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Abstract

People in developed countries spend the majority of their time indoors. Therefore,
studying the effect of outdoor air quality on indoor air is of a great importance to human
health. This thesis presents several dynamic computer models that were developed to
study this effect. They estimate indoor pollutant levels based on outdoor levels,
ventilation rate, and other factors. Also, an analysis method is presented that allows for
quantifying the effect of outdoor air quality on indoor air at a given building based on
measured real-time outdoor and indoor pollutant levels. An important part of this method
is separating the measured indoor level into two components - a component caused by
indoor sources and a component caused by pollutants penetrating from outdoors. This
separation is accomplished using a dynamic model, which, unlike some other methods,
also allows for processing transient samples and thus simplifies the needed

measurements.

Outdoor and indoor pollutant levels were measured at eight buildings in Fairbanks,
Alaska and the developed method was used to analyze the data. The main focus was on
fine particulate matter (PM,5) and carbon monoxide (CO) — the pollutants of major
concern in Fairbanks. The effective penetration efficiency for PM; s ranged from 0.16 to
0.69, and was close to unity for CO. The outdoor generated PM, s was responsible in
average for about 67% of the indoor PM; 5 in residences, and close to 100% in office
environments. These results imply that reducing outdoor pollution can have significant
health benefits even for people spending the majority of their time indoors. An air-quality
control algorithm for a Heating, Ventilation, and Air Conditioning (HVAC) system was
developed and tested using one of the models. This algorithm was shown to reduce
indoor PM; 5 levels by 65%. Another model was used to study various ventilation options
for a typical Fairbanks home with respect to indoor air quality, energy consumption,
overall economy, and environmental impact. Using a Heat Recovery Ventilator (HRV)
with an additional filter was shown to be the best option. Another model was successfully

used to address key factors for radon mitigation in a home located in a radon-prone area.
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Chapter 1

General Introduction

This thesis presents several computer models that can be used to study the effect of
outdoor air quality on indoor air. Analysis methods using these models are also
presented. The study described in this thesis demonstrates the use of the developed tools
on buildings in Fairbanks, Alaska. The following sections provide basic information
regarding indoor and outdoor air quality. Discussions of the pollution in Fairbanks
follow. This background information is included before the objective section in order to
support the reader’s understanding of the thesis goals. At the end of this chapter, the

organization of this thesis is explained.

1.1 Indoor Air Quality

People in the United States spend approximately 90% of their time indoors [1], which
demonstrates the importance of studying indoor air quality (IAQ). It is affected by many
factors including the rate of emissions from indoor sources, ventilation rate,
concentration of pollutants in outdoor air, rate of infiltration from soil gases, rate of
removal in the indoor environment, and the removal efficiency while entering through a

building envelope [2].

Pollutants from indoor sources can be grouped into several categories. Combustion
products (from furnaces, stoves, candles, etc.) include carbon monoxide (CO), carbon
dioxide (CO,), oxides of nitrogen (NOy), sulfur dioxide (SO,), and particulate matter
(PM). Oxides of nitrogen include nitric oxide (NO) and nitrogen dioxide (NO,).
Particulate matter can carry toxic substances, such as polycyclic aromatic hydrocarbons
(PAHs). Another category is formed by volatile organic compounds (VOCs), which can
be emitted by paints, cleaning compounds, cosmetic products, air fresheners, stored fuels,
building materials, and furnishings. VOCs include, for example, benzene, toluene, and
formaldehyde. Another category is biological contaminants, which include bacteria,

viruses, and molds. Other important indoor pollutants are tobacco smoke and asbestos.
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Radon is also usually considered an indoor pollutant, even though it is not generated
indoors, unless radon emitting materials are present. Radon is usually generated in the

soil underlying a house and infiltrates indoors through the foundation.

While some pollutants can be partly eliminated by proper selection of indoor materials
and appliances, in order to address all indoor-generated pollutants, proper ventilation is
needed. Proper ventilation, though, is a complicated issue in areas with polluted outdoor
air. In such areas, while increased ventilation decreases the levels of indoor-generated
pollutants, at the same time, it generally increases the indoor levels of pollutants

generated outdoors.

1.2  Outdoor Air Quality

Outdoor pollutants have a direct effect on the quality of air indoors, and therefore,
outdoor air quality is an important issue, even though people generally spend much less
time outdoors than indoors. Many epidemiological studies [3-5] have shown a strong
correlation of mortality and morbidity with outdoor levels of polluiants. Besides the
direct effect on human health, pollutants can also have a negative effect on materials,
soil, water bodies, and atmosphere. Even though outdoor air pollution is caused by
natural sources in certain cases (such as wild fires), most of the air pollution that people
are exposed to has a human cause. The beginning of the industrial revolution (18"
century), when people started to use fossil fuels to produce mechanical power, can be
considered the beginning of anthropogenic outdoor air pollution, even though people had
been burning fuels for heating a long time before then. The most significant change
occurred in the 20™ century with the start of the use of automobiles. Today anthropogenic
sources can be grouped into three categories — industry (e.g. steelworks), utilities (e.g.
power plants), and personal sources (e.g. automobiles). Emissions from the personal

sources in the USA are greater than those from industry and utilities combined [2].

As a result of the Clean Air Act (1963) and its amendments (1970, 1990), the US
Environmental Protection Agency (US EPA) sets National Ambient Air Quality
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Standards (NAAQS) for six principal pollutants, which are referred to as “criteria”
pollutants [6]. These are CO, lead (Pb), NO,, PM, ozone (O3), and SO,. With respect to
PM, the former NAAQS regulated only PM,, which relates to particles smaller than 10
um in diameter. But, studies [7] have shown that fine particles have a higher impact on
human health than coarse particles because they penetrate deeper into lungs. Fine
particles are defined as those with a aerodynamic diameter of 2.5 pm or less (PM5s).
Therefore, a standard for PM, s was introduced into the NAAQS. Due to a lack of
evidence linking health problems to long-term exposure to coarse particle pollution, the
annual PM10 standard was revoked in 2006. The current NAAQS for all criteria
pollutants are shown in Table 1.1. Despite the growing population in the United States,
the total emissions of all criteria pollutants are decreasing, except for NO, emissions

which are approximately constant [8].

Table 1.1 National Ambient Air Quality Standards. Source: [6]

Pollutant Averaging time Concentration
8-hour 9 ppm
co pp
1-hour 35 ppm
Pb Quarterly 1.5 ug/m’
NO, Annual 0.053 ppm
PM; 24-hour 150 ug/m3
Annual 15 ug/m’
PM:s 3
24-hour 35 ug/m
8-hour 0.08 ppm
O3
1-hour 0.12 ppm
Annual 0.03 ppm
SO, 1YY
24-hour 0.14 ppm

Pollutants can be grouped into 2 categories depending on their origin — primary and

secondary pollutants. Primary pollutants are those emitted directly, such as CO.
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Secondary pollutants are those arising from other pollutants via a chemical reaction in the
atmosphere. For example, O3 is considered a secondary pollutant because, near the
earth’s surface, it is normally produced from photochemical reactions involving NO, and

hydrocarbons (HCs).

1.3 Pollution in Fairbanks, Alaska

The Fairbanks North Star Borough (FNSB) is located in interior Alaska and has the
population of about 90,000 people. In the wintertime, because of its northern location and
thus insufficient solar radiation, it experiences strong ground-based temperature
inversions [9]. Pollutants released into the air stay trapped underneath the inversion layer
because the inversion (warmer air above colder air) prevents a vertical motion. As a
result, pollutants accumulate close to the ground and their concentrations can reach high
levels [10]. The general concept of inversion and pollutant accumulation is shown in
Figure 1.1. In the wintertime, not only are the atmospheric conditions suitable for

trapping pollutants, but also the emissions are higher, mainly because of cold engine
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Figure 1.1 General temperature profile with an inversion layer
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starts and the operation of heating appliances. The main pollutants of concern are CO and
PM; s.

Fairbanks was first identified as having high levels of CO in the early 1970s. Since then,
extensive CO monitoring has been performed. The concentrations have continued to
exceed the NAAQS for CO until the late 1990s. On March 30, 1998, the urban portion of
the borough was designated as a “serious” CO non-attainment area for failing to attain the
ambient standard by a given deadline. About 70% of the total 1998 CO emissions in
Fairbanks was caused by automobiles [10]. The historical trend in the ambient CO
concentration in Fairbanks is shown in Figure 1.2. Even though the current CO levels are
still elevated, there hasn’t been any violation of the NAAQS for CO since 2000, thanks to
improved vehicle technology, implementing various control measures including an I/M

program, educating the public, and the support of public transportation.
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Figure 1.2 Trend in ambient CO concentration in Fairbanks 1972-2003 (data provided by FNSB)

Even though Fairbanks in the wintertime has elevated levels of PM; s, it has not been in

violation of the NAAQS. However, in September 2006, the US EPA decreased the
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24-hour PM,; 5 standard from 65 to 35 ug/m3 . This limit was exceeded many times during
the winter of 2006-2007 (see Figure 1.3). The US EPA regulations related to this standard
are formulated as [6]: “To atfain this standard, the 3-year average of the 98th percentile of
24-hour concentrations at each population-oriented monitor within an area must not
exceed 35 ug/m3 (effective December 17, 2006).” Based on this regulation, Fairbanks
might be in violation of this standard in the future. Even though woodstoves and
automobiles are suspected to be the major sources of the wintertime PM, s in Fairbanks,
tremendous uncertainties exist in these estimates, and determining the sources more

accurately is the subject of current research.
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Figure 1.3 PM, s concentration in downtown Fairbanks Dec 1, 2006 - Jan 31, 2007 with shown
exceedances of the new EPA standard (based on preliminary data from FNSB)

-

Fairbanks can also have elevated levels of PM, s in the summertime due to the smoke
from numerous forest fires in Alaska. This has been a problem especially in recent years
and might be associated with global warming. The summer levels of PM; s in Fairbanks
are known to exceed 1000 ug/m’. Even though the pollution from natural sources is not

counted for determining the compliance with the NAAQS, the elevated levels still pose a
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hazard to human health, and human protection in such situations is an important part of

current research.

Radon is another pollutant of natural origin that poses a health risk to a certain population
of the FNSB. It is a radioactive gas. Hilly areas around Fairbanks are known to have
elevated soil radon concentrations. Even in these areas, the concentrations in the ambient
air are very low, but they can be much higher inside buildings because of a stack-effect
induced draft from the underlying soil. This is a problem mainly in the wintertime
because of a big temperature difference between indoors and outdoors. The US EPA limit
for the annual average indoor radon concentration is 4 pCi/L (pico-Curie per liter). One
pCi corresponds to 2.2 disintegrations per minute. About 30% of homes in the hills
around Fairbanks are estimated to exceed this limit [11]. Radon mitigation systems were
shown to be an efficient solution in most of the cases and ongoing research further

increases their efficiency.

Since carbon monoxide, fine particulate matter, and radon are the main pollutants of

concern in Fairbanks, they will be further elaborated on in the following chapters.

1.4 Carbon Monoxide

Carbon monoxide is a product of incomplete combustion. In an ideal combustion process,
carbon (C) combines with oxygen (O;) and forms CO,. If the oxygen present during
combustion is insufficient, CO is formed instead of CO.. The major sources of CO are
gasoline-fueled vehicles. On- and off-road mobile sources accounted for approximately

80% of the 1997 nationwide emissions inventory for CO [12].

CO is a colorless, odorless gas that is toxic at high concentrations. It readily binds with
hemoglobin, which is the substance in the red blood cells that is responsible for the
distribution of oxygen. Its affinity with hemoglobin is about 200 times higher than the
affinity of oxygen. Consequently, inhaling CO results in a decreased distribution of
oxygen in the body. High concentrations of CO can result in headaches, reduced ability to

think, and possibly loss of consciousness and death. It has not been determined if there
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are effects of low-level exposure on healthy individuals. It has been shown, though, that
even relatively low CO concentrations can have a negative effect on people with

respiratory or cardiovascular diseases [8,12].

1.5 Fine Particulate Matter

Particulates can be solids or liquids, and they can have various size and composition. The
main source of PM, s is combustion. Mechanical actions produce mainly coarse particles
with only a very small fraction falling into the fine-particle size region. Fine particles
from combustion are formed by two major processes. The first one is condensation of
materials vaporized during combustion. These include heavy metals, organic carbon and
elemental carbon (pure amorphous carbon, “soot”). The second one is an atmospheric
reaction of sulfur oxides and nitrogen oxides initially released as gasses. This results in
particles as secondary pollutants — sulfates and nitrates. Important sources of
anthropogenic PM; s include coal burning, wood burning, and diesel engines. Major
natural sources of PM,s include forest fires and volcano eruptions. Particles of
anthropogenic origin tend to have more serious consequences on human health than those
from natural sources because the anthropogenic particles are usually emitted in areas with

high population density.

Inhaling particle-laden air has a negative effect on human health. Various mechanisms in
a human respiratory system exist that prevent particles from entering lungs, such as
filtering in the nose and trapping particles on mucous membranes of the airways.
However, these mechanisms affect mainly coarse particles. Fine particles can penetrate
more easily into the lungs, and therefore, pose a higher threat to human health than coarse
particles. The particles are then either deposited in the lungs or penetrate into the
bloodstream. Therefore, the health effects of PM;s include both respiratory and
cardiovascular diseases. The main health problems linked with the particulate pollution
include irritation of the airways, coughing, difficulty breathing, decreased lung function,
aggravated asthma, development of chronic bronchitis, irregular heartbeat, nonfatal heart

attack, and premature death in people with heart or lung disease [13].
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Besides the effect on human health, particulates can also have a negative effect on the
environment. One of the effects is a reduced visibility due to their ability to scatter and
absorb sunlight. This can be a problem in cities, but also in other areas where visibility is
important, such as national parks. Other impacts include settling on ground or water and
affecting the nutrient balance of soil or the acidity of water bodies. Particulate pollution
can also cause aesthetic damage to important cultural objects, such as statutes and

monuments [13].

1.6 Radon

Radon is a naturally occurring, colorless, odorless, and radioactive gas. It can be found in
pores in the soil at concentrations sometimes exceeding 1000 pCi/L [14]. The
concentrations in the ambient air are very low (typically less than 1 pCi/L), and therefore,
do not pose any significant risk to human health. However, concentrations in the indoor
air can be much higher than the outdoor concentrations because of a possible draft from
the underlying soil. Such a draft can be caused by the stack effect induced by the
temperature difference between outdoors and indoors. The USEPA recommended
maximum annual average indoor level is 4 pCi/l. Common radon mitigation methods
include ventilation, sealing cracks and openings in the house foundation, and subslab

suction.

Radon is a product of the decay series of uranium-238. The most stable isotope is radon-
222, which has a half-life of 3.8 days. The decay chain results in the emission of alpha
particles. The main problem is not radon itself but its daughter products (lead, polonium,
and bismuth), which have half-lives of less than 30 minutes. While radon is essentially
chemically inert, its daughter products are chemically active and some of them get
trapped permanently in the airways. Radon daughter products can also emit beta particles,
but alpha particles in this case cause damage because of their low penetration and thus
strong local effect. Alpha particles can cause changes to cellular DNA, which can result

in cancerous growth.
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Radon is the second leading cause of lung cancer in the United States and claims more
than 20,000 lives annually [15]. The leading cause is smoking, which claims about
160,000 lives every year. Radon poses a greatly increased risk to smokers because radon

daughter products fix themselves on the micro-particles in tobacco smoke.

1.7 Purpose and Objectives of this Thesis

The indoor level of a pollutant is a complex relationship of the ventilation parameters,
concentration of the pollutant in the outdoor air, strengths of indoor sources and sinks,
concentration of the pollutant in the underlying soil, parameters of the building envelope
and the underlying soil, and the driving forces between the ambient and indoor air.
Ambient includes both above ground and below ground. The indoor pollutant
concentration has two basic components — concentration caused by indoor sources and

concentration caused by the penetration of the pollutant from outdoors.

The main objective of this thesis is to develop computer models that can be used to
estimate indoor pollutant levels at various ventilation scenarios based on the outdoor
levels and other variables. An analysis method was developed to identify the model
parameters based on measured real-time indoor and outdoor pollutant levels, and to
quantify the effect of outdoor air quality on indoor air. Another objective is to use the
developed tools to study the indoor air quality in Fairbanks, Alaska. Measurements of the
real-time indoor and outdoor pollutant concentrations were performed at several
buildings, including both commercial and residential, and the model identification
method was used to determine the model parameters. The measured indoor levels were
analyzed in terms of the two basic components (from indoor and outdoor sources). The
models were used to estimate the indoor pollutant levels for various building types in
Fairbanks at various ventilation scenarios. The energy and economical considerations of
the ventilation scenarios were also evaluated. The study was focused on carbon

monoxide, fine particulate matter, and radon.
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The purpose of this thesis is to provide tools that can be used to find ways to enhance
indoor air quality in an energy- and economically-efficient manner, to use these tools for
buildings in Fairbanks, and to suggest specific solutions. The ultimate purpose is to

contribute to the enhancement of public health.

1.8 Organization of this Thesis

This thesis is written in the manuscript format. The four main chapters (Chapters 3-6) are
papers that were submitted to various journals. In addition to these chapters, this thesis
has an introductory chapter (Chapter 1), a chapter describing measurement methods
including the test matrix (Chapter 2), a chapter (Chapter 7) with general results and
discussion, a conclusions chapter (Chapter 8), and an appendix. Chapter 2 on
measurement methods was included for completeness because the papers submitted to
journals deal mainly with the analysis methods and results rather than measurement
methods. Chapter 2 includes the description of the instruments used to measure the
indoor and outdoor pollutant levels, measurement procedures, and the summaries of the
measurements performed at each individual building. The focus of the main chapters

(Chapters 3-6) is briefly discussed in the following paragraphs:

Chapter 3 is a paper titled “Use of a State-Space Model to Study the Effect of Outdoor
Air Quality on Indoor Air in Fairbanks Alaska” that was submitted to the Indoor and
Built Environment journal. It describes a state-space model that can estimate the
component of the indoor pollutant level caused by outdoor sources based on the real-time
outdoor pollutant concentration. It also describes an analysis method to estimate the
model parameters based on the measured real-time indoor and outdoor pollutant
concentrations. Its use is demonstrated on CO and PM, s at buildings in Fairbanks. The
model parameter estimates for PM,s form the basis for model parameters in the
following chapters. This analysis method is also used to quantify the overall effect of
outdoor CO and PM, s levels on the indoor air and to determine the proportions of the
two basic components (from indoor and outdoor sources) of the indoor PM, s for the

buildings studied in Fairbanks.
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Chapter 4 is a paper titled “Simulink® HVAC Air-Quality Model and its Use to Test a
PM, s Control Strategy” that was submitted to the Building and Environment journal. It
describes a MATLAB® Simulink® model of a commercial building in Fairbanks
equipped with a Heating, Ventilation, and Air Conditioning (HVAC) system. This model
can estimate the indoor pollutant levels based on the real-time outdoor levels. This paper
also describes an HVAC control algorithm that reduces the indoor PM; s levels. This
control algorithm was tested using the Simulink® model and the benefits of using this

PM, 5 control over the regular control were evaluated.

Chapter 5 is a paper titled “Use of Simulink® to Evaluate the Air Quality and Energy
Performance of HRV-Equipped Residences in Fairbanks, Alaska” that was submitted to
the Energy and Buildings journal. It presents a MATLAB® Simulink® model of a
building equipped with a Heat Recovery Ventilator (HRV). This model can estimate the
indoor pollutant levels in such a building and the energy consumption associated with
ventilation. This model was used to evaluate various ventilation scenarios for a typical
home in Fairbanks in terms of indoor PM, s levels and energy consumption. Three main
scenarios were compared — a naturally ventilated home, a home ventilated with an HRV,

and a home ventilated with an HRV and additional particulate filters.

Chapter 6 is a paper titled “Use of Simulink® to Address Key Factors for Radon
Mitigation in a Fairbanks Home” that was submitted to the Health Physics journal. It
presents a MATLAB® Simulink® model that can estimate indoor radon levels based on
variables associated with various radon mitigation strategies. The factors considered in
the model are the ventilation rate, the flow resistance of the house foundation, and the

differential pressure between the subslab and house interior.

Even though the main results are presented and discussed in the individual papers,
additional results exist that were not included in the papers due to space limitations, but
are worth presenting in this thesis. These results are presented and discussed in Chapter 7
“General Results and Discussion.” Chapter 8 “General Conclusions” summarizes all

conclusions of this thesis.
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The appendix of the thesis presents an extended set of results (in the form of tables and
graphs) from the state-space model analysis method described in Chapter 3. The results
included in the paper were limited because of space considerations. The data in the
appendix is referred to in the “General Results and Discussion” chapter. A block diagram
showing the individual stages of the whole research and how they relate to the chapters of

this thesis is shown in Figure 1.4.
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Chapter 2

Measurement Methods

2.1 Instruments

The following is a description of all instruments used in this study to measure the indoor
and outdoor levels of pollutants and other variables. The main instruments are shown in
Figure 2.1. The outdoor instruments were placed in an environmental enclosure with a
heater and a thermostat (set to 21 °C) in order to prevent calibration drift due to
temperature fluctuations and maintain a proper operating temperature. The outdoor air

was brought to the instruments via flexible vinyl tubing.

Monitor

Figure 2.1 Main air-quality instruments (photo by T. Marsik)
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2.1.1 CO Analyzer

The API 300E Gas Filter Correlation CO Analyzer is an instrument for accurate real-time
monitoring of CO concentrations. It calculates the CO concentration from the attenuation
of infrared radiation (IR) at a certain wavelength (4.7 pm). The folded path of the
infrared beam that passes through the sample chamber is 14 meters. The fundamentals of

the measurement principle are shown in Figure 2.2.

Band-Pass
Filter

Sample Chamber

{]
= >

IR
Source

O IR Beam

Figure 2.2 CO Analyzer measurement fundamentals (source: [1])

Photo-Detector

During deployments, the CO Analyzer was calibrated about once a week. Zero
calibration was done using a zero gas, which was obtained using the instrument’s internal
CO scrubber. Span calibration was done using a span gas of known CO concentration
(8.77 ppm) which was supplied from a pressurized cylinder. The logging interval was set

to 10 min, and the data was stored in the instrument’s internal memory.

Where physically possible, the CO Analyzer was used to measure both indoor and
outdoor CO by switching an internal valve between two input ports in one-hour cycles
(20 minutes for indoor measurement and 40 minutes for outdoor measurement). The CO
Analyzer was placed indoors and the outdoor air was brought to one of the input ports via

Teflon tubing.
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2.1.2 Q-Trak

A TSI 8551 Q-Trak is an instrument for real-time measurements of CO, CO,,
temperature (T), and relative humidity (RH). The Q-Trak uses an electro-chemical sensor
for the measurement of CO, infrared sensor for CO,, a thermistor for T, and a thin-film
capacitor for RH. Because of the low accuracy of the CO sensor (+3 ppm), the CO data
was not used in most of the measurements. It was only used where relatively high CO
concentrations were measured (garages). The C02> data was used to estimate the
ventilation rates of the measured buildings. This was done by evaluating the CO, decay
rate after everyone left the building [2]. The CO, data was also helpful to estimate the
building use patterns. The T and RH data was useful to verify the operating conditions for
the instruments. For example, high RH can result in incorrect PM;s measurements

because of the condensation of water on the particles.

The logging interval was usually set to 2 minutes for convenience, and the data was
stored in the internal memory. For the data analysis, the collected data was usually
converted into 10-min average samples. The CO, sensor was usually calibrated before
deployments using a zero calibration gas (pure nitrogen), and a span calibration gas with
a CO, concentration of 1000 ppm. If the CO data was going to be used, the CO sensor
was calibrated before deployments using the zero air from the 300E CO Analyzer’s

internal scrubber and the 8.77 ppm CO from the pressurized cylinder as a span gas.

2.1.3 Toxi Ultra

The Biosystems Toxi Ultra with an electrochemical CO sensor was used for CO
monitoring in an unheated garage, where the Q-Trak couldn’t be used because of an
insufficient temperature operating range. The logging interval was set to 3 min 20 sec,
and the data was stored in the internal memory. For the data analysis, the collected data

was converted into 10-min average samples.
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2.1.4 DustTrak

A TSI 8520 DustTrak (see Figure 2.3) is an instrument for real-time PM measurements. It
uses an inertial impactor in order to separate the particle-size fraction needed for the
measurements. In our case, a PM, s impactor was used. The particle-laden air is drawn
into an optical chamber where it is exposed to a laser beam. The light is scattered by the
particles in the air, and the intensity of the scattered light is detected and used to calculate
the PM, s concentration. The advantage of this method is that it provides real-time data,
but the disadvantage is that the data is not very accurate. The accuracy is low because the
intensity of the scattered light depends on other properties than just the mass
concentration. These properties include the reflective properties of the particles and the

particle-size distribution. The accuracy can be increased, though, if a correction factor is

l Air flow

Sample inlet
with a PM2,5
impactor

Display

monitor with an
internal datalogger

Figure 2.3 DustTrak particulate monitor (photo — source: [3])

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

applied to the measured data. This correction factor can be determined if another
instrument (collocated with the DustTrak) is used that measures accurately the long-term
average PM, s concentration. The average DustTrak correction factor was 0.41 for indoor
and 0.49 for outdoor PM,s. These values were used for measurements for which the

accurate long-term average level was not available.

The logging interval was usually set to 2 minutes, and the data was stored in the internal
memory. For the data analysis, the collected data was usually converted into 10-min
average samples. During deployments, a zero calibration was performed in the intervals
of about 1 week using a High Efficiency Particulate Air (HEPA) filter. At the same time,

a flow calibration was performed using a flowmeter, and the PM, 5 impactor was cleaned.

2.1.5 Micro-Environmental Monitor

The MSP 400 Micro-Environmental Monitor (MEM) is an instrument that collects
particulate matter on a filter paper. A PM, s impactor was used to collect PM, s. The air
was drawn through the filter paper at 10 L/min. 0.8-um polycarbonate filter paper was
used for the PM; 5 collection, and it was replaced about once per week. Each filter paper
was weighed before and after the collection and the mass difference was used to evaluate

the average PM, s concentration.

2.1.6 Personal Environmental Monitor

The SKC 761-203A Personal Environmental Monitor (PEM) with the SKC 224-PCXR4
pump is a setup that allows collecting PM, s on filter paper. It was used in a similar way
as the MEM except that the flow rate was 4 L/min. The PEM was usually used for

outdoor measurements, while the MEM was used for indoor measurements.

2.1.7 E-BAM

The Met One E-BAM is an instrument for PM measurements. A PM, 5 sharp cut cyclone
is included to measure PM,s. The E-BAM draws the particle-laden air through a filter
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tape and measures the collected mass via the attenuation of beta radiation. The measured
PM, s concentration is recorded in the internal memory at user-selectable intervals. This
principle allows for near-real-time PM, s monitoring. However, the accuracy depends on
the amount of mass collected throughout the averaging interval, and therefore, more
accurate values are obtained for longer averaging intervals. The accuracy for 24-hour
averages is claimed to be 2.5 ug/m3. For this reason, the E-BAM was used for long-term

averages rather than real-time monitoring.

The E-BAM calibration and maintenance was done based on the schedule recommended
by the manufacturer. This included a leak check, calibration of external temperature and
pressure sensors, flow calibration, check for ending tape, water jar check, pump test,
nozzle/vane area check, inlet and sharp cut cyclone cleaning, filter T and RH sensor

check, and zero and span verification.

2.1.8 BAM-1020

The Met One BAM-1020 is a beta attenuation PM monitor operating on a similar
principle as the E-BAM. The BAM-1020 was designed for stationary applications, while
the E-BAM is a portable instrument. The BAM-1020 is located at a permanent
monitoring station in downtown Fairbanks and operated by the FNSB air quality division

who shares their data with us.

2.1.9 Particle Counter 237B

The Met One 237B Particle Counter measures the concentration of particles in 6 size
ranges (0.3, 0.5, 0.7, 1.0, 2.0, and 5.0 um). The particle laden air is drawn through a laser
based optical sensor. Using the light scattered by the particles, they are sized and
counted. This Particle Counter also has an external T and RH sensor. The logging interval
was usually set to 20 minutes because of the limited capacity of the internal memory. For

the analysis, the data was converted into 10-min average data using linear interpolation.
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2.1.10 Particle Counter 9012

The Met One 9012 Particle Counter measures the concentration of particles in 6 size
ranges (0.3, 0.5, 0.7, 1.0, 2.5, and 10.0 pm). It operates on a similar principle as the
Particle Counter 237B. It doesn’t have an internal memory. The data was transmitted via
an RS232 serial cable to a laptop where the data was stored. The logging interval was set
to 1 minute, and, for the data analysis, the collected data was converted into 10-min
average samples. The Particle Counter 9012 was usually used for indoor measurements,
while the Particle Counter 237B was usually placed in an outdoor environmental

enclosure.

2.1.11 PAH Monitor

An EcoChem PAS 2000 CE is an instrument for real-time monitoring of PAH (polycyclic
aromatic hydrocarbons) concentrations. It uses an ultra-violet (UV) lamp with a narrow
band to ionize the PAH coated aerosol. The charge is then measured using an electric
field and the PAH concentration is evaluated. The logging interval was set to 2 minutes,
and the data was stored in the internal memory. For the data analysis, the collected data

was usually converted into 10-min average samples.

2.1.12 Aethalometer

The Magee Scientific AE-21 Aethalometer is an instrument for real-time monitoring of
the concentration of elemental carbon (also referred to as soot or black carbon). It
continuously draws in the measured air and collects the aerosol on a quartz fiber filter
tape. The collected mass is evaluated via an optical analysis. The absorption of the
wavelength of 880 nm is used for the elemental carbon and the difference between the
above absorption and absorption of UV light (370 nm) for other components. The logging
interval was usually set to 5 minutes, and the data was stored in the internal memory. For
the data analysis, the collected data was usually converted into 10-min average samples.
Unlike most of the other instruments, the Aethalometer was only used at a central

location (UAF Energy Center) because of difficulties with its transportation.
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2.1.13 T Sensor with HOBO Datalogger

The TMC6-HA thermistor (accuracy of +0.5 °C) with an Onset HOBO H08-002-02
datalogger was used to measure the outdoor temperature. The sensor was used because of
its suitable temperature operating range that reaches down to -40 °C. The logging interval
was normally set to 2 minutes, and for the data analysis, the collected data was usually

converted into 10-min average samples.

2.1.14 VOC Monitor

The RAE PGM-7240 PPB VOC Monitor is an instrument for monitoring total volatile
organic compounds (TVOCs). It uses a photo-ionization detector (PID). As organic
vapors pass by a UV lamp in an ionization chamber, they are photo-ionized and the
ejected electrons are detected as current. The TVOC concentration is then evaluated
based on the current. This VOC Monitor does not differentiate between individual
volatile organic compounds. Isobutylene was set as the reference gas. The resulting
concentration of the TVOCs corresponds to the concentration of isobutylene that would
result in the same photo-ionization effect. Even though the VOC Monitor allows for real-
time monitoring and data storage in the internal memory, performing this was beyond the
scope of our study. In our study, the VOC Monitor was only used for one-time samples at

various locations inside the studied buildings (“walk-through”).

2.1.15 Differential Pressure Transducer with HOBO Datalogger

An OMEGA PX274 Differential Pressure Transducer with an Onset HOBO H08-002-02
Datalogger was used to measure the differential pressure between the subslab and
basement and also the differential pressure between outdoors and indoors during certain
radon measurements. The logging interval was normally set to 2 minutes, and for the data

analysis, the collected data was usually converted into 10-min average samples.
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2.1.16 Continuous Radon Monitor

A Sun Nuclear 1027 Continuous Radon Monitor (CRM) is an instrument for near-real-
time monitoring of radon concentrations. It has a photodiode sensor that detects alpha
particles. The logging interval was usually set to 24 hours and the data was stored in the
internal memory. In come cases, a shorter logging interval (e.g. 4 hours) was used in

order to better study transient radon concentrations.

2.1.17 Alpha-Track

An RSSI Alpha-Track is a passive detector for evaluating long-term average radon
concentrations. Alpha particles make tracks on a film inside the detector. At the end of a
deployment, the Alpha-Track is sent to a laboratory where the tracks are counted and the
average radon concentration is calculated. In our measurements, the Alpha-Tracks were
normally collocated with CRMs. The average deployment period was about two months.
Even though Alpha-Tracks don’t allow for real-time monitoring, they provide for highly
accurate measurements of average radon concentrations. Therefore, they were often used

to verify the data obtained using CRMs.

2.1.18 Organic Vapor Diffusion Monitor

A 3M 3510 Organic Vapor Diffusion Monitor is a passive detector for evaluating average
concentrations of volatile organic compounds. It contains a charcoal adsorbent pad that,
after deployment, is sent to a specialized laboratory for analysis of requested compounds.
In our measurements, the analyzed compounds were benzene, n-hexane, and toluene. The

deployment period was about a week.

2.1.19 Formaldehyde Diffusion Monitor

A 3M 3720 Formaldehyde Diffusion Monitor is a passive detector for evaluating average
formaldehyde concentrations. After deployment, it is sent to a specialized laboratory for

analysis. The average deployment period was about 10 hours.
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2.2 Test Matrix

Measurements of indoor and outdoor pollutant concentrations were performed at three
residential houses and five commercial buildings in the Fairbanks area between June
2005 and February 2007. Multiple measurement periods (during different seasons) were
used for several of these buildings. During each measurement period, a simultaneous
real-time measurement of outdoor and indoor pollutant levels was performed. The
measurements at the individual buildings are described in the following sections, starting

with residential buildings.

2.2.1 Ellesmere Drive

A new residential building located on Ellesmere Drive at Chena Ridge in Fairbanks,
Alaska was selected for our monitoring because of its location, type of building, and also
the cooperation of the occupants. This was the only studied building that was outside the
area designated as “non-attainment” for CO. The building has an HRV, an attached
garage, and it is located in a hilly area known to have elevated soil radon concentrations.

The main measurements were performed in two different measurement periods.

The first period was from 6/22/05 to 7/12/05. The instruments deployed in the basement
were: CRM, Alpha-Track, Differential Pressure Transducer with HOBO Datalogger, and
Formaldehyde Diffusion Monitor. The instruments on the first floor were: Q-Trak,
DustTrak, PAH Monitor, CRM, Alpha-Track, and Formaldehyde and Organic Vapor
Diffusion Monitors. Another CRM, Alpha-Track, and Formaldehyde Diffusion Monitor
were deployed on the second floor. A “walk-through” with the VOC Monitor was
performed inside the house. The outdoor instruments were: Q-Trak, DustTrak, T Sensor

with HOBO Datalogger, and Aethalometer.

The second period was from 12/30/05 to 1/12/06. The instruments deployed in the
basement were: CRM, Alpha-Track, and a differential pressure transducer with a HOBO

Datalogger for subslab-basement measurements. The instruments on the first floor were:

Q-Trak, DustTrak, E-BAM, PAH Monitor, Particle Counter 9012, CO Analyzer, MEM,
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CRM, Alpha-Track, and Formaldehyde and Organic Vapor Monitors. Another Q-Trak
and Organic Vapor Diffusion Monitor were deployed in the garage. A “walk-through”
with the VOC Monitor was performed inside the house. The outdoor instruments were:
Q-Trak, DustTrak, PAH Monitor, Particle Counter 237B, and T Sensor with HOBO
Datalogger. The E-BAM was move outside from inside in the middle of the measurement
period. The Alpha-Tracks were deployed for an extended period, which ended on
2/12/06. Because of the failure of the outdoor DustTrak, only the period from 12/30/05 to
1/6/06 was used for the PM; 5 analysis.

Additional radon measurements were performed after an active subslab depressurization
(ASD) system was installed. From 2/13/06 to 4/11/06, two CRMs and two Alpha-Tracks
were installed, one of each in the basement and one of each on the first floor. From
4/26/06 to 7/14/06, two CRMs were collocated in the basement. From 7/20/06 to
10/11/06, a CRM and an Alpha-Track were installed in the basement, and a CRM, an
Alpha-Track, and a Q-Trak were installed on the first floor. For part of the period, the
differential pressure between the subslab and indoors, and the differential pressure

between outdoors and indoors were measured using differential pressure transducers.

2.2.2 Jack Street

A residential building on Jack Street was selected for our monitoring. It is a naturally
ventilated building with an attached garage. It is located in the non-attainment area. The

measurements were performed in two different measurement periods.

The first period was from 10/3/05 to 10/17/05. The instruments deployed in the living
area were: Q-Trak, DustTrak, PAH Monitor, Particle Counter 9012, and CO Analyzer.
Another Q-Trak was deployed in the garage. A “walk-through” with the VOC Monitor
was performed inside the house. The outdoor instruments were: Q-Trak, DustTrak, PAH
Monitor, Particle Counter 237B, E-BAM, T Sensor with HOBO Datalogger, and an

Aethalometer.
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The second period was from 2/11/06 to 2/27/06. The instruments deployed in the living
area were: Q-Trak, DustTrak, PAH Monitor, Particle Counter 9012, CO Analyzer, MEM,
and Formaldehyde Diffusion Monitor. The Toxi Ultra was deployed in the garage. A
“walk-through” with the VOC Monitor was performed inside the house. The outdoor
instruments were: Q-Trak, DustTrak, PAH Monitor, Particle Counter 237B, E-BAM, T
Sensor with HOBO datalogger, and an Aethalometer. The E-BAM was moved inside
from the outside in the middle of the deployment. Starting on 2/15/06, the CO Analyzer
was set to monitor both indoor and outdoor CO, using an internal valve to switch between
two input ports. Because of the failure of the indoor DustTrak, only the period from

2/15/06 to 2/27/06 was used for the analysis.

2.2.3 Hamilton Acres

A residential building in Hamilton Acres was selected for our monitoring. It is a naturally

ventilated building with an attached garage. It is located in the non-attainment area.

The deployment period was from 11/16/05 to 11/30/05. The instruments deployed in the
living area were: Q-Trak, DustTrak, PAH Monitor, Particle Counter 9012, CO Analyzer,
E-BAM, and Organic Vapor Diffusion Monitor. Another Q-Trak was deployed at a
different location in the living area in order to check the mixing of the indoor air. Another
Q-Trak and Organic Vapor Diffusion Monitor were deployed in the garage. A “walk-
through” with the VOC Monitor was performed inside the house. The outdoor
instruments were: Q-Trak, DustTrak, PAH Monitor, Particle Counter 237B, T Sensor
with HOBO Datalogger, and an Aethalometer.

2.2.4 UAF Duckering

The Duckering building on the UAF campus was the first commercial building selected
for our monitoring. It is a building at the boundary of the non-attainment area. Ventilation
is provided using an HVAC system with filters of the Minimum Efficiency Reporting
Value (MERV) 13. The HVAC system uses a Direct Digital Control (DDC) system,

which allows for logging HVAC variables. The outdoor measurements were performed
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on the roof of the neighboring building (Brooks). The measurements were performed in

four different measurement periods.

The first period was from 7/21/05 to 7/23/05. The instruments deployed in an office on
the first floor were: Q-Trak, DustTrak, CO Analyzer, and CRM. The instruments
deployed in an office on the third floor were: Q-Trak, DustTrak, PAH Monitor, and
CRM. A “walk-through” with the VOC Monitor was performed inside the building. The
outdoor instruments were: Q-Trak, DustTrak, T sensor with HOBO Datalogger, and an

Aethalometer.

The second period was from 3/3/06 to 3/16/06. All indoor instruments were deployed in
the office on the first floor. The indoor instruments were: Q-Trak, DustTrak, PAH
Monitor, MEM, and E-BAM. A “walk-through” with the VOC Monitor was performed
inside the building. The outdoor instruments were: Q-Trak, DustTrak, PAH Monitor,
Particle Counter 237B, T Sensor with HOBO Datalogger, and an Aethalometer.

The third period was from 8/23/06 to 9/5/06. The instruments deployed in an office on
the first floor were: Q-Trak, DustTrak, PAH Monitor, Particle Counter 9012, MEM, and
E-BAM. A “walk-through” with the VOC Monitor was performed inside the building.
The outdoor instruments were: Q-Trak, DustTrak, PAH Monitor, Particle Counter 237B,
and PEM. The HVAC variables were being logged during this measurement.

The fourth period was from 12/15/06 to 12/20/06. The instruments deployed in an office
on the first floor were: DustTrak, MEM, and E-BAM. The outdoor instruments were:
DustTrak, and PEM. The HVAC variables were being logged during this measurement.

2.2.5 FNSB Transportation Building

The building housing the FNSB transportation department was selected as the second
commercial building for our study. This building is in the non-attainment area.
Ventilation is provided using an HVAC system with MERV 8-rated filters. One part of
the building has offices and the other part is a garage/workshop for buses.
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The deployment period was from 12/9/05 to 12/19/05. The instruments deployed in an
office on the second floor were: Q-Trak, DustTrak, PAH Monitor, Particle Counter 9012,
E-BAM, CO Analyzer, and Organic Vapor Diffusion Monitor. Another Q-Trak was
deployed in the garage/workshop. A “walk-through” with the VOC Monitor was
performed inside the building. The outdoor instruments were: Q-Trak, DustTrak, PAH
Monitor, Particle Counter 237B, T Sensor with HOBO Datalogger, and Aethalometer.

2.2.6 Courthouse Square

The Courthouse Square building was selected as the third commercial building for our
study. It is an office building located in the downtown Fairbanks, therefore, in the middle
of the non-attainment area. Ventilation is provided using an HVAC system. All indoor
measurements were performed in an office on the second floor. A permanent CO monitor
belonging to the FNSB is located on the corner of this building; the data was provided to
us to be used as outdoor CO data. Other outdoor measurements were performed in a
nearby location on the roof of the State Office building. The BAM 1020 is also located
on this roof; the data was provided to us by the FNSB.

The deployment period was from 1/24/06 to 2/7/06 for indoor instruments and from
1/27/06 to 2/8/06 for outdoor instruments. The indoor instruments (deployed in the
second floor office) were: Q-Trak, DustTrak, PAH Monitor, MEM, and CO Analyzer. A
“walk-through” with the VOC Monitor was performed inside the building. The outdoor
instruments were: Q-Trak, DustTrak, PAH Monitor, Particle Counter 237B, and T Sensor
with HOBO Datalogger.

2.2.7 UAF Brooks

The Brooks building on the UAF campus was another commercial building selected for
our study because it allows for simultaneous monitoring of outdoor and indoor CO with
one instrument without modifications to the building envelope. The CO Analyzer was
installed on the highest floor of a staircase, next to a roof access door in the building. The

outdoor air was brought to the instrument via tubing going through a seal in the door.
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This setup allows for accurate evaluation of the relative indoor and outdoor CO levels,
because the effect of disturbances (such as zero drift) is, for the most part, canceled. The
measurement was performed in two different measurement periods. The first one was

from 3/3/06 to 3/16/06, and the second one was from 12/8/06 to 12/22/06.

2.2.8 CCHRC RTF

The Cold Climate Housing Research Center (CCHRC) Research and Testing Facility
(RTF) was the last building selected for our study. It is located at the boundary of the
non-attainment area, and the ventilation is provided by several HRVs. The indoor
measurements were performed in an office that is served by an HRV with MERV 11

filters.

The deployment period was from 1/31/07 to 2/20/07. The indoor instruments were: Q-
Trak, DustTrak, PAH Monitor, Particle Counter 9012, MEM, and E-BAM. The CO
Analyzer was deployed at the same indoor location and monitored both indoor and
outdoor CO levels. A “walk-through” with the VOC Monitor was performed inside the
building. The outdoor instruments were: Q-Trak, DustTrak, PAH Monitor, Particle
Counter 237B, PEM, and Aethalometer.

The settings of the HRV are controlled by a SIEMENS control system based on
occupancy, and the settings were being recorded during part of the measurement period.
Outdoor data from part of the measurement period was lost because of a power failure of
the environmental enclosure. The pump of the PEM failed during the remainder of the
measurement period, and therefore, no accurate average PM,s concentration was
obtained. The general DustTrak correction factor of 0.49 was used for the outdoor PM; s.
Because of the HRV settings and the loss of data, only the period from 2/16/07 to 2/20/07

was used for the PM; s analysis.
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Chapter 3
Use of a State-Space Model to Study the Effect of Outdoor Air Quality on Indoor
Air in Fairbanks, Alaska"

Abstract

A usual method of studying the effective penetration efficiency of pollutants into
buildings consists of performing a linear regression of outdoor and indoor samples. But
because of the dynamic relationship between outdoor and indoor concentrations, this
method requires either long-term averages or steady-state conditions. Other methods use
dynamic models, but these normally require the knowledge of model parameters, such as
the ventilation rate. This paper presents a state-space model analysis method that can be
used for transient samples and doesn’t require the knowledge of model parameters. It was
used to study PM,; s and CO in Fairbanks, Alaska. The effective penetration efficiency for
PM, 5 ranged from 0.16 to 0.69, and was close to unity for CO. The outdoor generated
PM, s was responsible in average for about 67% of the indoor PM, 5 in residences, and

close to 100% in office environments.

3.1 Introduction

Fairbanks, in the wintertime, experiences strong ground-based temperature inversions [1].
As a result, pollutants released into the air accumulate close to the ground and their
concentrations can reach high levels [2]. Carbon monoxide (CO) and particulate matter
(PM) are especially of concern. In the summer time, numerous forest fires in Alaska can
as well cause a high concentration of PM in Fairbanks. Both CO and PM are known to
have a negative effect on human health [3,4]. Recent studies have shown that fine
particles have a higher impact than coarse particles because they penetrate deeper into the
lungs. Fine particles are defined as those with the aerodynamic diameter of 2.5 um or less

(PM;5). Because of new findings related to the health effects of PM,s, the U.S.

* T. Marsik and R. Johnson; Submitted to the Indoor and Built Environment journal in April 2007
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