations can be differentiated by location. Therefore,

geographical locations and ambient conditions could influence pollutant concentrations. An air

pollution monitoring network comprises various sites with instruments to measure one or more

pollutants. These networks are purposefully designed and operated to fulfill specific objectives

such as using FRM or FEM instruments to achieve the requirements stated in the National

13




Ambient Air Quality Standards (NAAQS) as stipulated by Clean Air Act (CAA). Accuracy and
completeness are very important to the attainment of National Ambient Air Quality Standards.
“The U.S. Environmental Protection Agency AirData Air Monitoring website provides an
interactive visualization of air monitoring locations and provides monitors-specific information

for different regulatory air monitoring networks using the AirData Map.” (U.S. EPA, 2022).

S EPA AirData Air Quality Monitors

Figure 2.3. U.S. EPA AirData Air Quality Monitors Website for PM 2.5 Continuous Monitoring
Stations (U.S. EPA, 2022).

Nationwide, there are over 4000 stations that are monitoring criteria pollutants such as
Particulate Matter, Ozone, lead, Carbon monoxide, Sulfur dioxide, and Nitrogen dioxide using
either Federal Reference Method (FRM) or Federal Equivalent Methods (FEM). To ensure accurate
measurements, different agencies in charge adhere to strict standards such as operational plans,
and quality assurance including precision checks, calibrations, audits, performance evaluations,

14



and data validations (U.S. EPA, 2022). All air monitoring agencies submit all their quality- assured

data to EPA’s Air Quality System (AQS) database.

It is very difficult to quantify the impact of air quality on health, despite this difficulty, government
agencies established different ways to put this impact on text. For an instant, The U.S.EPA did
Integrated Science Assessments, the 2021 Air Quality Report prepared by European Union, The
World Health Organization also established a standard but here in the United States, we abide by
the following standards: National Ambient Air Quality Standards (NAAQS), Air Quality Index (AQl)

and National Institute for Occupational Safety and Health (NIOSH).

National Ambient Air Quality Standards (NAAQS): In 1990, when the Clean Air Act (CAA) was last
amended, Environmental Protection Agency was required to establish standards for criteria
pollutants (Carbon Monoxide, Lead, Ozone, Sulfur (iv) oxide, Particulate matter (PM 2.5 & 10).
These pollutants have been considered for human health and the CAA identified primary and
secondary pollutants. The standards are to protect our health including the sensitive groups and

the secondary standard is to protect our resources (See table 2.1 for details).

Air Quality Index: This is a numerical scale established by the EPA to translate air quality of any
location to the people. The scale was divided into six categories and each category signifies
different health conditions. EPA established this scale for all criteria pollutants except for lead.

The color code is to notify the public of the health condition of their vicinities: See table below.

15



Table 2-3. The Air Quality Index
AQl Color AQI Category Index Value Air Quality Status
Green Good 0-50 Good condition with little or
no risk associated.
Yellow Moderate 51-100 The air quality condition is

acceptable but may be risky

to hypersensitive people.

With the exception of lead, EPA has developed AQI for most criteria pollutants. The AQl scale ranges

from 0 — 500, with the highest value signifying bad health conditions.
16



Table 2-4: Demonstrates how sensitive Groups Respond to Different Polluted with AQl
Greater than 100 (“AirSensor Guide, 2022”)

Pollutants

At-Risk Populations

Carbon Monoxide (CO)

People with heart disease

Nitrogen Dioxide (NO2)

People with asthma, children, and older adults

Ozone (03)

People with lung disease, children and teenagers, older
adults, people who are active outdoors (including outdoor
workers), people with certain genetic variants, and people

with diets limited in certain nutrients.

Particulate Matter (PM2.5)

People with heart or lung disease, older adults, children,
and

people of low socioeconomic status.

Particulate Matter (PM10)

People with heart or lung disease, older adults, children,

and people of low socioeconomic status

Sulfur Dioxide (SO2)

People with asthma, children, and older adults

17




Exposure to different pollutants causes different reactions in our body therefore, EPA calculates
AQl values for different pollutants on the average of 1, 8, or 24 hours. For instance, exposure to
ozone can cause respiratory problems within an hour to a day and exposure to SO2 can cause the

same problem within 5 minutes (EPA, 2022).

The FRM and FEM instruments are the piece of equipment used to check for compliance with
National Ambient Air Quality Standards (NAAQS) therefore, it is important to ensure that
measurements are aligned to this standard when comparing air measurements and, ensure that
concentrations are corresponding to specific time range. For instance, to compare the low-cost
sensor measurements to that of NAAQ. Ensure that the sensor data is cleaned and corrected and

matched with the corresponding NAAQS data averaging time (EPA, 2022).

National Institute for Occupational Safety and Health (NIOSH): This body creates policies and
suggestions for work-related injury and illness, including exposure to air pollutants. The guidelines
typically focus on shorter time frames as they are specific to work-related environments and

schedules such as workdays (EPA,2022).

23 Low-cost Sensor Monitoring
Using a low-cost sensor for air monitoring can be very difficult and achieving good results requires
good planning. This planning will enable good data collection, trusted data and make available

data suitable for any desired purpose and most importantly save time and money.

It is very important to document the questions you wish to be answered before starting any air
monitoring processes. A simple example could be to investigate the PM 2.5 concentration of a

vicinity and corresponding changes between day and night. Having clearly stated questions
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provides a roadmap to establish good data collection, the type of sensor to be used, data
processing, data validation, and quality assurance. An area where the network of sensors will be
installed should be free of interference and possibly should be collocated side-by-side with a
reference instrument. Before data collection, ensure that site visitation is done to ensure that
the sensors are working perfectly. Finally, the approach adopted in analyzing or interpreting the
result is paramount to achieving the air monitoring goals. Certain cases do not require planning
such as when we are not interested in knowing the absolute concentration of a pollutant

especially when we are interested in knowing when the air quality is good or bad (EPA,2022).

2.31 Questions for Determining the Purpose of Monitoring

Finding out which dataset is already available and why we need new datasets is important in
determining which sensor to purchase. Asking necessary questions would help to identify
pollution of interest, condition of the field, period of data collection, and quality of measurement
desired. Another question to keep in mind before proceeding with air monitoring is what do you
intend to do with the data that will be collected? Are you planning to share your findings with
certain stakeholders? Is there any information you hope to share with others? Are there any
potential actions that need to be taken? These types of questions will help you determine the
type of team needed for the project and the type of data quality to be acquired. Do not wait for

data to be collected before deciding its purpose (EPA,2022).

2.32 Developing a Plan

Developing a project plan is crucial to preventing complications in the future project. It is

important to emphasize the pollutants of concern and discuss likely environmental factors that
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may affect our results. The likely environmental factors to be monitored such as temperature,
relative humidity, wind speed, and wind direction should be discussed. The location to install the
monitors and how the data collection will be assessed should all be examined. A detailed project
plan will indicate completeness in the process and will ensure that project objectives are met. A
plan should help pinpoint any potential problems ahead of time therefore, the plan should be
shared with any available experts for constructive feedback. The plan should also be shared with
those that the results are meant for. A properly designed plan would inform the stakeholders of
the decision before investing their time and money. Thus, A Quality Assurance Project Plan is a
written document that shows how an organization will adopt quality assurance and control
activities such that data collection will be of high quality and can be used for intended purposes.

The table below describes the topics that must be covered when excluding a project plan.

Table 2-5: Step by step methods of establishing project plan (EPA 206-B-18-001, 2019)

Topics Purpose

Purpose of Monitoring State the problems that need to be addressed and the expected

outcome to be achieved using low-cost sensors

Project/Task Organization Identify the role of every personnel that will be involved in the
project.
Engagement with Local Partner Collaborate with other experts such as local agencies and discuss

your project with them and your expected result.

Project/Task Description Work summary, objectives, work schedule, and expected outcome.

Data Quality Objectives a) Why do we need the data?
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b) Are they already available?
c) What measurements are required and what should they
signify?

d) Is specific accuracy required?

Contingency Planning

Create an alternative plan in case something goes wrong. For
instance,

a) If staff resign

b) Dealing with sensor failure

c) The vandalization of a site and equipment

d) Develop many possible outcomes and plan for

troubleshooting

Training and Experience

Identify any potential training needed or certification to complete

the project.

Documentation and Records

Determine how field activities will be recorded either on the

logbook or SOP forms.

24 Questions to Ask When Selecting Low-cost Sensor

Before selecting a low-cost sensor for air monitoring, certain questions need to be asked.

Answering these questions will enable us to choose the right sensor that will meet our project

objectives and will enhance good data collection (EPA,2022).

1) What do we need the sensor for?

a. s this sensor for educational purposes?
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2)

3)

4)

5)

Is it for hotspot identification?

Is it to determine personal exposure or participatory science?

Which pollutants are we trying to detect?
a. Isit agaseous pollutant such as ozone and nitrogen dioxide?

b. Is it particulate matter (PM 2.5 & PM 10)?

Which features are we looking for in the sensor?

a. lIsitresistant to various weather conditions?

b. Is it the dimension, weight & portability?

c. lIsitanenergy supply?

d. Isit memory capacity?

e. lIsit maintenance requirements?

How do we assess the performance of this low-cost sensor?

a. Correlate the result to a regulatory station.

b. Carry out periodic quality assurance checks.

c. Check for meteorological and other factors that may impact performance.
d. Regularly review and analyze data to pinpoint any potential errors.
How much does a typical air sensor cost?

Capable of measuring 1 -2 pollutants may range ($ 150 - $1,500)
1 -3 pollutants may range (5500 - $2,500)

4 pollutants & above may range (52,500 - $10,000)
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6) Which information should I look for in a manual?
Which pollutants can the sensor measure?
What are the general operating instructions?
How do you assess the information gathered with the sensor?
What are the expected results?

How do | reach out to customer support?

2.5 Working Principle of Low-cost Sensor

Particulate Matter Sensors: These sensors typically use an optical method whereby particle mass
concentration is determined by the amount of light scattered by the particle. The scattering
amount is greatly influenced by particle size, shape, and chemical composition. However, this
method can only detect a very small range of particles size therefore, particles can build up over
time and thus, leading to poor sensor performance. The particulate matter sensors can last
between a year to 4years and can be used for outdoor, indoor, and smoke monitoring purposes.

Many of these sensors cannot detect PM10 and dust.

Gas Sensors: This sensor is commonly used for Ozone, Nitrogen dioxide, and Sulfur dioxide
pollutants detection. It works on the principle of using electrochemical or metal oxide sensors for
detection. It can respond to meteorological factors such as temperature, relative humidity, and
other interference gases. Regardless of usage, this sensor tends to experience a reduction in
sensitivity over time and thus, necessitating regular collocation at least seasonally. The response
of this sensor in low concentrations often poses challenges and the most successful application

was reported near to the source. The lifespan is usually between 6 months to 2 years.
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Total VOC (tVOC) sensors: This sensor can either be a metal oxide semiconductor (MOS) or a
photoionization detector sensor (PID). These sensors have the capability to measure many
volatile organic compounds (VOCs) and they may respond to some compound than other as a
result, the VOCs concentration reported by this sensor does not represent through value and
cannot be attributed to a particular compound. They also respond to temperature, relative
humidity, and other gases that may interfere with measurements. The most successful application
was near the source when comparing the upwind to downwind to detect a spike in VOC

emissions. The PID can last for months up to a year while MOS have a longer lifespan.

2.6 Measurement Range and Detection Limit:

The range between the lowest and the highest measurement taken by a sensor is referred to as
Measurement Range. A sensor becomes most helpful if it can measure the complete range of the
observed pollutant found in the atmosphere. Depending on the closeness to the observed source,
the ability of a sensor to detect very high or very low pollutant concentrations is very important.
The detection limit is the lowest observed concentration that can be measured by an instrument
on a regular basis. It is crucial to refer to manufacturer specifications to ensure that the sensor

can measure the detection range found in the U.S. (EPA,2022).

Sensor Accuracy: It is used to describe the relationships between sensor measurements and
measurements from a reference monitoring station. Bias and precision are the two important

components used to explain accuracy.

PRECISION: This described how well a sensor can generate the same result as produced by

reference measuring instruments.
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comparison.

Collocation is a way of assessing the performance of low-cost sensors by installing them near a

reference method instrument.

Data correction: Involves adjusting low-cost sensor data to improve its accuracy relative to

reference data.
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CHAPTER THREE

3.0 METHODOLOGY
3.1 SITE SELECTION
Selecting a site to install low-sensor either a single one or a network of low-cost sensors is very
important. The process of finding a good site will ensure that the sensors are collecting a
representative sample of the surroundings. Aside from the placement of the sensors, factors such
as availability of electric power, internet access, security of the site and access to carry out

necessary maintenance are crucial.

The process involved in identifying the right location for air sensor installation requires a complete
analysis of the environmental conditions. This includes assessing the topography, prevailing
atmospheric conditions, wind directions, pollution sources, and any other factors that may
contribute to air quality problems. By strategically selecting a good site, the data collected will be
a representative sample that can be used for many purposes. Hence, site selection is beyond just
sensor installation but rather an attempt to ensure that the data collection process is accurate

and generate a representative sample (U.S. EPA, 2017).

One of the most important aspects of the site selection is the availability of electric power to
ensure that the sensors are collecting data continuously without any interruption. Also, where
internet access is needed, it is imperative that the site can provide Wi-Fi connections so that real-
time data transmission or remote access is possible. Having all these site qualities taken care of

will ensure that we are obtaining reliable data and guaranteed an efficient air monitoring system.

Adequate security is required in order to protect the integrity of the monitoring network

established with the sensor network. The site location must have adequate security to prevent
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theft or vandalism and thus, ensure that data collection is protected and can be used with no
worries. Easy access to the site is crucial to minimize downtime so that maintenance crews can
access any issues relating to the sensors and general operating equipment, hence maximizing the

overall efficiency of the monitoring station (U.S. EPA, 2017).

Before selecting a particular location to establish an air monitoring network, certain questions
need to be answered in accordance with the monitoring objectives. Since this project is to inspect
for changes in particulate matter over the Pittsburgh area, Pennsylvania, United States. The
guestions listed below were used by Allegheny County Health Department to determine the right

location for the sensors’ air monitoring network.

Where is the most densely populated region?

Where do we have the most susceptible and sensitive people such as schools and hospitals?

Is there a location with no monitors within the area covered by regulatory monitors?

Is there an area that is not impacted by increased particulate matter concentration?

Where is the area with the maximum particulate matter concentration so that we install air

sensors?

Where in the upwind or downwind do we install air sensors to capture the transport and

dispersion of particulate matter?

How do we collocate the air sensors next to the regulatory monitors to enable calibration and

correction activities?
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After considering all the questions stated above, Allegheny County Health Department deployed
low-cost in the Mount Valley region because the area meets all the criteria necessary to establish

an air sensor monitoring network. See figure 3.1 below for details.

Figure 3.1: North Braddock Air Quality Monitoring Station Map

3.2 SENSOR CALIBRATION

All air monitoring instruments need to be checked more often to ensure that they are working
properly and that they are generating highly reliable data. Environmental Protection Agency
mandates every regulatory agency to calibrate their equipment according to Quality Assurance

Guidance Document. In order to achieve this, regulatory agencies, need to challenge their air
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instrument with a known concentration or with a known standard, and any adjustment made
during this process is then used to set their instruments to match the standard used during

calibration. To attain high instrument performance, this process needs to be repeated more often.

Low-cost sensors also need to be calibrated but cannot be done like the reference instrument
hence, it is collocated side-by-side to the reference instrument to check for comparability in data
collection. Since it is not possible to adjust the air sensor, we then adjust the data to match with
reference data. This process of adjusting the data to match the reference data is called Data

Correction (U.S. EPA, 2022).

3.3 Air Sensor Collocation

Collocation is often done at pre-existing air monitoring locations throughout the United States
however, it may require creating relationships with the local regulatory agency because there may
be several restrictions for collocations due to lack of space, electrical power, access requirements,
and liability issues. Another option is to work with academic partners or contractors to gain access
to a reference instrument relating to your project. The most important factor here is to ensure
that all quality assurance procedures are being followed. The sensors should be set up within 20
meters horizontally away from the reference instrument and should be a 1-meter vertical distance
from the reference instrument. Most importantly, there should be no obstruction to the airflow
between the reference instrument and the air sensors to prevent interference with the data

collection.
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Figure 3.2. Air Sensor Collocated with Reference Instrument (T640) in North Braddock

3.4 Correction of An Air Sensor

The rate at which the reference monitor report data is important to establish a comparison with
the sensor’s reporting capabilities. It is important to know how the reference instrument report
data because reporting interval may vary depending on the standard in place. Is the reference
instrument reporting every 5 minutes, hourly, or 24-hours cycle? This is normally common for
filtered-based instruments. For proper comparison, it is imperative that the sensor is able to

report data at the same rate as the reference instrument. Practically the sensor should have a
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slightly shorter reporting frequency than the reference monitor if possible. By selecting sensors
with shorter reporting cycles, it is possible to capture more detailed information. Say, for instance,
the reference instrument is reporting at 5 minutes interval then choose a 1-minute reporting
interval for the sensor then, average the entire first- five minutes of data, and then matched it
with the reference 5 minutes data. Combining the reporting intervals will facilitate more detailed

analysis and accurate comparisons (U.S. EPA, 2019).

The outcome of collocation can be used to correct the sensor data by matching both reference
and sensor data together. To correct sensor data, the first step is to compare the reference and
sensor data that was obtained during collocation and ensure that the sampling times match each
other and average them out. For instance, the sensor data collected for this project was minutes
data therefore, all the minutes data within a specific period were averaged out to match the
corresponding time of the reference data. Establishing a correction between the monitors will
help to remove the presence of known bias and unseen interference from weather and other

pollutants and may be done by developing algorithms or by establishing a simple set of equations.

To establish a relationship between the sensor and the reference data, plot the two data on a
correlation graph to visualize it. The sensor data should be plotted on the y-axis (PurpleAir) while
reference data should be on the x-axis (T640 data). The Environmental Protection Agency
recommends using any analysis tool so far that you are proficient enough to achieve the desired
results. The most common correction algorithm equation is the use of the Ordinary Least square
Linear Regression Equation. Although R programming could also be used for analysis, EPA did not
mandate any specific analysis tools therefore, EPA published the use of Macro Analysis Tools. The
relationships between the two monitors correspond to the Coefficient of Determination (R?). The
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closer the value of R? is to 1, the more the sensor behaves more like the reference instruments

(U.S. EPA, 2019).

3.5 Correction Algorithm Equation
The most common correction algorithm uses the equation of the line (Linear Regression

Equation).

y=mx+b (1)

y = PurpleAir sensor measurement

m = slope of the regression line

X = T640 reference data

b = intercept of the regression line

The closer the value of mis to 1, the more the sensor behaves like the reference instrument

(T640).

The intercept (b) described biasness in measurement.

Sensor = m * reference + b (2)

To move the sensor away from the reference monitor, use the equation below for adjustment.

Adjusted sensor concentration = (measured sensor concentration - b) =~ m -----------—--- (3)

Air sensors relied on light scattered by particles to infer particulate matter concentration hence,
changes in particle sizes and refractive index are problematic to low-cost sensors (Austin et al.,

2015). Relative humidity can be extremely challenging for air sensors because of changes in
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particle size distribution and refractive index that may be developed from aerosol water uptake
when RH reaches 50 % or more (Malings et al., 2019). Calibration of a low-cost can as well be
problematic because the particle size used to characterize the PM concentration is not stable and
it either be spatial or temporal therefore, calibration made in one place may not translate into
other places (Sardar et al., 2005). So, one important correction approach is to correct relative

humidity using the aerosol water uptake equation.

CPx=CPa/(1+(0.25 RH?) /(1 -RH) (4)

CPx = Corrected sensor value

CPa = Uncorrected sensor value

RH = Relative humidity

3.6 DATA ANALYSIS (CORRELATION & REGRESSIONAL ANALYSIS)

The PurpleAir sensor data that was collected for this project was refined into a useful format using
PurpleAir Tool and then exported into Excel and Minitab for analysis. The sensor data were in
minute averages therefore, for easy visualization and reducing data sizes, all the data were
converted into hourly data. The data were filtered to remove zeros and outliers. On the other
hand, the reference method data does not require any processing other than correlating it with
the sensors data because the instrument is equipped with the capability of flagging unusual
readings for validations. The sensor data was reviewed thoroughly prior to any processing, and it
was observed that the sensor did not generate data for some days therefore, corresponding
missing data were removed from reference data for easy correlation. According to EPA, a
minimum of three sensor data will be required for correlation with reference data therefore,
three sensor data were obtained and were used to establishe relationships with one reference

data (T640) and all the observations will be reported in the next chapter.
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CHAPTER FOUR
4.0 RESULTS AND DISCUSSION
4.1 RESULTS
Figure 4.1 below shows the result of reference data collected from the T640 instrument between
November 1%, 2022, and January 4", 2023. Both the original data and the extracted data are
presented in Appendix A &B. The sketch of the time series plots for the sensor data is presented
in Figures 4.2 (a-c). The correlation graphs that describe the performance of the sensors are

presented in Figures 4.3 (a-c). The generated AQI plot is presented in Figure 4.4.

REFERENCE METHOD MONITORING BETWEEN (11/1/2022 - 01/04/2023)
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Figure 4.1: The plot of reference data collected at monitoring station.
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4.1.1 DISCUSSION

The plot in Figure 4.1 shows atmospheric PM 2.5 data collected at North Braddock Air Quality
Station between November 1%, 2022, and January 4%, 2023. The broken lines refer to the
reference point (cut-off point). As shown on the graph, this reference point was exceeded in
several numbers of days which means that a special atmospheric event is at play. Table 2-1
provides standards for all criteria pollutants and this table shows that the reference point has
been exceeded. According to Table 2-1, the daily PM 2.5 concentration should not exceed 12.0
ug/m3 for primary standard that protects our health, and 15.0 pg/m? should not be exceeded for
the secondary standard that protects our resources. This daily PM 2.5 concentration provides a
short time exposure limit and the potential health risk that may be associated with it. After careful
observation of the historic data, it was observed an air inversion was at play during this period of
data collection. Consequently, Allegheny County Residence with immunocompromised systems

were advised to stay indoors.

4.2 SENSOR DATA PLOT

Figure 4.2 (a) below shows PM 2.5 data collected with PurpleAir Sensor (I) at North Braddock Air Quality
Monitoring Station between November 1%, 2022, to January 4", 2024. The plot shows a spike in measured
atmospheric PM 2.5 concentrations. Although, this result correlates well with the reference data but the

concentrations were overestimated which supported the general findings of low-cost sensors in literature.
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Figure 4.2 (a): PurpleAir Sensor (I) Plot
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4.2.1 SENSOR (II)

Figure 4.2 (b) represents the data collected by PurpleAir Sensor (Il) which also demonstrates

spikes in measurements compared to the historical data.
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Figure 4.2 (b): PurpleAir Sensor (l) Plot
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4.2.2 SENSOR (II)

Figure 4.2 (c) below shows PM 2.5 concentrations measured PurpleAir Sensor (Ill) at North Braddock Air
Quality Monitoring Station. This sensor also demonstrates similar spikes in measurement as shown by

other sensors.
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Figure 4.2 (c): PurpleAir Sensor (lll) Plot
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4.3 MATCHING OF REFERENCE AND SENCSOR DATA

According to section 3.4, to make sense of any collocated reference instrument and air sensor
data monitors, we have to match the data acquisition timing of the two monitors (reference &
monitors) together. The reference instrument report data hourly while the sensors report data by
minutes therefore, the minutes sensor data were averaged into hourly data for each hourly
reporting cycle of the reference instrument. During the analysis process, it was observed that the
sensors did not report data for the entire monitoring period consequently; the corresponding
missing data from the sensor was removed from the reference data to produce a matching result.
Figure 4.3 (a-c) represents the results of this analysis. See Appendix (B-D) for the new table

produced.

4.3.1 MATCHING DATA (REFERENCE & SENSOR 1)
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Figure 4.3 (a): Represent the relationship between reference and sensor 1 Data.
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4.3.2 MATCHING DATA (REFERENCE & SENSOR II)
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Figure 4.3 (b): Represent the relationship between reference and sensor 2 Data.
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4.3.2 MATCHING DATA (REFERENCE & SENSOR Iil)

NORTH BRADDOCK AIR MONITORING BETWEEN NOV
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Figure 4.3 (c): Represent the relationship between reference and sensor 3 Data.
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4.4

CORRELATION PLOTS BETWEEN PURPLEAIR SENSOR DATA AND REFERENCE DATA

4.4.1 SENSOR (1) VS REFERENCE DATA
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Figure 4.4 (a) represents the correlation between sensor | data and reference data.

According to section 3.4, the Environmental Protection Agency corresponds the relationships

between sensor and reference instrument data to a Coefficient of Determination (R?).

Where R? = 1, the closer the value of R is to 1, the more the sensor behaves like the reference

instrument. Likewise, the closer the value of m is to 1, the more the sensor behaves like the
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reference instrument. Figure 4.4 (a) above represents the linear regression equation where the

slope (m) = 0.36 and Coefficient of Determination (R?) = 0.52, the intercept (b) = 4.96 (Biasness)

A perfect correlation between sensor and reference instruments should be 0.9 — 1.0 and a
moderate correlation should be between 0.5 — 0.8. Since R? = 0.52, the correlation between the

monitors is moderate.

Also, since most of the measurement taken by the sensor is elevated hence, this sensor may not
be able to provide accurate measurement but might be able to help in hotspot identification as
stated in the literature. Hence, this supports previous findings made by different researchers as

stated in section 2.0.

4.4.2 SENSOR (1) VS REFERENCE DATA
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Figure 4.4 (b) represents correlation between sensor (ll) & reference instrument.
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It is shown from Figure 4.4 (b) that the correlation between the sensor and reference data is

moderate being that R? = 0.69 and the slope (m) = 1.78, intercept (b) = 3.089 (biasness).

This simply means that the sensor can identify pollution hotspots, but the detected concentration
may not be accurate hence, justifying the previous literature that the sensor may be helpful in

locating pollution hotspots.

4.4.3 SENSOR (l11) VS REFERENCE DATA
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Figure 4.4 (c) represents correlation between sensor (lll) & reference instrument.

Figure 4.4 (c) shows that R? =0.12, m = 0.71, and intercept (b) = 6.93 (biasness).
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R? must be closer to 1 to establish a perfect relationship between the sensor and the reference
instrument. Based on Figure 4.4 (c) above R? = 0.12 which is far from 1.0 therefore, this linear
model did not establish any relationships between the two monitors. This low value of R2 means
that only 12 % of the variability in the data can be explained by the regression model while 88 %
can be accounted for by other factors which cannot be explained by this model. This shows that
the model is not efficient in establishing the projected relationship. Further analysis may be
needed to explain these other factors that cannot be described with this model. By considering
these other factors, the data may be represented more accurately. According to the literature,
even sensors of the same model may not generate the same reading even after being corrected

as stated in section 2.0.

4.5 CORRECTED SENSOR DATA

According to Figure 4.4 (a-c), R2=0.52, 0.69 and 0.12.

According to figure 4.5 (a-c), R2 = 0.58, 0.67 and 0.09.

Comparing Figure 4.4 (a-c) and Figure 4.5 (a-c), it will be observed that there was no considerable
improvement in the Coefficient of Determination. According to the literature, sensor monitors
are often affected by environmental factors such as temperature and relative humidity (RH).
Relative humidity was more documented in the literature that it could negatively influence sensor
performance due to water uptake hence, correction may and may not make a significant

improvement to sensor data.
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4.5.1 SENSOR (1) VS REFERENCE DATA

1 Hour Averaged PM2.5 Correlation
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Figure 4.5 (a) represents corrected sensor (l) data vs reference data.
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4.5.2 SENSOR (I1) VS REFERENCE DATA

CORRECTED SENSOR CORRELATION PLOT
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Figure 4.5 (b) represents corrected sensor (ll) data vs reference data.
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4.5.3 SENSOR (111) VS REFERENCE DATA
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Figure 4.5 (c) represents corrected sensor (lll) data vs reference data.

4.6 General Discussion

Based on this project, two out of the three sensors used for this work demonstrated a moderate
relationship with the reference instrument. Research shows that low-cost sensors have several
limitations compared to monitoring instruments. Relative humidity and temperature were mostly
accounted for in the literature as the most common environmental factors that affect readings
collected by air sensors. But since relative humidity is the most ranked among the environmental
factors, the effect of RH was removed using an aerosol equation demonstrated by Malings et al.

(2019). This equation was used because calibration made in one place may not translate into
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another place. While reference instruments have been designed to flag any unusual irregularities
thus, effective performances have been attained for reference instruments. According to this
work, calibrating the sensors does not guarantee improvement in the data quality for example,
removing the effect of RH, only makes a little bit of improvement to sensor one, no changes to
sensor 2, and performance decreased for sensor 3. These sensors are of the same model with the
expectation of getting the same results. According to the EPA, the use of three sensors is to be
able to detect bad sensors. A bad sensor will depict a low R? value. Since sensor 3 has a very low
R? value, we can either conclude that the sensor is bad, or it is experiencing early degradation
which should probably occur within 2-3 years of deployment, or it is probably affected by winter
conditions during which the data was collected. Since a concrete conclusion cannot be made as
to why the third sensor is showing very low performance, these sensors' performances need to
be re-evaluated in another season for comparison therefore, more work needs to be done in the
future. It is important to note that since sensors were detecting the presence of PM 2.5 even
though, at a high concentration compared to the reference instruments, it is, therefore,
recommended to use sensors for community monitoring since reference monitors cannot be
installed in every community due to the huge cost involved with purchasing reference

instruments.
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4.7 HEAT MAP OF THE STUDIED AREA USING AQl
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Figure 4.7 (a) represents heat map of the studied area using AQl.
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4.7.1 AQI OF STUDIED AREA

Daily PM2.5 and PM2.5 AQI Values in 2022
Alleghery County, P&
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Figure 4.7 (b) represents the AQI of the studied area from EPA website.

The Air Quality Index (AQl) acts as an important tool aimed at promoting public health, educating people
about air pollution problems, directing environmental policy, and ensuring effective communication of air
pollution concerns to the public. It contributes to a healthier living environment while demanding every
individual to take action about protecting themselves against the impact of air pollution problems. For this
research, the AQl category falls within good (green), moderate (yellow), and unhealthy for sensitive groups
(brown). Therefore, people with immunocompromised systems were advised to stay indoors. The AQl heat
map generated manually correlates well with the AQl map of the studied area downloaded from the Air

Quality System (AQS) website.
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5.0 CONCLUSION

Having considered three different PurpleAir sensors data with T640 reference data, it was
observed that the first-second sensors data established moderate relationships with the
reference data. In contrast, the third sensor cannot establish any relationship with the reference
instrument with R?>= 0.12, which means the linear model can only account for 12 % of the
variability in the data and another factor is responsible for the remaining 88 %. EPA recommends
the use of three sensors so that we can recognize a bad sensor with a low coefficient of
determination (R?). A chat with Air Quality Scientist from ACHD stated that there are 10-15% of
broken sensors out of the box. Because air sensor performance can be impaired by environmental
factors such as temperature and relative humidity, therefore, a correction was made to remove
the effect of RH since it is commonly accounted for in the literature using an equation established
by Malings et al. (2019). Correcting relative humidity to improve sensor data analysis did not
make any significant changes to the data, but the sensors could locate pollution hotspots. Since
we cannot determine the exact factor responsible for the poor performance of the third sensor,
it is necessary to obtain more data for these three sensors to re-evaluate their performance in
another season because we can’t tell if the third sensor was affected by the coldness of the winter
season or it is a bad sensor with low R?value or it is experiencing early degradation in
performance which should happen after a year or between 2-3 years after deployment.
Therefore, to accurately determine the interpretation of these sensors, more analysis is needed
for future work. Furthermore, this project identifies the potential of air sensors for community
monitoring since they can detect the same parameters as reference instruments, only at elevated
levels. Since it is impossible to install reference instruments at every location, air sensors may be

used as alternatives considering the affordable cost.
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