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Residential and light-commercial buildings comprise a significant portion of 

buildings in the United States. They account for a large fraction of the total amount of 

energy used in the U.S., and they also represent environments where people spend the 

majority of their time. Thus, the design, construction, and operation of these buildings 

and their systems greatly affect energy consumption and exposures to airborne pollutants 

of both indoor and outdoor origin. However, there remains a need to improve knowledge 

of some key source and removal mechanisms of indoor and outdoor pollutants in 

residential and light-commercial buildings, as well as their connections to energy use and 

peak electricity demand. Several standardized field test methods exist for characterizing 

energy use and indoor air quality in actual buildings, although few explicitly address 

residential and light-commercial buildings and they are generally limited in scope. 

Therefore, the work in this dissertation focuses on improving methods to characterize 

three particular building components for their impacts on exposures to indoor pollutants 

and their implications for energy consumption: (1) central forced-air heating and cooling 

(HAC) systems, (2) HAC filters, and (3) building envelopes.  
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Specifically, the research in this dissertation is grouped to fulfill two primary 

objectives of developing and applying novel methods to: (1) characterize and evaluate 

central air-conditioning systems and their filters as pollutant removal devices in 

residential and light-commercial buildings, and to explore their implications for energy 

consumption, and (2) characterize and evaluate the ability of two particular outdoor 

pollutants of concern (ozone and particulate matter) to infiltrate indoors through leaks in 

building envelopes. The research in this dissertation is divided into four primary 

investigations that fulfill these two objectives.  

The first investigation (Investigation 1a) addresses Objective 1 by first providing 

a detailed characterization of a variety of operational characteristics measured in a sample 

of 17 existing central HAC systems in occupied residential and light-commercial 

buildings in Austin, Texas, and exploring their implications for exposure to indoor 

pollutants, energy use, and peak electricity demand. Among the findings in this study, 

central air-conditioning systems in occupied residential and light-commercial buildings 

did not operate most of the time, even in the hot and humid climate of Austin, Texas (i.e., 

~25% of the time on average in the summer). However, average recirculation rates still 

make central air-conditioning systems competitive as particle removal mechanisms, given 

sufficient filtration efficiency. Additionally, this investigation used a larger, much 

broader, dataset of energy audits performed on nearly 5000 single-family homes in 

Austin to explore common inefficiencies in the building stock. Residential and light-

commercial air-conditioning systems are often inefficient; in fact, residential central air-

conditioning systems in particular likely account for nearly 20% of peak electric demand 

in the City of Austin. As much as 8% of peak demand could be saved by upgrading all 

single-family homes in Austin to higher-efficiency equipment. 
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The second investigation (Investigation 1b) also addresses Objective 1 by 

developing and applying a novel test method for measuring the in-situ particle removal 

efficiency of HAC systems and filters in residential and light-commercial buildings. 

Results from the novel test method as performed with three test filters and 0.3–10 µm 

particles in an unoccupied test house agreed reasonably well with results from other field 

and laboratory test methods. Low-efficiency filters did not increase particle removal 

much more than simply running the HAC system without a filter, and higher-efficiency 

filters provided greater than ~50% removal efficiency for most particles greater than 1–2 

µm in diameter. The benefit of this test method is that it can be used to measure how 

filters perform in actual environments, how filter removal efficiency changes with actual 

dust loading, and how much common HAC design and installation issues, such as low 

airflow rates, duct leakage, fouled coils, and filter bypass airflow, impact particle removal 

in real environments. 

The third investigation (Investigation 2a) addresses Objective 2 by developing 

and applying a novel test methodology for measuring the penetration of outdoor ozone, a 

reactive gas, through leaks in exterior building envelopes using a sample of 8 single-

family residences in Austin, Texas. These measurements represent the first ever 

measurements of ozone penetration factors through building envelopes of which I am 

aware, and penetration factors were lower than the usual assumption of unity (i.e., P = 1) 

in seven of the eight test homes (ranging from 0.62±0.09 to 1.02±0.15), meaning that 

some building envelopes provide occupants with more protection from indoor exposures 

to ozone and ozone reaction byproducts than others. Additionally, ozone penetration 

factors were correlated with some building characteristics, including the amount of 

painted wood siding on the exterior envelope and the year of construction, suggesting that 

simple building details may be used to predict ozone infiltration into homes. 
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Finally, the fourth investigation (Investigation 2b) also addresses Objective 2 by 

refining and applying a test methodology for measuring the penetration of ambient 

particulate matter through leaks in building envelopes, and using a sample of 19 single-

family residences in Austin, Texas to explore correlations between experimentally-

determined particle penetration factors and standardized fan pressurization air leakage 

tests. Penetration factors of particles 20–1000 nm in diameter ranged from 0.17±0.03 to 

0.72±0.08 across 19 homes that relied solely on infiltration for ventilation air. Particle 

penetration factors were also significantly correlated with results from standardized fan 

pressurization (i.e., blower door) air leakage tests and the year of construction, suggesting 

that occupants of older and leakier homes are exposed to more particulate matter of 

outdoor origin than those in newer tighter homes. Additionally, blower door tests may 

actually offer some predictive ability of particle penetration factors in single-family 

homes, which could allow for vast improvements in making easier population exposure 

estimates. 

Overall, the work in this dissertation provides new methods and data for assessing 

the impacts of central air-conditioning systems, filters, and building envelopes on human 

exposure to indoor pollutants and energy use in residential and light-commercial 

buildings. Results from these four primary investigations will allow building scientists, 

modelers, system designers, policymakers, and health scientists to make better informed 

decisions and assumptions about source and removal mechanisms of indoor pollutants 

and their impacts on building energy consumption and peak electricity demand.  
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Chapter 1:  Introduction 

Buildings account for approximately 40% of the total amount of energy consumed 

in the United States, with nearly equal contributions from residential and commercial 

buildings (DOE, 2009a). Over 70% of residential buildings in the U.S. are single-family 

dwellings (DOE, 2009b) and over 50% of commercial buildings are light-commercial, 

with less than 465 m2 (5000 ft2) of floor area (DOE, 2009c). Centralized space 

conditioning has become ubiquitous in U.S. buildings. Over 60% of existing residential 

buildings and approximately 90% of newly constructed residences in the U.S. use central 

forced-air distribution systems for air-conditioning purposes (HUD, 2007), and 

approximately 20–25% of all light-commercial buildings in the U.S. use the same style of 

central air-conditioning systems found in residences (EIA, 2006). Thus, the design, 

construction, and operation of residential and light-commercial buildings in the U.S., 

including their central heating and cooling (HAC) systems and building envelopes, 

greatly affects their contribution to energy consumption and peak electricity demand 

(Parker, 2003).  

Residential and light-commercial buildings also greatly impact human exposure 

to air pollution. Americans spend nearly 90% of their time indoors, on average, and 

nearly 75% of their time at home or in an office (Klepeis et al., 2001). Both gas- and 

particle-phase airborne pollutants of outdoor origin can infiltrate into buildings with 

varying efficiencies (e.g., Sexton et al., 1983; Sirén, 1993; Thatcher and Layton, 1995; 

Wallace, 1996; Leaderer et al., 1999; Weschler, 2000; Thatcher et al., 2003; Williams et 

al., 2003; Meng et al., 2005; Rim et al., 2010), and there are also many indoor sources of 

airborne pollutants. Volatile organic compounds (VOCs) are emitted indoors from 

building materials (Wallace et al., 1987; Wolkoff, 1998), cleaning products (Nazaroff and 
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Weschler, 2004; Singer et al., 2006), and personal care products (Steinemann et al., 

2011). Indoor sources of semi-volatile organic compounds (SVOCs) include plasticizers 

and flame retardants in building materials, as well as pesticides from both indoor and 

outdoor use (Weschler and Nazaroff, 2008). Particles are generated by indoor smoking 

(Wallace, 1996), cooking (Wallace et al., 2004b), burning incense and candles (Afshari et 

al., 2005; Ott and Siegmann, 2006), and operating office equipment (He et al., 2007). 

Particles can also be resuspended from settled dust (Ferro et al., 2004; Qian and Ferro, 

2008). Ozone, a reactive oxidant gas and a major component of photochemical smog 

outdoors (Seinfeld and Pandis, 2006), is also emitted indoors by dedicated ozone 

generators (Boeniger, 1995), ion generating air cleaners (Waring et al., 2008), and office 

appliances (Destaillats et al., 2008). Moreover, indoor reactions between ozone and some 

unsaturated organic compounds in air and on surfaces form secondary gas- and particle-

phase byproducts (e.g., Weschler et al., 1992; Weschler and Shields, 1999; Sarwar et al., 

2003; Destaillats et al., 2006; Ham and Wells, 2011; Waring et al., 2011). The result of 

these various indoor and outdoor sources is that human exposure to a variety of airborne 

pollutants is often greater indoors than outdoors (Wallace et al., 1991; Ott and Roberts, 

1998; Jones, 1999; Edwards et al., 2001; Weschler, 2006). 

The adverse health effects of human exposure to indoor and outdoor pollutants are 

varied, although much more is generally known about the health effects of outdoor air 

pollution. Two particular outdoor pollutants for which there are widely confirmed health 

impacts are particulate matter and ozone. For example, increased outdoor airborne 

particulate matter, often measured as the mass concentration of particles less than 2.5 µm 

or 10 µm in diameter (PM2.5 or PM10), has been consistently associated with increased 

risks of respiratory symptoms, cardiopulmonary mortality, and lung cancer (e.g., Pope et 

al., 2002; Pope and Dockery, 2006; Miller et al., 2007; Brook et al., 2010). Similarly, 
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elevated outdoor ultrafine particles (<100 nm in diameter) have also been associated with 

increased total and cardio-respiratory mortality (Stölzel et al., 2007) and have been 

shown to exacerbate asthma symptoms (Penttinen et al., 2001; von Klot et al., 2002; 

Weichenthal et al., 2007). Elevated concentrations of ambient ozone have also been 

associated with increased adverse health effects, including mortality (Bell et al., 2004; Ito 

et al., 2005; Levy et al., 2005; Jerrett et al., 2009), exacerbation of asthma symptoms 

(Gent et al., 2003), and infant respiratory and cardiovascular effects (Peel et al., 2011).  

Indoor concentrations of many pollutants often exceed chronic and acute health 

standards, particularly inside residences, which have the potential for causing adverse 

health effects ranging from sensory irritation to cancer. Logue et al. (2011) identified 

nine priority hazards based on the magnitude of measured concentration data and the 

number of residences affected in industrialized countries, including: acetaldehyde, 

acrolein, benzene, 1,3-butadiene, 1,4-dichlorobenzene, formaldehyde, naphthalene, 

nitrogen dioxide (NO2), and PM2.5. NO2 and PM2.5 are both regulated outdoors by the US 

EPA’s National Ambient Air Quality Standards (NAAQS) because of their impacts on 

respiratory and cardiovascular health, but still present a hazard inside homes due to the 

combined effects of indoor emissions and infiltration from outdoors. Two of these 

priority hazards, acetaldehyde and formaldehyde, have significant indoor sources such as 

pressed-wood products, fingernail polish, and perfumes (e.g., Brown, 1999; Kelly et al., 

1999; Liu et al., 2006), and they are also formed as byproducts of reactions between 

ozone (another pollutant regulated outdoors by EPA’s NAAQS) and other compounds 

commonly found indoors, such as limonene, α-pinene, styrene, and acrolein (Weschler, 

2006, and references therein). Acetaldehyde formation from ozone chemistry is likely 

more important than formaldehyde formation because acetaldehyde reacts more rapidly 

with ozone (Weschler, 2000) and indoor ozone and acetaldehyde concentrations have 
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been shown to be correlated in some homes (Zhang and Lioy, 1994; Reiss et al., 1995). 

However, given the importance of both ozone and particulate matter for indoor exposures 

and health effects (Weschler, 2006; Chen et al., 2011; Logue et al., 2011, 2012), ozone 

and particulate matter are the primary pollutants of concern in this work.  

Knowledge of many of the source and removal mechanisms of ozone and 

particulate matter in residential and light-commercial buildings is not complete. 

Additionally, many source and removal mechanisms of these two pollutants are closely 

tied to energy consumption. For example, excess infiltration of outdoor air can be a 

significant source of indoor pollutants (e.g., Meng et al., 2009), as well as a driver of 

excess energy consumption (ASHRAE, 2009a). As air infiltration rates decrease with 

newer, energy-efficient building envelope construction practices (Sherman and Matson, 

1997; Persily et al., 2010), might the infiltration of outdoor pollutants also decrease? 

Also, central heating and air-conditioning systems (and filters) are often relied upon to 

remove indoor pollutants and improve human health (e.g., Hanninen et al., 2005; Lin et 

al., 2011), but their effectiveness depends largely on filter efficiency and system 

operational characteristics (Thornburg et al., 2001; MacIntosh et al., 2010). Central 

heating and air-conditioning (HAC) systems in residential and light-commercial 

buildings typically only cycle on to meet heating or cooling loads, yet over 40% of 

energy used in buildings is for space heating and cooling (DOE, 2011). Again, the 

question remains: as energy-efficient construction practices are pursued to decrease 

heating and cooling loads (e.g., Parker, 2009), will shorter operational times of heating 

and cooling systems impact the importance of filters for indoor pollutant removal?  

To address these questions and more, there remains a need to improve knowledge 

of key source and removal mechanisms of indoor and outdoor pollutants in residential 

and light-commercial buildings, particularly in improving field-testing methods to 
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characterize central air-conditioning systems, filters, and building envelopes and to 

further elucidate their connections to energy use and peak electricity demand. Several 

standardized field test methods exist for characterizing energy use and indoor air quality 

in actual buildings, although few explicitly address residential and light-commercial 

buildings and they are generally limited in scope. Therefore, the work in this dissertation 

is grouped to fulfill two primary objectives of developing and applying novel methods to: 

(1) Characterize and evaluate central air-conditioning systems and filters as 

pollutant removal devices in residential and light-commercial buildings, and to 

explore their implications for energy consumption and peak electricity demand; 

and  

(2) Characterize and evaluate the ability of two particular outdoor pollutants of 

concern (ozone and particulate matter) to infiltrate through building envelopes 

and into single-family residences.  

These two research objectives are fulfilled by four primary research investigations 

(Investigations 1a, 1b, 2a, and 2b, as described in Chapter 3). This dissertation is 

organized into two major sections: (1) a Research Summary, which includes a literature 

review, explicit research objectives, and a summary of findings from the full research 

contained in the appendices; and (2) Appendices A–E, which include five full-length 

articles in their current form (all of which are currently accepted or published in peer-

reviewed journals). Specifically, the journal articles in Appendices A–E report the full 

methods and results of five papers addressing the four primary investigations, which 

fulfill the two primary research objectives. The five paper topics are as follows: 

Paper 1) A characterization of operational characteristics of 17 central air-

conditioning systems measured in a sample of occupied residential 
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and light-commercial buildings and an exploration of implications 

for indoor air quality and energy use (Investigation 1a; Appendix A); 

Paper 2) An exploration of the impacts of air-conditioner operation on energy 

use and peak electricity demand using a large database of nearly 

5000 energy audits on single-family detached homes (Investigation 

1a; Appendix B); 

Paper 3) A series of experiments in an unoccupied test house that were used 

to refine and apply a method to measure the size-resolved particle 

removal efficiency of central HAC systems and filters (Investigation 

1b; Appendix C); 

Paper 4) A series of experiments in an unoccupied test house and a sample of 

seven single-family detached homes to develop and apply a method 

to measure the infiltration of outdoor ozone through building 

envelopes (Investigation 2a; Appendix D); and 

Paper 5) A series of experiments in an unoccupied test house and a sample of 

18 single-family detached homes to refine and apply a method to 

measure the infiltration of outdoor particulate matter through 

building envelopes (Investigation 2b; Appendix E). 

Ultimately, this work provides new information and a new set of tools to more 

easily and accurately assess air quality and energy use in residential and light-commercial 

buildings.  
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Chapter 2:  Literature Review 

This chapter provides a review of literature relevant to this dissertation. It is 

divided into two major sections. The first section more qualitatively describes typical 

residential and light-commercial buildings in the U.S. and the impacts that their heating 

and cooling (HAC) systems have on indoor air quality (IAQ), energy consumption, and 

peak electricity demand, specifically in the context of warm climates such as Austin, 

Texas. The second section more quantitatively describes current knowledge of the 

individual building and system components that impact the transport and control of 

indoor pollutants, with a specific focus on ozone and particulate matter, and their 

implications for energy consumption and peak electric demand.  

2.1 RESIDENTIAL AND LIGHT-COMMERCIAL BUILDINGS IN THE U.S. 

A typical residential or light-commercial building in the U.S. contains a central 

forced-air heating and air-conditioning (HAC) system, which consists of an air-handling 

unit (AHU) with a blower fan, heating coil, and cooling coil, connected to supply (and 

often return) ductwork. The cooling coil in the AHU is connected with refrigerant lines to 

a condenser-compressor unit located outdoors and the system cycles on and off to meet 

thermostat demands for space conditioning. There is generally no intentional outdoor air 

intake or mechanical ventilation. Ductwork is often located outside of conditioned space, 

and unintentional duct leaks can increase energy consumption and peak electricity 

demand (Parker et al., 1993; Jump et al., 1996; Proctor and Parker, 2000; O’Neal et al., 

2002; Francisco et al., 2006), as well as air infiltration rates (Persily et al., 2010). Figure 

1 shows a typical system arrangement and key parameters that influence both energy 

consumption and IAQ. 
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Figure 1. Typical residential or light-commercial building with central heating and air-
conditioning (HAC) system.  

Many of the individual parameters in Figure 1 combine to affect energy and IAQ 

in complex ways. For example, airflow rates through the AHU influence fractional 

operation times and recirculation rates through filters, but also influence AHU fan power 

draws, cooling capacities, and temperature and humidity differences within ducts and 

AHUs. Conversely, airflow rates and plenum operating pressures are directly related, and 

airflow rates are influenced by pressure drops across filters and heating and cooling coils 

in the AHU. Operating pressures also influence duct leakage rates, which influence both 

energy and IAQ, as duct leaks waste energy and can be sources or losses of indoor 

pollutants. Finally, occupant thermostat settings also affect many parameters, including 
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fractional operation times, recirculation rates, cooling capacity, and temperature and 

relative humidity.  

Although some of the parameters in Figure 1 have been well described in the 

literature, there are still gaps in our knowledge of many of these system operational 

parameters and how they interact to affect energy use and IAQ in real buildings. The next 

section (Section 2.2) more quantitatively describes how these parameters impact 

concentrations of pollutants, particularly ozone and particulate matter, in residential and 

light-commercial buildings, as well as their implications for energy use. 

2.2 FACTORS INFLUENCING INDOOR OZONE AND PARTICULATE MATTER 

Mechanisms of pollutant sources, transport, and control in buildings vary greatly 

by occupant activities, building type, operation, and pollutant characteristics. Figure 2 

presents a simplified schematic of the fate and transport of pollutants (particles and 

reactive gases, e.g. ozone, in particular) inside a typical residential or light-commercial 

building with a 100% recirculating central HAC system, absent of any indoor sources and 

ignoring other potential indoor fate and transport mechanisms (e.g., particle resuspension 

and coagulation, homogenous reactions of reactive gases, adsorption and desorption of 

gases, and phase changes). In the absence of indoor sources, occupants are exposed to 

indoor ozone and particulate matter of outdoor origin only after they penetrate the 

building envelope via air exchange and overcome any indoor losses due to surface 

deposition, reaction, exfiltration, and/or control by the HAC system. 
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Figure 2. Simplified model of the fate and transport of pollutants in buildings in the 
absence of indoor sources.  

More specifically, particles are removed in indoor environments by deposition to 

surfaces (Thatcher and Layton, 1995; Thatcher, 2002a; He et al., 2005); stand-alone air 

filtration (Offermann et al., 1985); filters installed in operating central HAC systems 

(Offermann et al., 1992; Hanley et al., 1994; Howard-Reed et al., 2003; Wallace et al., 

2004a); and exfiltration by air exchange (Abt et al., 2000) or dedicated exhaust fans 

(Singer et al., 2011). Reactive gases (e.g., ozone) are removed by heterogeneous reactive 

deposition to surfaces, including indoor materials (e.g., Sabersky et al., 1973; Reiss et al., 

1994; Morrison and Nazaroff, 2000), HAC ductwork (Morrison et al., 1998), HAC filters 

(Zhao et al., 2007), and human skin (Wisthaler and Weschler, 2010); homogenous 

reactions with other airborne compounds (Weschler, Brauer, et al., 1992; Weschler and 

Shields, 1997); and, like particles, exfiltration by air exchange or exhaust fans.  

ParticlesReactive gases Deposition/ReactionAir exchange
HVAC Filter

PenetrationAir exchange
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Considering the simplified indoor volume of the space in Figure 2 to be a well-

mixed reactor in the absence of indoor sources, the dynamic indoor concentration of an 

airborne pollutant (Cin) can be described by Equation 1. 
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where t is time (hr), P is the penetration factor of the building envelope for the 

pollutant in question (dimensionless, ranging from 0 to 1), λ is the air exchange rate 

(AER, hr-1), Cout is the outdoor pollutant concentration (typically # m-3 or µg m-3 for 

particles; ppb or µg m-3 for gases), β is the first-order indoor loss rate of the pollutant by 

deposition to surfaces and/or reactions (hr-1, also referred to as k), ηHAC is the pollutant 

removal efficiency of the HAC system and filter combined (dimensionless, ranging from 

0 to 1), QHAC is the airflow rate through the HAC system and filter (m3 hr-1), V is the 

volume of the building (m3), and f is the fractional operation time of the HAC system 

(dimensionless, ranging from 0 to 1). Additionally, QHAC/V can be described as a 

recirculation rate (λHAC, hr-1), with the same units as AER (λ). 

Averaged over some time period and again in the absence of indoor sources, the 

indoor-outdoor pollutant concentration ratio can be described by Equation 2. 
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where all parameters represent mean values taken over the averaging period. 

Characterizing these various pollutant sources and removal mechanisms in actual 

buildings can be challenging. The current state of knowledge of typical values of these 

influential parameters in residential and light-commercial buildings is summarized in the 
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next sections. Section 2.2.1 describes current knowledge of some general building and 

HAC characteristics, including HAC system airflow rates, recirculation rates, operation 

times, and air exchange rates, as well as their typical impacts on energy consumption and 

peak electricity demand. Section 2.2.2 describes current knowledge of indoor ozone 

concentrations, including I/O ozone ratios, indoor ozone loss rates, and ozone penetration 

factors. Finally, Section 2.2.3 describes current knowledge of indoor concentrations of 

particulate matter, including I/O ratios, indoor particle loss rates, and particle penetration 

factors. 

2.2.1 General Building and System Characteristics 

Airflow Rates and Recirculation Rates 

The performance of a building’s HAC system and filter in terms of both energy 

and IAQ is in part dependent on the airflow rate through the system (QHAC). 

Manufacturers typically recommend that airflow rates in these smaller systems be 

between 169 and 193 m3 hr-1 per kW of nominal capacity, although a wide range of 

airflow rates have been measured in field installations, from less than 100 m3 hr-1 kW-1 to 

greater than 230 m3 hr-1 kW-1 (Parker et al., 1997; Proctor, 1997). Low airflow rates can 

have significant impacts on comfort and energy use by reducing cooling capacities, 

changing sensible heat ratios, and causing systems to operate longer. The recirculation 

rate (λHAC, or the HAC volumetric airflow rate divided by the volume of space that a 

system serves) is an important parameter in determining the effectiveness of indoor 

pollutant removal technologies because the product of in-duct air cleaner efficiency 

(ηHAC), recirculation rate (λHAC), and fractional operation time (f) can be directly 

compared to other loss mechanisms including air exchange (AER, λ) and indoor 

deposition loss or reaction rates (β or k). Additionally, recirculation rates can be used to 
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calculate clean air delivery rates (CADR), which are widely used to characterize air 

cleaner performance (e.g., Offermann et al., 1985; MacIntosh et al., 2008; Waring et al., 

2008). 

Fractional Operation Times 

While airflow rates and recirculation rates through HAC systems are important, 

residential and light-commercial HAC systems typically only cycle on to meet the 

heating or cooling load of a building, and the frequency of system operation (f) affects 

both energy and IAQ. However, there is a lack of information in the literature about how 

often systems operate to meet heating and cooling loads in real environments. Previous 

IAQ investigations have traditionally either assumed values for fractional operation times 

(Thornburg et al., 2001; Klepeis and Nazaroff, 2006; Waring and Siegel, 2008) or 

estimated them from building energy models (MacIntosh et al., 2010). James et al. (1997) 

reported average fractional operation times of only 8–14% for correctly sized air-

conditioning systems in Florida homes in the summer. Thornburg et al. (2004) reported 

mean (±SD) HAC system operational fractions of only 6±5% in homes in North Carolina 

and 21±11% in homes in Florida. It is not clear whether these low values of fractional 

operation times are adequate in duration to effectively decrease indoor pollutant levels. 

Air Exchange Rates 

Residential and light-commercial buildings in the U.S. are seldom mechanically 

ventilated and typically rely on infiltration of outdoor air through unintentional openings 

and cracks in the building envelope to provide air exchange. Air exchange rates (AERs, 

or λ), or the rate at which indoor air is replaced by outdoor air, have competing effects on 

energy consumption and IAQ. High AERs introduce more unconditioned outdoor air that 

may require more energy to heat or cool a space, but if outdoor air is clean relative to 
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indoor air, greater amounts of outdoor air can dilute indoor pollutant concentrations. 

Conversely, lower AERs diminish the importance of outdoor pollutants but increase the 

importance of indoor sources as dilution times are increased. 

AERs have been measured in thousands of buildings worldwide, and have been 

shown to vary widely across buildings, as well as temporally within individual buildings. 

Murray and Burmaster (1995) reported a geometric mean AER of 0.52 hr-1 measured 

across nearly 3000 homes in the U.S. Wallace et al. (2002) measured AERs in a single 

occupied townhouse for one year and demonstrated that AERs were impacted by window 

openings, exhaust fan operation, indoor-outdoor temperature differences, and wind speed 

and direction. More recently, Offermann (2009) reported a median air exchange rate of 

0.26 hr-1 in 108 new homes in California, and Persily et al. (2010) estimated the national 

average AER for single-family homes in the U.S. to be 0.44 hr-1, increasing with age of 

construction. In 37 small and medium commercial buildings in the U.S., Bennett et al. 

(2012) measured a mean (±SD) AER of 1.6±1.7 hr-1, which significantly exceeds most 

residential buildings of any age. AER measurement methods are largely standardized and 

well known, and typically involve releasing an inert tracer gas and measuring its time-

varying concentration in a well-mixed environment (ASTM E 741, 2006). AERs often 

must be well-characterized to provide accurate assessments of other indoor pollutant 

removal mechanisms and sources. 

Energy Impacts 

One of the most important parameters for energy purposes in a residential or 

light-commercial building is the power draw of the outdoor condenser-compressor unit, 

particularly in warm climates. The outdoor unit typically draws the greatest amount of 

power in an air-conditioning system when cooling: usually 80–85% of total power, with 

AHU fans drawing the remaining 15–20% (Parker et al., 2005; Stephens et al., 2010a). 
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Power draw of the outdoor unit impacts both energy consumption at the building level 

and the peak demand of electric utilities when aggregated across many buildings (James 

et al., 1997; Neme et al., 1999; Parker, 2003; Mowris et al., 2004). Equipment size, 

refrigerant charge levels, and climate conditions all affect the power draw of outdoor 

units, although their impacts are not well characterized in all climates. Additionally, 

actual measured cooling capacities are often lower than rated capacities because of 

differences between rating test and operational conditions, inadequate refrigerant charge, 

excess duct leakage, and low airflow rates (Proctor and Downey, 1999; Downey and 

Proctor, 2002). Exploring the differences between design and actual measured 

performance in more detail is particularly important because increasing energy efficiency 

in buildings has been shown to be the largest potential and feasible contributor to 

widespread reductions in greenhouse gas emissions (Granade et al., 2009; Williams et al., 

2011), but the full potential of savings will not be realized if central HAC systems are 

consistently underperforming. 

2.2.2 Indoor Ozone: Concentrations and Key Removal Mechanisms 

Associations between ozone and adverse health effects are often made in large 

epidemiological studies using outdoor measurements of ozone; however, because 

Americans spend the majority of their time indoors, much of their exposure to ozone and 

byproducts of ozone reactions is thought to occur inside buildings (Weschler, 2000, 2004, 

2006). In large residential investigations, Avol et al. (1998) and Lee et al. (2002) 

measured mean (±SD) indoor-outdoor (I/O) ozone concentration ratios of 0.37±0.25 in 

126 homes and 0.24±0.18 in 119 homes in California, respectively, and found significant 

differences in I/O ratios due to window opening behavior and the operation of air-

conditioning systems. Similarly, Romieu et al. (1998) measured mean (±SD) I/O ozone 

ratios of 0.20±0.18 in 145 homes in Mexico and Cattaneo et al. (2011) measured a 
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median I/O ozone ratio of 0.14 in 60 homes in Italy. In two smaller studies, Lee et al. 

(2004) reported weekly mean I/O ozone ratios ranging from 0.03 to 0.15 in 36 homes in 

Tennessee, and Zhang and Lioy (1994) reported mean I/O ozone ratios ranging from 0.22 

to 0.62 in six homes in New Jersey. In homes unlikely to have open windows (e.g., 

during the winter or while operating HAC systems), measured I/O ozone ratios have been 

consistently lower, typically ranging from ~0.01 to ~0.10 (Liu et al., 1995; Lee et al., 

1999; Weschler, 2000; Xue et al., 2005), although it is not clear whether envelope losses 

or indoor losses contribute most to these lower values. 

Indoor Ozone Loss Rates 

Several investigations have shown that ozone, once indoors, can react with 

individual building materials (Sabersky et al., 1973; Reiss et al., 1994; Reiss et al., 1995; 

Morrison and Nazaroff, 2000; Klenø et al., 2001; Wang and Morrison, 2006; Hoang et 

al., 2009), compounds adsorbed to indoor surfaces (Shu and Morrison, 2011), and human 

skin and clothing (Wisthaler et al., 2005; Weschler et al., 2007; Wisthaler and Weschler, 

2010). Some known byproducts of these reactions include organic acids, carbonyls, and 

free radicals (Weschler, 2006), aldehydes (Zhang et al., 1994), carboxyl and α-hydroxy 

ketone groups (Wisthaler and Weschler, 2010), and secondary organic aerosols 

(Weschler and Shields, 1999; Sarwar et al., 2003; Destaillats et al., 2006). Ozone 

reactions with materials covered with lead paint have even been shown to increase the 

release of lead in older buildings (Edwards et al., 2009). First-order indoor ozone removal 

rates (β) have been measured in a variety of indoor environments, and have typically 

ranged from 1 to 7 hr-1 during normal building operation (Weschler, 2000). Limiting to 

residences, Mueller et al. (1973) measured a decay constant (β) of 7.3±0.2 hr-1 in a 

bedroom and Lee et al. (1999) measured mean (±SD) values of β of 2.8±1.3 hr-1 in 43 
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homes in California. Sabersky et al. (1973) found that operating a recirculating HAC 

system in a home nearly doubled measured values of β from 2.9 to 5.4 hr-1. 

Ozone Penetration Factors 

Overall, the wide spread in I/O ozone ratios measured in homes can be attributed 

to a combination of differences in AERs, HAC operation, furnishings, and building 

envelopes, although there are no known measurements of penetration factors (P) for 

ozone. Without experimental data, it is often assumed that ozone penetrates through 

building envelopes 100% efficiently (i.e., P = 1) (Weschler, 2006; Chen et al., 2011; Gall 

et al., 2011). However, models suggest that ozone penetration should vary with the nature 

of building air leakage paths and the reaction probabilities of envelope materials (Liu and 

Nazaroff, 2001). Reaction probabilities of common building envelope materials range 

several orders of magnitude, from ~10-4 for brick to ~10-8 for aluminum, which suggests 

that some building envelopes may offer more protection against outdoor ozone than 

others.  

2.2.3 Indoor Particulate Matter: Concentrations and Key Removal Mechanisms 

Indoor-outdoor (I/O) concentration ratios of several sizes and classes of 

particulate matter have been measured in a wide variety of buildings worldwide. The 

combined effects of building type, indoor and outdoor particle sources, envelope leakage, 

ventilation, filtration, and climatic conditions have resulted in I/O ratios of particles of a 

variety of sizes ranging from 0.02 to 31 (Chen and Zhao, 2011, and references therein). 

In the absence of indoor sources, measured I/O ratios (or “infiltration factors,” which 

vary with particle size) have ranged from ~0.2 to ~0.8, with a mean of approximately 0.5 

(Chen and Zhao, 2011, and references therein). Infiltration factors in the absence of 

indoor sources are a function of the combined effects of particle size, outdoor particle 
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concentrations, air exchange rates, deposition loss rates, and envelope penetration factors 

as described in Section 2.2, and may be particularly important because some evidence 

suggests that particles of outdoor origin may be more detrimental to human health than 

many indoor-generated particles (Ebelt et al., 2005; Koenig et al., 2005).  

Indoor Particle Loss Rates 

Indoor particle loss rates (β, or sometimes referred to as k, hr-1), which vary 

widely by particle size, are impacted primarily by building characteristics (e.g., surface 

areas, surface roughness, and indoor airspeeds) and HAC operation, including ductwork 

and filters (Lai and Nazaroff, 2000; Lai, 2002; Riley et al., 2002; Thatcher, 2002b). For 

example, Howard-Reed et al. (2003) measured particle loss rates inside a townhouse with 

the central HAC system off and found average deposition rates to range from 0.3 hr-1 for 

0.3–0.5 µm particles to 5 hr-1 for particles greater than 10 µm. Operating a central 

recirculating HAC system, even without a filter installed, doubled deposition rates for 

particles less than 5 µm in diameter, suggesting that deposition to ductwork is a 

significant removal mechanism (Sippola and Nazaroff, 2004). Similarly, Wallace et al. 

(2004a) measured deposition rates of a wider range of particle sizes in the same house 

and found that the use of the central HAC fan both without a filter installed and with a 

standard low-efficiency furnace filter installed increased deposition rates relative to 

conditions with the HAC system off by 0.1–0.5 hr-1. Installing a higher-efficiency filter 

increased indoor loss rates by up to 2 hr-1 for most particle sizes (except those in the 0.1–

0.5 µm size range, which are not substantially reduced by any removal forces, e.g., 

Brownian motion, gravitational settling, impaction, or interception).  

Although it is clear that HAC systems, ducts, and particularly filters can have a 

substantial impact on particle removal rates in indoor environments, central HAC filters 

are typically only tested in laboratory settings (Hanley et al., 1994; ASHRAE, 2007). 
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ASHRAE Standard 52.2 is the most widely used filter test methodology in the U.S. The 

standard requires filters to be tested over a range of simulated dust loading conditions in a 

test duct in a laboratory. A minimum efficiency reporting value (MERV) is assigned by 

averaging the minimum efficiency values across four particle sizes in each of three size 

bins (0.3–1.0 µm, 1.0–3.0 µm, and 3.0–10 µm). However, the test method involves 

particle concentrations, particle compositions, airflow rates, pressure drops, temperature, 

and humidity levels that are almost certain to be different from those the filter will 

encounter when installed in a real system, which raises questions about how HAC filters 

actually perform in real buildings.  

The in-situ performance of filters and other HAC components that may remove 

particles has been field tested using two primary methods: (1) by measuring 

concentrations upstream and downstream of the filter or component in question 

(Burroughs and Kinzer, 1998; Fugler et al., 2000; Jamriska et al., 2000; ASHRAE, 2008), 

or (2) by measuring the difference in overall particle loss rates in an indoor environment 

with and without a filter installed (Offermann et al., 1992; Howard-Reed et al., 

2003;Wallace et al., 2004; MacIntosh et al., 2008). The first field method, which involves 

measuring filter efficiency by an upstream-downstream method, is a relatively quick 

procedure to perform that can isolate the impact of the filter alone, or can be extended to 

other sections of the HAC system to measure the removal efficiency of other 

components. The second field method, which involves measuring the differences in 

overall particle loss rates in an environment with and without a filter installed, can also be 

referred to as a “whole-house” method. Whole-house methods can be used to quantify the 

effects of HAC filters on particle decay rates in an environment, and the difference in 

decay rates between multiple filter conditions can be used to calculate clean air delivery 

rates or filter removal efficiencies (if the airflow rate through the HAC system is known).  
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Particle Penetration Factors 

In buildings that rely on infiltration for ventilation air, which represent the 

majority of residential buildings in the U.S., outdoor particles can transport indoors via 

air leakage in the building envelope. The process is dependent on several factors, 

including the geometry of openings, indoor-outdoor pressure differences, the amount of 

airflow through openings, air exchange rates (AERs), and particle size (e.g., Liu and 

Nazaroff, 2001, 2003; Rim et al., 2010). Previous investigations of the penetration of 

outdoor airborne particulate matter have generally occurred in four forms, including: (1) 

modeling efforts (Liu and Nazaroff, 2001); (2) laboratory measurements of building 

envelope structures (Mosley et al., 2001; Liu and Nazaroff, 2003); (3) measurement of 

I/O concentration ratios (or “infiltration factors”) during periods free of indoor sources 

(e.g., Fogh et al., 1997; Abt et al., 2000; Bennett and Koutrakis, 2006; McAuley et al., 

2010; Bhangar et al., 2011), which are sometimes coupled with models to estimate 

penetration factors from measured data (e.g., Long et al., 2001; Vette et al., 2001; Lunden 

et al., 2003; Williams et al., 2003; Zhu et al., 2005); and (4) specific particle penetration 

methods (Thatcher and Layton, 1995; Chao et al., 2003; Thatcher et al., 2003; Rim et al., 

2010).  

Of those that measured I/O concentrations ratios during periods free of indoor 

sources and later estimated penetration factors from the data, Long et al. (2001) reported 

that the penetration factor of 0.02–10 µm particles in 9 homes ranged from ~0.2 to >0.9 

and depended on particle size, season, and home characteristics. Vette et al. (2001) 

reported that penetration factors ranged from ~0.5 to 0.9 for 0.01–2.5 µm particles at a 

single occupied residence, using nighttime data assumed to be collected during source-

free periods. Williams et al. (2003) analyzed I/O particulate matter data (PM2.5 mass) 

from 37 residences and reported a mean (±SD) penetration factor of 0.72±0.21 across all 
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homes, but with considerable variability across individual homes (ranging from 0.11 to 

1.0). Zhu et al. (2005) reported relatively constant penetration factors of ~0.5 for 0.02–

0.2 µm particles at four apartments, with declining average penetration factors for smaller 

particles, down to <0.2 for particles smaller than 0.01 µm. 

Specific particle penetration tests have been conducted in fewer than 

approximately 20 homes worldwide (Rim et al., 2010; Chen and Zhao, 2011). Thatcher 

and Layton (1995) measured penetration factors of approximately 1.0 for all particle sizes 

investigated (0.3–25+ µm) in one home. Chao et al. (2003) estimated mean (±SD) 

penetration factors in six high-rise apartments to be ~0.6±0.3 for 20–1000 nm particles, 

~0.7±0.2 for 0.5–2.5 µm particles, and ~0.5±0.3 for 2.6–10 µm particles. Thatcher et al. 

(2003) measured penetration factors in two homes ranging from ~1 for 0.1 µm particles 

to ~0.3 for 10 µm particles; importantly, particles of all sizes penetrated more efficiently 

into the leakier of the two homes (envelope air leakage was measured by standardized fan 

pressurization tests). Finally, most recently, Rim et al. (2010) measured penetration 

factors of ultrafine particles at an unoccupied test house during two conditions: 1) closed 

windows and 2) with a window open approximately 7.5 cm. The penetration factor 

increased from ~0.2 for 0.01 µm particles to an asymptote of ~0.6 for 0.03–0.1 µm 

particles with closed windows and ranged from 0.6 to 0.8 across all particle sizes with the 

window open.  

Methods for measuring particle penetration factors have varied in each study, and 

they remain non-standardized, invasive, and time-consuming. They also often result in 

large experimental uncertainties. Two potential opportunities to improve knowledge of 

particle penetration into buildings are to (1) refine penetration test methods that improve 

accuracy while minimizing the duration and invasiveness required by individual tests, 

and (2) because particle penetration is in part a function of leak geometries in building 
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envelopes, investigate the potential to infer information about particle penetration from 

building characteristics, including results from easy and cost-effective standardized 

building air leakage tests. This knowledge may be able to feed appropriate models to 

more accurately and inexpensively predict indoor exposures to pollutants of outdoor 

origin using outdoor concentrations made at central monitoring sites (Wu et al., 2005; 

Hering et al., 2007). 
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Chapter 3:  Specific Research Objectives 

The literature review in Chapter 2 identified several gaps and opportunities in the 

existing knowledge of the sources, transport, and control of indoor pollutants in 

residential and light-commercial buildings. In particular, there is a lack of knowledge of 

the impacts that central heating and cooling (HAC) systems, filters, and building 

envelopes have on exposure to indoor pollutants, and also of the impacts that those 

components have on energy use and peak electricity demand. Therefore, the research in 

this dissertation addresses the following two primary research objectives with four 

associated investigations, described below (full results are contained in the five 

appendices at the end of this dissertation): 

1) Develop and apply novel methods to characterize and evaluate central air-

conditioning systems and filters as pollutant removal devices in residential and 

light-commercial buildings, and to explore their implications for energy 

consumption. Objective 1 is fulfilled by two investigations, which: 

1a. Characterize a variety of design and operational parameters of existing 

central air-conditioning systems (1) measured in 17 occupied residential and 

light-commercial buildings and (2) gathered from a database of nearly 5000 

energy audits performed on single-family homes, both in Austin, Texas, and 

describe implications for exposure to indoor pollutants, energy use, and peak 

electric demand (Section 4.1 and Appendices A and B); and  

1b. Develop and apply a novel test methodology for measuring the in-situ 

particle removal efficiency of central HAC systems and filters, using 

experiments in an unoccupied test house (Section 4.2 and Appendix C); and 

2) Develop and apply novel methods of measuring the infiltration of ozone and 

particulate matter through leaks in building envelopes that can be used in both 
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single-family residences and light-commercial buildings. Objective 2 is fulfilled 

by two investigations, which: 

2a. Develop and apply a novel test methodology for measuring the penetration of 

ambient ozone indoors, using experiments in an unoccupied test house and a 

sample of seven residences in Austin, Texas (Section 4.3 and Appendix D); 

and 

2b. Refine and apply a test methodology for measuring the penetration of 

ambient particulate matter into buildings using experiments in an unoccupied 

test house and a sample of 18 residences in Austin, Texas to explore 

correlations between measured particle penetration factors and results from 

standardized fan pressurization air leakage tests (Section 4.4 and Appendix 

E). 

The results from these research objectives provide insight to important building 

and system characteristics in residential and light-commercial buildings that influence 

indoor exposures to air pollution of both indoor and outdoor origin, energy use, and peak 

electricity demand. The test methods and data collection involved, although performed 

only in Austin, Texas, can also be generalized and applied by others to characterize a 

wider range of buildings in a wider variety of climates. 

The complete results of the major research objectives and investigations are 

presented in the five journal articles included in Appendices A–E. Objective 1 is fulfilled 

in part by the article in Appendix A: “Operational characteristics of residential and light-

commercial air-conditioning systems in a hot and humid climate zone” (published in 

Building and Environment) and in part by the article in Appendix B: “Using energy 

audits to investigate the impacts of common air-conditioning design and installation 

issues on peak power demand and energy consumption in Austin, Texas” (published in 
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Energy and Buildings, co-authored with another graduate student, Joshua D. Rhodes, 

from the University of Texas at Austin). These two papers represent Investigation 1a. 

Objective 1 is also fulfilled in part by the article in Appendix C: “Comparison of test 

methods for determining the particle removal efficiency of filters in residential and light-

commercial central HVAC systems” (published in Aerosol Science and Technology), 

which represents Investigation 1b.  

Objective 2 is fulfilled in part by the article in Appendix D: “Measuring the 

penetration of ambient ozone into residential buildings” (published in Environmental 

Science and Technology), which represents Investigation 2a. Finally, Objective 2 is also 

fulfilled in part by the article in Appendix E: “Penetration of ambient submicron particles 

into single-family residences and associations with building characteristics” (accepted to 

Indoor Air), which represents Investigation 2b.  

Results from these investigations are described in the next chapter.  
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Chapter 4:  Summary of Research Findings 

The research in this dissertation addresses two main research objectives using 

four primary investigations; thus, this summary of research findings is divided into four 

major sections:  

4.1) Characterizing a variety of design and operational characteristics of existing 

central air-conditioning systems measured in 17 occupied residential and 

light-commercial buildings and gathered from nearly 5000 energy audits 

performed on single-family homes, both in Austin, Texas (Objective 1: 

Investigation 1a);  

4.2) Developing and applying a novel test methodology for measuring the in-situ 

particle removal efficiency of central HAC systems and filters using 

experiments in an unoccupied test house (Objective 1: Investigation 1b);  

4.3) Developing and applying a novel method of measuring the infiltration of 

outdoor ozone through building envelopes using experiments in an 

unoccupied test house and seven single-family homes (Objective 2: 

Investigation 2a); and  

4.4) Developing and applying a novel method of measuring the infiltration of 

outdoor particulate matter through building envelopes using experiments in 

an unoccupied test house and 18 single-family homes to also explore the 

ability of building characteristics to predict particle penetration (Objective 2: 

Investigation 2b). 

4.1 OPERATION OF CENTRAL HAC SYSTEMS: IMPLICATIONS FOR ENERGY AND IAQ 

This investigation (Investigation 1a) first strengthened the knowledge base of 

smaller air-conditioning systems in the U.S. by characterizing a variety of operational 

parameters measured in 17 existing residential and light-commercial air-conditioning 
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systems in the hot and humid climate of Austin, Texas, collected from a previous dataset 

(Stephens et al., 2010b). Several operational characteristics and measured parameters that 

impact both energy consumption and the control of indoor pollutants were reported, 

including indoor and outdoor unit operation (e.g., AHU fan power draws, AHU airflow 

rates, and outdoor unit power draws), ductwork characteristics, pressure measurements, 

fractional operation times, and thermostat settings. Many of these measurements 

represent novel additions to our knowledge of HAC operation in real buildings, and a full 

discussion of measured values in the context of those that have been previously reported 

or assumed in the literature is included in the article in Appendix A. For brevity, this 

summary includes only a few of the findings of particular parameters that impact both 

IAQ and energy use. 

Parameters Influencing IAQ 

The occupied test buildings in this section were visited once a month for one year, 

during which time three categories of filtration efficiency typically used in residential and 

light-commercial systems were installed: low-efficiency (MERV <5), mid-efficiency 

(MERV 6-8), and high-efficiency (MERV 11-12) filters, as determined by the 

manufacturer and defined by ASHRAE Standard 52.2 (ASHRAE, 2007). Some useful 

building and individual HAC system characteristics are described in Table 1. In total, 114 

useful monthly visits were made during the cooling season, providing 3132 hours (most 

visits were longer than 24 hours) of data to explore in more detail. 
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Table 1. Building and individual HAC system characteristics (Investigation 1a) 

Site1 
Year 
Built 

Floor 
Area, 

m2 
Volume, 

m3 

Rated 
Capacity, 

kWcap 

Number 
of 

Cooling 
Visits 

Total 
Monitored 

Cooling 
Hours 

Mean  
Outdoor 

Temperature 
(std. dev.), °C 

Mean Hourly 
Fractional 
Operation  

(std. dev.), % 

1 1975 170 442 14.1 6 177 27.5 (1.9) 16.5% (17.5%) 
2 1973 133 323 10.6 6 183 28.7 (2.3) 10.7% (21.6%) 
3 

1999 
100 346 8.8 8 219 27.9 (2.9) 11.1% (13.0%) 

4 30 108 5.3 8 232 27.9 (2.8) 24.8% (25.0%) 
5 1949 106 292 8.8 8 225 27.7 (3.8) 39.4% (31.4%) 
6 1941 139 340 10.6 6 165 28.6 (2.6) 32.6% (28.2%) 
7 1970s* 111 272 10.6 7 206 29.7 (3.2) 20.6% (16.9%) 
8 1984 125 323 10.6 6 168 28.6 (3.4) 32.9% (39.9%) 
9 

1995 
121 439 17.6 6 177 27.3 (2.9) 18.4% (22.5%) 

10 121 439 12.3 6 174 26.2 (2.6) 15.5% (20.4%) 
11 1940 123 351 12.3 8 214 26.6 (3.5) 55.3% (33.8%) 
12 1935 173 422 17.6 4 100 29.0 (4.0) 20.1% (23.6%) 
13 1920 133 346 12.3 9 221 26.2 (3.3) 41.0% (38.5%) 
14 1941 91 221 10.6 7 176 28.3 (3.1) 34.7% (35.4%) 
15 1970s* 93 232 8.8 7 186 28.4 (3.0) 33.3% (43.2%) 
16 

2000s* 
71 266 5.3 6 155 27.8 (3.7) 13.8% (28.5%) 

17 26 59 5.3 6 154 27.8 (3.7) 13.7% (23.1%) 
 Total 114 3132 Median: 27.9 20.6% (25.0%) 
1Sites 1-8 were located in residences and Sites 9-17 were located in light-commercial buildings. 
*Estimated year built 

The median cycle length across all systems and all cycles was 8.0 minutes, with 

an interquartile range of 5.7 to 11.7 minutes (N = 3736). The median hourly fractional 

operation time across all systems was approximately 20.6%, or 12.4 minutes per hour, 

measured across multiple seasons (spring, summer, and fall). Even in the warm climate of 

Austin, TX, these cooling systems did not operate very often on average, but large 

standard deviations from individual mean operational fractions reveal a wide spread in 

hourly operation fractions in the test systems.  

Fractional operation times (f) are important because they impact another 

parameter that affects indoor pollutant removal: recirculation rates (λHAC). Without 

accounting for system runtimes, the median individual system recirculation rate (QHAC/V) 

was approximately 6 hr-1 (i.e., assuming the systems ran 100% of the time). When 
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averaged over the mean operation time, the median recirculation rate (f×QHAC/V) 

decreased to 1.5 hr-1. These rates, when accounting for fractional operation, are 

considerably lower than some of those assumed in previous investigations (e.g., 

Thornburg et al., 2001; Klepeis and Nazaroff, 2006; Waring and Siegel, 2008). For 

comparison with typical air exchange rates (another pollutant removal mechanism, as 

discussed in Section 2.2), Murray and Burmaster (1995) reported median air exchange 

rates in existing residences of 0.51 hr-1. Limiting values to those measured in other warm 

climates (i.e., the summer in Arizona, Florida, and California), median air exchange rates 

were 1.10 hr-1. More recently, Offermann (2009) reported median air exchange rates of 

only 0.26 hr-1 in 108 new homes in California. Air exchange rates were not measured in 

this study, but the median recirculation rate in this sample suggests that HAC systems 

and filters, even at relatively low average fractional operation times, should be 

competitive as pollutant removal mechanisms relative to air exchange rates, depending on 

filter efficiency, filter bypass, duct leakage, window opening behavior, and individual 

system runtime, which provides motivation for the research in Section 4.2. 

Although system runtimes are important and there is a scarcity of data on actual 

measurements of runtimes, there is also a lack of information quantifying parameters that 

impact operational times. To this end, Figure 3 describes how the fractional operation 

time of the units in this sample increased in response to both outdoor temperature and 

indoor-outdoor temperature differentials, using Spearman’s rank correlation coefficients 

(a non-parametric measure of statistical dependence) for each full hour of cooling cycles 

observed across all sites (N = 3070). Linear regressions of hourly fractional operation 

were also performed versus the difference between the mean hourly outdoor and indoor 

temperatures (the parameter that showed the strongest relationship of the two 



30 
 

investigations on the left of Figure 3), which provides insight into how systems typically 

respond to environmental conditions. 

 

Figure 3. Hourly duty cycle response to climate conditions (Investigation 1a). 

Hourly fractional operation times were more strongly correlated with differences 

between indoor and outdoor temperatures (ρ = 0.66) than outdoor temperature alone (ρ = 

0.50) across all sites. The median increase in hourly operation fraction was approximately 

6.0% per °C increase in indoor-outdoor temperature difference, ranging from 2.4 to 

11.3% per °C per site. Coefficients of determination (R2 values) from the table in Figure 

3 ranged between 0.6 and 0.8 for 14 of the 17 sites, suggesting that approximately 60–

80% of the variation in hourly duty fraction can be explained by indoor-outdoor 

temperature differences for most of the test systems.  
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Similarly, but in closer detail, Figure 4 shows mean fractional operation times 

measured in the sample of systems in response to both time of day and outdoor 

temperature, split by residential and light-commercial systems. Values are averaged over 

each hour of the day, as well as across all eight residential and nine light-commercial 

systems in the study. Error bars represent one standard deviation in each direction. 
 

 

Figure 4. Mean hourly fractional operation time, averaged across eight residential and 
nine light-commercial systems in this study (Investigation 1a). 

Operational times generally trended with outdoor temperature as the systems 

responded to meet the coincident cooling load. Mean hourly fractional operation times 

were similar between residential and light-commercial systems from 5 PM to 7 AM; 

however, light-commercial systems ran 30–150% more often than residential systems 

during typical business hours, on average (10–30% more absolute time from 8 AM to 4 

PM). Assuming constant airflow rates and air-cleaner efficiencies, longer operation times 

lead to greater recirculation rates and removal rates. Therefore, if in-duct air cleaners or 
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filters in HAC systems are relied upon to deliver clean air to occupied spaces, these 

results suggest that occupants may be more protected from indoor airborne pollutants by 

longer operation times in light-commercial buildings than in residences in this sample. 

However, this relationship is only true if other parameters are held constant, including 

indoor pollutant sources, penetration factors of outdoor pollutants, air exchange rates, 

deposition rates, and indoor volumes. Additionally, the filters used in these systems were 

designed only to capture particulate matter; no additional intentional protection would be 

offered against gas-phase pollutants. 

Energy Impacts 

Several parameters that primarily impact energy consumption and peak demand 

were also measured and reported in this study, including central HAC system airflow 

rates, fan power draws, outdoor condenser-compressor unit power draws and capacities, 

duct leakage, pressure drops, filter life spans, environmental conditions, and occupant 

thermostat settings. Only a brief overview of some important findings is presented here. 

The median airflow rate measured across all systems (and normalized for cooling 

capacity) was 176 m3 hr-1 kW-1. However, airflow rates were in the range of those 

recommended by manufacturers (169–193 m3 hr-1 kW-1) at only one site, below at 9 sites, 

and above at 7 sites. The median fan power draw across all sites with all filters was 519 

W, ranging from 312 to 1040 W. More importantly, the median power draw of the 

outdoor units (compressor + outdoor fan power) was approximately 3 kW. Moreover, the 

power draw of the outdoor unit increased in response to outdoor temperature, with a 

mean (±SD) increase of 1.8±0.8% per °C rise in outdoor temperature, suggesting that the 

importance of outdoor unit operation is even more pronounced at times of extreme heat 

(which usually coincide with peak electric demand in warm climates).  
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Finally, Figure 5 compares total measured cooling capacity (sensible + latent) to 

manufacturer-rated (nominal) cooling capacity of the outdoor units for each site in this 

sample, measured at four ranges of outdoor temperature: 20–25°C, 25–30°C, 30–35°C, 

and 35–40°C. The bars represent the mean value calculated from measurements at 

steady-state operation and the error bars represent one standard deviation in each 

direction.  
 

 

Figure 5. Measured versus rated (nominal) capacity measured in 5°C bins of outdoor 
temperatures; means are reported only if a temperature range had at least 50 
data points recorded within its bin. Site 14 was excluded from this analysis 
because the outdoor condenser-compressor unit was replaced midway 
through the testing period (Investigation 1a). 

The mean total capacity of each system in all but one combination of site and 

temperature bin (Site 16, outdoor temperature 30–35°C) was less than 100% of rated 

capacity. In fact, the mean percentage of rated capacity across all sites was only 62%, 

64%, 67%, and 67% for each outdoor temperature bin (20–25°C, 25–30°C, 30–35°C, and 
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35–40°C, respectively), which suggests that the majority of the test systems do not 

operate at rated capacity. Low capacity has implications for both thermal comfort and 

energy consumption, as equipment will operate longer than necessary in order to meet 

cooling loads. Longer operation times will, however, increase recirculation rates, which 

may positively impact IAQ, as previously discussed.  

Overall, the results in this portion of the research (and Appendix A) provide 

insight into operational characteristics and parameters that influence IAQ and energy in 

residential and light-commercial buildings. These results also provide a valuable 

reference for modelers and experimenters investigating energy and IAQ to use in their 

work. For example, reported values from this sample of buildings were later used in 

another study in Appendix B, which was co-authored with another graduate student at the 

University of Texas to investigate the impacts of residential air-conditioner operation, 

design, and installation on energy use and peak electricity demand (Rhodes et al., 2011).1  

The work in Appendix B used a database of nearly 5000 recently performed 

energy audits on single-family homes in Austin, Texas to improve knowledge of air-

conditioning operation in the residential sector by: (1) investigating the prevalence of the 

most common air-conditioning system design and installation issues that lead to excess 

power draw and energy consumption; (2) estimating the impacts that these issues have on 

aggregate peak power demand; and (3) quantifying the likely distribution of achievable 

energy savings from retrofits in individual residences. While the full details of this 

investigation are described in Appendix B, this analysis led to similar conclusions to 

those in previous studies: residential air-conditioning systems are typically operating in 

poor condition. The inefficiencies associated with poor residential air-conditioning 

                                                 
1 This work was performed in conjunction with Joshua D. Rhodes, a doctoral student in Civil, Architectural 
and Environmental Engineering at the University of Texas at Austin. 
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performance aggregated on a utility scale were estimated to be significant, especially 

during periods of summertime peak demand. For example, single-family residential air-

conditioning systems were estimated to account for approximately 17–18% of peak 

summer electricity demand in Austin, and efficiency improvements alone (i.e., upgrading 

the efficiency of all of the outdoor condenser-compressor units in homes in Austin to 

those with an energy efficiency ratio, or EER, of 14 BTU hr-1 W-1 (IP), or a COP of 4.1 

(SI)) could reduce peak power demand by as much as 205 MW, or approximately 8% of 

peak demand in Austin, Texas.  

4.2 MEASURING THE IN-SITU PARTICLE REMOVAL EFFICIENCY OF HAC FILTERS 

As mentioned in the literature review, little is known about how central HAC 

filters actually perform in real environments, particularly in residential and light-

commercial buildings. However, measuring the in-situ particle removal efficiency of 

HAC systems and filters is important for assessing a primary removal mechanism of 

indoor particulate matter, as described in Section 4.1. Testing particle removal efficiency 

is important because efficiency has been shown to change in time as filters are loaded 

with dust and several other system characteristics and installation issues impact indoor 

particle removal, including duct leaks and bypass airflow around filters. Therefore, the 

work in this investigation (Investigation 1b) refined a method for measuring the in-situ 

size-resolved particle removal efficiency of central HAC systems and filters in residential 

and light-commercial buildings. The method was applied with three filters in a test house 

and results from the in-situ filter tests were compared to results from simple upstream-

downstream removal efficiency measurements. Results from both field measurements 

were also compared to standardized laboratory test results as measured by an independent 

laboratory and as reported the manufacturer. 
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The previous whole-house test methods in Offermann et al. (1992), Howard-Reed 

et al. (2003), Wallace et al. (2004), and MacIntosh et al. (2008) were refined for the 

purposes of this work. The method consisted of the same general practices: artificially 

elevating indoor particle concentrations and measuring the subsequent concentration 

decay with and without a filter installed in the operating HAC system, while 

simultaneously measuring the air exchange rate (AER) through the building by tracer gas 

decay. Therefore, the total indoor particle loss rate (to indoor surfaces and HAC 

components) was measured for each HAC condition, and particle removal efficiencies 

were calculated by comparing the differences in loss rates between conditions. The full 

procedure and solutions are described in Appendix C. 

Four to six replicate tests were performed at five filter and HAC operation 

conditions in an unoccupied test house: (1) with no filter installed and the HAC system 

off (i.e., “background” decay); (2) with the HAC system operating and no filter installed; 

and (3) with the HAC system operating with one of three types of test filters installed 

(low-, medium-, and high-efficiency filters). Only a summary of results is provided here 

for brevity. First, mean HAC system airflow rates ranged from 1460±73 to 1673±84 m3 

hr-1, decreasing with the rated efficiency of installed filters. The installation of new 

MERV <5, MERV 7, and MERV 11 filters decreased system airflow rates in the fan-only 

mode relative to no filter conditions by 4%, 9%, and 13%, respectively, due to the 

increase in filter pressure drops with increasing filter efficiency (8 Pa, 55 Pa, and 89 Pa, 

respectively). Second, size-resolved effective loss rates (βi or βi + ηi,HACQHAC/V, 

excluding AER) from each filter test and HAC operation condition estimated with this 

method are shown in Figure 6. Effective removal rates include the total loss term 

estimated from nonlinear regressions of a number balance on the indoor space, minus the 

AER (λ).  
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Figure 6. Size-resolved effective particle loss rates measured in the test house during 
replicate tests at five filter conditions: Background w/ HAC off, HAC on 
with no filter, and HAC on with MERV <5, MERV 7, and MERV 11 filters. 
Loss rates are divided into six particle size bins as indicated by the dashed 
vertical lines. Boxes represent 25th, 50th, and 75th percentiles, whiskers 
represent 5th and 95th percentiles, and circles represent outlier values 
(Investigation 1b). 

Effective particle loss rates generally increased with both particle size and rated 

filter efficiency. On average, high-efficiency (MERV 11) filters increased effective 

particle loss rates in the test house by 2.4 to 6.1 hr-1 relative to background deposition 

rates measured with the HAC system off. The difference increased with increasing 

particle size. However, for the largest and smallest particle size bins, filters did not 

always increase loss rates much over simply running the HAC system without a filter. 

For example, medium-efficiency filters did not increase loss rates of 0.3–0.5 µm particles 

and increased average loss rates of particles greater than 5 µm only 15%, which suggests 

that primary loss mechanisms of those particle sizes may be deposition onto HAC 
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components and duct surfaces or exfiltration through duct leakage, depending on filter 

efficiency.  

These estimates of particle loss rates are likely higher than what would be 

expected during natural conditions, as the addition of several mixing fans will increase 

friction velocities and deposition rates (e.g., Lai and Nazaroff 2000), but they are 

elevated during all conditions and do not ultimately affect calculations of filtration 

efficiency. After the rounds of whole-house testing in the test house, particle removal 

efficiency was measured using upstream-downstream measurements, and then the three 

filters were shipped to an independent testing facility to have an ASHRAE Standard 52.2 

laboratory test performed. A comparison of the four methods (two in-situ and two in lab 

settings) is shown in Figure 7. Values for particle removal efficiency are plotted against 

the geometric mean diameter of each particle size bin (6 bins from the in-situ tests and 12 

bins from the lab tests). Uncertainty for field tests is reported as discussed in Appendix C 

and uncertainty from the independent laboratory tests was reported as the 95% 

confidence interval for each particle size bin. No uncertainty was included in the 

manufacturer-reported data.  
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Figure 7. Comparison of size-resolved particle removal efficiency of three filters (MERV 
<5, MERV 7, MERV 11) tested by four methods: ASHRAE 52.2 test results 
reported by the manufacturer, results from the initial loading stage of 
ASHRAE 52.2 lab tests on the filters after being used in the test house, 
results from upstream-downstream measurements in the test house, and 
results calculated from the whole-house methods in the test house. Removal 
efficiency is plotted versus the geometric mean diameter for each particle 
size bin (12 bins for the 52.2 tests and 6 bins for the test house 
measurements). Note that the vertical scale on (c) extends to 120% 
(Investigation 1b). 

In general, removal efficiencies between all methods agreed well for many 

particle sizes and filter combinations. Uncertainties for the whole-house method were 

generally larger than the upstream-downstream method, but not for all particle sizes and 

filter conditions. Mean absolute uncertainties across all particle size bins and across the 

three filters were approximately 2% for the independent lab tests, 6% for the upstream-

downstream method, and 7% for the whole-house method. Mean uncertainties were 

relatively constant (±1%) across all filters for the independent lab and upstream-
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downstream tests, while uncertainties in the whole-house method generally increased as 

rated filter efficiency increased. 

For larger particles (> 3 µm), both in-situ methods resulted in lower estimated 

removal efficiencies for the MERV <5 filter than were measured in lab tests. The whole-

house method over-estimated removal efficiencies for MERV 7 and 11 filters relative to 

the other three tests, even exceeding 100% in one case (an efficiency greater than 100% 

is theoretically impossible, but the discrepancy likely stems from inadequate mixing of 

the largest particles sizes, which were removed within only a few minutes with the 

MERV 11 filter installed). In general, the upstream-downstream method agreed well with 

MERV 7 and 11 lab tests; however, removal efficiencies of particles <1 µm measured by 

the upstream-downstream method with a MERV 11 filter installed was lower than the 

three other test methods. Manufacturer-reported removal efficiencies from lab tests were 

consistently equal to or greater than those reported by the independent test lab, which 

might be indicative of a bias, as manufacturers can perform multiple ASHRAE Standard 

52.2 tests for a filter and will typically report their best results. 

In sum, this work (Investigation 1b) refined an in-situ whole-house test method 

for determining the particle removal efficiency of HAC filters and validated it in an 

unoccupied test house with three types of filters. Results were in reasonable agreement to 

those measured by another field method (a simple upstream-downstream measurement of 

particle concentrations) and two laboratory methods. The refined whole-house method 

can provide a more complete picture of particle interactions in a real environment and 

both field methods could be used to further investigate the effects of duct leakage, filter 

bypass airflow, dust loading, and system operation times on particle removal efficiency in 

real environments. In addition, more advanced particle instrumentation could be used to 
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more accurately determine the applicability for more particle sizes, including ultrafine 

particles.  

4.3 MEASURING OUTDOOR OZONE PENETRATION 

Because there are currently no measurements of penetration factors (P) for ozone, 

the research in this investigation (Investigation 2a) developed a method of measuring the 

penetration factor for ozone in buildings and applied the method in an unoccupied test 

house and a sample of seven single-family residences in Austin, Texas USA. 

Measurements of ozone penetration factors (P) require accurate measurements of indoor 

ozone loss rates (β), so the homes were manipulated to elevate indoor ozone 

concentrations and measure the subsequent decay. Similar manipulations have been used 

to measure particle penetration into residences (Chao et al., 2003; Thatcher et al., 2003; 

Rim et al., 2010), and this method relied on the same general principles of elevation and 

decay to estimate two unknown parameters (P and β) from one equation. The procedure 

is described in full in the article in Appendix D.  

In all homes, experiments were conducted during times of relatively low outdoor 

ozone concentrations (e.g., <100 ppb), when steady-state indoor ozone concentrations 

and outdoor ozone source terms (P×λ×Cout) were too low to be accurately measured. 

Thus, a large calibrated fan and frame (i.e., a blower door) was installed in a doorway 

during the decay procedure in order to depressurize the space, increase the AER and 

outdoor ozone source term, and elevate the steady-state value of indoor ozone 

concentrations (Cin) above the level of detection of the monitoring equipment. 

Depressurizing with the fan provided a single exhaust outlet for indoor air; the resultant 

supply air infiltrated through cracks and gaps in the building envelope. It should be noted 

that the resulting estimates of P may be over-predicted with this high AER configuration 

relative to normal building operation (due to higher airspeeds and lower residences times 
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in building cracks); the implications of this configuration are explored in the full paper in 

Appendix D, but were likely small.  

The test procedure was first performed in an unoccupied manufactured test house. 

Sixteen replicate tests were performed over a period of four months. The test method was 

then performed once at each of seven single-family residential buildings in Austin, Texas 

over a period of two months. The homes were a sample of convenience and were all 

furnished and occupied (but they were unoccupied during the tests). All windows and 

doors were closed and the homes were unoccupied during all tests. In order to compare 

building envelope reactions to interior losses, ozone decay rates were also measured 

during “natural” conditions following the same procedure of injection and decay in the 

homes, but only the initial portion of these data unaffected by outdoor ozone penetration 

was used to estimate natural ozone deposition rates (βnat, hr-1) using a simple first-order 

decay model.  

Table 2 provides a summary of the test house and seven field homes, including 

general building information and descriptions of envelope materials. The year of 

construction of the eight homes ranged from 1920 to 2008. Sites 2–4 had attached 

garages with doors closed during testing, and Site 7 shared one narrow wall with a 

neighboring home’s garage. Seven of the homes had recirculating HAC systems that 

were operated during testing and one home (Site 6) had a window air-conditioning unit, 

which was not operated during testing. None of the homes had dedicated mechanical 

ventilation systems. 
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Table 2. Building characteristics of the test house and the seven field homes 
(Investigation 2a) 

Site 

Year 

Built 

Floor Area, 

m
2
 

Volume, 

m
3
 

Exterior  

Envelope Materials
1
 

Test 
House 

2008 110 250 
painted fiber  

cement siding 

1 1920 131 372 
painted wood  

siding 

2 1996 201 490 
~50% brick 

~50% painted 
wood siding 

3 1975 171 443 brick 

4 1984 119 311 
~80% painted 
wood siding 
~20% stone 

5 1938 92 235 
painted 

wood siding 

6 1935 24 56 
painted 

wood siding 

7 1961 72 189 
painted 

wood siding 

1Materials make up approximately 100% of the surface area of 
walls (excluding windows and doors) unless otherwise noted 

 

Table 3 provides full experimental results from ozone penetration tests and 

“natural” decay tests as performed in all eight buildings. Similarly, Figure 8 shows the 

mean (±SD) ozone penetration factor measured during the 16 experiments at the test 

house and measurements of P (± associated uncertainty) from single tests at the seven 

field sites. 
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Table 3. Summary of ozone penetration tests in the test homes (Investigation 2a)   

  During Penetration Test  Natural Decay 

Site Date 

AER,  

hr-1 

β,  

hr-1 

P,  

dimensionless  

Outdoor  

Ozone, ppb 

 AER,  

hr-1 

βnat,  

hr-1 

Test House Various1 2.96 ± 0.64 7.8 ± 0.8 0.62 ± 0.09  54 ± 13  0.24 ± 0.06 6.6 ± 0.6 

1 June 29, 2011 3.32 ± 0.04 8.9 ± 0.2 0.89 ± 0.10  30 ± 3  0.93 ± 0.02 6.1 ± 0.2 

2 July 6, 2011 2.32 ± 0.03 12.4 ± 0.5 0.77 ± 0.08  54 ± 3  0.61 ± 0.04 8.2 ± 0.8 

3 July 7, 2011 2.26 ± 0.02 6.4 ± 0.1 0.66 ± 0.03  59 ± 2  0.33 ± 0.01 3.6 ± 0.1 

4 July 11&19, 20112 1.94 ± 0.05 9.1 ± 0.7 0.77 ± 0.07  48 ± 2  0.43 ± 0.01 12.3 ± 1.1 

5 July 12, 20113 3.17 ± 0.03 8.7 ± 0.4 0.76 ± 0.07  26 ± 2  0.58 ± 0.01 6.7 ± 0.5 

6 July 13, 2011 5.20 ± 0.11 24.3 ± 0.6 1.02 ± 0.15  27 ± 4  0.19 ± 0.01 16.8 ± 1.1 

7 July 18, 2011 2.63 ± 0.02 16.5 ± 0.5 0.85 ± 0.05  56 ± 2  0.5 ± 0.02 11.5 ± 0.6 

 Mean (SD) 2.97 (1.02) 11.6 (6.0) 0.79 (0.13)  44 (14)  0.48 (0.24) 9.0 (4.3) 
1 Penetration test values are mean (±SD) values from 16 tests conducted over a four month span, and 

natural decay values are the mean (±SD) values from three separate decay tests. All other values 
represent single tests periods. 

2 Tests were conducted over two separate days: a natural decay test on the first day and a penetration test on 
the second day. 

3 Because indoor concentrations could not be elevated high enough to provide a large inflection point in the 
data (for some unknown malfunction with the ozone generator), β was first estimated from a two-
parameter least squares estimation of Equation 2 in Appendix D (the other parameter was Cin at time t = 
0), using only the first portion of an indoor decay test without an outdoor source term (i.e., when outdoor 
sources were negligible). Then P was estimated by forcing the first estimate of β. 

 

 

Figure 8. Measured ozone penetration factors (P) from ozone penetration tests using a 
blower door at the eight homes. “TH” values represent mean (±SD) values 
from 16 tests at the unoccupied test house; all others represent one 
experimental value at each home ± experimental uncertainty (Investigation 
2a). 
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The mean (±SD) value for the ozone penetration factor measured in the eight test 

homes was 0.79±0.13, ranging from 0.62±0.09 to 1.02±0.15. The mean (±SD) value of 

experimental uncertainty from these tests was 10±3%. The mean (±SD) value for indoor 

ozone loss rates (β) measured during penetration test periods with the blower door 

operating was 11.6±6.0 hr-1 with a mean (±SD) experimental uncertainty of 4±3%. 

During the “natural” decay periods, without the blower door operating but with the 

mixing, ceiling, and central HAC system fans still operating, the mean (±SD) value for 

βnat was 9.0±4.3 hr-1, with a small change in mean uncertainty: 6±3%. The mean value for 

βnat was similar to those measured in a bedroom by Mueller et al. (1973) but were much 

greater in all but one home (Site 3) than observed in Lee et al. (1999) likely due to 

increased mass transfer caused by the operation of mixing, ceiling, and HAC fans 

(Sabersky et al., 1973; Kunkel et al., 2010). Additionally, HAC filters were removed at 

the test house and Sites 1 and 3–5, but used filters were left installed at Sites 2 and 7, 

which can also contribute to additional ozone loss (Zhao et al., 2007).  

Because steady-state indoor concentrations were generally too low to measure 

with reasonable certainty, steady-state I/O ozone ratios were estimated using measured 

values of P from penetration tests and values of βnat and AER from the “natural” decay 

tests. Across the eight sites, the combination of envelope and indoor losses during normal 

conditions with the HAC fans operating would lead to a mean (±SD) steady-state I/O 

ratio of 0.05±0.03 (ranging from 0.01 to 0.12). These I/O ratios are on the low end of 

those measured in most previous residential studies (Zhang and Lioy, 1994; Avol et al., 

1998; Romieu et al., 1998; Weschler, 2000; Lee et al., 2002, 2004; Cattaneo et al., 2011), 

but in the range typically measured in homes without open windows and with HAC 

systems likely operating (e.g., ~0.01 to ~0.10) (Liu et al., 1995; Lee et al., 1999; 

Weschler, 2000; Xue et al., 2005). Thus, although the operation of mixing fans and HAC 
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fans likely increased values of βnat relative to what they would be with only the HAC fan 

operating and estimates of penetration factors might be elevated due to the operation of 

the blower door, these I/O ozone estimates using measured values of P and βnat are still 

reasonable for closed homes with HAC systems operating. 

Several variables that could potentially explain values of P were noted or 

measured in all of the homes, including blower door leakage parameters, the year of 

construction, the estimated fraction of the visible exterior envelope covered in brick/stone 

or painted wood, and the number of doors and windows. Spearman’s rank correlations 

were performed between P and 16 of these factors across the eight homes. The only 

significant associations (p-value < 0.05) with P were for the estimated fraction of painted 

wood as an exterior envelope material (ρ = +0.77) and the leakage exponent (n) from 

blower door tests (ρ = +0.75). The year of construction was also considered marginally 

significant (ρ = -0.71, p-value = 0.05). Two of these relationships are shown in Figure 9. 

 

Figure 9. Ozone penetration factors (P) versus year of construction and fraction of 
painted wood present on the exterior envelope (Investigation 2a). 

These two associations suggest that P increased significantly with the prevalence 

of exterior painted wood cladding and decreased in newer homes (more ozone penetrated 

0.50.60.70.8
0.91.0
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through the envelopes of older homes and those with more exterior painted wood 

cladding). The relationships between painted wood siding and year of construction are 

somewhat intuitive, as newer homes are increasingly more airtight (Persily et al., 2010) 

and painted wood has a lower ozone reaction probability than porous materials such as 

stone and brick (Liu and Nazaroff, 2001). Variables from air leakage tests such as ELA, 

NL, and ACH50, which were expected to be associated with P, were not significantly 

associated, potentially because ozone penetration is actually more a function of material 

than air leakage, or because we did not have a large and diverse enough sample size to 

find significant relationships. 

Results from this study provide the first known measurements of ozone 

penetration factors through building envelopes. Penetration factors were lower than the 

usual assumption of unity (i.e., P = 1) in seven of the eight test homes, which has 

important implications for assessing human exposure to indoor ozone and byproducts of 

indoor ozone reactions. For example, the least protective home for ozone in this study 

was Site 1, built in 1920. High values of both P and AER were measured at Site 1 (P = 

0.89±0.10 and AER = 0.93±0.02 hr-1). The most protective home was the unoccupied test 

house, built in 2008, with measured values of P = 0.62±0.09 and AER = 0.24±0.06 hr-1. 

If a constant indoor loss rate is assumed in both homes (β = 2.8 hr-1, from Lee et al., 

1999), the I/O ozone ratio would be 0.05 in the most protective home and 0.22 in the least 

protective home, or a factor of ~4.5 difference in indoor concentrations of outdoor ozone 

between the two homes. Additionally, Figure 9 suggests that ozone penetration could 

potentially be inferred using relatively simple building characteristics, which warrants 

further investigation in a larger and more robust sample. 
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4.4 MEASURING OUTDOOR PARTICLE PENETRATION 

As mentioned in the literature review, two potential opportunities to improve 

knowledge of particle penetration into buildings are (1) to refine penetration test methods 

to improve accuracy and minimize the duration and invasiveness required by individual 

tests and (2) to investigate the potential to infer information about particle penetration 

from building characteristics. Therefore, this investigation (Investigation 2b): (1) refined 

a particle penetration test methodology, (2) applied it in an unoccupied manufactured test 

house and 18 single-family homes in Austin, Texas USA, and (3) explored correlations 

between measured particle penetration parameters and building characteristics, including 

results from blower door air leakage tests. 

Because outdoor particle concentrations can fluctuate over short time scales, the 

general particle penetration test method from Chao et al. (2003), which consisted of an 

indoor particle elevation procedure and measurement of the subsequent concentration 

decay, was refined to incorporate simultaneous measurements of indoor and outdoor 

particle concentrations. Particle penetration tests were performed twice in an unoccupied 

manufactured test house and once in each of 18 single-family homes in Austin, Texas. 

The homes were a sample of convenience and remained unoccupied during each test 

period. While the complete methods are available in the full paper Appendix E, the 

refined test method is only summarized here. Two identical particle monitors were first 

installed: one indoors in a central location (usually in the kitchen or living room) and one 

immediately outside of the home (installed either inside the house with a probe inserted 

through a taped window or outdoors in an area shielded from direct sunlight and 

precipitation). These condensation particle counters measure the total number 

concentration of particles from 20 nm to 1 µm in diameter; thus, the measurements were 

not size-resolved. However, because the majority of outdoor particle number 
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concentrations are typically smaller than 100 nm in diameter, these submicron 

measurements are also generally considered representative of total ultrafine particle 

number concentrations (Kearney et al., 2011; Wheeler et al., 2011).  

A blower door fan and frame was then installed in one of the doorways, and a 

multi-point depressurization air leakage test was first performed, followed by a multi-

point pressurization test. Immediately following blower door tests, the blower door fan 

was left operating to pressurize the space and a door or window was opened on an 

opposite end of the house. This encouraged cross-ventilation, elevated indoor particle 

concentrations near outdoor levels, and replaced the existing indoor aerosol with particles 

of outdoor origin, which was necessary because the particle monitors were not size-

resolved (so indoor and outdoor aerosols must be from the same distribution to obtain 

accurate estimates of penetration factors and indoor loss rates).  

During the indoor particle elevation period, the central HAC fan was operated in 

the fan-only mode (no heating or cooling) and one or two mixing fans were installed 

throughout the house. All accessible ceiling fans were also operated in the homes. After 

particle elevation, the blower door fan and frame was removed and all doors and 

windows were closed. A CO2 monitor was brought inside to a central location near the 

indoor particle monitor and CO2 was injected from a small tank to measure AER. The 

house was left unoccupied for a period of 2–4 hours to measure the decay of indoor 

particle concentrations to a background level that was eventually impacted by the 

infiltration of outdoor particles.  

Once data were collected at each home, the first portion of indoor decay data that 

was not yet affected by outdoor particle sources was used to estimate the indoor particle 

decay rate (k, hr-1) from a nonlinear least squares regression performed with the solution 

to a particle number balance on the indoor space. This portion of the data was identified 
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graphically by plotting the natural log of measured indoor particle concentrations versus 

time and identifying only the initial portion of the data that was log-linear. Subsequently, 

estimates of k and λ (from CO2 decay) were used with all of the indoor-outdoor particle 

concentration data to solve for the penetration factor (P) using a nonlinear least squares 

estimation on the forward-marching discretized form of the full particle number balance 

on the space. Uncertainty in P during each experiment was estimated using the relative 

standard errors of parameter estimates (P, k, and λ) from the nonlinear regressions and the 

average uncertainty in the two particle monitors, all added in quadrature.  

Data from the blower door air leakage tests were used to establish a relationship 

between the flow through the building envelope leaks, Q (m3 s-1), and the indoor-outdoor 

pressure difference, ∆P (Pa), as shown in Equation 3 (ASTM E 1827). 

 (3) 

where C is a flow coefficient (m3 s-1 Pa-n) and n is a pressure exponent 

(dimensionless). The flow coefficient (C) is directly correlated to the total leakage area in 

a building envelope. Leakage characteristics were also used to calculate the flow at a 

pressure difference of 50 Pa (Q50, m
3 hr-1), and the relationship in Equation 4 was used to 

determine an effective leakage area, ELA (m2, or the area with a discharge coefficient of 

1 that would have the same flow at a specified reference pressure).  

2
5.0 ρ−∆= n

refPCELA  (4) 

where Pref = a reference pressure (4 Pa) and ρ = air density (assumed 1.2 kg m-3). 

Additionally, blower door data were used to calculate a Normalized Leakage parameter 

(NL), as shown in Equation 5 (ASHRAE, 2004), and the air changes per hour at an 

indoor-outdoor pressure difference of 50 Pa (ACH50, hr-1), as shown in Equation 6. 
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V

Q
ACH 50

50 =  (6) 

where Af  (m
2), H (m), and V (m3) are the floor area, height, and volume of the 

building, respectively. Again, a primary goal of this work is to explore the ability to infer 

particle penetration from blower door results and building characteristics (e.g., the year of 

construction). Nonparametric statistical tests were performed to assess potential 

correlations between measured variables. 

Table 4 provides a summary of the 19 homes tested in this study, including the 

year of construction, the floor area and volume of each home, and the type and location 

of HAC filter(s) that were installed.  

Table 4. Building characteristics from all test homes (Investigation 2b) 

Site 

Year  

Built 

Floor  

Area (m
2
) 

Volume  

(m
3
) 

Filter  

Efficiency 

Filter 

Location 

UTest House 2008 110 250 No filter installed 
1 1961 72 189 MERV <5 unit 
2 1938 92 235 MERV 8 grille 
3 1984 119 311 MERV 6-8 unit 
4 1920 131 372 MERV 6-8 unit 
5 1950 67 167 MERV 12 grille 
6 1975 171 443 MERV 6-8 unit 
7 1935 24 56 No central A/C 

8 1996 169 412 MERV 8 unit 
9 1955 120 293 MERV >16 unit 

10 1979 103 272 MERV <5 grille 
11 1959 54 129 MERV 7 unit 
12 1996 201 490 MERV 7 grille 
13 1969 177 434 ~MERV 11 unit 
14 2011 156 427 MERV 8 grilles 
15 1990 237 721 MERV <5 grille 
16 1926 96 279 MERV <5 unit 
17 1917 78 222 MERV <5 grille 

18* 1948 125 312 MERV 6-8 grille 

Mean 1966 122 339   

SD 30 53 178   

*Site 18 had recently undergone major renovations to its envelope. 



52 
 

The age of homes ranged from 1917 to 2011, with a mean year of construction of 

1966. Table 5 provides a summary of all of the particle penetration factors (P), indoor 

loss rates (k), AERs (λ), outdoor source terms (P×λ), and mean outdoor particle 

concentrations (Cout) measured at each of the sites in this study (± associated uncertainty 

or SD). 

Table 5. Particle (20–1000 nm) penetration test results from all homes in the study 
(Investigation 2b) 

Site 

Penetration  

Factor, P 

Indoor Loss  

Rate,  

k (hr
-1

) 

AER,  

λ (hr
-1

) 

Outdoor  

Source,  

P×λ (hr
-1

) 

Outdoor Particle  

Concentration,  

Cout (# cm
-3

)
1
 

UTest House2 0.34 ± 0.04 0.56 ± 0.03 0.48 ± 0.01 0.16 ± 0.02 13660 ± 2720 
1 0.34 ± 0.04 1.40 ± 0.04 0.37 ± 0.01 0.13 ± 0.01 9730 ± 3800 
2 0.65 ± 0.08 0.68 ± 0.02 0.38 ± 0.01 0.24 ± 0.03 4790 ± 2430 
3 0.46 ± 0.06 2.19 ± 0.08 0.36 ± 0.01 0.16 ± 0.02 20950 ± 1370 
4 0.72 ± 0.08 1.68 ± 0.05 0.67 ± 0.01 0.48 ± 0.05 5780 ± 1710 
5 0.62 ± 0.06 3.24 ± 0.04 0.49 ± 0.01 0.30 ± 0.03 5320 ± 1390 
6 0.60 ± 0.08 1.07 ± 0.06 0.23 ± 0.01 0.14 ± 0.02 11420 ± 4860 
7 0.38 ± 0.12 1.03 ± 0.05 0.16 ± 0.01 0.06 ± 0.02 10200 ± 3470 
8 0.57 ± 0.07 1.18 ± 0.03 0.18 ± 0.01 0.10 ± 0.01 4290 ± 1340 
9 0.61 ± 0.09 2.50 ± 0.05 0.30 ± 0.01 0.19 ± 0.03 5630 ± 1390 
10 0.39 ± 0.06 0.91 ± 0.02 0.18 ± 0.01 0.07 ± 0.01 3520 ± 590 
11 0.52 ± 0.06 1.44 ± 0.04 0.56 ± 0.01 0.29 ± 0.03 7020 ± 4040 
12 0.51 ± 0.06 0.55 ± 0.02 0.38 ± 0.01 0.19 ± 0.02 5530 ± 5180 
13 0.43 ± 0.05 1.21 ± 0.04 0.20 ± 0.01 0.09 ± 0.01 15390 ± 2370 

14a3 0.17 ± 0.03 0.55 ± 0.01 0.13 ± 0.01 0.02 ± 0.01 11260 ± 7490 
14b3 0.78 ± 0.09 0.61 ± 0.02 0.51 ± 0.01 0.39 ± 0.04 5900 ± 650 
15 0.32 ± 0.07 0.31 ± 0.01 0.18 ± 0.01 0.06 ± 0.01 4910 ± 520 
16 0.66 ± 0.08 0.66 ± 0.02 0.93 ± 0.01 0.62 ± 0.07 7390 ± 8680 
17 0.46 ± 0.05 1.34 ± 0.05 0.95 ± 0.01 0.44 ± 0.05 6300 ± 2800 
18 0.26 ± 0.06 0.46 ± 0.01 0.34 ± 0.01 0.09 ± 0.02 6330 ± 2040 

Mean4 0.47 (AM) 1.01 (GM) 0.33 (GM) 0.15 (GM) 7470 (GM) 
SD4 0.15 (SD) 1.85 (GSD) 1.80 (GSD) 2.33 (GSD) 1.6 (GSD) 

1 Mean ± SD measured during test. 
2 UTest House measurements are from the refined particle decay test method performed on August 15, 

2011. 
3 Site 14 was tested twice: once without an energy recovery ventilator unit with an outdoor air supply 

operating (14a) and once with the ERV unit operating (14b). 
4 Summary statistics exclude Site 14b (N = 19). Means and standard deviations are arithmetic (AM, SD) or 

geometric (GM, GSD), as noted. 
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Penetration factors of 20–1000 nm particles ranged from 0.17±0.03 in Site 14a to 

0.78±0.09 in Site 14b. Site 14b had an energy recovery ventilator (ERV) unit installed 

and operating during the test, which supplied outdoor air directly into the return plenum 

downstream of the filter; thus, its high measured penetration factor was a result of 

intentional mechanical ventilation. Site 14b is excluded from further analyses because of 

this unique condition. Site 14a represents tests at the same home with the ERV outdoor 

air supply taped, so that the home relied on infiltration alone during the test period. The 

largest value of P in unmodified homes relying on infiltration was 0.72±0.08, measured 

at Site 4. Overall, the mean (±SD) penetration factor (P) in the 19 test homes relying on 

infiltration was 0.47±0.15, and the geometric mean indoor loss rate (k, measured with 

mixing fans and HAC fans operating with existing filters installed) was 1.01 hr-1. The 

geometric mean AER during the test period was 0.33 hr-1. 

Similar to the ozone penetration measurements, these measurements have 

important implications for assessing human exposure to indoor particulate matter. For 

example, the least protective home for 20–1000 nm particles in this study was Site 16, 

built in 1926. High values of both P and AER were measured at Site 16 (P = 0.66±0.08 

and AER = 0.93±0.01 hr-1). The most protective home was Site 14, built in 2011, with 

measured values of P = 0.17±0.03 and AER = 0.13±0.01 hr-1. If a constant indoor loss 

rate is assumed in both homes (k = 1.0 hr-1, the mean from this study), the I/O particle 

concentration ratio would be 0.02 in the most protective home and 0.32 in the least 

protective home, or a factor of ~16 difference in indoor concentrations of outdoor 

particles between the two homes. 

To investigate the hypothesis that particle penetration is associated with building 

characteristics, including results from blower door tests, Spearman’s rank correlations 

were performed between several measured parameters, including particle penetration 
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factors (P), air exchange rates (AER), outdoor particle source terms (P×AER), indoor 

particle loss rates (k), and several potentially influential parameters, including blower 

door results (C, ELA, ACH50, NL, and n) and building characteristics (floor area, volume, 

and year built). Results are shown in Table 6. 

Table 6. Spearman’s rank correlations between particle penetration, blower door results 
and building characteristics (Investigation 2b)1 

 P AER P×AER k C ELA ACH50 NL n 

Floor  

Area Volume 

AER 0.56           
P×AER 0.78

*
 0.95

*
          

K 0.44 0.33 0.42         
C 0.71

*
 0.77

*
 0.82

*
 0.28        

ELA 0.70 0.72
*
 0.78

*
 0.23 0.99

*
       

ACH50 0.63 0.74
*
 0.79

*
 0.47 0.74

*
 0.69      

NL 0.60 0.77
*
 0.79

*
 0.45 0.77

*
 0.72

*
 0.98

*
     

N -0.01 -0.59 -0.40 0.11 -0.40 -0.33 -0.29 -0.40    
Floor Area -0.11 -0.36 -0.32 -0.39 -0.06 0.04 -0.62 -0.62 0.39   
Volume -0.07 -0.35 -0.30 -0.41 0.00 0.09 -0.57 -0.57 0.38 0.99

*
  

Year Built -0.58 -0.56 -0.63 -0.47 -0.65 -0.62 -0.90
*
 -0.90

*
 0.15 0.57 0.53 

1Excludes Site 14b and Site 18 (N = 18).  
 Bold values represent significant relationships at p < 0.01. 
*Significant at p < 0.001. 

 

Two sites were excluded from this analysis: Site 14b did not rely on infiltration as 

previously mentioned, and Site 18 had undergone major renovations to its envelope; thus, 

its blower door results were large but measured values of P and AER were low, 

suggesting that the nature of leakage paths had been affected by renovations. Particle 

penetration factors (P) and outdoor particle source terms (P×AER) were significantly and 

positively associated with several factors, with the strongest relationships occurring with 

leakage coefficients (C) from blower door tests (Spearman’s ρ = +0.71 between P and C; 

p < 0.001; Spearman’s ρ = +0.82 between P×AER and C; p < 0.001). Both P and P×AER 

were also significantly correlated with other blower door parameters, including ELA, 

ACH50, and NL. Additionally, P×AER was significantly and negatively associated with 
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the year of construction of the homes (Spearman’s ρ = -0.63 between P×AER and year 

built; p < 0.01), primarily because older homes were also leakier (Spearman’s ρ = -0.65 

between year built and C; p < 0.01). P was marginally correlated with both year built and 

AER (Spearman’s ρ = -0.58 between P and year built; p < 0.05; Spearman’s ρ = +0.56 

between P and AER; p < 0.05). AER was also higher in leakier buildings (Spearman’s ρ 

= +0.77 between AER and NL; p < 0.001). Overall, these findings are generally intuitive: 

20–1000 nm particles penetrated more efficiently through leakier (and to a lesser extent, 

older) building envelopes. 

To investigate the predictive ability of blower door tests to infer particle 

penetration factors, Figure 10 shows measured penetration factors (P) plotted versus 

leakage coefficients (C), which was the strongest relationship observed in Table 6. An 

approximate power-law relationship was observed with C, so Figure 10 also shows 

results from a nonlinear least squares estimation that was used to fit the data to an 

empirical relationship. Data from Sites 14b and 18 are again excluded from this analysis. 
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Figure 10. Particle penetration factor (P) versus leakage coefficient from blower door air 
leakage tests (C). The dashed line represents the best estimates of a 
coefficient and exponent from a power-law relationship. The shaded area 
represents one standard error from the power-law relationship in both 
directions (Investigation 2b). 

While there was a significant and positive relationship between P and building air 

leakage characteristics, the results are largely influenced by extreme values and the 

ability of blower door tests to accurately predict values of P appears low (with an R2 of 

only 0.35). However, outdoor particle penetration into buildings is also a function of 

AER, which is similarly associated with air leakage test results and the year of 

construction. Thus, to investigate the predictive ability of blower door test results and 

building characteristics to infer outdoor particle source terms (P×AER), Figure 11 plots 

particle source terms versus three blower door parameters (ELA, NL, and ACH50) of the 

18 unmodified homes relying on infiltration (again excluding Sites 14b and 18). 

0.00.2
0.40.6
0.81.0

Penetration 
Factor, P

0.0 0.1 0.2 0.3 0.4Leakage Coefficient, C (m3 s-1 Pa-n)
N = 18P = [a]C[b][a] = 0.90±0.18[b] = 0.24±0.08

R2 = 0.35
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Figure 11. Linear regressions of outdoor particle source terms (P×AER) versus three 
blower door air leakage parameters. Note that “m” = the regression slope. 
This analysis excludes data from Site 14b and Site 18 (N = 18; Investigation 
2b). 

Interestingly, strong linear relationships with outdoor particle source terms 

(P×AER) were observed with all three leakage parameters from blower door tests (with 

values of R2 ranging from 0.78 for ELA to 0.85 for ACH50), which suggests that blower 

door tests may be used to predict outdoor submicron particle source terms in single-

family homes with relatively low uncertainty. However, large values of blower door 

leakage parameters are particularly important in these relationships, as the data from 

tighter homes (e.g., P×AER < 0.2 and NL < 1) tended to be grouped, often without a 

significant relationship observed (e.g., Spearman’s ρ = +0.33 between P×AER and NL if 

NL < 1; p = 0.30). 

Overall, the observed relationships between particle penetration and blower door 

tests are particularly important for exposure implications given the amount of existing 

knowledge of distributions of air leakage in buildings in the U.S. For example, Chan et 

al. (2005) estimated the nationwide distribution of normalized leakage values (NL) from 

blower door tests in single-family homes in the U.S. Table 7 shows the approximate 

distribution of NL in both low-income and all homes in the U.S. for five ranges of NL 
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(less than 0.5, 0.5–1, 1–2, 2–3, and 3–4), and also lists mean (±SD) values of P, AER, 

and P×AER measured in our sample of 18 single-family homes relying on infiltration, 

split by the same ranges of NL (again excluding Sites 14b and 18). 

Table 7. Summary of measured values of P and P×AER from this study (N = 18), split by 
normalized leakage values (NL), with a comparison to the estimated 
distribution of NL values across the U.S. building stock (Investigation 2b) 

 Estimated percentage of homes in the U.S.
1
  Measured values from this study 

NL 

All Homes 

Combined 

Low Income 

Homes  N 

P 

Mean (SD) 

AER, hr
-1

 

Mean 

(SD) 

P×AER, hr
-1

 

Mean (SD) 

<0.5 ~50% ~20%  8 0.40 (0.12) 0.26 (0.13) 0.11 (0.06) 
0.5-1 ~30% ~30%  4 0.48 (0.14) 0.27 (0.09) 0.13 (0.05) 
1-2 >15% ~35%  5 0.59 (0.10) 0.61 (0.22) 0.35 (0.10) 
2-3 <5% >10%  0 n/a n/a n/a 
3-4 <1% <5%  1 0.66 (n/a) 0.93 (n/a) 0.62 (n/a) 

1Estimated from Chan et al. (2005) 

The values in Table 7 show that mean values of both P and P×AER from this 

study increased with each increasing bin of NL. Chan et al. (2005) estimated that 

approximately 50% of all homes in the U.S. are estimated to have a NL value less than 

0.5, and mean (±SD) values of P and P×AER from the eight homes in this sample in that 

range were 0.40±0.12 and 0.11±0.06 hr-1, respectively. The leakiest ~20% of all homes in 

the U.S. have an estimated NL greater than 1, and mean (±SD) values of P and P×AER 

were 0.60±0.10 and 0.40±0.14 hr-1, respectively, in this sample of six homes with NL > 1. 

Conversely, approximately 50% of all low income homes in the U.S. have an NL > 1, 

and, according to these data, likely have proportionately higher values of particle 

penetration factors and outdoor particle source terms. These data suggest that, if all else 

remains equal, a greater fraction of low income home occupants are likely exposed to 

higher indoor levels of outdoor particulate matter than other populations, which might 

explain some of the additional susceptibility to particulate air pollution that has been 
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shown for low-income demographics (e.g., Finkelstein et al., 2003; Wilson et al., 2007; 

Sacks et al., 2010). 

Finally, Figure 12 shows measured values of P and P×AER from the 18 

unmodified sites relying on infiltration (again excluding Sites 14b and 18) plotted against 

the year in which each home was built. Linear regressions were also performed and 

results from parameter estimations are shown in the figures. 

 

Figure 12. Particle penetration factors (P) and outdoor source terms (P×AER) versus year 
of construction of 18 of the homes in our sample. Sites 14b and 18 are both 
excluded from this figure. Regression results include the slope and intercept, 
standard errors of both parameters, and R2 values (Investigation 2b). 

Significant decreasing trends in both P and P×AER with year built were 

observed. The year of construction appears to be a better predictor of outdoor 20–1000 

nm particle source terms than particle penetration factors alone (R2 = 0.52 vs. 0.34). 

These data suggest that better estimates of population exposure to particulate matter in 

single-family homes could possibly be made with only simple details on home 

construction. Additional measurements in a larger number of homes with size-resolved 

instrumentation would allow for a more refined analysis. 
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Chapter 5:  Conclusions 

The work in this dissertation provided new test methods and data for assessing the 

impacts that central air-conditioning systems, filters, and building envelopes have on 

indoor ozone and particulate matter in residential and light-commercial buildings, as well 

as their implications for energy consumption and peak electricity demand. Four primary 

investigations were conducted in this work, which were used to explore two main 

research objectives. Full results of each investigation are contained in Appendices A–E at 

the end of this dissertation.  

Investigation 1a provided a characterization of a variety of design and operational 

characteristics of existing heating and cooling (HAC) systems in occupied residential and 

light-commercial buildings in Austin, Texas, and described their implications for 

exposure to indoor pollutants, energy use, and peak electric demand (Objective 1, 

Appendices A and B). Investigation 1b developed and applied a novel test methodology 

for measuring the in-situ particle removal efficiency of HAC systems and filters 

(Objective 1, Appendix C). Investigation 2a developed and applied a novel test 

methodology for measuring the penetration of ambient reactive gases into buildings, 

using ozone as a case study in residences in Austin, Texas (Objective 2, Appendix D). 

Last, Investigation 2b refined and applied a test methodology for measuring the 

penetration of ambient particulate matter into buildings, using residences in Austin, 

Texas to explore correlations between experimentally-determined particle penetration 

factors and standardized fan pressurization air leakage tests (Objective 2, Appendix E). 

Major findings and results from these four investigations are as follows: 

• Central air-conditioning systems in occupied residential and light-commercial 

buildings do not operate most of the time, even in the hot and humid climate of 

Austin, Texas (i.e., ~25% of the time on average in the cooling season). However, 



61 
 

average recirculation rates still make central air-conditioning systems competitive 

as particle removal mechanisms, given sufficient filtration efficiency. 

• Residential and light-commercial air-conditioning systems are often inefficient. 

Airflow rates are often outside of ranges suggested by manufacturers, actual 

cooling capacities are often much lower than nominal values, outdoor units draw 

more power as outdoor temperatures increase, and most systems are old and 

inefficient relative to modern air-conditioning units. Residential central air-

conditioning systems in particular likely account for nearly 20% of peak 

electricity demand in the City of Austin, and as much as 8% of peak demand 

could be saved by upgrading all single-family homes in Austin to current 

standards of higher-efficiency equipment. 

• A method to measure the in-situ particle removal efficiency of HAC filters in 

residential and light-commercial buildings was successfully developed and 

applied in an unoccupied test house. Results agreed reasonably well with results 

from other test methods. Low-efficiency filters do not increase particle removal 

much more than simply running HAC systems without filters and higher-

efficiency filters (i.e., MERV 7 to 11) provide greater than ~50% removal 

efficiencies for most particles greater than 1–2 µm in diameter. 

• A method to measure the penetration factor of ozone was successfully developed 

and applied in an unoccupied test house and seven single-family homes in Austin, 

Texas. These measurements represent the first ever measurements of ozone 

penetration factors through building envelopes of which I am aware, and 

penetration factors were lower than the usual assumption of unity (i.e., P = 1) in 

seven of the eight test homes (ranging from 0.62±0.09 to 1.02±0.15). 

Additionally, ozone penetration factors were positively correlated with the 
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amount of painted wood siding on the exterior envelope and negatively correlated 

with the year of construction. 

• A method to measure the penetration factor of particles was refined and applied in 

an unoccupied test house and 18 homes around Austin, Texas. Penetration factors 

of particles 20–1000 nm in diameter ranged from 0.17±0.03 to 0.72±0.08 in 

homes that relied solely on infiltration for ventilation air (mean of 0.47). Particle 

penetration factors were also significantly correlated with results from 

standardized fan pressurization (i.e., blower door) air leakage tests and the year of 

construction, suggesting that occupants of older and leakier homes are exposed to 

more particulate matter of outdoor origin than those in newer tighter homes, all 

else being equal. Additionally, blower door tests may actually offer some 

predictive ability of particle penetration factors in single-family homes, which can 

allow for easier population exposure estimates. 

The methods and results from Objective 1 (Investigations 1a and 1b) can be 

applied in a wider variety of buildings in more climates to assess key removal 

mechanisms of indoor pollutants (HAC systems and filters), and to explore their 

implications for energy use and peak demand. More specifically, the measurement and 

analysis methods for characterizing the impacts of HAC systems on energy and IAQ in 

the first portion of Investigation 1a can be easily adopted to larger and more diverse 

investigations, which might be used to find building, system, and climate details that can 

predict the operation of HAC systems and, if combined with the methods and results 

from Investigation 1b, ultimately assess the impact that HAC systems and filters have on 

human exposure and related adverse health effects. Additionally, analyses and results 

from the larger sample of home energy audits in the second portion of Investigation 1a 
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can also be used to inform electric utilities, city governments, and homeowners of cost-

effective and beneficial energy-efficiency retrofits to pursue. 

The filter testing method in Investigation 1b can also be applied in a wider variety 

of buildings and systems and can be extended to measure other sizes of particles of 

concern (e.g., ultrafine particles or PM2.5). The integration of HAC airflow measurements 

with particle removal rates in Investigation 1b can be used to explore the energy and IAQ 

trade-offs between filter efficiency, filter pressure drop, and airflow rates, as well as to 

explore the impacts of dust loading, filter bypass, and duct leakage on particle removal in 

real environments. Wider application of the methods in this investigation can ultimately 

be used to advise technical organizations of the type of filtration to specify in their codes 

and standards. 

The methods and results from Objective 2 (Investigations 2a and 2b) can also be 

used to characterize a wider variety of buildings for the ability of their building envelopes 

to buffer against outdoor ozone and particulate matter, as well as to further explore 

building details that might predict this ability. The method of measuring ozone 

penetration through building envelopes in Investigation 2a can also be used to investigate 

differences in ozone penetration between specifically engineered or alternative envelope 

materials. Similarly, the method of measuring particle penetration through building 

envelopes in Investigation 2b will allow for easier and quicker assessments of particle 

infiltration in buildings. The correlations observed herein between particle infiltration and 

building characteristics can allow epidemiological studies to adopt better and easier 

estimates of indoor exposures to outdoor particulate matter. Finally, both test methods 

fulfilling Objective 2 can also be used to explore changes in indoor exposures to outdoor 

pollutants that might occur due to retrofits to the building envelope, which are common 

during energy-efficiency improvements. 
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Overall, the results from the research in this dissertation provide new test methods 

and data for assessing building, system, and operational characteristics that influence 

indoor exposures to air pollution of both indoor and outdoor origin in residential and 

light-commercial buildings, as well as some implications for energy use and peak 

electricity demand. The novel test methods herein can be standardized and more widely 

applied in a greater number and variety of buildings. Importantly, all of the methods 

herein have been motivated by the intent to provide easier, quicker, and more cost-

effective assessments of both energy and IAQ in buildings. More research in these areas 

will continue to help achieve these goals. 
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Paper 1. Operational characteristics of residential and light-commercial 

air-conditioning systems in a hot and humid climate zone 

Brent Stephens, Jeffrey A. Siegel, Atila Novoselac 
(Published in Building and Environment 46:1972-1983) 

ABSTRACT 

Forced-air space-conditioning systems are ubiquitous in U.S. residential and light-

commercial buildings, yet gaps exist in our knowledge of how they operate in real 

environments. This investigation strengthens the knowledge base of smaller air-

conditioning systems by characterizing a variety of operational characteristics measured 

in 17 existing residential and light-commercial air-conditioning systems operating in the 

cooling mode in Austin, Texas. Some key findings include: measured airflow rates were 

outside of the range recommended by most manufacturers for almost every system; actual 

measured cooling capacities were less than two-thirds of rated cooling capacities on 

average; hourly fractional operation times increased approximately 6% for every ºC 

increase in indoor-outdoor temperature difference; and lower mean indoor surrogate 

thermostat settings and higher supply duct leakage fractions were most associated with 

longer operation times. The operational characteristics and parameters detailed herein 

provide insight into the magnitude of the effects of HVAC systems on both energy 

consumption and indoor air quality (IAQ) in residential and light-commercial buildings. 

INTRODUCTION 

Buildings account for approximately 40% of the total amount of energy consumed 

in the United States, with nearly equal contributions from both residential and 

commercial buildings (DOE, 2009a). Over 70% of residential buildings in the U.S. are 

single-family dwellings (DOE, 2009b) and over 50% of commercial buildings are light-

commercial buildings (defined as having less than 465 m2 of floor area) (DOE, 2009c). 
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Centralized space conditioning has become ubiquitous in U.S. buildings. Over 60% of 

existing residential buildings and approximately 90% of newly constructed residences in 

the U.S. use central forced air distribution systems for air-conditioning purposes (HUD, 

2007) and approximately 20–25% of all light-commercial buildings in the U.S. use the 

same style of central air-conditioning systems found in residences (EIA, 2006). The 

characteristics of the U.S. building stock and their heating and cooling systems are 

important not only for energy consumption, but from an air quality perspective as well. 

On average, Americans spend nearly 90% of their time indoors and nearly 75% of their 

time at home or in an office (Klepeis et al., 2001), and human exposure to airborne 

pollutants is often greater indoors than outdoors (Ott and Roberts, 1998; Jones, 1999). 

Despite their importance, gaps exist in our knowledge about how residential and 

light-commercial HVAC systems actually operate in real environments, particularly in 

the peer-reviewed archival literature. Several studies have found that the actual field 

performance of HVAC systems is different from laboratory performance or design 

conditions, in terms of system capacity, airflow, and refrigerant charge, which can have 

major implications for energy consumption (James et al., 1997; Parker et al., 1997; 

Proctor, 1997, 1998a; Withers and Cummings, 1998; Downey and Proctor, 2002). 

Because filters in central air-conditioning systems are often the major mechanisms of 

indoor pollutant removal and are often relied upon to deliver clean air to occupied spaces, 

short operation times and low airflow rates can also have implications for indoor air 

quality (IAQ). In addition, typical input parameters to IAQ models and experiments that 

evaluate exposures and pollutant removal technologies, such as airflow rates, 

temperatures, and operation times, often come from ideal or design conditions (or are 

simply assumed) and may not accurately describe real systems (Thornburg et al., 2001; 
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Siegel and Nazaroff, 2003; Klepeis and Nazaroff, 2006; Zhao et al., 2007; Zuraimi et al., 

2007; Waring and Siegel, 2008).  

This work attempts to strengthen the knowledge base of smaller air-conditioning 

systems in the U.S. by characterizing a variety of operational characteristics measured in 

17 existing residential and light-commercial air-conditioning systems in the hot and 

humid climate of Austin, Texas, collected from a previous dataset (Stephens et al., 

2010b). Relevant characteristics and parameters, including indoor and outdoor unit 

operation, ductwork characteristics, pressure measurements, fractional operation times, 

and a surrogate for thermostat settings are reported and compared to values measured or 

assumed in the literature. The magnitude and direction of the impact that some key 

parameters have on energy consumption are also explored. The results herein provide 

insight into operational characteristics and parameters that influence both energy 

consumption and IAQ in residential and light-commercial buildings and provide a 

reference for modelers and experimenters investigating energy and IAQ to use in their 

work. 

BACKGROUND 

A typical residential or light-commercial central air-conditioning system in the 

U.S. consists of an air-handling unit (AHU) with a blower fan, heating coil, and cooling 

coil, connected to supply (and usually return) ductwork (Figure 1). The cooling coil in the 

AHU is connected with refrigerant lines to a condenser-compressor unit located outdoors 

and systems cycle on and off to meet thermostat demands for space conditioning. There 

is generally no intentional outdoor air intake or mechanical ventilation. Ductwork is often 

located outside of conditioned space and unintentional duct leaks can increase energy 

consumption, peak electricity demand (Jump et al., 1996; Proctor and Parker, 2000; 

O’Neal et al., 2002; Francisco et al., 2006), and air infiltration rates (Persily et al., 2010). 
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Several standards exist for testing the energy performance of systems at standardized 

laboratory conditions (AHRI Standard 210/240), as well as actual field performance of 

duct systems (ASHRAE Standard 152, ASTM E1554). Figure 1 shows a typical system 

arrangement and key parameters that influence both energy consumption and IAQ. 

 

 

Figure 1. Typical residential or light-commercial building with central air-conditioning 
system. Filters are also often installed at the AHU, downstream of return 
ductwork. 

Table 1 describes the types of primary effects that individual system and 

operational parameters in Figure 1 have on energy consumption and IAQ, if treated 

independently. However, many of the individual parameters combine to affect energy and 

IAQ in complex ways. For example, airflow rates through the AHU influence fractional 

operation times (i.e., duty cycle) and recirculation rates through filters, but also influence 
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AHU fan power draws, cooling capacity, and temperature and humidity differences 

within ducts and AHUs. Conversely, airflow rates and plenum operating pressures are 

directly related, and airflow rates are influenced by pressure drops across filters and 

heating and cooling coils in the AHU. Operating pressures also influence duct leakage 

rates, which influence both energy and IAQ as duct leaks waste energy and can be 

sources or losses of indoor pollutants. Finally, occupant thermostat settings affect many 

parameters too, including fractional operation times, recirculation rates, cooling capacity, 

and temperature and relative humidity.  
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Table 1. Primary effects of individual system parameters on energy and IAQ 

System 
category 

Change in 
parameter1 Primary effects on energy and IAQ2 

AHU 

Airflow rate 

Increased airflow rates can increase cooling efficiency (Parker et al., 1997). 
Increased face velocities can increase filtration efficiency of larger particles 
and decrease filtration efficiency of smaller particles (Hanley et al., 1994). 
Decreased airflow rates can also lead to inadequate moisture removal and 
decreased indoor environmental performance (Li and Deng, 2007). 

Recirculation rate3 

Increased recirculation rates imply longer system runtimes but provide more 
opportunity for removal by in-duct air cleaners. Increased recirculation rates 
can also increase deposition of particles and ozone to ducts (Zuraimi et al., 
2007). 

Fan power draw 
Increased fan power draw both directly and indirectly increases energy 
consumption by drawing more electrical power and by adding heat to the air 
stream. 

Outdoor 
Unit 

Cooling capacity4 Increased cooling capacity reduces system runtimes. 

Power draw 
Increased outdoor unit power draw directly increases energy consumption and 
decreases cooling efficiency. 

Ducts 

Supply duct 
leakage 

Increased supply duct leakage to an exterior zone wastes energy (Parker et al., 
1993; Jump et al., 1996) but may remove more contaminants by exfiltration. 

 
Return duct 

leakage 

Increased return duct leakage reduces cooling capacity (Parker et al., 1993; 
Jump et al., 1996) and may introduce new pollutants from outdoors. 

Temperature 
differences4 

Increased conduction through duct surfaces (between the unconditioned 
exterior and the interior of ducts) can decrease cooling capacity by elevating 
supply air temperatures. 

RH differences4 
Increased water vapor transfer from humid exteriors into return duct leaks can 
increase latent loads. 

Occupant 
Influences 

and Overall 
Performance 

Fractional 
operation 

Increased operation time increases energy consumption directly but allows for 
more contact time of indoor air with in-duct air cleaners (Thornburg et al., 
2004). 

Thermostat 
settings 

Increased thermostat settings decrease energy consumption by lowering 
system runtimes. 

1 Holding all other parameters constant. 
2 Primary IAQ impacts concern only indoor pollutants and ignore secondary effects such as moisture. 
3 A recirculation rate is the volumetric airflow rate through an air handling unit divided by the volume of space that 
the system serves. It is comparable to an air exchange rate and has dimensions of inverse time.  
4 These parameters can also affect indoor moisture levels in many ways, from localized moisture accumulation to 
overall moisture removal in the conditioned space. 
 
 

Although some of these parameters have been well described in the literature, 

there are still gaps in our knowledge of how interactions of many of these system 
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operational parameters affect energy use and IAQ in real buildings. Much of the current 

state of knowledge of individual parameters is explored below in the context of four main 

system components: 1) AHUs, 2) outdoor units, 3) ducts, and 4) occupant influences and 

overall performance. 

AHU Operation 

Airflow and Recirculation Rates. The performance of an air-conditioning system 

is in part dependent on the airflow rate through the system. Manufacturers typically 

recommend airflow rates for smaller systems between 169 and 193 m3 hr-1 per kW of 

capacity, although a wide range of airflow rates have been measured in field installations 

(Parker et al., 1997; Proctor, 1997). The recirculation rate (the HVAC volumetric airflow 

rate divided by the volume of space that a system serves) is an important parameter in 

IAQ models, particularly those that assess pollutant removal technologies, because the 

product of in-duct air cleaner efficiency and recirculation rate can be directly compared 

to other loss mechanisms including air exchange and deposition loss. Recirculation rates 

are a function of system airflow rates, house volume, and fractional operation times (i.e., 

duty cycles) and typical values used in models and experiments in the literature range 

from 0.67 to 24 hr-1 (Thornburg et al., 2001; Riley et al., 2002; Klepeis and Nazaroff, 

2006; Zuraimi et al., 2007; Waring and Siegel, 2008). 

Fan Power Draws. Studies have shown that AHU power draws often exceed 

standard assumptions for air-conditioner rating test procedures and that residential AHU 

fans regularly consume more energy annually than a typical refrigerator (Sachs et al., 

2002). Proctor and Parker (2000) compiled results from 9 field tests and reported that 

AHU fan power draws ranged from 0.29 to 0.34 W per m3 hr-1 of airflow (compared to 

the standard assumption of 0.21 W per m3 hr-1). The inverse of those measured values 
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(3.0-3.5 m3 hr-1 W-1 measured vs. 4.8 m3 hr-1 W-1 assumed) provide a measure of fan 

efficacy, or the amount of air moved per unit of power drawn by the AHU fan.  

Outdoor Condenser-Compressor Unit Operation 

The outdoor condenser-compressor unit typically draws the greatest amount of 

power in an air-conditioning system (e.g., 80-85% of total power, with AHU fans 

drawing the remaining 15-20%) (Parker et al., 2005; Stephens et al., 2010a), which 

impacts both energy consumption at the building level and the peak demand of electric 

utilities when aggregated. Equipment size, refrigerant charge levels, and climate 

conditions all affect the power draw of outdoor units. Actual measured cooling capacities 

are often lower than rated capacities because of differences between rating test and 

operational conditions, inadequate refrigerant charge, duct leakage, and low airflow rates. 

Proctor and Downey (1999) reported that the average performance of residential air-

conditioners is at least 17% below rated performance. In an overview of almost 9000 

residential air-conditioners and over 4000 light-commercial air-conditioners in 

California, Downey and Proctor (2002) reported that the majority of residential and 

commercial systems had rated capacities of 8.8-10.6 kW and 15.8-17.6 kW, respectively. 

Over half of the systems had either too much or too little refrigerant charge, defined as 

more than 5% from correct charge as recommended by the manufacturer.  

Ducts 

Duct Leakage. Parker et al. (1993) simulated residential duct systems and 

estimated that the combination of air leakage and heat transfer in ductwork located in 

unconditioned attics could increase summertime peak electricity consumption more than 

30%. In one field study, Jump et al. (1996) reported an average decrease in HVAC 

energy use of 18% in houses that were tested before and after duct retrofitting (ranging 
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from 5% to 57%). The IAQ impacts of duct leakage and environmental conditions within 

duct systems are currently not well characterized, although some knowledge exists on the 

contribution of return duct leakage to filter bypass (VerShaw et al., 2009) and infiltration 

rates (Modera, 1993; Persily et al., 2010). For example, Modera (1993) reported that the 

operation of HVAC fans in residences with an average of approximately 0.5 cm2 m-2 of 

return and supply duct leakage area increased average infiltration rates from 0.24 hr-1 to 

0.69 hr-1. 

Operating Pressures and Pressure Drops. System pressures are important for 

both energy and IAQ because they drive the magnitudes and directions of many other 

influential parameters. For example, the airflow rate through an AHU is governed by the 

response of the fan to the airflow resistance of the distribution system (i.e., the total 

system pressure). Establishing the duct system resistance prior to system installation is 

difficult since most systems are site built and duct resistance is often affected by 

installation issues such as return grilles that are smaller than planned, inadequate duct 

design, or collapsed ducts (Parker et al., 1997). Excessive system pressures associated 

with distribution systems have been shown to severely restrict system airflow rates 

(Parker et al., 1997). In addition, duct leakage is strongly related to pressure differences 

between the distribution systems and surrounding space, as well as the position of 

leakage areas in the distribution system. We are aware of only a few studies that have 

reported actual operating pressures in supply and return duct systems (Modera, 1993; 

Parker et al., 1997; Francisco et al., 1998; Proctor and Parker, 2000). 

Other important pressure drops within typical HVAC systems are the pressure 

drops across the filter and coils, and how those relate to total system pressure. We 

previously reported that median filter pressure drops across three types of filtration 

efficiencies as measured in the 17 systems in occupied buildings discussed in this paper 
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ranged from 34 Pa with low-efficiency  (MERV <5) filters to 55 Pa with high-efficiency 

(MERV 11-12) filters (Stephens et al., 2010a). Ranges of those individual filter and coil 

pressure drops were 1-162 Pa and 1-269 Pa, respectively (Stephens et al., 2010b), albeit 

with a high level of uncertainty because of difficulties locating pressure taps in 

appropriate locations in some systems. In two unoccupied test house systems, we 

measured mean pressure drops ranging from 16 to 86 Pa across three types of filters and 

from 48 to 75 Pa across cooling coils, decreasing slightly as filter pressure drop increased 

(Stephens et al., 2010c). We are not aware of much work in the literature on the relative 

importance of filter and coil pressure drops in the total pressure drop of systems in 

occupied buildings, specifically in hot and humid climate zones. 

Occupant Influence and Overall Performance 

Fractional Operation Times. Residential and light-commercial air-conditioning 

systems typically cycle on and off to meet the cooling load of the building and the 

frequency of system operation times affects both energy and IAQ. However, we are not 

aware of much information in the literature about how often systems operate to meet 

cooling loads in real environments. Previous IAQ modeling investigations have 

traditionally either assumed values for fractional operation times (Thornburg et al., 2001; 

Klepeis and Nazaroff, 2006; Waring and Siegel, 2008) or estimated them from energy 

models (MacIntosh et al., 2010). James et al. (1997) reported average fractional operation 

times of 8-14% for correctly sized systems in Florida homes in the summer. Thornburg et 

al. (2004) measured the duty cycles of residential HVAC systems during 182 days of 

heating and cooling operation in 26 homes in North Carolina and 33 days of cooling 

operation in 9 homes in Florida. Mean air-conditioner duty cycles were 6% (std. dev. 5%) 

and 21% (std. dev. 11%) in the NC and FL homes, respectively. It was not clear whether 

duty cycles were typically high enough to effectively decrease indoor pollutant levels and 
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that additional data are needed to characterize ranges of fractional operation times, which 

is one of the primary goals of this paper.  

METHODOLOGY 

Seventeen air-conditioning systems were previously monitored during 2007-2008 

for another project investigating the energy implications of higher-efficiency air filtration 

in occupied buildings (Stephens et al., 2010a). That investigation generally concluded 

that the energy impacts of filters were minimal and that a wide variety of climate 

conditions and occupant thermostat settings heavily influenced the results. This paper 

reports previously unpublished operational parameters of the test systems made during 

the cooling season. A shorter duration of the measurements was made during heating 

season visits, but are not included in this paper due to the small number of those visits. 

Full details on measurement methods are available in Stephens et al. (2010a). 

The 17 systems were located in buildings in the hot and humid climate of Austin, 

Texas, in climate zone 2A according to ASHRAE Standard 169 (ASHRAE, 2006). Eight 

of the 17 systems were located in single-family residences and nine were located in light-

commercial buildings. The test sites were visited once a month for one year, during 

which time three categories of filtration efficiency typically used in residential and light-

commercial systems were installed: low-efficiency (MERV <5), mid-efficiency (MERV 

6-8), and high-efficiency (MERV 11-12) filters, as defined by ASHRAE Standard 52.2. 

Pressure measurements were made across the filter(s) and cooling coil and between the 

occupied space and the supply and return plenums. Two custom-built data-loggers 

containing power meters and pressure transducers were launched to log for 

approximately 24 hours with the thermostat operated normally by the building occupants. 

One data-logger was connected to pressure taps, voltage taps, and current transducers at 

the AHU and logged the pressure drop directly across the filter(s) and cooling coil and 



77 
 

the true power draw of the AHU fan. The pressure and voltage taps and current 

transducers remained installed for the duration of the one-year test period. The second 

data-logger was connected to transducers installed in a similar fashion at the outdoor 

condenser-compressor unit, logging the true power draw of the unit. Temperature and 

relative humidity was logged outdoors, in the zone that contained the majority of the duct 

work (usually the attic), inside the return plenum, inside the supply plenum, and at a 

single supply register. Airflow rates were measured once with a flow plate device and 

subsequently estimated during each monthly visit by correcting for system operating 

pressures. Duct leakage was measured with a calibrated fan and also corrected for 

operating static pressure.  Manufacturer-reported uncertainty for each measured variable 

is reported in full detail in Stephens et al. (2010a), but uncertainty values for 

measurements of pressure drop, power draw, temperature, relatively humidity, airflow 

rates, and duct leakage flows were 1%, 1.5%, 0.4°C, 2.5% RH, 7%, and 3%, respectively.  

Many of the values subsequently reported are measured at periods of “steady-

state” operation. Steady-state cooling operation is effectively achieved in our analysis 

when the supply plenum temperature did not vary for a period of at least 2 minutes by 

more than 0.5°C from the lowest temperature recorded during a cycle. Steady-state cycles 

also had to be at least 6 minutes in length due to the response time of the temperature and 

relative humidity instrumentation. All data analysis was performed using the statistical 

software package Stata, Version 11 (Stata, 2009). A Shapiro-Wilk test was performed on 

many of the parameters identified in the subsequent section in order to test for normality 

or lognormality of the distributions. The null hypothesis that the variables were from 

either distribution was rejected when the p-value was less than 0.05 and was accepted 

when greater than 0.05. Medians and ranges are reported for all variables, as well as 

arithmetic means and standard deviations if the variables were consistent with this 



78 
 

definition of a normal distribution, and geometric means (GM) and standard deviations 

(GSD) if the variables were consistent with this definition of a lognormal distribution. 

RESULTS AND DISCUSSION 

The following section details a variety of system characteristics and operational 

parameters measured in the test systems, organized by the parameters listed in Figure 1.  

Site and Measurement Summary 

Some building and individual HVAC system characteristics are described in 

Table 2 (systems are referred to as “Sites” in the remainder of this work). Seventeen 

systems were located in 14 buildings, two of which contained multiple HVAC systems 

serving different floors or areas (Sites 3 and 4 and 16 and 17) and one of which was two 

offices in each half of a duplex with separate HVAC systems (Sites 9 and 10). Sites 1-8 

were in residential buildings and sites 9-17 were in light-commercial buildings. All but 

four sites had supply ducts located in the attic. Sites 3, 7, and 17 had supply ductwork 

installed in conditioned space and Site 16 had ductwork installed in an outdoor closet. 

Sites 2 and 8 had return ducts located partially in a garage. The median system had a 

rated cooling capacity of 10.6 kW and 15 out of the 17 AHU fans had permanent split 

capacitor (PSC) motors, which is approximately the same 90% market share as the U.S. 

average (Sachs et al., 2002). In total, 114 useful monthly visits were made during the 

cooling season, providing 3132 hours (most visits were longer than 24 hours) of data 

collection measured at a median outdoor temperature of 27.9°C.  
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Table 2. Building and individual HVAC system characteristics 

Site 
Year 
Built 

Floor 
Area, 

m2 
Volume, 

m3 

Rated 
Capacity, 

kWcap 

Number 
of 

Cooling 
Visits 

Total 
Monitored 

Cooling 
Hours 

Mean 
Outdoor 

Temperature 
(std. dev.), 

°C 

Mean Hourly 
Fractional 
Operation  

(std. dev.), % 

1 1975 170 442 14.1 6 177 27.5 (1.9) 16.5% (17.5%) 
2 1973 133 323 10.6 6 183 28.7 (2.3) 10.7% (21.6%) 
3 

1999 
100 346 8.8 8 219 27.9 (2.9) 11.1% (13.0%) 

4 30 108 5.3 8 232 27.9 (2.8) 24.8% (25.0%) 
5 1949 106 292 8.8 8 225 27.7 (3.8) 39.4% (31.4%) 
6 1941 139 340 10.6 6 165 28.6 (2.6) 32.6% (28.2%) 
7 1970s* 111 272 10.6 7 206 29.7 (3.2) 20.6% (16.9%) 
8 1984 125 323 10.6 6 168 28.6 (3.4) 32.9% (39.9%) 
9 

1995 
121 439 17.6 6 177 27.3 (2.9) 18.4% (22.5%) 

10 121 439 12.3 6 174 26.2 (2.6) 15.5% (20.4%) 
11 1940 123 351 12.3 8 214 26.6 (3.5) 55.3% (33.8%) 
12 1935 173 422 17.6 4 100 29.0 (4.0) 20.1% (23.6%) 
13 1920 133 346 12.3 9 221 26.2 (3.3) 41.0% (38.5%) 
14 1941 91 221 10.6 7 176 28.3 (3.1) 34.7% (35.4%) 
15 1970s* 93 232 8.8 7 186 28.4 (3.0) 33.3% (43.2%) 
16 

2000s* 
71 266 5.3 6 155 27.8 (3.7) 13.8% (28.5%) 

17 26 59 5.3 6 154 27.8 (3.7) 13.7% (23.1%) 

 Total 114 3132 
Median: 

27.9 
20.6% (25.0%) 

*Estimated year built      

 

The last column of Table 2 shows that the median hourly fractional operation time 

across all systems was approximately 20.6%, or 12.4 minutes per hour (the data were 

lognormally distributed with a GM of 22.8%, or 13.7 minutes per hour, and a GSD of 

1.64). Even in the warm climate of Austin, TX, these cooling systems did not operate 

very often on average, but large standard deviations from individual mean operational 

fractions reveal a wide spread in hourly operation fractions in the test systems. Median 

cycle lengths across all systems and all cycles were 8.0 minutes (N = 3736, with an 

interquartile range of 5.7 to 11.7 minutes). The longest cycle length was almost 20 hours. 

Outdoor temperature, indoor loads, cooling capacities, and occupant thermostat settings 
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are some typical drivers of cycle lengths and fractional operation times, some of which 

are explored in later sections. 

The following sections explore measurements of operational parameters most 

closely related to the following HVAC system components: AHUs, outdoor units, ducts, 

and occupant effects and overall performance. 

AHU Operation 

Airflow Rates. Figure 2 shows the range of system airflow rates measured in each 

test system, normalized by rated cooling capacity. Each data point represents a monthly 

visit during the cooling season with any type of filter installed.  

 

Figure 2. System airflow normalized by rated cooling capacity (m3 hr-1 kW-1) measured at 
each monthly visit during the cooling mode (n = 114 visits). The dashed 
lines correspond to the range of airflow rates typically recommended by 
manufacturers (169-193 m3 hr-1 kW-1). Boxes describe 25th, 50th, and 75th 
percentiles; whiskers describe 5th and 95th percentiles. 

The median airflow rate measured across all systems was 176 m3 hr-1 kW-1, with 

median airflow rates of 187 m3 hr-1 kW-1 and 154 m3 hr-1 kW-1 with low- and high-
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MERV filters installed, respectively. The low-MERV airflow rates were lognormally 

distributed with a GM of 194 m3 hr-1 kW-1 and a GSD of 1.42. Median airflow rates in 

individual systems were in the range of those recommended by manufacturers at one site, 

below at 9 sites, and above at 7 sites. Sites 16 and 17 had high airflow rates because their 

electronically-commutated motor (ECM) fans operated at higher speeds during the 

cooling mode. The wide range in airflow rates measured at Site 17 may be caused by 

inaccurate flow measurements because the unit had operating pressures near the lower 

limit of sensitivity of our instrumentation. For reference, Parker et al. (1997) measured a 

mean airflow rate of 155 m3 hr-1 per kW of rated cooling capacity in 27 residential 

systems in Florida (ranging from 63 to 247 m3 hr-1 kW-1) and Proctor (1997) measured a 

mean airflow rate of 166 m3 hr-1 kW-1 in 28 new residential systems in Arizona.  

Recirculation Rates. Table 3 shows recirculation rates estimated for the volumes 

that each individual system served, calculated using mean airflow rates measured across 

all filter installations with and without incorporating the mean fractional operation times 

from Table 2.  
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Table 3. Estimated individual system recirculation rates 

Site 
When Operating, 

hr-1 
Averaged Over a 

Day, hr-1 

1 4.6 0.8 
2 5.3 0.6 
3 4.6 0.5 
4 10.8 2.7 
5 6.4 2.5 
6 4.9 1.6 
7 4.3 0.9 
8 3.8 1.3 
9 7.9 1.5 

10 4.7 0.7 
11 6.8 3.8 
12 6.0 1.2 
13 4.3 1.7 
14 7.0 2.4 
15 8.3 2.8 
16 6.7 0.9 
17 32.5 4.5 

Mean (std. dev.) 7.6 (6.7) 1.8 (1.2) 

Median 6.0 1.5 

 

The median individual system recirculation rate was approximately 6 hr-1 

assuming the systems ran 100% of the time and 1.5 hr-1 when averaged over the mean 

operation time. These rates, when accounting for duty fraction, are considerably lower 

than some of those used in other investigations (Thornburg et al., 2001; Klepeis and 

Nazaroff, 2006; Waring and Siegel, 2008). For comparison with typical air exchange 

rates, Murray and Burmaster (1995) reported air exchange rates in 2844 existing 

residences with an interquartile range from 0.32 to 0.87 hr-1 (median of 0.51 hr-1). 

Limiting values to those measured in the summer in Arizona, Florida, and (mostly) 

California, median air exchange rates were 1.10 hr-1 (with an interquartile range of 0.58 

to 1.98 hr-1). More recently, Offermann (2009) reported median air exchange rates of 

0.26 hr-1 in 108 new homes in California. Air exchange rates were not measured in our 

study, but our estimated recirculation rates (median 1.5 hr-1) suggest that HVAC systems, 
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even at low duty cycles, should be competitive as pollutant removal mechanisms relative 

to air exchange rates, depending on filter efficiency, filter bypass, duct leakage, window 

opening behavior, and individual system runtime. 

Table 3 assumes that the individual systems contained within the same building 

(Sites 3 and 4 and Sites 16 and 17) act completely independently of each other. If those 

systems acted as one, operating at the same time and serving a completely mixed building 

volume, the volume-weighted average whole-house recirculation rates would be 6.1 hr-1 

and 11.4 hr-1, respectively, excluding duty cycle effects. In reality, airflows and duty 

cycles of those systems interact with each other, making them neither completely 

dependent on, nor independent of, each other. It should also be noted that the estimations 

in Table 3 assume zero duct leakage. Return duct leakage would provide a smaller 

fraction of recirculated air and effectively lower the recirculation rate. Supply leakage 

would also decrease the recirculation rate estimate. Because most of the airflow 

measurements were taken at the air handler, supply leakage represents an unaccounted 

volume loss. Duct leakage on either side would also lead to increased air exchange rates 

because of the interaction of building pressurization with infiltration (Modera, 1993; 

Persily et al., 2010).  

Fan Power Draws. Figure 3 shows the ranges of values of fan efficacy measured 

during each monthly visit at each of the test sites in the cooling mode, defined as the 

system airflow divided by the power draw of the AHU fan.  



84 
 

 

Figure 3. Fan efficacy (m3 hr-1 W-1) measured at each monthly visit during the cooling 
mode (n = 114 visits). Boxes describe 25th, 50th, and 75th percentiles; 
whiskers describe 5th and 95th percentiles. The dashed horizontal line 
represents the overall median value across all sites. 

 

Median efficacy values across all sites were approximately 3.4 m3 hr-1 W-1, 

ranging from 2.0 to 6.6 m3 hr-1 W-1. Rated filter efficiency had a small effect on fan 

efficacy values. Low-MERV and high-MERV filters had median efficacy values of 3.5 

m3 hr-1 W-1 and 3.3 m3 hr-1 W-1, respectively. The median fan power draw across all sites 

with all filters was 519 W, ranging from 312 to 1040 W. These wide ranges of fan 

efficacy and power draw values are similar to those reported in (Phillips, 1998; Proctor 

and Parker, 2000; Walker, 2008), suggesting that AHU fans are similar across multiple 

locations in the current building stock. The widest range in efficacy was observed with 

the ECM fan at Site 17, although this variation is likely due to variations in the flow 

measurements previously discussed.  
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Condenser-Compressor Unit Operation 

Cooling Capacities. Figure 4 compares total cooling capacity (sensible + latent) 

to manufacturer-rated (nominal) cooling capacity of the outdoor unit, measured at four 

ranges of outdoor temperature: 20-25°C, 25-30°C, 30-35°C, and 35-40°C. For 

comparison, the AHRI standard 210/240 test for rating air-conditioning equipment in the 

cooling mode calls for testing outdoor compressor units at outdoor temperatures of both 

28°C and 35°C. The bars represent the mean value calculated from measurements at 

steady-state operation and the error bars represent one standard deviation in each 

direction. Cooling capacity was estimated by measuring the airflow rate through the 

AHU, the differences in temperature and humidity ratio across the cooling coil, and 

assumed constant values of air density, specific heat of air, and the latent heat of 

vaporization of water as described in Stephens et al. (2010a). 

  

 

Figure 4. Measured versus rated (nominal) capacity measured in 5°C bins of outdoor 
temperatures; means are reported only if a temperature range had at least 50 
data points recorded within its bin. 
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Site 14 was excluded from this analysis because the outdoor condenser-

compressor unit was replaced midway through the testing period. The mean total capacity 

of each system in all but one combination of site and temperature bin (Site 16, outdoor 

temperature 30-35°C) was less than 100% of rated capacity. The mean percentage of 

rated capacity across all sites was 62%, 64%, 67%, and 67% for each outdoor 

temperature bin (20-25°C, 25-30°C, 30-35°C, and 35-40°C, respectively), which 

generally agrees with values from previous field studies (Proctor and Downey, 1999). 

The low relative values suggest that the majority of the test systems do not operate at 

rated capacity, which has implications for thermal comfort and energy consumption as 

equipment will operate longer than necessary in order to meet cooling loads. Longer 

operation times will also increase recirculation rates, which may positively impact IAQ 

as previously discussed. However, the median cycle length described above (8 minutes) 

is similar to the mean runtimes by correctly-sized units in James et al. (1997), which 

suggests that systems were correctly sized relative to our test conditions and that low 

delivered capacity may have been accounted for in the design.  

Outdoor Unit Power Draw. Because knowledge about how outdoor condenser-

compressor units perform outside of standard rating conditions is generally lacking 

(Wassmer and Brandemuehl, 2006), Table 4 describes the increase in the power draw of 

16 of the 17 outdoor units (compressor + outdoor fan power) as a function of outdoor 

temperature (Site 14 is excluded again because of the replacement of the outdoor unit 

during the test period).  
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Table 4. Regression results of steady-state outdoor unit power draw versus outdoor 
temperature 

Site 
Power Draw Increase per °C Rise 

in Outdoor Temperature 
R2 of Linear 
Regression 95% C.I. 

1 3.9% 0.681 1.7-6.0% 

2 1.5% 0.97 1.3-1.7% 

3 2.5% 0.99 2.3-2.6% 

4 2.7% 0.98 2.4-2.9% 

5 1.4% 0.99 1.3-1.5% 

6 1.0% 0.87 0.7-1.2% 

7 0.7% 0.96 0.6-0.8% 

8 2.1% 0.91 1.7-2.5% 

9 1.7% 0.98 1.5-1.8% 

10 2.7% 0.99 2.6-2.8% 

11 1.3% 0.97 1.2-1.5% 

12 2.3% 0.98 2.1-2.6% 

13 1.9% 0.95 1.7-2.2% 

15 1.1% 0.86 0.9-1.3% 

16 1.1% 0.90 0.9-1.4% 

17 1.3% 0.89 1.0-1.5% 

Mean 1.8%   

Std. dev. 0.8%   

Median 1.6%   
1 Site 1 was the only system with a variable speed compressor and operated at two stages. 

 

Outdoor unit power draws were averaged during outdoor temperature bins of 1°C 

(ranging from 21°C to 41°C) and a minimum of 100 data points were required in each 

bin. A linear regression was performed with power draw as the dependent variable versus 

each outdoor temperature bin as the independent variable. According to the regression 

slopes, the median increase in outdoor unit power draw was 1.6% per °C rise in outdoor 

temperature. Most of the coefficients of determination (R2) were relatively close to unity, 

excluding Site 1, which had a two-stage compressor that operated and different speeds as 

needed, thus showing a nonlinear response. The power draw response to outdoor 

temperature of the systems generally fell within the range of those reported in other 

studies. Proctor (1998b) (and references therein) reported that the energy efficiency ratio 
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(EER) of a typical condenser-compressor unit decreased approximately 2.2% per °C 

increase in outdoor temperature. More recently, Kim et al., (2009) reported that the 

compressor power draw of an 8.8 kW (SEER 13) residential heat pump increased 

approximately 2.9% per °C increase in outdoor temperature and was only a very weak 

function of indoor conditions. 

Ducts 

Duct Leakage. Figure 5 shows mean supply and return duct leakage fractions to 

the exterior of the building envelope measured at each site. Values for Sites 10 and 17 are 

not present because duct leakage tests were not performed at Site 10 due to scheduling 

conflicts and Site 17 had ducts located entirely inside conditioned space (exterior leakage 

was not measured).  

 

Figure 5. Supply and return duct leakage-to-the-exterior fractions (as a percent of total 
airflow rate) measured during the cooling mode. 
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17%, respectively. For comparison, Jump et al. (1996) reported mean supply and return 

leakage rates of 18% and 17%, respectively, in 27 residential systems in California. In 28 

new residential systems in Arizona, Proctor (1997) measured mean supply and return 

duct leakage of 9% and 5%, respectively. More recently, Offermann (2009) reported 

median duct leakage of 10% in 138 systems in 108 new homes in California. 

Operating Pressures and Pressure Drops. An important parameter in determining 

the effect that an individual component has on airflow rates in an HVAC system is the 

fraction of total system pressure drop that can be attributed to that component. Figure 6 

shows the range of fractions of system pressure drop measured across three components 

at each test site in the cooling mode: low-MERV filters, high-MERV filters, and cooling 

coils. Because filters were left in place for three months, these filter measurements 

capture the effects of both initial filter design and dust loading while in use. Coil 

measurements are taken across all filter installations because there was no significant 

difference in coil pressure drop observed between filters, although there is considerably 

uncertainty in some of our coil measurements because of difficulties in locating pressure 

taps in some systems (Stephens et al., 2010a). The median fractional pressure drops due 

to low-MERV filters, high-MERV filters, and coils across all sites were 21.5%, 31.4%, 

and 35.9%, respectively, as indicated by the three dashed lines. Fractional pressure drops 

across low-MERV filters were normally distributed with a mean (and standard deviation) 

of 23.6% (11.6%) and high-MERV filter pressure drops were lognormally distributed 

with a GM (GSD) of 31.6% (1.37). Coil pressure drops were neither normally nor 

lognormally distributed. 
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Figure 6. Filter and coil pressure drops as a fraction of total system pressure drop, 
measured at each monthly visit during the cooling mode. Dashed lines 
represent median fractional pressure drops for each of the three components: 
low-MERV filters, high-MERV filters, and cooling coils. Boxes describe 
25th, 50th, and 75th percentiles; whiskers describe 5th and 95th percentiles 
(nlow-MERV filter = 43; nhigh-MERV filter = 53; ncoil = 112). 

 

The overall median fraction of pressure drop across cooling coils was larger than 

the overall median pressure drop across either low- or high-MERV filters, which may 

help explain the lack of significant differences in energy consumption observed due to 

higher-efficiency filters in Stephens et al., (2010a), albeit with considerable uncertainty. 

Pressure drops across low- and high-MERV filters ranged from 2 to 174 Pa and from 37 

to 145 Pa with medians of 35 Pa and 71 Pa, respectively. The wide range is due to 

variations in filter selection, individual system design, and filter dust loading (which is 

related to occupant activity, filter efficiency, system runtimes, indoor particle sources, the 

penetration efficiency of outdoor particles, and potentially return duct leakage). 

Similarly, coil pressure drops ranged widely from 3 to 192 Pa (with a median of 58 Pa), 

although the smallest values are likely due to unreliable pressure measurements. 
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Median return plenum operating pressures, measured with respect to ambient 

indoor pressure and including the pressure drop across the filter, were -63 Pa and -97 Pa 

with low- and high-MERV filters installed, respectively (ranging -14 to -174 Pa and -39 

to -208 Pa). Return plenum operating pressures were lognormally distributed with high-

MERV filters installed, with a GM (GSD) of 93 Pa (1.50). Median supply plenum 

pressures were 38 Pa and 32 Pa measured with low- and high-MERV filters installed, 

respectively (ranging 4-79 Pa and 2-72 Pa). Inter-home variability was greater than intra-

home variability with two different filters installed and the measured values of supply 

and return plenum operating pressures fall generally within the range of those reported by 

other studies. For example, Modera (1993) reported a mean supply plenum pressure 

relative to the occupied space of 46 Pa (ranging from 9 to 138 Pa) and a mean return 

plenum pressure of -88 Pa (ranging from -14 to -181 Pa) in 31 homes. Parker et al., 

(1997) measured mean total system pressures of 112 Pa and 157 Pa in six new and eight 

existing residential systems in Florida, respectively. Francisco et al. (1998) reported mean 

supply and return plenum pressures of approximately 50 and -58 Pa, respectively, in six 

residential heating systems. Proctor and Parker (2000) reported total system pressures of 

102 to 137 Pa from several studies, as measured across duct systems, registers, and 

filters, excluding that associated with the cooling coils. 

Filter Lifespan. Measured changes in pressure drop are directly related to changes 

in airflow rates. Because filters were typically left in place for three months at a time and 

building occupants operated their systems as usual, we are able to observe real-life 

loading of filters. Out of 64 filter installations (excluding Site 12, which had high-MERV 

filters installed on a different rotation schedule during the entire test period), filters were 

loaded enough (i.e., filter pressure drops were increased enough) to cause at least a 10% 

decrease in fan-only mode airflow rates (a measure that was conducted at every monthly 
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visit, regardless of season) in only 11 installations (17%). Twice this occurred with a low-

MERV filter, five times with a mid-MERV filter, and four times with a high-MERV 

filter. The 10% decrease in airflow is an arbitrary threshold, although it has been shown 

that decreases in airflow of up to 10% have not generally had large energy impacts 

(Parker et al., 1997; Stephens et al., 2010a, 2010b). Twice a filter pressure drop passed 

this threshold within one month, five times within two months, and four times within 

three months. Many filter manufacturers recommend replacing filters every 90 days, 

however, our results suggest that filter replacement schedules should be determined 

independently for individual systems based on operation time, system and building 

characteristics, and occupant activity levels.  

System Environmental Conditions. Because supply plenum, supply register, and 

return plenum temperatures and humidity ratios were measured at each site during 

steady-state operation in the cooling mode, we can investigate the differences in those 

parameters across a variety of components within the air-conditioning systems. For 

example, the mean (± std. dev.) steady-state supply plenum, supply register, and return 

plenum temperatures across all sites were 14.3 ± 3.1°C, 18.0 ± 3.1°C, and 24.5 ± 1.6°C, 

respectively, which corresponds to a mean temperature rise in supply ducts of 

approximately 3.6 ± 2.9°C and a mean temperature decrease across the AHU (fan + coil) 

of approximately 10.2 ± 2.6°C. Temperature gains in supply ducts due to conduction and 

conditioned air losses because of duct leakage were likely a significant source of cooling 

capacity degradation in these systems. Although the supply register measurements were 

made only at one register and may not represent the temperature delivered from every 

register, temperature increases in supply ducts would result in a mean heat load from the 

duct system of approximately 2.2 ± 1.8 kW, or 17 ± 12% of rated cooling capacity. The 

mean increase in supply ducts of 3.6°C was nearly two times greater than the nearly 2°C 
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rise in temperature measured in a single residence from the upstream portion of a repaired 

supply duct passing through an unconditioned attic to a supply register on a hot day by 

Parker et al. (1993). The mean decrease of 10.2°C across AHUs is comparable to a 10°C 

difference under normal operating conditions in Parker et al. (1993) and an 11.0°C 

temperature differential across the evaporator coil measured in laboratory tests of a 12.3 

kW residential unit at standard conditions (Rodriguez et al., 1996).  

The mean (± std. dev.) steady-state return plenum and supply register humidity 

ratios across all sites were 10.0 ± 1.6 g kg-1 and 8.8 ± 1.6 g kg-1, respectively. The 

combination of return ducts, cooling coils, and supply ducts provided dehumidification to 

reduce the mean indoor humidity ratio by approximately 1.2 ± 0.9 g kg-1. Using the 

median measured values for airflow rates, temperature differences, and humidity ratio 

differences, latent capacity accounted for approximately 20% of total capacity in the test 

systems, on average (equivalent to a sensible heat ratio, or SHR, of approximately 0.8). 

The median measured SHR was on the upper end of those typically reported in residences 

(Li and Deng, 2007). 

Occupant Influences and Overall Performance 

Fractional Operation Times. This section explores key factors that affected 

system operation fractions (i.e., duty cycle) in the test systems. First, Figure 7 describes 

how operation time increases in response to both outdoor temperature and indoor-outdoor 

temperature differentials, using Spearman’s rank correlation coefficients (a non-

parametric measure of statistical dependence) for each full hour of cooling cycles 

observed across all sites (N = 3070). Then linear regressions of hourly duty fraction are 

performed versus the difference between the mean hourly outdoor and indoor 

temperatures. 
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Figure 7. Hourly duty cycle response to climate conditions 

 

Hourly fractional operation times were more strongly correlated with differences 

between outdoor and indoor temperatures (ρ = 0.66) than outdoor temperature alone (ρ = 

0.50) across all sites. The median increase in hourly operation fraction is approximately 

6.0% per °C increase in indoor-outdoor temperature difference, ranging from 2.4 to 

11.3% per °C per site. Coefficients of determination (R2) from the table in Figure 7 range 

between 0.6 and 0.8 for 14 of the 17 sites, suggesting that approximately 60-80% of the 

variation in hourly duty fraction can be explained by indoor-outdoor temperature 

differences for most of the test systems. For comparison, Thornburg et al. (2004) reported 
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an approximately 1.8% increase in operation time per °C increase in daily mean outdoor 

temperature with similar confidence in their correlations (R2 = 0.61), although their 

measurements occurred during relatively mild climate conditions (daily mean 

temperatures during cooling operation ranged from approximately 17°C to 27°C). Other 

factors that can affect duty fractions include the relative of size of the system capacity 

compared to the cooling load, indoor heat gains, and the insulating properties of the 

building envelope.  

To explore some other important factors known to affect fractional operation 

times of systems, Table 5 shows Spearman’s rank correlation coefficients between the 

mean hourly duty fractions from Table 2 against six independent variables of interest 

measured at each site: return leakage fraction, supply leakage fraction, system size, mean 

outdoor temperature, mean airflow rate, and mean indoor endpoint temperature (a 

surrogate for thermostat settings). A Spearman’s rank correlation coefficient (ρ) is a non-

parametric measure of statistical dependence between two variables that is appropriate 

for small sample sizes. A value of +1 for ρ establishes a perfect direct relationship and a 

value of -1 establishes a perfect inverse relationship between the two variables. 
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Table 5. Spearman’s rank correlation coefficients for mean duty cycle fraction 

Mean Duty Cycle 
Fraction 

Return 
Leakage 
Fraction 

Supply 
Leakage 
Fraction 

System size, 
Normalized 

by Floor 
Area 

Mean 
Outdoor 

Temperature 

Mean Airflow 
Rate,  

Normalized by 
Rated Capacity 

Mean Indoor 
Endpoint 

Temperature 

Spearman 
Correlation 

Coefficient, ρ 
0.057 0.482 0.138 -0.267 -0.200 -0.797 

Probability of 
Independence 

83.3% 5.8% 75.0% 55.0% 42.2% 0.8% 

 

Table 5 shows the strongest association with mean hourly duty fraction is mean 

indoor endpoint temperature (ρ = -0.797). Endpoint temperatures are a surrogate for 

thermostat settings and were flagged in the dataset as the temperature in the return 

plenum measured at the end of an air-conditioning cycle when the thermostat is satisfied 

and the outdoor unit terminates operation. Treating indoor endpoint temperatures 

independently, there is less than a 1% probability that duty fractions are not associated 

with indoor endpoint temperatures. The negative association between mean indoor 

endpoint temperature and operation time is intuitive: a lower thermostat set point will 

increase runtime. The next strongest association with mean hourly duty fraction is supply 

duct leakage (ρ = 0.482). There is only an approximately 6% chance that supply leakage 

fraction and duty fraction are independent. The two variables are intuitively positively 

associated as energy wasted due to supply leakage cause longer runtimes. 

Mean hourly duty fraction appears to have the weakest association with return 

duct leakage (ρ = 0.057) and system size normalized by floor area served (ρ = 0.138). 

Duty cycle fractions appear to be negatively correlated with mean outdoor temperature (ρ 

= -0.267), but their probability of independence is greater than 50% and the differences in 

outdoor temperatures are small. Higher duty fractions were negatively correlated with 

airflow rates (ρ = -0.200), suggesting systems ran longer with lower mean airflow rates. 
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However, the association is not particularly strong (probability of independence of 42%), 

which emphasizes the negligible effect of higher-efficiency filters found in Stephens et 

al., (2010a). 

Interestingly, the correlations emphasize the potential importance of supply 

leakage relative to return leakage. However, the lack of association of return leakage with 

operational fractions may have occurred because return leakage fractions were generally 

small in these systems. Previous studies have shown that excessive return duct leakage 

can lead to substantial energy penalties (Modera, 1993; O’Neal et al., 2002). The 

correlations also intuitively suggest that system runtime is associated more closely with 

thermostat settings than any of the other variables. This suggests that those concerned 

with reducing energy consumption in residential air-conditioning systems in similar 

climates may prioritize increased thermostat settings and supply duct sealing, although 

further proof is warranted in more systems. Increased thermostat settings would only 

address sensible loads and could lead to moisture and comfort problems, especially in this 

hot and humid climate. There are also many other ways to reduce energy consumption in 

residential and light-commercial buildings, including reducing heating and cooling loads 

by building envelope improvements, increasing appliance and equipment efficiency and 

installation, and addressing occupant behavioral patterns. Ultimately, these results cannot 

be considered conclusive, as the variables of interest are not necessarily entirely 

independent of each other. However, this exploratory analysis provides an indication of 

the important parameters affecting duty cycle fractions and the methods should be used in 

larger samples. 

Occupant Thermostat Settings. Figure 8 shows distributions of minimum indoor 

temperatures reached during air-conditioning cycles in the test systems. Actual 

thermostat set points depend on the dead-band area and anticipation of each thermostat, 
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or the range that the actual temperature is allowed to overshoot the set temperature to 

avoid rapid oscillations in cycling. Dead-band values are generally assumed to be 0.5-

1°C, although little is known about actual values and accuracies. Figure 8a shows a 

histogram and cumulative distribution function of minimum indoor temperatures reached 

for each cycle measured across all sites (weighting all data equally). Figure 8b is a box 

plot of minimum indoor temperatures reached at each site, along with the number of 

cycles at each site used in the plot. 

 

Figure 8.Distribution of minimum indoor temperatures reached at the end of cycles for a) 
all sites (N=3658 cycles) and b) each site individually (with the number of 
cycles per site) 

The median end-of-cycle indoor temperature recorded was 24.8°C across all sites, 

with the 25th and 75th percentiles falling between 23.5°C and 25.7°C, respectively. Given 

the likely dead-band values of 0.5-1°C, the median thermostat setting for all of the 17 test 

systems can be estimated to be between 25°C and 26°C. These values are in general 

agreement with many rule-of-thumb values and those recommended by governmental 

agencies. However, Figure 8b shows that a wide variation exists across individual sites in 

our study. Median endpoint temperatures between individual sites ranged from 
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approximately 22.5°C to over 27°C, with light-commercial sites having statistically 

significant lower thermostat settings (Mann-Whitney-Wilcoxon P < 0.0001). 

Finally, Figure 9 shows mean fractional operation times in response to both time 

of day and outdoor temperature. Values are averaged for each hour of the day in the study 

and across all residential and light-commercial systems in the study. Error bars represent 

one standard deviation in each direction. 

 

Figure 9. Mean hourly fractional operation time, averaged across 8 residential and 9 
light-commercial systems in this study. 

Operational times generally trend with outdoor temperature as the systems 

respond to meet the coincident cooling load. Mean hourly fractional operation times are 

similar between residential and light-commercial systems from 5 PM to 7 AM. However, 

light-commercial systems ran up to 30-150% more often than residential systems during 

typical business hours (10-30% more absolute time from 8 AM to 4 PM). Assuming 

constant airflow rates and air-cleaner efficiencies, longer operation times lead to greater 
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recirculation rates. Thus, if in-duct air cleaners or filters in HVAC systems are relied 

upon to deliver clean air to occupied spaces, these results suggest that occupants may be 

more protected from indoor airborne pollutants by longer operation times in light-

commercial buildings than in residences in this sample. However, this relationship is only 

true if other parameters are held constant, including indoor pollutant sources, penetration 

of outdoor pollutants, air exchange rates, deposition rates, and indoor volumes. 

Additionally, the filters used in these systems are designed only to capture particulate 

matter. No additional protection would be offered against gas-phase pollutants.  

LIMITATIONS 

One limitation of this investigation is that the test systems were chosen as a 

sample of convenience and not necessarily as a representative sample of all small systems 

in the U.S. However, the test systems varied widely in age, size, efficiency, and 

operational characteristics, which is typical for the U.S. building stock. Another 

limitation of this study is that the measurements herein focus only on cooling system 

operation in a hot and humid climate, which will differ from fan-only and heating 

operation, and from cooling operation in other types of warm climates. According to 

ASHRAE Standard 169, Austin has 938 annual heating degree-days (HDD, base 

temperature of 18°C) and 3984 annual cooling degree-days (CDD, base temperature of 

10°C) (ASHRAE, 2006). Although not representative of the entire U.S., the size of the 

population that lives in climate zone 2a in the U.S. is approximately 33 million (~11% of 

the population) (US Census Bureau, 2009). Many of the variables measured herein fall in 

the same ranges as those measured in other parts of the country. 

Given the shortfalls of many actual operational characteristics relative to design 

or ideal conditions measured herein and in other studies, we recommend that our 

collection and analysis methods be used to collect similar data across more locations in 
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the U.S. to capture the effects of other climates, construction practices, and occupant 

behavior. A fully assembled dataset of similar measurements across the U.S. building 

stock can provide further insight into how residential and light-commercial HVAC 

systems use energy and affect IAQ. 

CONCLUSIONS 

This paper strengthens the knowledge base of smaller HVAC systems by 

characterizing a variety of operational characteristics measured in 17 existing residential 

and light-commercial air-conditioning systems in Austin, TX. We report an analysis of a 

previously collected dataset of a variety of measurements taken over 3100 hours of air-

conditioning operation, characterizing key operational characteristics and exploring 

factors that affect building energy consumption and IAQ. Key findings include:  

• Measured airflow rates were outside of the range recommended by most 

manufacturers for almost every system. 

• Recirculation rates are considerably lower than values used in many other lab and 

modeling studies, although recirculation through AHUs was still likely competitive 

with air exchange rates as a removal mechanism for indoor pollutants. 

• Actual measured cooling capacities were only 62-67% of rated cooling capacities on 

average. 

• Filter pressure drops increased enough during 3 months of dust loading to decrease 

airflow rates at least 10% in only 17% of filter installations. 

• Hourly fractional operation times increased approximately 6% for every ºC increase 

in indoor-outdoor temperature difference. 

• Mean indoor endpoint temperatures (a surrogate for thermostat settings) and supply 

duct leakage fractions were most associated with longer operation times. 
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• There was a wide distribution in indoor endpoint temperatures across individual sites, 

and light-commercial systems generally had lower thermostat settings and longer 

operation times during certain parts of the day, on average. 
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Paper 2. Using energy audits to investigate the impacts of common air-

conditioning design and installation issues on peak power demand and 

energy consumption in Austin, Texas 

 
Joshua D. Rhodes, Brent Stephens, and Michael E. Webber 

(Published in Energy and Buildings 43:3271-3278) 

ABSTRACT 

This study presents an analysis of a unique dataset of 4971 energy audits 

performed on homes in Austin, Texas in 2009-2010. We quantify the prevalence of 

typical air-conditioner design and installation issues such as low efficiency, oversizing, 

duct leakage, and low measured capacity, and estimate the impacts that resolving these 

issues would have on peak power demand and cooling energy consumption. We estimate 

that air-conditioner use in single-family residences currently accounts for 17-18% of peak 

demand in Austin, and we found that improving equipment efficiency alone could save 

up to 205 MW, or 8%, of peak demand. We estimate that 31% of systems in this study 

were oversized, leading to up to 41 MW of excess peak demand. Replacing oversized 

systems with correctly sized higher efficiency units has the potential for further savings 

of up to 81 MW. We estimate that the mean system could achieve 18% and 20% in 

cooling energy savings by sealing duct leaks and servicing their air-conditioning units to 

achieve 100% of nominal capacity, respectively. Although this analysis is limited to the 

City of Austin, understanding the methods described herein could allow electric utilities 

in similar climates to make better-informed decisions when considering efficiency 

improvement programs. 

INTRODUCTION 

Air-conditioning has become ubiquitous in buildings in the developed world 

(Pérez-Lombard et al., 2008; Stephens et al., 2011) and is typically one of the largest 
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summer electrical loads in residential buildings, particularly in the southern United 

States. In Texas, 7.7 million households (both single-family and multi-family units) use 

approximately 43 TWh of electricity for air-conditioning annually (EIA, 2005), and the 

percentage of electrical load on the ERCOT (Electric Reliability Council of Texas) 

electric grid attributed to residential users increased from 20% (6,139 MW) in the spring 

to 48% (30,735 MW) in the summer of 2010, mostly due to the operation of residential 

air-conditioning systems (Doggett, 2011). Several widespread design and installation 

issues associated with residential air-conditioning systems have been shown to contribute 

to these loads in the U.S. by increasing both energy consumption (e.g., sub-optimized 

airflow rates, low refrigerant charge, and excess duct leakage) and peak power demand 

(e.g., improper equipment sizing and low equipment efficiency) (James et al., 1997; 

Proctor, 1997, 1998a; Neme et al., 1999; Downey and Proctor, 2002; Mowris et al., 

2004). 

Previous investigations of these common issues have focused on various sample 

sizes and levels of detail, from case studies using detailed measurements in small samples 

of residences (James et al., 1997; Proctor, 1997) to large regional HVAC diagnostic 

studies (Downey and Proctor, 2002; Mowris et al., 2004). Only a few previous studies 

have sample sizes large enough and diverse enough to scale to the utility level. 

Consequently, there is a lack of statistically relevant data about the installed base of air-

conditioning systems, which leaves a knowledge gap about air-conditioning operation in 

the residential sector, particularly in some climates. This work uses a database of 4971 

recently performed energy audits on single family homes in Austin, Texas to fill that 

knowledge gap by 1) investigating the prevalence of the most common air-conditioning 

system design and installation issues that lead to excess power draw and energy 

consumption, and 2) estimating the impacts that these issues have on aggregate peak 
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power demand (in units of MW), and 3) quantifying the likely distribution of achievable 

energy savings (in units of % of kWh) from retrofits in individual residences. 

Additionally, we identify several shortcomings in the audit database and recommend 

some additional energy audit procedures that can be implemented in order to improve the 

database. 

ENERGY AUDIT DATABASE 

Austin, Texas is unique in that it is one of the few cities in the U.S. that requires 

an energy audit to be performed on a home before it can be sold. This mandate is part of 

the City of Austin’s Energy Conservation Audit and Disclosure (ECAD) ordinance (City 

of Austin, 2008; Austin Energy, 2011). A home may be exempted from this ordinance 

under several conditions, including its participation in utility-sponsored energy efficiency 

programs within the previous 10 years of the sale of the home, if it is a condominium or 

manufactured home, or if the change of ownership occurs under a variety of extenuating 

legal conditions (e.g., foreclosure, exercise of eminent domain, or property settlements). 

The program hopes to produce market incentives to increase the energy efficiency of on-

the-market homes by providing prospective buyers with better information, and also aims 

to address part of the Austin Climate Protection Plan, which includes reducing the City of 

Austin’s peak power demand by 700 MW by 2020.  

There are over 200 companies in the greater Austin area permitted to conduct 

official ECAD audits. Each auditor receives training by Austin Energy (the local 

municipally-owned electric utility) and is given a detailed handbook explaining the steps 

necessary to conduct the official ECAD audit. Individual audits typically cost between 

USD$200 and USD$300 and audit results are all submitted on a uniform document to 

Austin Energy who then supplies the completed audit to prospective buyers. Auditors’ 

results are internally checked against similar home audits to determine authenticity 
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(Kisner, 2011), and non-compliance with the ordinance is a Class C misdemeanor for the 

party selling the home. Because of the rarity of Austin’s energy audit requirements, the 

recentness of the audits, and the size of the sample, this information forms a unique 

dataset in terms of scope, size, and content.  

While the ECAD ordinance applies to both residential (single- and multi-family) 

and commercial buildings, we consider only single-family residences in this study. This 

work presents an analysis of a database of 4971 energy audits that were performed on 

single-family detached homes under the mandatory ECAD ordinance between January 

2009 and December 2010. To the best of the authors’ knowledge, these audits are the first 

of their kind for southern climates and this analysis is the first with such an extensive data 

set. While the results are not directly applicable to other climates, it is expected that some 

of the findings will have relevance for other southern states.  

METHODOLOGY 

Energy Audit Procedure 

The ECAD handbook provides instructions to auditors to gather information 

about the homes, including details related to the cooling and/or heating systems and 

ductwork, window types and shading, attic insulation, obvious pathways of air 

infiltration, and the number and types of appliances. Thus, information obtained from the 

energy audit database was used first to describe general building and system 

characteristics in the audited homes, including building age, floor area, window type, and 

attic insulation; age, nominal capacity, and manufacturer-rated efficiency of the primary 

air-conditioning system; and several HVAC system parameters, including estimates of 

system airflow rates, measurements of duct leakage, and measurements of temperature 

differences across cooling coils. While some parameters were directly measured, many of 
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the parameters were simply recorded by visual inspection of equipment and building 

details by the auditors. For example, attic insulation levels were estimated by multiplying 

the depth of existing insulation in the attic by R-values provided to the auditors for 

typical insulation types found in homes built over the past century in Austin (e.g., 

fiberglass batts, blown-in cellulose, or spray-foam). System airflow rates were not 

actually measured during the energy audits, but were estimated by using manufacturer’s 

data for the blower or were assumed to be 193 m3 hr-1 per kW of rated capacity (400 ft3 

min-1 per ton). Duct leakage measurements were made by installing a calibrated fan at a 

return grille of the system or an access panel of the air handling unit, taping the 

remaining supply registers and return grille(s), and measuring the airflow rate required to 

depressurize the duct system to -25 Pa. These leakage measurements thus represent total 

duct leakage (supply + return) to both interior and exterior spaces. Additionally, the 

temperature difference across the cooling coil was measured at the return air intake and 

immediately after the evaporator coil after the system had been operating at least 15 

minutes. 

After quantifying several parameters for the audited homes in the database, we 

attempted to compare the actual (or estimated) performance of the buildings, and the air-

conditioning systems within, to design or nominal values of the same parameters. 

Differences between the two were used to estimate the impacts on peak demand 

attributed to common design and installation issues present in the homes, and to estimate 

the potential energy savings of remedying some of these issues in individual homes. 

Relevant calculations for four parameters of interest are described in the following 

sections, including 1) installed nominal air-conditioning system efficiency, 2) air-

conditioning system oversizing, 3) excess duct leakage, and 4) measured vs. rated system 
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capacity. Finally, some of these estimates were scaled to represent the entire existing 

single-family residential building stock in Austin, Texas. 

Estimating Energy Impacts of Common Problems in the Audit Homes 

Installed Nominal Air-Conditioning System Efficiency 

The outdoor condenser-compressor unit of a residential air-conditioning system 

typically accounts for 80-85% of the total power draw of the system (including the 

outdoor unit and indoor blower fan) (Stephens et al., 2011). Because the database 

contained values of nominal system capacities (BTU/hr) and rated energy efficiency 

ratios (EER, in BTU/hr per Wpower; SI equivalent = coefficient of performance, or COP – 

the useful refrigerating effect per power supplied, kWthermal/kWpower), the power draw of 

the outdoor condenser-compressor units (Wpower) during operation under rated conditions 

was estimated by dividing nominal capacity by EER. The total maximum power draw 

that all of the units in the database could theoretically demand if operating at the same 

time is simply the sum of the individual power draw values. To achieve more realistic 

estimates of aggregate demand during the peak period (where not all systems are 

operating at the same time), we assumed that 70% of these systems operate during the 

summer peak hour (our best estimate using the high end of hourly runtimes reported in 8 

residential air-conditioning systems in Austin in Stephens et al., 2011). Additionally, 

systems are typically rated at indoor and outdoor temperatures of 26.7°C and 35°C, 

respectively (AHRI, 2008), but the outdoor temperature in Austin is typically higher 

during the summer peak hour. Thus, rated power draws were scaled to increase 

approximately 10% over rated conditions to match a peak summer temperature of 40.6°C 

(NOAA, 2011), using an increase of 1.8 ± 0.8% per °C rise in outdoor temperature, as 

observed in Stephens et al. (2011). 
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 We then hypothesized a scenario where all the homes in the audit database were 

upgraded to both 12 EER  (COP 3.5) and 14 EER (COP 4.1) air-conditioning units, 

estimated the total maximum power draw, and compared the difference. The low and 

high ranges of improved efficiency were chosen to approximately reflect the home 

improvement requirements of the US Environmental Protection Agency’s and US 

Department of Energy’s ENERGY STAR program (which requires a minimum EER of 

12, COP 3.5) and an upper end of efficiency available on the market today (EER 14, COP 

4.1). We also investigated the possible reductions in peak power demand for theoretically 

replacing all oversized units (estimated using methods in the subsequent section) with 

correctly sized units of higher efficiency, assuming every unit was replaced with a unit 

with an EER 12 (COP 3.5) or EER 14 (COP 4.1), which is consistent with Austin 

Energy’s energy efficiency rebate program. 

Air-Conditioning Oversizing 

Previous studies have shown that oversized systems use more energy and have a 

greater peak demand than properly sized systems (Lucas, 1993; James et al., 1997; Neme 

et al., 1999). For example, Neme et al. (1999), in a review of previous studies, estimated 

that proper sizing could yield as much as a 10% overall energy reduction and that a 

comprehensive system overhaul (ensuring proper airflow and proper refrigerant charge, 

sealing duct leakage, and correctly sizing equipment) could reduce utility aggregated 

peak power use by up to 25%. In this study, the recommended cooling capacity of air-

conditioning equipment for each house in the audit database was determined using the 

Manual J load calculation procedure, the industry standard for sizing residential HVAC 

equipment (Rutkowski, 2004). The method calculates heating and cooling loads using 

building characteristics, building physics, and climate factors, and determines the cooling 

capacity required to meet 97.5% of the summer cooling hours. Designs do not account for 
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the top 2.5 percentile of summer hours because doing so would lead to greatly oversized 

systems. However, there is evidence that even the Manual J calculation includes some 

inherent oversizing and that units sized at 73% of Manual J can be sufficient to meet 

cooling demand (Rudd et al., 1999). 

A custom spreadsheet program was used to perform the Manual J sizing 

calculations. The Manual J method allows for two different design scenarios: 1) a peak 

cooling load procedure and 2) an average load procedure. The latter design scheme is 

typically used for sizing residential HVAC equipment and is used in this analysis. A 

portion of the calculation is based on the design temperature difference between the 

inside and outside of the home. The interior conditions were assumed to be 23.9 °C and 

50% RH, which is a standard industry assumption (ASHRAE, 2009b) and is in the center 

of the human comfort zone. Outdoor design conditions for Austin, TX, 35.6 °C and 50% 

relative humidity, are included in the Manual J literature and were used in the 

calculations. The resulting estimated design system capacities (referred to as “correctly 

sized”) were compared to the installed rated capacities in order to determine the 

prevalence of oversized systems in the audited homes. An installed unit with a capacity 

that is greater than or equal to 120% of the Manual J calculation is considered oversized 

for the purposes of this investigation, which is consistent with previous studies (Lucas, 

1993; James et al., 1997). 

Only houses that contained one central air-conditioning unit were included in our 

oversizing analysis (19% were out of range), however there is evidence that homes with 

multiple air-conditioners are just as, if not more, oversized (Proctor, 1998a). Also, only 

houses between 46.5 and 325 m2 (500 and 3500 ft2) of floor area were considered (4% 

were out of this range). Homes that were missing audit data, such as installed system 

capacity and attic R-values, were also excluded. Missing audit information was not 
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correlated with any specific auditor and is most likely results of difficulty of obtaining 

some information (e.g., nameplates missing from air-conditioning units). 

Several home characteristics were not assessed at all in the energy audits, and 

some reasonable assumptions were made in their absence. For example, wall insulation 

R-values were not included in the energy audits, as that level of inspection would require 

significant equipment or penetration of the façade. Thus, wall insulation levels were 

assumed to meet the City of Austin building codes that coincided with the year of 

construction of each home: pre-1983 code required RSI of 0.53 m2·K/W (R-3) and post-

1983 (and current) code requires RSI 2 m2·K/W (R-11). Because infiltration rates were 

not measured in the homes, the default “leaky” infiltration values that are provided in the 

Manual J workbook were used for all homes. Also, the number of occupants was not 

noted by the auditors, so the value was assumed to be one more than the number of 

bedrooms (ASHRAE, 2009b). Windows were classified as either single or double paned 

in the audits, so U-values for generic double and single paned windows provided in the 

Manual J literature were used (3.18 and 5.57 W/m2-K, respectively). The area of 

windows was missing from the audit database, so we assumed that the percentage of 

windows per floor surface area was 16.8% for every home, based on the average of 

previous investigations of single-family residences in the U.S. (James et al., 1997).  

The assumptions for wall insulation levels (that every home meets code and no 

homes have greater insulation than code requirements) and infiltration rates (that every 

home is “leaky”) should over-estimate cooling loads and required cooling capacities 

overall, which should provide a conservative estimate of the extent of equipment 

oversizing. The thermal contribution of individual occupants is generally small and not 

expected to significantly affect the results (ASHRAE, 2009b). Ultimately, for our 

analysis of the effect of residential air-conditioner oversizing on peak power demand, we 
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compared the rated power draws of oversized installed units to the rated power draws of 

correctly sized systems of the same efficiency. Rated power draws were again scaled to 

increase approximately 10% over rated conditions, as previously described.  

Duct Leakage 

Duct sealing is a well-known residential retrofit that has been shown to save 

significant amounts of energy for space conditioning (Cummings et al., 1990; Palmiter 

and Francisco, 1994; Jump et al., 1996). Some researchers have predicted that sealing 

duct leaks could also reduce peak power draw of residential air-conditioning units (Parker 

et al., 1993), although others have predicted otherwise (Siegel et al., 2000). Because 

supply duct leaks should not alter return air temperatures and return leaks should not 

increase entering air temperatures enough to drastically alter the power draw of outdoor 

units (O’Neal et al., 2002), we assume that the only impact that widespread duct sealing 

would have on peak demand would be a potential reduction in individual system 

runtimes, which when aggregated across the building stock, might reduce the likelihood 

that multiple systems are operating concurrently during hours of peak demand. However, 

because we are not aware of any work investigating the likelihood of system runtimes 

with varying leakage conditions, we limit our duct retrofit analysis only to like energy 

savings achievable in the individual homes. 

To estimate the impacts of sealing duct leaks on cooling energy consumption in 

individual homes, we used data from two field studies that measured actual reductions in 

cooling energy after duct retrofits (Cummings et al., 1990; Jump et al., 1996). We 

performed a linear regression on cooling energy savings relative to the absolute reduction 

in total duct leakage fraction (shown in the results section of this paper). The slope of that 

regression was used to estimate how much cooling energy could be saved by each system 
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if each system with a duct leakage fraction greater than 10% was reduced to 10% (a value 

recommended by Austin Energy and other efficiency programs).  

Measured vs. Rated Air-Conditioning System Capacity 

Low measured capacity has been identified in several previous studies, e.g. 

Stephens et al. (2011), and may be indicative of low airflow rates (Parker et al., 1997), 

improper refrigerant charge (Proctor, 1998a), and excess duct leakage (O’Neal et al., 

2002). Because airflow rates were estimated and temperature differences across cooling 

coils were measured, we attempted to estimate the actual cooling capacity of the systems 

in the audit database, and compared those values to the nominal cooling capacity of the 

units. Actual sensible capacity of the audit homes was estimated using Equation 1:  

�� = ���Δ� (1) 

where qs = estimated sensible capacity (kWcap), Q = system airflow rate (m3 s-1), ρ 

= air density (assumed constant, 1.2 kg m-3), C = specific heat of air (assumed constant, 

1.012 kJ kg-1 K-1), and ∆T = temperature difference across the cooling coil (K). Nominal 

installed sensible capacity was estimated as 80% of the nominal total capacity identified 

on each unit by the auditors, which is consistent with a typical sensible heat ratio (SHR) 

of 0.80 in residential systems (O’Neal et al., 2002; Stephens et al., 2011). Systems with 

measured capacities less than rated capacities were assumed to operate longer and 

consume more energy at a rate directly proportional to the difference between the two 

values, which is a common assumption, although we are not aware of experimental 

justification.  

Scaling analysis to represent the residential building stock in Austin 

The residential building stock in Austin Energy’s service area includes 

approximately 332,000 housing units, 47.1% of which are single-family detached units 
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(US Census Bureau, 2009b). Thus, the dataset of 4971 energy audits used in this work 

represents over 3% of all single-family residences in Austin. Because the home 

characteristics (i.e., age and size) in the audit database matched reasonably well with the 

distribution of home characteristics from US Census data in the Austin area (a Wilcoxon 

signed-rank test yielded no statistical difference in the distributions of year built between 

the two databases, p > 0.05), we extrapolated the results of our analysis of the ECAD data 

to all single-family units in the City of Austin. This extrapolation was done simply by a 

linear extrapolation for each parameter of interest from the number of homes used in the 

database to the number of single-family homes in Austin. 

RESULTS 

This section describes the prevalence of four common air-conditioner design and 

installation issues in the audit homes and estimates the impacts they have on peak power 

demand and energy consumption. 

Installed System Efficiency 

Because new commercially available air-conditioning units continue to increase 

in efficiency over time, we first attempted to quantify the excess energy consumption and 

peak power demand associated with older inefficient systems across the homes in the 

audit database. The estimated distribution of rated power draws for homes in the audit 

database is shown in Figure 1. 
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Figure 1. Distribution of estimated power draw at rated conditions for homes in the 
ECAD audit database, in increments of 0.5 kW, where N is the number of 
individual systems. 

The average system in the audit database had an EER of 9.9 BTU/hr per W (COP 

2.9) (std. dev. 1.7 BTU/hr per W, COP 0.5) and the average rated power draw across all 

units is approximately 3.9 kW (std. dev. 1.3 kW). This average is likely a low estimate 

for summer peak power draw, as the outdoor temperature during the summer peak hour 

typically exceeds 38°C (100°F). Again using an increase in outdoor unit power draw of 

1.8 ± 0.8% per °C rise in outdoor temperatures (Stephens et al., 2011), the average peak 

power draw across all units is likely 4.3 kW (std. dev. 1.4 kW). Our best estimate of the 

uncertainty in this value is approximately 5%, taken as the standard deviation of the high, 

medium, and low bounds of the estimated increase in power draw over rated conditions 

that we calculated using the above reference. Scaling to the approximately 156,000 

single-family units in the City of Austin, and considering this dataset to be roughly 

representative of the distribution all single-family detached homes in Austin, this estimate 
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leads to a collective potential rated power draw of approximately 663 ± 33 MW for air-

conditioning (or approximately 464 ± 23MW if we assume that 70% of air-conditioners 

are operating during the peak hour). For reference, 464 MW represents approximately 17-

18% of Austin’s all-time high peak demand of 2628 MW in August 2010 (Austin Energy, 

2010).  

If every system with a nominal EER less than 12 (COP 3.5) was upgraded to an 

EER 12 (COP 3.5), we estimate that the collective peak power draw of single-family 

detached homes in Austin could decrease to 532 MW (or 372 MW assuming 70% of 

systems operating at peak). In other words, upgrading all systems to EER 12 (COP 3.5) 

could reduce peak demand by 132 MW, which represents approximately 5% of Austin’s 

all-time high peak demand and approximately 19% of the city’s 700 MW peak reduction 

goal. Similarly, if every system with a nominal EER less than 14 (COP 4.1) was 

upgraded to EER 14 (COP 4.1), we estimate that peak demand could be reduced by 205 

MW, or almost 8% of Austin’s peak demand, and almost 30% of its peak reduction goal 

of 700 MW by 2020. 

Holding all else constant, increasing the efficiency of a unit should directly affect 

the amount of power draw required to meet the same cooling load but should not alter 

system runtimes, as the system still has the same capacity to remove heat from the 

airstream. Thus, we estimate that increasing the EER of the average system from 9.9 to 

14 BTU/hr per W (COP 2.9 to COP 4.1) would likely yield an average reduction in 

household cooling energy consumption of approximately 29%. We estimate that 

approximately 70% of homes in the database could save at least 25% in cooling energy 

by upgrading their air-conditioners to 14 EER (COP 4.1) units. 
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Oversizing 

Air-conditioning systems were also analyzed to determine the appropriateness of 

their sizing. This analysis was restricted to homes in the audit database that have a single 

air-conditioner, have a floor area between 46.5 m2 and 325.2 m2, and that had enough 

complete audit information that would allow for a Manual J calculation. Overall, 74% of 

the homes in the database met these requirements (N = 3669). There did not appear to be 

any systematic reason for missing data, and so it is expected that this smaller subset is 

still representative of the Austin housing stock.  

Figure 2 compares “correct” cooling capacities estimated using Manual J 

calculations and the actual installed capacities as found in the audits. Each circle 

represents an installed unit in the database. Because of the large size of the data set, it is 

difficult to clearly see all of the points, but the seemingly solid horizontal lines are 

closely spaced individual units. Because manufacturers only provide air conditioning 

units in certain size intervals, usually in 1.76 kW (½ ton) increments, design capacities 

recommended by Manual J calculations were rounded up to the nearest 1.76 kW. The 

rounded values are used for all percentages stated for oversizing, as well as calculations 

involving aggregated peak power demand; the pre-rounded Manual J values are left in 

Figure 2 for clarity.  
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Figure 2. Distribution of the actual installed air-conditioner capacities vs. calculated 
(Manual J) capacities for homes in the audit database (N = 3669 homes). 

 

Approximately 31% of the Manual J calculations showed the installed units to be 

sized at least 120% of necessary capacity (units to the left of the dotted line in Figure 2), 

and 66% were at least 100% of necessary capacity (units to the left of the solid line in 

Figure 2). These results are in general agreement with previous studies on residential air-

conditioner oversizing (James et al., 1997; Proctor, 1997). In addition, approximately 9% 

were undersized (below the dashed 75% line).  

The average power draw of oversized units is 4.86 kW (std. dev. 1.45 kW, N = 

923), compared to 3.54 kW (std. dev. 0.97 kW, N = 923) for correctly sized units, both 

calculated at 5.6 °C above rated conditions. If we consider 31% of all single-family 

residential units in Austin to be oversized (≥120% Manual J), assume that 70% of these 



120 
 

systems operate during the summer peak hour, and assume a 10% increase in power draw 

at a 5.6 °C temperature increase over rated conditions (Stephens et al., 2011), we estimate 

that the aggregated excess peak power demand due to all oversized single family 

residential air-conditioner units is as much as 41 MW (or approximately 1.6% of Austin’s 

peak demand). Furthermore, we estimate that replacing each oversized unit with a 

correctly sized unit that is also upgraded to an EER of 12 (COP 3.5) or 14 (COP 4.1) 

would yield a peak power reduction of 67 MW or 81 MW, respectively (or 2.5% and 

3.1% of peak). Conversely, if the undersized units in Figure 2 were simultaneously 

upgraded in size and efficiency (EER-14, COP-4.1), extrapolated to the entire single-

family housing stock, the aggregated realized peak power gain would be approximately 1 

MW. 

However, it is important to note that smaller, correctly sized air-conditioning units 

should actually run more often to meet the same cooling load in a building. In the only 

two studies of which we are aware of that measured the additional runtime caused by 

correctly sizing over-sized air-conditioning units, Pigg (2008) measured an average 

increase in runtime of 32% (SD = 21%) in three homes in Wisconsin after reducing unit 

sizes by approximately 30% and Sonne et al. (2006) measured increases in runtimes of 57 

± 19% and 33 ± 17% in two homes in Florida after reducing the units’ sizes by one-third. 

Thus it is reasonable to assume that there is a greater likelihood of multiple units across 

the building stock operating more often during the peak hour (e.g., more than our 

assumption of 70%), and that the potential reductions in peak power due to correctly 

sizing units may not actually be realized without the incorporation of utility-controlled 

thermostat cycling programs (Newsham and Bowker, 2010).  

The energy impacts of correctly sizing systems in individual residences are not as 

clear. Smaller systems will draw less power when operating, but because cooling loads 
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do not change, the amount of energy required to remove from the air will remain the 

same. One would expect that decreasing the size of a residential system would then cause 

longer runtimes that ultimately do not significantly affect overall energy use. This 

phenomenon has generally been observed in field studies in both Wisconsin (Pigg, 2008) 

and Florida (Sonne et al., 2006). Additionally, James et al. (1997) observed that systems 

sized 120% greater of Manual J would increase overall cooling energy use by just under 

4% and by 13% during the peak hour in the summer in Florida. Although the overall 

energy impacts of correctly sizing systems are unclear, occupants might benefit from 

added comfort, as correctly sized systems that operate for longer periods of time should 

provide more dehumidification (Siegel et al., 2000). 

Duct Leakage 

Because there was not enough information to perform a detailed model of the 

ductwork in the homes, we rely on values of energy savings from previous studies of duct 

retrofits. Figure 3 shows actual reductions in cooling energy use measured in two 

previous field investigations of the impacts of sealing duct leaks in residential buildings 

(Cummings et al., 1990; Jump et al., 1996). 
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Figure 3. Estimations of the reduction in cooling energy use associated with reductions in 
total duct leakage. Plot generated with data taken from Cummings et al. 
(1990) and Jump et al. (1996), and ignoring three outliers from Jump et al. 
(1996).  

As previously mentioned, we performed a linear regression on data from previous 

studies to estimate the average cooling energy savings likely achieved by an absolute 

reduction in total duct leakage fractions (Cummings et al., 1990; Jump et al., 1996). 

Three outliers from Jump et al. (1996) were ignored to achieve some reasonable certainty 

(slope = 1.47, R2 = 0.73, 95% CI = 1.16-1.77), as shown in Figure 3. The regression 

output means that, for example, if duct retrofits achieve a 20% reduction in total leakage 

(e.g., from 30% to 10%), approximately 30% savings in cooling energy can be achieved. 

For comparison, Cummings et al. (1990) reduced mean total leakage in 23 homes from 

16% (std dev. 10%) to 5% (std dev. 4%), which yielded mean cooling energy savings of 

18% (std. dev. 11%).  

Assuming a target duct leakage of 10%, approximately 76% of the homes (3471 

out of 4539) in the database required duct sealing (mean sealing required = 13%, std. dev. 
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= 13%). We multiplied the required duct sealing values (in absolute terms) by the slope in 

Figure 3 to yield the likely cooling energy savings achievable by sealing ducts in each 

eligible home. The distribution of achievable energy savings is shown in Figure 4. The 

amount of energy savings is capped at 60% because of data limitations in Figure 3 and 

likely invalid values of duct leakage fractions entered at the extreme ends in the audit 

database. 

 

Figure 4. Distribution of the estimated reduction in cooling energy consumption 
achievable by sealing duct leaks in the audit homes (N = 3418 homes). 

Repeating the calculations using the confidence intervals for the slopes of the 

regression line in Figure 3, we estimate that the mean system could achieve 

approximately 14-22% in cooling energy savings by sealing duct leaks. Our best estimate 

of the mean cooling energy savings (using only the slope from Figure 3) is 18% (std. dev. 

15%), with a median savings of 14% and an interquartile range of 7-23%. Unfortunately, 

we cannot extrapolate absolute values of energy consumption from these data because we 
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have no estimates of individual system runtimes, although we can estimate that more than 

75% of homes in the audit database (and thus single family homes in the city of Austin) 

could benefit from sealing duct leaks, with an average cooling energy savings of 

approximately 18%. 

Measured vs. Nominal Capacity 

Because system airflow rates were estimated (although not very accurately) and 

temperature differences across cooling coils were measured, we were able to estimate 

operating sensible capacity and compare that to our estimate of rated sensible capacity, as 

shown in Figure 5.  

  

Figure 5. Distribution of the estimated operating sensible capacity relative to the rated 
sensible capacity, assuming a sensible heat ratio (SHR) of 0.8 (N = 2886 
homes). 

We estimate that the mean system was operating at approximately 77% of rated 

sensible capacity (std. dev. 21%). Approximately 10% of systems were operating under 

50% of rated capacity and approximately 10% were operating over 100% of rated 
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capacity, respectively. Low operating capacity has a direct impact on energy 

consumption and system runtime, as systems that remove less energy than they are rated 

for should operate longer. If we assume a linear relationship between deficiencies in 

delivered capacity and increases in runtime (e.g., Siegel et al., 2000), the average 

homeowner could save up to 23% in cooling energy by servicing their air-conditioning 

units to achieve 100% of nominal capacity (although there is some evidence that this 

relationship may be nonlinear and the savings may be smaller; for example, Stephens et 

al. (2010) reported that residential air-conditioning systems that observed a 4% decrease 

in sensible capacity due to the installation of high-efficiency filters did not lead to an 

increase in total energy consumption). Although we have no estimates of the uncertainty 

of these measurements, these values should be taken as rough estimates because there is a 

considerable amount of uncertainty in the airflow measurements/estimates, the measured 

temperature differences, and the assumed sensible heat ratios in the homes (we assumed 

SHR = 0.8 herein (O’Neal et al., 2002; Stephens et al., 2011)). Sensible heat ratios 

typically range from 0.7 to 0.8 in residential settings (Li and Deng, 2007). If we assume 

SHR = 0.7, the mean system would be operating at 88% of rated capacity (SD = 23%), 

and the average energy savings of tuning equipment would decrease to 12%. Finally, 

although this analysis focuses on the energy savings to residents achievable by increasing 

system cooling capacities, reductions in peak demand are likely to be realized when the 

simultaneous operation of all systems aggregated across the building stock is reduced due 

to widespread increased cooling capacities, although we do not have enough information 

to quantify this impact.  

DISCUSSION 

Several common design and installation issues that have been found in previous 

studies were also found in the homes in the audit database. For example, air-conditioning 
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units were inefficient overall, with an average EER of 9.9 (COP 2.9), compared to the 

ENERGY STAR minimum requirement of approximately EER 12 (COP 3.5), which 

leads to both excess peak power demand and excess overall cooling energy consumption. 

Additionally, we estimate that approximately 31% of the units were oversized at least 

120% or more relative to Manual J calculations. We also estimate that over 75% of the 

systems in the audit database had excess duct leakage and that the average home could 

save approximately 18% in cooling energy consumption by repairing ducts. Finally, the 

average system was operating at approximately 77% of rated sensible capacity, 

suggesting widespread problems with low airflow rates, fouled cooling coils, or 

suboptimal refrigerant charge (albeit with considerable uncertainty). And because less 

than 0.2% of the homes in the original data set (N = 4971 homes) did not have air-

conditioning, all of these issues are likely widespread across the City of Austin.  

Peak electrical power demand occurs in the summer in Texas. In 2010, the peak 

load on ERCOT was almost 66 GW, which exceeded the previous year’s peak by almost 

4% (Doggett, 2011). The summer of 2009 in Austin almost tied the record heat wave of 

1925 of 69 days of over 37.8°C temperatures (Lindell, 2009), and in August 2010 Austin 

Energy observed an all-time high peak demand at 2628 MW (Austin Energy, 2010). Here 

we estimate that the operation of air-conditioning units in single-family residences likely 

accounts for approximately 17-18% of the peak electrical demand in Austin. We also 

found that tremendous savings in peak power demand could be achieved by addressing 

issues related to the efficiency of the air-conditioning units in Austin residences, most 

importantly by upgrading the rated efficiency of installed units. Our estimate that 

upgrading all systems to EER 12 (COP 3.5) or EER 14 (COP 4.1) could reduce peak 

demand by 132 MW and 205 MW, respectively, represents a significant portion of 

Austin’s overall peak demand and could displace the equivalent of three to five of Austin 
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Energy’s GE LM6000 simple cycle natural gas peaking power plants. Additionally, we 

estimate that the average individual homeowner could save almost 30% on cooling 

energy consumption by upgrading to EER 14 (COP 4.1) units. 

Similarly, our estimate that oversized residential units account for approximately 

41 MW of peak demand is roughly equivalent to the capacity of one of Austin Energy’s 

natural gas peaking plants. Furthermore, if all oversized units were replaced with 

correctly sized EER 12 (COP 3.5) or EER 14 (COP 4.1) equipment, the potential savings 

could increase to 67 or 81 MW, respectively; it may be best to remediate this group of 

oversized and low-efficiency units first.  

It is a common misconception that “bigger” air-conditioners will perform “better” 

and many air-conditioning contractors have a positive incentive to oversize residential 

HVAC units. In a survey of HVAC contractors, over 75% reported that customers wanted 

larger size units, that the homes they designed for required oversizing, or that bigger was 

simply better (Vieira et al., 1996). One of the main concerns of HVAC contractors is that 

if they do not oversize units, the customer will not feel as if the unit cools the space in a 

timely manner. If this is the case, the contractor might receive a “callback” and be 

required to install a larger unit. However, Rudd et al. (1999) showed that even systems as 

low as 73% of Manual J suggested capacity were able to meet the cooing load and 

maintain temperatures in homes during the summer of 1999 in Tucson, AZ. Austin 

typically has a larger latent load than Tucson, so units may not be able to be undersized to 

this extent, but our analysis shows that significant peak power savings may be achieved 

by correctly sizing residential air-conditioning systems in Austin.  

Energy Audit Recommendations 

Although the energy audit procedures detailed herein provide a unique and robust 

database used to perform our calculations, steps can be taken to improve the quality of 
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information provided by the audits. To aid future analysis, we recommend that detailed 

window characteristics, such as the area and orientation, be included in the audits. This 

practice would not add a significant burden to the auditor and would provide an improved 

characterization of the audit homes. Additionally, air leakage testing using calibrated fans 

(e.g., blower doors) should be required to establish a baseline value for air infiltration. 

And because of the importance of air-conditioning in a cooling climate like Austin, there 

are a few more detailed measurements that could be conducted to provide for better home 

characterizations overall. For example, airflow rates and duct leakage were not measured 

using the most accurate and informative methods (Francisco and Palmiter, 2003) and 

refrigerant charge was not measured. These measurements would be a helpful addition to 

the audits and would possibly allow for a better and more accurate understanding of the 

link between the typical system issues described herein and overall energy performance 

(e.g., Proctor, 1998a). Finally, because energy audits have been shown to be highly 

variable between audit companies (Helcke et al., 1990), steps should always been taken 

to fully detail audit procedures in order to minimize uncertainty, as the ECAD handbook 

has done. 

Future Research 

Energy audits provide only a snapshot of the potential energy consumption of a 

home. System runtimes, although based on a study of Austin homes (Stephens et al., 

2011), were simply assumed herein and are significant when considering aggregated peak 

demand. Future work will collect more information from a subset of 100 of homes in the 

audit database that will be selected to directly sub-meter many of the home circuits, 

including the air-conditioner. This study will result in measurements similar to those in 

Parker (2003) and Masoso and Grobler (2010) and the subsequent data will allow for a 

better comparison of the energy and peak power penalties associated with all of the 
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system issues discussed herein. Temperature, relative humidity, and occupant survey data 

will also be recorded to determine levels of occupant comfort, and these data will be 

analyzed, in conjunction with specific air-conditioner runtimes, to determine the energy 

and quality of life penalties associated with poor residential air-conditioner system 

performance. 

CONCLUSION 

This work analyzed a database of 4971 energy audits on single-family homes in 

Austin, Texas. Our analysis led to similar conclusions of previous studies: residential air-

conditioning systems are typically operating in poor condition. The inefficiencies 

associated with poor residential air-conditioning performance aggregated on a utility 

scale can be significant, especially during summer peak demand. Mitigation of typical 

design and installation issues could result in significantly decreased peak power demands 

on utilities, and because air-conditioning often constitutes the largest energy consumption 

for residences, particularly in the summer, the reductions in overall energy consumption 

for individual homeowners could be significant. We estimate that single-family 

residential air-conditioning systems account for approximately 17-18% of peak summer 

electricity demand in Austin. Furthermore, we conclude that efficiency improvements 

alone (upgrading all systems to EER 14, COP 4.1) could possibly reduce peak power 

demand by as much as 205 MW, which would achieve almost 30% of Austin’s Climate 

Protection Plan’s goal of a 700 MW peak reduction by 2020. Similarly, our analysis 

suggests that accurately sizing residential air-conditioning equipment could displace as 

much as 41 MW of peak demand, or nearly the equivalent of one natural gas peaking 

plant. Additionally, we estimate that replacing oversized units with higher efficiency 

units (EER 14, COP 4.1) could, at best, double those peak savings to 81 MW.  
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This analysis is limited to Austin in terms of numbers, but not in terms of scope. 

Implementation of initiatives similar to Austin’s ECAD ordinance in other cities would 

produce similarly valuable information and the methods used herein can be applied to 

analyze other databases in other climates. This information would lead to better-informed 

decisions when assessing energy efficiency programs and climate protection plans. 
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Paper 3. Comparison of test methods for determining the particle 

removal efficiency of filters in residential and light-commercial central 

HVAC systems 

Brent Stephens and Jeffrey A. Siegel 
(Published in Aerosol Science and Technology 46(5):504-513) 

ABSTRACT 

Central heating, ventilating, and air-conditioning (HVAC) filters are often the 

dominant mechanism for particle removal in buildings. However, little is known about 

filter performance in real environments, particularly in residential and light-commercial 

buildings where particle concentrations and compositions can be very different from 

laboratory test conditions. This article explores differences in HVAC filter test protocols 

and refines a whole-house method for in-situ testing of filters for size-resolved particle 

removal efficiencies. Results from the in-situ method are compared to results from a 

simple upstream-downstream method for three types of commercially available filters in 

an unoccupied test house. Results from both field methods are compared to standardized 

laboratory test results as measured by an independent laboratory and as reported by the 

manufacturer. In general, comparisons between filter efficiency as measured by the 

refined whole-house method and as measured by the upstream-downstream method 

resulted in similar values of particle removal efficiency for many particle sizes and 

compared well with standardized lab tests, although experimental uncertainties were 

generally greatest for the whole-house method. However, the refined whole-house 

method has the added benefit of allowing an investigation of more particle interactions in 

an indoor environment, including deposition to ductwork and other HVAC system 

components, exfiltration through duct leakage, and bypass airflow around filters. Both 

field methods can be used to investigate the effects of HVAC system characteristics and 

dust loading on filter efficiency in real environments.  
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INTRODUCTION 

Exposure to airborne particulate matter is consistently associated with adverse 

human health effects, including an increased risk of respiratory symptoms, 

cardiopulmonary mortality, and lung cancer (e.g., Pope et al., 2002; Pope and Dockery, 

2006; Miller et al., 2007; Brook et al., 2010). However, because Americans spend nearly 

90% of their time indoors (Klepeis et al., 2001) and particles can penetrate through 

building envelope structures (e.g., Mosley et al., 2001; Chao et al., 2003; Liu and 

Nazaroff, 2003; Thatcher et al., 2003; Williams et al., 2003; Zhu et al., 2005; Rim et al., 

2010), much of human exposure to ambient particles often occurs inside buildings (Long 

et al., 2001; Riley et al., 2002; Meng et al., 2005; Bekö et al., 2008). There are also many 

indoor sources of particles present in most indoor environments, particularly in 

residences (e.g., Abt et al., 2000; Afshari et al., 2005; Hussein et al., 2006; Wallace, 

2006). The use of heating, ventilating, and air-conditioning (HVAC) filters in buildings is 

one strategy to reduce exposure to particulate matter and improve the health of building 

occupants (e.g., Hanninen et al., 2005; Lin et al., 2011). Centralized space conditioning 

has become ubiquitous in the U.S., particularly in residential and light-commercial 

buildings that comprise a significant fraction of the U.S. building stock and represent 

spaces where Americans spend most of their time (Stephens et al., 2011, and references 

therein). Thus, the performance of HVAC filters in these smaller buildings can have a 

profound effect on airborne particulate matter exposures of a wide population. 

However, little is known about how HVAC filters actually perform in real 

environments, particularly in residential and light-commercial buildings. This work (1) 

explores differences in a variety of HVAC filter test protocols, (2) refines a method for 

in-situ testing of HVAC filters in residential and light-commercial buildings for size-

resolved particle removal efficiency, (3) compares the results of those filter tests to 
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simple upstream-downstream measurements, both applied in an unoccupied test house, 

and (4) compares both test house results to laboratory test results as measured by an 

independent laboratory and as reported the manufacturer. 

Filter Testing: Laboratory Settings 

HVAC filters are typically tested only in laboratory settings. Hanley et al. (1994) 

first reported on a laboratory apparatus and test procedure to quantify the fractional 

filtration efficiency of in-duct air cleaners, including filters. The work was later used by 

the American Society for Heating, Refrigerating and Air-Conditioning Engineers 

(ASHRAE) as a basis for the most widely used standard for measuring filter efficiency in 

the United States, ANSI/ASHRAE Standard 52.2-2007 (ASHRAE, 2007). ASHRAE 

Standard 52.2 details a test procedure to determine two filter performance characteristics 

of importance: size-resolved particle removal efficiency and resistance to airflow. The 

test procedure involves measuring particle concentrations in 12 size ranges (0.3-10 µm in 

diameter) upstream and downstream of a filter and the size-resolved particle removal 

efficiency is calculated by subtracting the average ratio of downstream-to-upstream 

particle concentrations from unity. The test is performed first with a new filter in place, 

and then repeated several times under incrementally increasing artificial dust loading 

conditions. Dust loading tests are performed because particle removal efficiency has been 

shown to be highly dependent not only on particle size, but airflow rate and the amount 

of dust loading (e.g., Hanley et al. 1994; Hanley et al., 1999; Raynor and Chae 2003). 

Size-resolved particle removal efficiency curves are developed for the filter using 

average efficiency values for each of the clean, incrementally loaded, and final dust-

loading conditions. A minimum efficiency curve is then developed using the minimum 

average efficiency value recorded at each of the 12 particle sizes, regardless of loading 

condition. Finally, a minimum efficiency reporting value (MERV) is assigned by 
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averaging the minimum efficiency values across four particle sizes in each of three size 

bins (0.3-1.0 µm, 1.0-3.0 µm, and 3.0-10 µm).  

Other filter standards for testing and reporting particle removal efficiency exist 

outside of the U.S., including EN 779 from the European Committee for Standardization 

(CEN, 2002). ASHRAE Standard 52.2 is used herein; however, a relationship can be 

drawn between MERV and the CEN standard using a recent analysis of the two methods 

(Tronville and Rivers, 2006).  

Filter Testing: Field Settings 

ASHRAE Standard 52.2 acknowledges that the test method involves particle 

concentrations, particle compositions, airflow rates, pressure drops, temperature, and 

humidity levels that are almost certain to be different from those the filter will encounter 

when installed in a real system, which raises questions about how HVAC filters actually 

perform in real buildings. The in-situ performance of filters and other HVAC components 

that may remove particles has been field tested using two primary methods: (1) by 

measuring concentrations upstream and downstream of the filter or component in 

question Burroughs and Kinzer, 1998; Fugler et al., 2000; Jamriska et al., 2000; 

ASHRAE, 2008, or (2) by measuring the difference in overall particle loss rates in an 

indoor environment with and without a filter installed (Offermann et al., 1992; Howard-

Reed et al., 2003;Wallace et al., 2004; MacIntosh et al., 2008).  

The first field method, which involves measuring filter efficiency by an upstream-

downstream method, is a relatively quick procedure to perform that can isolate the impact 

of the filter alone, or can be extended to other sections of the HVAC system to measure 

the removal efficiency of other components. However, some challenges exist in 

accurately performing the test method, which can introduce large uncertainty. First, either 

two particle counters are required to measure upstream and downstream concentrations 
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simultaneously (which requires accurate calibration of the instruments), or a switching 

valve must be used with only one instrument (which may introduce additional sampling 

losses). Second, physical access to locations immediately upstream and downstream of 

the filter in a real HVAC system is not always possible. Access constraints may also 

increase the requirements for sampling line length, which can increase losses before 

reaching the particle instrumentation. Third, isokinetic sampling is not trivial to achieve 

inside of an HVAC system; non-isokinetic sampling can lead to inaccurate representation 

of different particle sizes. Fourth, the sampling location along a duct or air-handling unit 

(AHU) can lead to errors due to unmixed flow and large amounts of turbulence located 

near blower fans. Finally, upstream-downstream methods do not provide any further 

information about particle interactions in a real environment (e.g., deposition to indoor 

surfaces or other HVAC system components). 

The second field method, which involves measuring the differences in overall 

particle loss rates in an environment with and without a filter installed, can also be 

referred to as a “whole-house” method. Whole-house methods can be used to quantify the 

effects of HVAC filters on particle decay rates in an environment, and the difference in 

decay rates between multiple filter conditions can be used to calculate clean air delivery 

rates or filter removal efficiencies, if the airflow rate through the HVAC system is 

known. Advantages of whole-house test methods are that they can capture the effects of 

the entire HVAC system (including filters, deposition to ducts and other components, 

losses and gains by duct leakage, and bypass airflow around filters) and can fully 

characterize indoor particle dynamics in an environment. However, attempts to perform 

accurate whole-house decay methods are met with some challenges. First, whole-house 

number or mass balance decay approaches have generally assumed complete mixing in 

the environment and a negligible influence of outdoor particles. Second, multiple types of 



137 
 

instrumentation are required to measure both particles and air exchange rates 

simultaneously. Third, in order to calculate filter or system efficiency (dimensionless) 

from removal rates (in units of inverse time), both the airflow rate through the filter and 

the volume of the space must be known. Measuring HVAC airflow rates accurately in 

residential and light-commercial systems is not trivial, and is complicated by highly non-

uniform and developing flows. Finally, whole-house test methods are generally time 

intensive. Single test durations were 4-5 hours in Offermann et al. (1992) and were 

reduced to approximately two hours in MacIntosh et al. (2008), whereas upstream and 

downstream particle concentrations can be measured in minutes. 

Previous investigations on the effects of HVAC systems and filters on indoor 

particle dynamics remain limited, due in part to the difficulty, duration, and expense of 

test methods. In order to address some of these concerns, this work presents a refined 

whole-house test method to estimate size-resolved removal efficiencies of HVAC 

systems and filters by comparing particle loss rates measured during different filter and 

HVAC operation conditions. Estimations of particle removal efficiency are compared for 

three types of commonly available filters (MERV <5, MERV 7, and MERV 11, as rated 

by manufacturers) determined by four methods: (1) the refined whole-house test method 

and (2) upstream-downstream measurements, both applied in an unoccupied test house, 

and by ASHRAE Standard 52.2 laboratory tests (3) as reported by the filter manufacturer 

and (4) as tested by an independent laboratory during only the initial stages of loading. 

METHODOLOGY 

The whole-house test methods in Offermann et al. (1992), Howard-Reed et al. 

(2003), Wallace et al. (2004), and MacIntosh et al. (2008) were refined for the purposes 

of this work. The method consists of the same general practices: artificially elevating 

indoor particle concentrations and measuring the subsequent concentration decay with 
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and without a filter installed in the operating HVAC system, while simultaneously 

measuring the air exchange rate (AER) through the building by tracer gas decay. 

Therefore, the total particle deposition rate (to indoor surfaces and HVAC components) 

can be measured for each HVAC condition, and particle removal efficiencies can be 

calculated by comparing the differences in deposition rates between conditions. The 

refined methodology differs from previous work in four distinct ways: (1) HEPA- and 

activated-carbon-filtered outdoor air is supplied to the house in an attempt to maintain 

positive pressurization with respect to outdoors, which should eliminate the infiltration of 

outdoor particles, diminish the potential effects of secondary organic aerosol formation 

from reactions of ozone and unsaturated organic compounds (e.g., Weschler and Shields, 

1999), and shorten the test duration; (2) system airflow rates are measured with a more 

accurate flow plate device; (3) several mixing fans are operated in an attempt to achieve 

reasonably well-mixed conditions; and (4) a nonlinear least-squares regression with 

multiple parameters is performed on the data to provide accurate estimates of particle loss 

rates, even if a particle source exists.  

The whole-house method relies on a well-mixed size-resolved number balance of 

particles of diameter i in the space, assuming no indoor sources of particles, as shown in 

Equation 1: 
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where Ci,in is the size-resolved indoor particle concentration (# m-3), t is time (hr), 

QOAS is the airflow rate of the HEPA- and activated-carbon-filtered outdoor air supply 

(m3 hr-1), ηi,OAS is the size-resolved particle removal efficiency of the outdoor air supply 

HEPA filter (dimensionless), Ci,out is the size-resolved outdoor particle concentration (# 

m-3), λ is the air exchange rate (AER, hr-1), βi is the size-resolved deposition rate of 
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particles to indoor surfaces (hr-1), ηi,HVAC is the size-resolved particle removal efficiency 

of the HVAC system (dimensionless), QHVAC is the airflow rate through the HVAC 

system (m3 hr-1), and V is the volume of the building (m3). Equation 1 accounts for the 

change in indoor particle concentration of diameter i in time due to the addition of any 

ambient particles from the filtered outdoor air supply and losses of particles due to AER, 

deposition to indoor surfaces, and losses by airflow through the HVAC system (assuming 

that it is operating). If the indoor space is pressurized by 100% efficient HEPA-supplied 

outdoor air or outdoor particle concentrations are negligibly small, the first term in 

Equation 1 goes to zero and the number balance reduces a simple exponential decay from 

an initial elevated indoor particle concentration; previous methods have relied on this 

assumption. However, if the HEPA-filtered outdoor air supply does not supply particle-

free air for any reason (e.g., air infiltration through other leaks in the building or bypass 

around the HEPA filter housing), and outdoor particle concentrations are relatively large, 

the first term in Equation 1 is solved for as a constant positive source term in a nonlinear 

regression.  

All of the loss mechanisms present in Equation 1 (λ, βi, and ηi,HVACQHVAC/V) can 

be combined into one lumped loss term for each particle size in the number balance and 

the test procedure can be repeated for three basic conditions: (1) with no filter installed 

and the HVAC system off (i.e., background decay), (2) with the HVAC system operating 

and no filter installed, and (3) with the HVAC system operating with a test filter installed. 

Because AER is measured simultaneously, λ can be subtracted from the total loss rate to 

determine the “effective” loss rate, L (hr-1), due to surface, HVAC system component, 

and duct interactions alone (in the no filter case) or the combined effects of surface, 

HVAC component, duct, and filter interactions (in the filter installed case). Then the 

particle loss rates estimated from regressions of Equation 1 can be used against each 
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other to determine the relative contribution of a filter or HVAC system condition for each 

particle size. A comparison of the loss terms of each of the three operations systems is 

shown in Table 1. 

Table 1. Comparison of loss terms of each of the three HVAC and filter operating 
conditions 

Operating Condition Effective1 loss term, L (hr-1) Losses to: 

(1) HVAC off iβ  Surfaces 

(2) HVAC on, no 
filter V

QHVACductsi

i

,η
β +  

Surfaces and non-filter 
HVAC components and 
ducts 

(3) HVAC on, filter 
V

QHVACfilterductsi

i

+
+

,η
β  

Surfaces, HVAC 
components and ducts, and 
filter 

1 Excludes losses due to AER (λ), which are independently measured during each test run. 
 

The size-resolved particle removal efficiency of the non-filter HVAC system 

components alone (e.g., ducts, coils, and fans) can be estimated by comparing the 

effective loss rates of conditions (2) and (1), as shown in Equation 2. 

ηi,ducts =
V (L2 − L1)

QHVAC  
(2) 

where L1 is the effective loss rate of particles of diameter i from condition (1) and 

L2 is the effective loss rate of particles of diameter i from condition (2) (hr-1). The size-

resolved particle removal efficiency of the combination of the HVAC components and 

filter can be estimated by comparing the effective loss rates of conditions (3) and (1), as 

shown in Equation 3. 

ηi,ducts+ filter =
V (L3 − L1)

QHVAC  
(3) 

where L3 is the effective loss rate of particles of diameter i from condition (3) (hr-

1). Finally, because the filter and other HVAC components are in series, as shown in 
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Equation 4, size-resolved filter removal efficiency (ηi,filter) can be estimated by Equation 

5. 

ηi,ducts+ filter =1 − (1−ηi,ducts)(1−ηi, filter ) (4) 

ηi, filter =1 −
1 −ηi,ducts+ filter

1 −ηi,ducts

 
(5) 

Finally, AERs are estimated in accordance with ASTM E 741, using the 

procedure outlined in the supplementary information (SI). The next section describes 

both whole-house and upstream-downstream filter test methods as applied in an 

unoccupied test house. 

Test House Experiments 

To validate the refined whole-house test method, experiments were performed in 

an instrumented test house, a three-bedroom two-bathroom manufactured home 

(described in Novoselac and Siegel (2009) and shown in Figure S1). The house has a 

floor area of 110 m2, a volume of approximately 250 m3, and contains two identical air-

handling units (one with ductwork installed in the crawlspace and one with ductwork 

installed in the attic). Only the down-flow unit, which was installed in a closet with no 

return ductwork, was used in these experiments. The unit is described in further detail in 

Stephens et al. (2010). The HVAC system was operated in the fan-only mode during all 

of the experiments (no cooling or heating) and reasonably well-mixed conditions were 

achieved by the operation of several oscillating fans throughout the house.  

Whole-house Particle Removal Methods 

An Energy Conservatory Minneapolis Duct Blaster fan was attached to a large 

HEPA filter with a sheet of activated carbon placed inside and installed in a window 

frame in the master bedroom in order to supply filtered outdoor air to pressurize the 

indoor space relative to outdoors. Differential pressure measurements were made in the 
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control room with respect to outside at 10-second intervals during the test periods using 

an Energy Conservatory Automated Performance Testing system (uncertainty ±1% of 

reading). The pressurization process ensured that particle and tracer concentrations 

decayed to near or below original background levels generally within 45 minutes.  

System airflow rates were measured with an Energy Conservatory TrueFlow 

metering plate and DG-700 digital manometer. Flow corrections were made based on 

changes in the supply plenum pressure measured during each test following the 

calculation procedure in the instrument manual. The flow plate has a manufacturer-

reported uncertainty of ±7% of its reading, although conversations with the manufacturer 

suggest lower actual uncertainties for situations where repeated flows in the same system 

are compared; ±5% was used in previous work (Stephens et al., 2010; Stephens et al., 

2010b) and is also used here. 

To obtain an initial elevated indoor concentration of a range of particle sizes (Ci,in 

at time t = 0), particles were generated by burning six sticks of incense for several 

minutes (two sticks in three locations, as shown in Figure S1), followed by shaking a 

used vacuum cleaner bag into the HVAC return system while operating in the absence of 

a filter for approximately 15 seconds. Incense burning emitted particles generally less 

than 1 µm and shaking the vacuum cleaner bag resuspended particles generally greater 

than 1 µm. Because the method only requires that initial particle concentrations be 

elevated (the source is extinguished prior to the decay portion of the test), a consistent or 

standardized particle source was not required. For reference, Offermann et al. (1992) 

used cigarette smoke as a test aerosol, Howard-Reed et al. (2003) and Wallace et al. 

(2004) operated a gas stove, burned a citronella candle, and poured cat litter in the HVAC 

return plenum, and MacIntosh et al. (2008) utilized a fine test dust.  
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A TSI AeroTrak 8220 handheld optical particle counter (OPC) was installed near 

the central return for the downflow HVAC system at a height of approximately 1 m and 

set to log particle number concentrations in six particle size bins (0.3-0.5 µm, 0.5-0.7 µm, 

0.7-1.0 µm, 1.0-3.0 µm, 3.0-5.0 µm, and 5+ µm) at one-minute intervals. The particle 

instrument was chosen to allow comparisons to ASHRAE Standard 52.2 tests and in 

accordance with ASHRAE Guideline 26, which recommend OPCs because they are 

currently the most convenient and most commonly used instruments for these types of 

measurements. Once sufficiently elevated particle levels were achieved (at least twice 

background, but usually an order of magnitude higher, depending on particle size and 

type of incense), the incense sticks were extinguished. The vacuum cleaner bag was 

shaken just before leaving the test house due to the rapid deposition rates of the larger 

particles suspended by the process. AER was measured using CO2 as a tracer gas in 

accordance with ASTM E 741, as described in the SI.  

Upon completion of the experiments, the previously described parameter 

estimations were conducted using a statistical software package (Stata Version 11, 

College Station, TX). A nonlinear least-squares regression was performed on the time-

series of concentration data from each particle size bin, as well as CO2 concentrations 

(for AER estimates). The analytical solution to the time-varying and size-resolved 

particle number concentration balances in Equation 1 were used in the regressions, using 

indoor concentration (Ci,in(t)) as the dependent variable and time (t) as the independent 

variable, and three size-resolved parameters were estimated: an initial concentration (Ci,in 

at time t = 0), the overall particle loss rate (Li), and the overall particle source rate (Si = 

QOAS(1 – ηi,OAS)Ci,out/V). If a particle source rate (Si) was estimated to be less than or equal 

to zero, the filtered outdoor air supply was assumed to be contributing negligibly to 

indoor particle concentrations, the particle source term for that size range was set to zero, 
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Equation 1 took the form of a simply first-order decay model, and the regression was run 

again with only two unknowns (Ci,in at t = 0 and Li). If the source term resulted in a 

positive value, estimates of all three parameters were used as is. 

A total of 26 experiments were conducted during five combinations of HVAC 

operation and filter installations: HVAC off with no filter installed, HVAC on in the fan-

only mode with no filter installed, and HVAC fan on with three different types of 

commercially available filters installed (all filters were 51×51×2.5 cm). The three levels 

of filtration efficiency, as rated by the manufacturer, were low-efficiency fiberglass panel 

filters (MERV <5), medium-efficiency charged synthetic pleated filters (MERV 7), and 

high-efficiency charged synthetic pleated filters (MERV 11). Estimates of uncertainty for 

individual parameters were taken as the largest of manufacturer-reported instrument 

uncertainty, standard deviations of means, or 95% confidence intervals from regressions, 

and those relative errors were added in quadrature for any parameters calculated using 

multiple variables. 

Upstream-Downstream Removal Methods 

In a separate test, upstream and downstream particle concentrations were 

measured for approximately one hour at 20-second intervals with each of the three filters 

installed, after the filters had been used for all of the whole-house tests. Sampling lines of 

approximately 20-30 cm in length were used for each particle counter, positioned with 

approximately uniform bends to minimize differences in sampling losses. Prior to these 

measurements, the two optical particle counters were co-located at a height of 

approximately 1 m in the small bedroom of the test house with an oscillating mixing fan 

operating. Particle concentrations were elevated by burning two sticks of incense and 

shaking a used vacuum cleaner bag, and the door was closed. The subsequent decay of 

particles to background levels was monitored concurrently at one-minute intervals for a 
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period of approximately two hours. Using the co-location data, one OPC was calibrated 

relative to the other as a reference using linear regressions of the concentrations of each 

of the six particle bins measured with each counter, similar to the method in Wigzell et al. 

(2000). 

Results 

A summary of HVAC operation and filter test conditions during validation of the 

refined whole-house method is shown in Table 2. Four to six replicate tests were 

performed at each condition. The filtered outdoor air supply maintained positive 

pressurization with respect to outdoors for the majority of test periods and elevated AERs 

to 2.3-2.6 hr-1 on average. Although AERs were elevated relative to normal operational 

conditions, they were subtracted out for the filtration efficiency calculations (which 

utilize effective loss rates, as described in Table 1) and thus do not affect the filtration 

efficiency results. 

Table 2. Description of HVAC filter test conditions and relevant parameters 

Filter  
Condition 

HVAC  
Operation n 

QHVAC 
(m3 hr-1) 

Recirculation  
Rate,  

QHVAC/V 

 (hr-1) 

Filter  
Pressure 

Drop (Pa) 
I/O ∆P  

(Pa) (s.d.) 
AER (λ) 

(hr-1) (s.d.) 
n/a Off 5 n/a n/a n/a 2.4 (1.7) 2.32 (0.27) 

No Filter Fan only 6 1673 ± 84 6.7 ± 0.3 n/a 1.7 (0.3) 2.52 (0.10) 
MERV <5 Fan only 4 1608 ± 80 6.4 ± 0.3 8.1 ± 0.1 2.1 (0.1) 2.56 (0.04) 
MERV 7 Fan only 6 1522 ± 76 6.1 ± 0.3 55.2 ±1.4 0.1 (0.6) 2.56 (0.09) 

MERV 11 Fan only 5 1460 ± 73 5.8 ± 0.3 89.2 ± 0.9 0.0 (0.2) 2.38 (0.05) 

n = number of replicate tests 
Errors for QHVAC and the recirculation rate are taken from instrument uncertainty (± 5%). Errors for filter 
pressure drop are the greater of instrument uncertainty (± 1%) or standard deviations across replicate tests. 
Errors for I/O ∆P and AER are standard deviations across replicate tests. 

 

Mean HVAC system airflow rates ranged from 1460±73 to 1673±84 m3 hr-1, 

decreasing with the rated efficiency of installed filters. The installation of new MERV 
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<5, MERV 7, and MERV 11 filters decreased system airflow rates in the fan-only mode 

relative to no filter conditions by 4%, 9%, and 13%, respectively, due to the increase in 

filter pressure drops with increasing filter efficiency (8 Pa, 55 Pa, and 89 Pa, 

respectively). Filter face velocities were estimated as the HVAC system airflow rate 

(QHVAC, m3 hr-1) divided by the apparent surface areas of the filters (51×51 cm, or 

approximately 0.26 m2, ignoring pleated area) and ranged from approximately 1.6 to 1.8 

m s-1. Filter face velocities were confirmed by anemometer measurements and were 

generally in the range of face velocities recommended in ASHRAE Standard 52.2. 

Whole-house Particle Loss Rates 

An example of the measured particle concentration decay data and subsequent 

regression output is shown in Figure S2, using both traditional log-linear regressions and 

the aforementioned nonlinear regression strategy. The addition of a nonlinear regression 

including a source term in this whole-house method yielded stronger regression fits than 

traditional log-linear methods, suggesting imperfect filtration of outside air or imperfect 

positive pressurization of the test house. Size-resolved effective loss rates (βi or βi + 

ηi,HVACQHVAC/V, excluding AER) from each filter test and HVAC operation condition 

estimated with this method are shown in Figure 1. Effective removal rates include the 

total loss term estimated from nonlinear regressions of the solution to Equation 1, minus 

the AER (λ).  
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Figure 1. Size-resolved effective particle loss rates measured in the test house during 
replicate tests at five filter conditions: Background w/ HVAC off, HVAC on 
with no filter, and HVAC on with MERV <5, MERV 7, and MERV 11 
filters. Loss rates are divided into six particle size bins as indicated by the 
dashed vertical lines. Boxes represent 25th, 50th, and 75th percentiles, 
whiskers represent 5th and 95th percentiles, and circles represent outlier 
values. 

 

Effective particle loss rates generally increased as both particle size and rated 

filter efficiency increased. Minimum loss rates occurred for 0.5-0.7 µm particles for 

nearly all filters. The widest ranges in deposition rates due to different rated filter 

removal efficiency generally occurred for 0.5-5 µm particles, as the MERV classification 

system in ASHRAE Standard 52.2 should reflect. The same data from Figure 1 are 

presented as means of replicate tests (± one standard deviation) in Table S2.  
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On average, high-efficiency (MERV 11) filters increased effective particle loss 

rates in the test house by 2.4 to 6.1 hr-1 relative to background deposition rates measured 

with the HVAC system off. The difference increased with increasing particle size. 

However, for the largest and smallest particle size bins, filters did not always increase 

loss rates much over simply running the HVAC system without a filter. For example, 

medium-efficiency filters did not increase loss rates of 0.3-0.5 µm particles and increased 

average loss rates of particles greater than 5 µm only 15%, which suggests that primary 

loss mechanisms of those particle sizes may be deposition onto HVAC components and 

duct surfaces or exfiltration through duct leakage. These estimates of particle loss rates 

are likely higher than what would be expected during natural conditions, as the addition 

of several mixing fans will increase friction velocities and deposition rates (e.g., Lai and 

Nazaroff 2000), but they are elevated during all conditions and do not ultimately affect 

calculations of filtration efficiency. 

Upstream-Downstream Tests 

Results from particle removal efficiency tests as measured directly upstream and 

downstream of each of the three filters is shown in Figure S3. Relative standard 

deviations of the means across all particle bins ranged from 2-14%, 2-18%, and 4-8% for 

low-, medium-, and high-efficiency filter tests, respectively. The large ranges of 

efficiency values measured highlight the large uncertainties involved in the relatively 

simple upstream-downstream method when performed in a real environment. These 

levels of uncertainties are similar to those for lab tests reported by Hanley et al. (1994), 

which revealed variations in measured efficiency of up to 15% (absolute) for some 

particle sizes between triplicate tests repeated with identical filter conditions. 
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Comparison of Methods of Estimating Filter Efficiency 

Estimations of particle removal efficiency for each of the three test filters 

determined by the two field methods applied in the test house were compared to those 

measured in two laboratory settings: (1) as reported by the filter manufacturer (taken 

from their product literature) and (2) as measured by an independent test lab. After the 

rounds of testing in the test house, the three filters were shipped to an independent testing 

facility to have an ASHRAE Standard 52.2 test performed. A comparison of the four 

methods (two in-situ and two in lab settings) is shown in Figure 2. Values for particle 

removal efficiency are plotted against the geometric mean diameter of each particle size 

bin (6 bins from the OPC in the in-situ tests and 12 bins from OPCs in the lab tests). 

Uncertainty for field tests is reported as previously discussed and uncertainty from the 

independent laboratory tests was reported as the 95% confidence interval for each particle 

size bin. No uncertainty was included in the manufacturer-reported data.  
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Figure 2. Comparison of size-resolved particle removal efficiency of three filters (MERV 
<5, MERV 7, MERV 11) tested by four methods: ASHRAE 52.2 test results 
reported by the manufacturer, results from the initial loading stage of 
ASHRAE 52.2 lab tests on the filters after being used in the test house, 
results from upstream-downstream measurements in the test house, and 
results calculated from the whole-house methods in the test house. Removal 
efficiency is plotted versus the geometric mean diameter for each particle 
size bin (12 bins for the 52.2 tests and 6 bins for the test house 
measurements). Note that the vertical scale on Figure 2c extends to 120%. 

In general, removal efficiencies between all methods agreed well for many 

particle sizes and filter combinations, and uncertainties for the whole-house method were 

generally larger than the upstream-downstream method, but not for all particle sizes and 

filter conditions. Mean absolute uncertainties across all particle size bins and across the 

three filters were approximately 2% for the independent lab tests, 6% for the upstream-

downstream method, and 7% for the whole-house method. Mean uncertainties were 
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relatively constant (±1%) across all filters for the independent lab and upstream-

downstream tests, while uncertainties in the whole-house method generally increased as 

rated filter efficiency increased. 

For larger particles (> 3 µm), both in-situ methods resulted in lower estimated 

removal efficiencies for the MERV <5 filter than were measured in lab tests. The whole-

house method over-estimated removal efficiencies for MERV 7 and 11 filters relative to 

the other three tests, even exceeding 100% in one case (an efficiency greater than 100% 

is theoretically impossible, but we suspect that the discrepancy stems from inadequate 

mixing of the largest particles sizes, which were removed within only a few minutes with 

the MERV 11 filter installed). In general, the upstream-downstream method agreed well 

with MERV 7 and 11 lab tests; however, removal efficiencies of particles <1 µm 

measured by the upstream-downstream method with a MERV 11 filter installed was 

lower than the three other test methods. Manufacturer-reported removal efficiencies from 

lab tests were consistently equal to or greater than those reported by the independent test 

lab, which might be indicative of a bias, as manufacturers can perform multiple 

ASHRAE Standard 52.2 tests for a filter and will typically report their best results. 

DISCUSSION 

Both upstream-downstream and whole-house methods show promise for 

characterizing the in-situ particle removal efficiency of HVAC filters in real 

environments. In many ways a whole-house test method is preferred because of its ability 

to characterize the net effects of HVAC systems on particle concentrations in real 

environments, and our refined whole-house method differs from others in several 

important ways. The supply of HEPA- and activated carbon-filtered outdoor air shortened 

the test duration relative to previous investigations, and we ensured that the tests are 

performed in a reasonably well-mixed environment. Overall average spatial differences 
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in particle concentrations were near an arbitrary acceptable range of 10% generally used 

in the literature (Klepeis, 1999), as described in the SI. 

We also measured system airflow rates using a more accurate method than other 

studies. Offermann et al. (1992) estimated system airflow rates for each filter condition 

indirectly by measuring the pressure rise across the fan and referencing the 

manufacturer’s fan calibration curve. This method likely suffers from poor accuracy, as 

installed conditions often do not accurately reflect rated conditions. Howard-Reed et al. 

(2003) and Wallace et al. (2004) measured duct air velocities using a hot wire 

anemometer and converted the values to a volumetric airflow rate by multiplying by the 

area of the ductwork. Although this method is valid, it is time consuming and they 

estimated the experimental uncertainty to be approximately 20%. MacIntosh et al. (2008) 

simply assumed that airflow rates remained constant with each filter, an unlikely 

assumption for the range of filters tested and the types of systems in most residential and 

light-commercial systems (Stephens et al., 2010; Stephens et al., 2010b; Stephens et al., 

2011). The flow plate device that we used has been shown to be more accurate than 

previous methods and is relatively quick to use (Francisco and Palmiter, 2003).  

It is important to accurately obtain estimates of system airflow rates because, as 

shown in Equation 1, particle removal by HVAC systems is a function of both efficiency 

and airflow. System airflow rates are particularly important for investigating filters 

throughout their lifespan because filters have been shown to decrease airflow rates in 

most residential and light-commercial systems as they load with dust in time (e.g., 

Stephens et al., 2010b; Stephens et al., 2011). If, for example, the airflow rate through a 

filter decreases by 10% due to the added pressure drop from dust loading after several 

months of operation, but filter efficiency increases by 10%, the net change would be 

negligible. Dust loading has been shown to affect particle removal efficiency in both 
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directions, typically decreasing with increased dust loading of charged media filters and 

increasing with increased dust loading of mechanical filters (Hanley et al., 1994, 1999; 

Raynor and Chae, 2003). Thus we recommend that both the whole-house and upstream-

downstream methods be used in real environments to characterize changes in filter 

efficiency due to actual dust loading, in conjunction with changes in airflow rates that 

may occur. 

Finally, our method generally achieved greater statistical accuracy relative to 

other whole-house methods by using nonlinear regressions and attempting to create a 

well-mixed environment. Propagated errors for the whole-house method of estimating 

removal efficiency ranged from <1% to 15%, which are similar to those reported by lab 

tests in Hanley et al. (1994). 

A whole-house in-situ test method is generally preferred because of the ability to 

characterize multiple particle interactions, including deposition to ductwork, sources and 

losses due to duct leakage airflow, and the effect of filter bypass. Particle deposition to 

ventilation ducts has been shown to be a significant removal mechanism, especially for 

particles larger than 1 µm (Sippola and Nazaroff, 2003, 2004). Wallace et al. (2004) 

reported average increases in loss rates relative to background due to the operation of a 

central HVAC fan without a filter of 20-40% for particles less than 1 µm and 40-70% 

increases for 1-3 µm particles, likely caused by deposition to ductwork, as well as the 

effects of increased turbulence on deposition to interior surfaces. By contrast, the 

operation of the HVAC fan without a filter in our experiments increased whole-house 

loss rates by at least a factor of three for all particles sizes measured. Again, it should be 

noted that the particle loss rates reported herein are likely elevated relative to normal 

operating conditions due to higher air exchange rates and the addition of several mixing 

fans throughout the house, but estimates of filter efficiency are still valid because they 
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rely only on the difference of measured loss rates. Additionally, supply duct leakage was 

approximately 15% of system airflow rates (as measured according to ASTM E 779, 

2010), thus increased loss rates with the HVAC system operating were likely to due 

combined effects of enhanced mixing, deposition to ductwork, and exfiltration through 

duct leakage. These tests could be repeated after duct sealing retrofits in order to 

determine the importance of both duct deposition and exfiltration through duct leaks as 

particle loss mechanisms. 

Finally, and often most importantly, residential and light-commercial HVAC 

systems generally operate only in response to heating or cooling loads. Modeling efforts 

have predicted that removal by HVAC filters is likely a significant removal mechanism 

only if HVAC systems are operating, while deposition to indoor surfaces is likely be 

more important if HVAC systems are not operating (Thornburg et al., 2001; Waring and 

Siegel, 2008). Typical fractional operation times of residential and light-commercial air-

conditioning systems have ranged from 6% to 60%, depending on building and system 

characteristics, climate, and time of day (James et al., 1997; Thornburg et al., 2004; 

Stephens et al., 2011). Thus, both HVAC operational characteristics and filter selection 

are important factors in determining particle fates in these environments (MacIntosh et 

al., 2010) and should be measured in any field study. 

CONCLUSIONS 

This work compared four methods of evaluating HVAC filters for particle 

removal efficiency: two field methods and two laboratory methods. A refined in-situ 

whole-house test method for determining the particle removal efficiency of HVAC filters 

was developed and validated with three types of filters in an unoccupied test house. 

Results agreed reasonably well for most particle sizes with in-situ upstream and 

downstream measurements and with laboratory tests as reported by the manufacturer and 
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as tested by an independent lab. The whole-house method tended to yield higher removal 

efficiencies for larger particles relative to the upstream-downstream method, especially 

for higher rated filters, which may be attributed to inadequate mixing of the largest 

particles. The opposite effect was observed for smaller particles with the same higher-

efficiency filters. Regardless, the refined whole-house method can provide a complete 

picture of particle interactions in a real environment and both field methods should be 

used to further investigate the effects of duct leakage, filter bypass airflow, and system 

operation times on particle removal efficiency in real environments. In addition, more 

advanced particle instrumentation should be used to more accurately determine the 

applicability for more particle sizes, including ultrafine particles.  
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Air Exchange Rate (AER) Methodology 

Air exchange rates (AERs) were estimated using a nonlinear least squares 

regression on a well-mixed balance on the concentration of tracer gas (e.g. CO2) in 

accordance with, as shown in Equation S1. 
dCt,in

dt
= λCt ,out − λCt ,in

 (S1) 
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where Ct,in is the indoor tracer gas concentration (ppm of CO2) and Ct,out is the 

outdoor tracer gas concentration (ppm of CO2). Equation S1 assumes no indoor sources 

of tracer gas during the decay period, which is reasonable for an unoccupied house. If 

both indoor and outdoor CO2 measurements are made, the time-varying concentration of 

each can be used in the nonlinear regressions to determine AER. Two parameters were 

estimated in the regression: the initial tracer concentration (Ct,in at time t = 0) and the 

AER (λ). 

Test House Experiments 

 

Figure S1. Diagram of the test house showing the layout of the rooms and the locations of 
the AHUs, mixing fans, CO2 instrumentation, HEPA outdoor air supply, 
incense emission sources (labeled “E”), and the optical particle counter 
(labeled “OPC”). 

Measuring AERs 

At the same time that particle concentrations were being elevated during the test 

periods, CO2 was injected into each room of the house from a cylinder connected to a 

mass flow controller. Injection proceeded until the CO2 concentration in each room was 

at least 500 ppm or greater above background. CO2 measurements were made at one-
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minute intervals in 8 locations (7 within the test house and one outdoors, as shown in 

Figure S1) with dual beam infrared absorption CO2 monitors (GE Telaire 7001) 

connected to a data acquisition system in the control room. Only data from the CO2 

monitor in the central living room were used in the regressions in order to estimate 

whole-house AERs. 

Example Whole-house Test Results 

An example of the measured indoor size-resolved particle concentration decay 

data and subsequent nonlinear regressions during one test run is shown in Figure S2. 

Figure S2a shows regression fits and resulting total particle loss rates (including AER (λ) 

+ effective loss rates (Li)) after performing a three-parameter nonlinear least squares 

regression that includes an outdoor source term (estimated as a constant parameter in the 

regression), the total loss rate, and the initial particle concentration during one test with a 

high-efficiency (MERV 11) filter (methods are explained in the main text). Figure S2b 

shows the same data with parameter estimates obtained using a traditional first order 

decay method with two parameter estimates (the loss rate and the initial particle 

concentration), excluding a source term.  
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Figure S2. Example regressions for six particle bins from one of the MERV 11 tests for 
a) a three-parameter nonlinear regression including an outdoor source term, 
and b) a simple linear regression on the natural-log-transformed particle 
concentrations, excluding an outdoor source term. Note that the data are 
plotted on a logarithmic scale.  

 

A summary of the different results obtained by the two methods of regression is 

shown in Table S1. The addition of a nonlinear regression including a third parameter (an 

outdoor source term) in this whole-house method yields stronger fits than traditional first 

order decay methods. The percentage difference between the two methods generally 

increased inversely with particle size, likely because either the HEPA filter on the 

outdoor air supply is less efficient at removing smaller particles or there was some bypass 

airflow or infiltration around the HEPA filter. Up to 60% relative errors are seen between 
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the two methods, suggesting that traditional first order models will significantly under-

predict the particle removal ability of filters using this method. 

Table S1. Differences between the Two Regression Methods 

 Nonlinear w/ source term  Linear w/o source term  % Difference 
Particle Size  

Bin 
Total Loss  
Rate (hr-1) 

Effective Loss 
Rate1 (hr-1) R2 

 Total Loss  
Rate (hr-1) 

Effective Loss 
Rate1 (hr-1) R2 

 Total Loss  
Rate 

Effective Loss  
Rate1 

0.3-0.5 µm 4.54 (0.09) 2.24 (0.09) 0.999  3.33 (0.05) 1.03 (0.09) 0.992  -27% -54% 

0.5-0.7 µm 4.89 (0.08) 2.59 (0.08) 0.999  3.30 (0.07) 1.00 (0.08) 0.982  -32% -61% 

0.7-1.0 µm 5.94 (0.10) 3.64 (0.10) 0.999  4.32 (0.08) 2.02 (0.10) 0.986  -27% -45% 

1.0-3.0 µm 7.16 (0.06) 4.86 (0.06) 0.999  5.42 (0.11) 3.12 (0.06) 0.984  -24% -36% 

3.0-5.0 µm 9.02 (0.27) 6.72 (0.27) 0.999  8.25 (0.15) 5.95 (0.27) 0.994  -8% -11% 

> 5 µm 10.6 (0.73) 8.34 (0.73) 0.999  10.4 (0.20) 8.14 (0.73) 0.997  -2% -2% 
1 Excludes AERs 

 

Additional Experimental Results 

Table S2 shows mean (± SD) estimates of particle removal rates from Figure 1. 

Table S2. Effective particle loss rates during HVAC off measurements (“Background”) 
and four filter conditions with the HVAC fan operating. 

Filter 
Condition 

Effective Particle Loss Rate1 (hr-1) 
0.3-0.5 µm 0.5-0.7 µm 0.7-1.0 µm 1.0-3.0 µm 3.0-5.0 µm >5 µm 

Background 0.4 ± 0.1 0.1 ± 0.1 0.0 ± 0.1 0.2 ± 0.1 0.8 ± 0.1 2.3 ± 0.8 
No Filter 1.6 ± 0.4 0.8 ± 0.2 0.7 ± 0.1 1.1 ± 0.2 2.8 ± 0.2 6.9 ± 0.6 

MERV <5 1.5 ± 0.7 0.8 ± 0.1 0.8 ± 0.2 1.7 ± 0.1 3.6 ± 0.2 6.7 ± 0.3 
MERV 7 1.6 ± 0.6 1.7 ± 0.3 2.5 ± 0.2 3.8 ± 0.2 5.9 ± 0.5 8.0 ± 0.9 

MERV 11 2.8 ± 1.0 2.6 ± 0.2 3.7 ± 0.1 4.8 ± 0.2 6.6 ± 0.4 8.4 ± 0.6 
1 Effective particle loss rates exclude AERs. These are mean (± SD) values from the same data in Figure 1. 

 

Figure S3 shows filter efficiency as measured by the upstream/downstream 

method in the test house. 
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Figure S3. Filter efficiency for three filter conditions and six particle size bins as 
measured by the upstream-downstream method for approximately one hour 
in the test house. The box plots cover a range of samples taken every 20 
seconds during the three filter conditions: NMERV<5 = 32 samples, NMERV 7 = 
56 samples, NMERV 11 = 69 samples. Boxes represent 25th, 50th, and 75th 
percentiles, whiskers represent 5th and 95th percentiles, and symbols 
represent outliers. 

 

Investigation of the Well-mixed Assumption 

Prior to performing tests with the various filters, particle concentrations were 

measured with multiple calibrated OPCs in four separate rooms of the test house in order 

to investigate the assumption of a well-mixed environment. Particle concentrations were 

elevated again by igniting incense and shaking a used vacuum cleaner bag in the same 

locations as described in the main text, and the subsequent decay was measured in each 

room at one-minute intervals for approximately one hour. Average percentage differences 

across all particle size bins between the master bedroom, dining room, and small 

bedroom relative to those measured near the HVAC system return plenum ranged from -
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8% to +26%. Although the well-mixed assumption introduces some error (larger in some 

size bins and locations than others), the mean spatial difference in particle concentrations 

was only +11%. 
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Paper 4. Measuring the penetration of ambient ozone into residential 

buildings 

Brent Stephens, Elliott T. Gall, and Jeffrey A. Siegel 
(Published in Environmental Science and Technology 46(2):929-936) 

ABSTRACT 

Much of human exposure to ambient ozone and ozone reaction byproducts occurs 

inside buildings. However, there is currently no experimental data on the ability of ozone 

to penetrate through building envelopes and into residences. This paper presents a 

method to determine the penetration factor for ozone in buildings, and applies it in an 

unoccupied test house and seven single-family residences. The mean (±SD) ozone 

penetration factor was measured as 0.79±0.13 in the eight homes using this method, 

ranging from 0.62±0.09 to 1.02±0.15. An analysis of tests across the homes revealed that 

ozone penetration was significantly higher in homes with more painted wood envelope 

materials, homes with larger air leakage exponents from fan pressurization tests, and 

older homes. The test method utilizes a large calibrated fan to elevate air exchange rates 

and steady-state indoor ozone concentrations to levels that can be accurately measured, 

so there is a potential for over-predicting ozone penetration factors. However, evidence 

suggests that this bias is likely small in most of the homes, and, even if a bias exists, the 

measured ozone penetration factors were lower than the usual assumption of unity in 

seven of the eight tested homes. 

INTRODUCTION AND BACKGROUND 

Elevated concentrations of ambient ozone have been associated with increases in 

mortality (Bell et al., 2004; Ito et al., 2005; Levy et al., 2005; Jerrett et al., 2009), 

exacerbation of asthma symptoms (Gent et al., 2003), and infant respiratory and 

cardiovascular effects (Peel et al., 2011). Associations with adverse health effects are 
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usually made in large epidemiological studies using outdoor measurements of ozone; 

however, because Americans spend the majority of their time indoors, much of their 

exposure to ozone and byproducts of ozone reactions actually occurs inside buildings 

(Weschler, 2000, 2004, 2006). In buildings without mechanical ventilation, such as the 

majority of residential buildings in the U.S., occupants are exposed to ozone and reaction 

byproducts only after outdoor ozone penetrates through the building envelope.  

In the absence of indoor sources, steady-state indoor ozone concentrations (Cin) 

are a function of the outdoor ozone concentration (Cout), the air exchange rate (AER, or λ, 

hr-1), the ozone penetration factor through the building envelope (P, dimensionless), and 

the first-order indoor ozone decay rate (β, hr-1, or the average deposition loss to all 

interior surfaces and any homogeneous reactions), as shown in Equation 1. 

βλ

λ

+
=

P

C

C

out

in

 
(1) 

In large residential investigations, Avol et al. (1998) and Lee et al. (2002) 

measured mean (±SD) indoor-outdoor (I/O) ozone concentration ratios of 0.37±0.25 in 

126 homes and 0.24±0.18 in 119 homes in California, respectively, and found significant 

differences in I/O ratios due to window opening behavior and the operation of air-

conditioning systems. Similarly, Romieu et al. (1998) measured mean (±SD) I/O ratios of 

0.20±0.18 in 145 homes in Mexico and Cattaneo et al. (2011) measured a median I/O 

ozone ratio of 0.14 in 60 homes in Italy. In two smaller studies, Lee et al. (2004) reported 

weekly mean I/O ratios ranging from 0.03 to 0.15 in 36 homes in Tennessee, and Zhang 

and Lioy (1994) reported mean I/O ratios ranging from 0.22 to 0.62 in six homes in New 

Jersey. In homes unlikely to have open windows (e.g., during the winter or while 

operating HVAC systems), measured I/O ozone ratios have been consistently lower, 

typically ranging from ~0.01 to ~0.10 (Liu et al., 1995; Lee et al., 1999; Weschler, 2000; 
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Xue et al., 2005), although it is not clear whether envelope losses or indoor losses 

contribute most to these lower values. 

Several investigations have shown that ozone, once indoors, can react with 

individual building materials (Sabersky et al., 1973; Reiss et al., 1994; Reiss, Ryan, 

Koutrakis, et al., 1995; Morrison and Nazaroff, 2000; Klenø et al., 2001; Wang and 

Morrison, 2006; Hoang et al., 2009), compounds adsorbed to indoor surfaces (Shu and 

Morrison, 2011), and human skin and clothing (Wisthaler et al., 2005; Weschler et al., 

2007; Wisthaler and Weschler, 2010). Some known byproducts of these reactions include 

organic acids, carbonyls, and free radicals (Weschler, 2006), aldehydes (Zhang et al., 

1994), carboxyl and α-hydroxy ketone groups (Wisthaler and Weschler, 2010), and 

secondary organic aerosols (Weschler and Shields, 1999; Sarwar et al., 2003; Destaillats 

et al., 2006). Ozone reactions with materials covered with lead paint have even been 

shown to increase the release of lead in older buildings (Edwards et al., 2009). First-order 

indoor ozone removal rates (β) have been measured in a variety of indoor environments, 

and have typically ranged from approximately 1 to 7 hr-1 during normal building 

operation (Weschler, 2000). Limiting to residences, Mueller et al. (1973) measured a 

decay constant (β) of 7.3±0.2 hr-1 in a bedroom and Lee et al. (1999) measured mean 

(±SD) values of β of 2.8±1.3 hr-1 in 43 homes in California. Sabersky et al. (1973) found 

that operating a recirculating HVAC system in a home nearly doubled measured values 

of β from 2.9 to 5.4 hr-1. 

Overall, the wide spread in I/O ratios measured in homes can be attributed to a 

combination of differences in AERs, HVAC operation, furnishings, and building 

envelopes, although we are not aware of any measurements of penetration factors (P) for 

ozone. Without experimental data, it is often assumed that ozone penetrates through 

building envelopes 100% efficiently (i.e., P = 1) (Weschler, 2006; Chen et al., 2011; Gall 
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et al., 2011). However, models suggest that ozone penetration should vary with the nature 

of building air leakage paths and the reaction probabilities of envelope materials (reaction 

probabilities of common building envelope materials range several orders of magnitude, 

from ~10-4 for brick to ~10-8 for aluminum) (Liu and Nazaroff, 2001). Thus, this 

investigation presents a method of determining the penetration factor for ozone in 

buildings and applies the method in an unoccupied test house and a sample of seven 

single-family residences in Austin, Texas USA. 

MATERIALS AND METHODS 

Method Development 

Because measurements of ozone penetration factors (P) also require accurate 

measurements of indoor ozone loss rates (β), we manipulated homes to elevate indoor 

ozone concentrations and measure the subsequent decay. Similar manipulations have 

been used to measure particle penetration into residences (Chao et al., 2003; Thatcher et 

al., 2003; Rim et al., 2010), and our method relies on the same general principles of 

elevation and decay to estimate two unknown parameters (P and β) from one equation.  

Our procedure consisted of the following steps performed in a well-mixed 

unoccupied environment: 1) measurement of ozone and tracer gas (e.g., CO2) 

concentrations immediately outside of the building, 2) elevation of indoor ozone 

concentrations by operating an ozone generator indoors, 3) elevation of indoor 

concentrations of a tracer gas in order to measure the AER, 4) measurement of the 

subsequent decay of both indoor ozone and tracer gas at a central location in the building, 

allowing indoor ozone concentrations to decay toward steady-state levels, and 5) 

repetition of outdoor ozone and tracer gas measurements.  
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In all homes, experiments were conducted during times of relatively low outdoor 

ozone concentrations (e.g., <100 ppb), when steady-state indoor ozone concentrations 

and outdoor ozone source terms (P×λ×Cout) were too low to be accurately measured. 

Thus, a large calibrated fan and frame (i.e., a “blower door”) was installed in a doorway 

during Step 4 in order to depressurize the space, increase the AER and outdoor ozone 

source term, and elevate the steady-state value of Cin above the level of detection of the 

monitoring equipment. Depressurizing with the fan provides a single exhaust outlet for 

indoor air, where the resultant supply air infiltrates through cracks and gaps in the 

building envelope. It should be noted that the resulting estimates of P may be over-

predicted with this high AER configuration relative to normal building operation (due to 

higher airspeeds and lower residences times in building cracks), and we explore the 

implications of this configuration in a later section.  

Estimation of Parameters 

Both the ozone penetration factor (P) and the indoor ozone decay rate (β) were 

estimated from a three-parameter least squares estimation using the analytical solution to 

the dynamic mass balance on indoor ozone shown in Equation 2. Indoor data from Step 4 

and mean outdoor concentrations from Steps 1 and 5 were used, and P, β, and the initial 

indoor ozone concentration (Cin at t=0) were the three unknown regression parameters. 

This solution method is referred to as the “dynamic” solution in much of the rest of this 

work. As a solution check, dynamic estimates of P were also compared to steady-state 

solutions using Equation 3.  

( ) inout
in CCP

dt

dC
βλλ +−=
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λ
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P  
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Penetration Experiments: Test House 

The procedure was first performed in an unoccupied manufactured test house 

built in 2008 and located on a research campus in Austin, Texas (described in Table 1 

and Figures S1 and S2). Ozone measurements were made at 10-second intervals using a 

UV-absorbance ozone monitor (2B Technologies Model 202; accuracy ±1.5 ppb and 

lower limit of detection ~2 ppb). CO2 was used as a tracer gas and concentrations were 

measured using an infrared absorption CO2 monitor (GE Telaire 7001) installed in the 

central living room and outdoors, both connected to a data acquisition system (GW 

Instruments instruNet Model 100) logging at 1-minute intervals. Indoor ozone 

concentrations were elevated using a custom ozone generator built from a 

chemiluminescence NOx analyzer connected to an oxygen supply; the house was 

unoccupied during ozone injection to avoid exposure. Indoor CO2 concentrations were 

elevated by injection from a compressed CO2 cylinder connected to a mass flow 

controller (Omega FMA 5528) routed to all rooms. An oscillating fan was operated in 

every room to achieve well-mixed conditions throughout the house. AERs were estimated 

using a least squares estimation with the analytical solution to the well-mixed mass 

balance of the concentration of tracer gas (CO2) in accordance with ASTM E 741 (2006) 

as shown in Equation 4. Ct,in and Ct,out are the indoor and outdoor tracer gas 

concentrations (ppm CO2) and there were no indoor sources of CO2 during the actual 

decay period. 

intoutt

int
CC

dt

dC
,,

, λλ −=  (4) 

Sixteen replicate tests were performed in the test house over a period of four 

months from April to July 2011. All windows and doors were closed and the house was 

unoccupied during all tests. An Energy Conservatory blower door fan and frame was 

installed in the back door (Figure S2) to depressurize the space and elevate steady-state 
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indoor ozone concentrations during each test. Indoor and outdoor climatic conditions 

were measured using an Energy Conservatory Automated Performance Testing system 

and a Davis Vantage Pro 2 weather station, respectively; the equipment is described in 

greater detail in the SI. A downflow air handling unit with ducts located in the crawlspace 

was operated in the fan-only mode without a filter installed in order to increase mixing 

and evenly distribute ozone and CO2 throughout the house.  

Upon completion of the experiments, all parameter estimations were conducted 

using a statistical software package, Stata Version 11 (Stata, 2009). Uncertainty in each 

parameter was calculated using the relative standard errors of the three regression 

parameters (P, β, and λ) and the relative standard deviation of outdoor ozone 

concentrations added in quadrature for the dynamic solution (Equation 2), and with the 

relative standard errors of regression parameters (β and λ) and relative standard 

deviations of steady-state indoor and outdoor ozone concentrations all added in 

quadrature for the steady-state solution (Equation 3), both according to ASHRAE 

Guideline 2 (ASHRAE, 2005a). 

Penetration Experiments: Field Sites 

The test method was then performed once at each of seven single-family 

residential buildings in Austin, Texas during June and July 2011. The homes, shown in 

Figure S1, were a sample of convenience and were all furnished and occupied (but they 

were unoccupied during our tests). Tracer gas (CO2) concentrations were measured using 

an infrared absorption CO2 monitor (GE Telaire 7001) connected to an Onset HOBO U12 

data-logger, both installed in a central living area logging at 1-minute intervals. Indoor 

CO2 concentrations were elevated to at least 500 ppm above background by releasing the 

valve on a stainless steel regulator connected to a small (~20 kg full) compressed CO2 

cylinder. Ozone concentrations were measured using the same UV-absorbance ozone 
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monitor that was used in the test house. Indoor ozone concentrations were elevated using 

ambient air passed through a 13 cm glass corona discharge tube connected to a 1 kV 

power transformer and an external air pump providing approximately 20 L min-1; again, 

the homes were unoccupied during ozone injection to avoid direct exposure. The use of 

ambient air to generate ozone could result in the formation of other compounds (e.g., 

NOx) that react with ozone, but the impact is likely small (Chen and Davidson, 2002), 

and any additional reactions should be accounted for in the measured ozone decay rate 

(β).  

Both CO2 and ozone injection occurred near or directly into the central HVAC 

return grille in order to use the duct system to distribute the gases throughout the homes, 

or directly in front of a mixing fan installed in a far corner of the home to avoid local 

concentration peaks. Two box fans and all operable ceiling fans were operated 

throughout the homes, and central HVAC systems were operated in the fan-only mode to 

aid in mixing (except in Site 5, which had no central HVAC system). HVAC filters were 

removed before ozone injection at four of the homes because reactions with filter media 

(Zhao et al., 2007) appeared to inhibit initial indoor ozone concentration increases. The 

same general test procedure that was used in the test house was followed in the field 

homes, including the use of a blower door fan installed at one of the doorways to 

depressurize the space during tests. All windows and doors were closed and the homes 

were unoccupied during all tests. Parameter and uncertainty estimates were made using 

the same procedures as in the test house. In order to track some potentially explanatory 

variables of ozone penetration, several building characteristics were noted by visual 

inspection (e.g., materials of the exterior envelope and the number of windows and doors) 

or by consulting the Travis Central Appraisal District database of home appraisals 

(TCAD, 2011) (e.g., year of construction).  
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Blower Door Air Leakage Tests 

Separate blower door air leakage tests were also performed once in each home in 

the depressurization mode, which were used to calculate effective leakage areas (ELA, 

m2) and the AER at an I/O pressure difference of 50 Pa (ACH50, hr-1), in accordance with 

ASTM E 1827 (2007). Normalized leakage (NL, a dimensionless function of ELA, floor 

area, and building height) was calculated from blower door data according to ASHRAE 

Standard 119 (ASHRAE, 2004).  

Indoor-outdoor pressure differences (I/O ∆P) were not directly measured during 

the ozone penetration tests, but because the blower door was also used to depressurize the 

homes and elevate AERs and steady-state indoor ozone concentrations during the 

penetration tests, estimates of I/O ∆P were calculated using measured AERs and home 

volumes in conjunction with blower door leakage parameters (i.e., the leakage 

coefficient, C, and the exponent, n, from an exponential relationship between airflow and 

pressure). The I/O ∆P estimation procedure is outlined in more detail in the SI. 

Natural Ozone Decay Rates 

In order to compare building envelope reactions to interior losses, ozone decay 

rates were also measured during “natural” conditions. Because indoor ozone decay rates 

have been shown to increase with indoor airspeeds (Kunkel et al., 2010), and were likely 

elevated with the use of a blower door, these measurements were made by injecting 

indoor ozone and measuring the subsequent decay without a blower door installed, but 

with the mixing fans and HVAC system still operating. These measurements were 

repeated three times in the test house and once in each of the field homes. Because 

“natural” loss rates were measured with mixing, ceiling, and HVAC fans operating, the 

values are likely to be elevated compared to conditions without the use of fans (Sabersky 

et al., 1973); however, they still provide an estimate of the relative importance of 
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envelope and indoor reactions in the test homes with HVAC systems operating. These 

tests followed the same procedure of injection and decay in the unoccupied homes, but 

only the initial portion of these data unaffected by outdoor ozone penetration was used to 

estimate natural ozone deposition rates (βnat, hr-1) using a simple first-order decay model 

(Equation 2 without an outdoor source term).  

RESULTS AND DISCUSSION 

Table 1 provides a summary of the test house and seven field homes, including 

general building information and descriptions of envelope materials. The year of 

construction of the eight homes ranged from 1920 to 2008. Sites 2-4 had attached garages 

with doors closed during testing, and Site 7 shared one narrow wall with a neighboring 

home’s garage. Seven of the homes had recirculating HVAC systems that were operated 

during testing and one home (Site 6) had a window air-conditioning unit, which was not 

operated during testing. None of the homes had dedicated mechanical ventilation 

systems. 
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Table 1. Building characteristics of the test house and the seven field homes 

Site 

Year 

Built 

Floor Area, 

m
2
 

Volume, 

m
3
 

Exterior  

Envelope Materials
1
 

Test 
House 

2008 110 250 
painted fiber  

cement siding 

1 1920 131 372 
painted wood  

siding 

2 1996 201 490 
~50% brick 

~50% painted 
wood siding 

3 1975 171 443 brick 

4 1984 119 311 
~80% painted 
wood siding 
~20% stone 

5 1938 92 235 
painted 

wood siding 

6 1935 24 56 
painted 

wood siding 

7 1961 72 189 
painted 

wood siding 

1Materials make up approximately 100% of the surface area of 
walls (excluding windows and doors) unless otherwise noted 

 

Test House Results 

An example of data from one penetration experiment in the test house is shown in 

Figure 1. The AER during this test was 2.50±0.01 hr-1 and β was 8.06±0.15 hr-1, both 

elevated due to the operation of the blower door at the back door frame. Estimates of P (± 

experimental uncertainty) were 0.71±0.05 using the dynamic solution and 0.74±0.16 

using the steady-state solution from this specific test. Data from all of the test homes 

followed this same general pattern. 
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Figure 1. Example test result as performed in the unoccupied test house on May 12, 2011. 
The entire portion of test data is shown in the larger plot, and the nonlinear 
regression fit is shown in the smaller plot of a subset of the data. 

 

A full summary of the 16 tests performed in the unoccupied test house is provided 

in Table S2, and values of P and AER measured during penetration tests are shown in 

Figure 2.  
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Figure 2. Measured ozone penetration factors (P) and air exchange rates (AER) during 
penetration tests from 16 replicate experiments at the unoccupied test house. 
Values of P were estimated using a three-parameter fit to the “dynamic” 
solution of Equation 2. 

The mean (±SD) ozone penetration factor at the test house was 0.61±0.09, 

estimated using a three-parameter fit (unknowns: P, β, and Cin at t=0) to the analytical 

solution to Equation 2. The mean (±SD) experimental uncertainty was 0.05±0.01, or 

7±2%, using this “dynamic” method of solving. The steady-state solutions led to similar 

estimates of P (shown in Table S2), with a mean (±SD) of 0.62±0.10; however, 

experimental uncertainty was much greater (averaging 0.14±0.04, or 22±6%) due to the 

reliance on large relative standard deviations of steady-state indoor ozone concentrations. 

Overall, a mean penetration factor of 0.61±0.09 in the test house means that 

reactions with the building envelope diminished outdoor ozone by approximately 39±6% 

before entering the indoor environment, on average. P ranged from 0.47±0.04 to 

0.71±0.08 over the 16 tests. Spearman’s rank correlations between P and indoor and 

Jul 8

Apr 27aApr 27bApr 28Apr 29May 9May 12aMay 12bMay 16May 18May 27June 22June 23June 27June 28June 300.0 0.2 0.4 0.6 0.8 1.0Measured Ozone Penetration Factor (P)

AER (hr-1)2.574.322.192.732.352.503.782.912.552.854.102.663.652.832.832.52Unoccupied Test House
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outdoor climate conditions (i.e., I/O temperature and RH, outdoor ozone concentration, 

and wind speed and direction) did not reveal any significant monotonic relationships (p > 

0.05 for all comparisons; relationships shown in Figure S3). Importantly, there was also 

no significant relationship between P and AER or the estimated I/O ∆P, suggesting that 

the use of the blower door did not have an impact on measurements of ozone penetration 

factors over the range of test conditions (AER ranged from 2.19±0.10 to 4.32±0.03 hr-1 

and estimated I/O ∆P ranged from 5.8 to 17.7 Pa).  

There appeared to be a small nonlinear influence on P by wind direction at the 

test house, as explored in the SI (and Figure S4); P was higher when wind directions 

were from the north or west than from the east or south, suggesting that different types of 

envelope leaks might exist on different sides of the building. The test house is unshielded, 

so wind direction likely has a larger influence compared to the rest of the field sites. 

Additionally, to explore the repeatability of our test method, we compared replicate 

measurements made during similar experimental conditions at the test house. As an 

example, tests on May 27 and June 27 2011 were performed with similar mean wind 

directions and wind speeds, and revealed estimates of P of 0.52±0.03 and 0.53±0.03, 

respectively, suggesting that the test method is repeatable under similar test conditions. 

Field Results 

Table 2 provides full experimental results from ozone penetration tests and 

“natural” decay tests as performed in all eight buildings. Similarly, Figure 3 shows the 

mean (±SD) ozone penetration factor measured during the 16 experiments at the test 

house and measurements of P (± associated uncertainty) from single tests at the seven 

field sites, estimated using three-parameter fits to the analytical solution of Equation 2 

(the “dynamic” method). Figure 3 also shows measured AERs and estimates of I/O ∆P 

during ozone penetration tests with a blower door operating. 
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Table 2. Summary of ozone penetration tests in the eight test homes 

  During Penetration Test  Natural Decay 

Site Date 

AER,  

hr
-1

 

β,  

hr
-1

 

P,  

dynamic 

P,  

steady-

state 

Outdoor  

Ozone, 

ppb 

 

AER,  

hr
-1

 

βnat,  

hr
-1

 

Test 
House 

Various1 
2.96 ± 
0.64 

7.8 ± 0.8 
0.62 ± 
0.09 

0.63 ± 0.10 54 ± 13  
0.24 ± 
0.06 

6.6 ± 0.6 

1 June 29, 2011 
3.32 ± 
0.04 

8.9 ± 0.2 
0.89 ± 
0.10 

0.95 ± 0.17 30 ± 3  
0.93 ± 
0.02 

6.1 ± 0.2 

2 July 6, 2011 
2.32 ± 
0.03 

12.4 ± 
0.5 

0.77 ± 
0.08 

0.88 ± 0.21 54 ± 3  
0.61 ± 
0.04 

8.2 ± 0.8 

3 July 7, 2011 
2.26 ± 
0.02 

6.4 ± 0.1 
0.66 ± 
0.03 

0.65 ± 0.12 59 ± 2  
0.33 ± 
0.01 

3.6 ± 0.1 

4 
July 11&19, 

20112 
1.94 ± 
0.05 

9.1 ± 0.7 
0.77 ± 
0.07 

n/a3 48 ± 2  
0.43 ± 
0.01 

12.3 ± 
1.1 

5 July 12, 20114 
3.17 ± 
0.03 

8.7 ± 0.4 
0.76 ± 
0.07 

0.76 ± 0.22 26 ± 2  
0.58 ± 
0.01 

6.7 ± 0.5 

6 July 13, 2011 
5.20 ± 
0.11 

24.3 ± 
0.6 

1.02 ± 
0.15 

1.05 ± 0.30 27 ± 4  
0.19 ± 
0.01 

16.8 ± 
1.1 

7 July 18, 2011 
2.63 ± 
0.02 

16.5 ± 
0.5 

0.85 ± 
0.05 

0.79 ± 0.22 56 ± 2  0.5 ± 0.02 
11.5 ± 

0.6 

 Mean (SD) 
2.97 

(1.02) 
11.6 
(6.0) 

0.79 
(0.13) 

0.82 (0.15) 44 (14)  
0.48 

(0.24) 
9.0 (4.3) 

1 Penetration test values are mean (±SD) values from 16 tests conducted over a four month span, and 
natural decay values are the mean (±SD) values from three separate decay tests. All other values represent 
single tests periods. 
2 Tests were conducted over two separate days: a natural decay test on the first day and a penetration test on 
the second day. 
3 Steady-state conditions were not achieved due to time constraints. 
4 Because indoor concentrations could not be elevated high enough to provide a large inflection point in the 
data (for some unknown malfunction with the ozone generator), β was first estimated from a two-parameter 
least squares estimation of Equation 2 (the other parameter was Cin at time t = 0), using only the first 
portion of an indoor decay test without an outdoor source term (i.e., when outdoor sources were negligible). 
Then P was estimated using both dynamic and steady-state solutions, forcing the first estimate of β. 
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Figure 3. Measured ozone penetration factors (P) and air exchange rates (AERs) and 
estimated indoor-outdoor pressure differences (I/O ∆P) during ozone 
penetration tests using a blower door at the eight homes. “TH” values 
represent mean (±SD) values from 16 tests at the unoccupied test house; all 
others represent one experimental value at each home (± experimental 
uncertainty for P and AER). The estimated uncertainty in I/O ∆P was likely 
~15%, although only the SD of the mean is shown for the test house. 

The mean (±SD) value for the ozone penetration factor measured in the eight test 

homes was 0.79±0.13, ranging from 0.62±0.09 to 1.02±0.15, as determined using the 

dynamic solution. The mean (±SD) value of experimental uncertainty from these tests 

was 10±3%. Similarly, the mean (±SD) value for P as determined using β from the three-

parameter fit and the steady-state I/O ozone ratios with Equation 3 was 0.82±0.15, 

ranging from 0.63±0.10 to 1.05±0.30, with a mean (±SD) experimental uncertainty that 

was much greater than using the dynamic solution (23±6%). The additional uncertainty 

stems from the reliance on steady-state I/O ozone ratios, which, even at the elevated 

0.20.40.60.81.0
Penetration Fac
tor

12345AER (hr-1 )
261014Est. I/O ∆P (Pa) 1 2 3 4 5 6 7TH Site
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AERs during the test periods, remained too near the instrument’s minimum detection 

level to measure with very low uncertainty.  

The mean (±SD) value for β measured during penetration test periods with the 

blower door operating was 11.6±6.0 hr-1 with a mean (±SD) experimental uncertainty of 

4±3% using the three-parameter fit. During the “natural” decay periods, without the 

blower door operating but with the mixing, ceiling, and HVAC system fans still 

operating, the mean (±SD) value for βnat was 9.0±4.3 hr-1, with a small change in mean 

uncertainty: 6±3%. The mean value for βnat was similar to those measured in a bedroom 

by Mueller et al. (1973) but were much greater in all but one home (Site 3) than observed 

in Lee et al. (1999) likely due to increased mass transfer caused by the operation of 

mixing and HVAC fans (Sabersky et al., 1973; Kunkel et al., 2010). Additionally, HVAC 

filters were removed at the test house and Sites 1 and 3-5, but used filters were left 

installed at Sites 2 and 7, which can also contribute to additional ozone loss (Zhao et al., 

2007).  

Because steady-state indoor concentrations were generally too low to measure 

with reasonable certainty, we estimated I/O ozone ratios using Equation 1 and measured 

values of P from penetration tests and values of βnat and AER from the “natural” decay 

tests. Across the eight sites, the combination of envelope and indoor losses during normal 

conditions with the HVAC fans operating would lead to a mean (±SD) steady-state I/O 

ratio of 0.05±0.03 (ranging from 0.01 to 0.12), shown in Table S5. These I/O ratios are 

on the low end of those measured in most previous residential studies (Zhang and Lioy, 

1994; Avol et al., 1998; Romieu et al., 1998; Weschler, 2000; Lee et al., 2002, 2004; 

Cattaneo et al., 2011), but in the range typically measured in homes without open 

windows and with HVAC systems likely operating (e.g., ~0.01 to ~0.10) (Liu et al., 

1995; Lee et al., 1999; Weschler, 2000; Xue et al., 2005). Thus, although the operation of 
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mixing fans and HVAC fans likely increased values of βnat relative to what they would be 

with only the HVAC fan operating, and estimates of penetration factors might be elevated 

due to the operation of the blower door, these I/O ozone estimates using measured values 

of P and βnat are still reasonable for closed homes with HVAC systems operating. 

Appropriateness of Blower Door Use 

As mentioned, an important potential limitation in the penetration test method is 

that the operation of a blower door fan to artificially elevate AERs and steady-state 

indoor ozone concentrations may not provide accurate estimates of the ozone penetration 

factor during normal building operation. The mean (±SD) AERs during the blower door 

penetration test periods and natural decay tests were 2.97±1.02 hr-1 and 0.48±0.24 hr-1, 

respectively. The mean (±SD) estimate of I/O ∆P during ozone penetration tests was 

6.0±3.2 Pa (ranging from approximately 2 to 10 Pa, shown Figure 3 and Table S3), but 

I/O ∆P tends to average near zero during typical residential building operation, with 

fluctuations typically below ~4 Pa (Grimsrud et al., 1979; Modera, 1993; Thatcher et al., 

2003). Ozone penetration through cracks in building envelopes is a function of ozone 

deposition velocity (Liu and Nazaroff, 2001), which is a function of both the reaction-

limited and mass-transport-limited deposition velocities (which are functions of specific 

envelope materials and fluid mechanics, respectively). Thus, it is possible that elevated 

pressure differences and airspeeds due to blower door operation could increase transport-

limited deposition velocities through cracks, reduce residence times, and over-estimate 

ozone penetration factors.  

To investigate this possibility, we estimated airspeeds using an analysis in the SI 

(results in Table S3). We estimated that mean (±SD) airspeeds through building 

envelopes in the test sites were approximately 3.3±1.2 m s-1 during penetration test 

conditions with the blower door operating (range of 1.8-5.0 m s-1) and approximately 
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0.5±0.3 m s-1 during more typical operating conditions (range of 0.2-1.2 m s-1). Walker et 

al. (2009) applied the modeling methods from Liu and Nazaroff (2001) and demonstrated 

that all but the largest (albeit idealized) cracks in the most reactive building materials are 

likely reaction-limited at airspeeds as low as 0.1 m s-1; thus, our estimate that airspeeds 

are likely above 0.1 m s-1 during all test conditions suggests that ozone penetration was 

always reaction-limited in the homes. Therefore, it may be reasonable to assume that the 

use of blower door fans during the test conditions did not drastically affect ozone 

penetration factors relative to normal operating conditions.  

Additionally, estimated I/O ∆P values during penetration tests (2-10 Pa) were in 

the range of those used in the idealized models in Liu and Nazaroff (2001), who 

estimated a maximum increase in P of ~0.30 when I/O ∆P increased from 4 Pa to 10 Pa, 

which provides a likely upper bound of the amount of over-prediction that the use of a 

blower door might introduce. However, Spearman’s rank correlation tests revealed no 

significant correlation between measured values of P and estimates of I/O ∆P during 

replicate tests at the test house or across the eight homes (Spearman’s ρ = -0.005 and p-

value = 0.98 across 16 tests in the test house; Spearman’s ρ = -0.02 and p-value = 0.96 

across all homes), which again suggests that elevated indoor-outdoor pressure differences 

and airspeeds did not have a significant impact on measured values of P.  

Unfortunately, because our experimental data were collected for cracks of 

unknown geometries in real buildings, we cannot accurately model ozone penetration 

with the idealized models from Liu and Nazaroff (2001) and cannot confirm the actual 

magnitude of any bias that might be introduced by the operation of a blower door. 

However, even if the measured values of P herein are somewhat over-predicted, they still 

represent the first measurements of ozone penetration factors in residences of which we 

are aware, and the values were typically lower than what is normally assumed in the 
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absence of actual measured data (i.e., P = 1). Additionally, our measured values of P and 

βnat lead to estimates of steady-state I/O ozone concentration ratios that fall in the range 

of I/O ratios measured in closed residences with HVAC systems likely operating (Liu et 

al., 1995; Lee et al., 1999; Weschler, 2000; Xue et al., 2005). Still, the test method should 

be validated further under normal building operation (i.e., lower AERs without a blower 

door) in areas of higher ambient ozone concentrations or with more sensitive 

instrumentation. If discrepancies are observed between the two methods, better estimates 

of a potential bias could be made.  

Exploration of Parameters Affecting Ozone Penetration 

Several potential explanatory variables were noted or measured in all of the 

homes, including blower door leakage parameters (described in Table S1), the year of 

construction, the estimated fraction of exterior envelope covered in brick/stone or painted 

wood, and the number of doors and windows. Spearman’s rank correlations were 

performed between P and 16 of these factors across the eight homes; results are shown in 

Figure S5 and Table S4. The only significant associations (p-value < 0.05) with P were 

for the estimated fraction of painted wood as an exterior envelope material (ρ = +0.77) 

and the leakage exponent (n) from blower door tests (ρ = +0.75). The year of construction 

was also considered marginally significant (ρ = -0.71, p-value = 0.05). These associations 

suggest that P increased significantly with the prevalence of exterior painted wood 

cladding and with longer cracks in the envelopes (values of n close to 0.5 and 1.0 are 

expected to describe short orifice-type holes and long crack-like leaks, respectively), and 

decreased in newer homes (more ozone penetrated through the envelopes of older 

homes).  

The relationships between painted wood siding and year of construction are 

somewhat intuitive, as newer homes are increasingly more airtight (Persily et al., 2010) 
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and painted wood has a lower ozone reaction probability than porous materials such as 

stone and brick (Liu and Nazaroff, 2001). The positive relationship between P and n is 

somewhat counterintuitive because long crack-like leaks should provide more surface 

area for ozone to react with and actually lower P, although this relationship was not 

observed, potentially because n does not account for the width of leaks or because 

differences in n were too small to establish a real relationship (n does not vary widely 

across homes (Chan et al., 2005) and only varied from 0.61 to 0.76 in this study). 

Variables from air leakage tests such as ELA, NL, and ACH50, which were expected to be 

associated with P, were not significantly associated, potentially because ozone 

penetration is actually more a function of material than air leakage, or because we did not 

have a large and diverse enough sample size to find significant relationships. 

Comparison of Envelope Losses and Indoor Losses 

Some building envelopes with lower measured values of P provided more 

protection against the infiltration of outdoor ozone than others. The relative contributions 

of envelope losses and indoor losses to I/O ozone ratios are likely important determinants 

of exposure to ozone and ozone byproducts because of the different pathways for 

reactions involved. To investigate the roles of building envelopes and indoor 

environments in reducing indoor concentrations of outdoor ozone, Table S5 and Figure 

S6 show the contribution to indoor ozone reductions attributed to 1) losses in the building 

envelopes (due to 1-P) and 2) losses indoors due to βnat (with mixing fans, ceiling fans, 

and HVAC fans operating) for the eight homes in this study. On average, losses in the 

building envelope accounted for 21±13% of the total ozone loss; indoor losses accounted 

for the remaining 74±13%. These values sum to 95% ozone loss, or a mean I/O ratio of 

0.05, as previously mentioned. Thus, indoor losses accounted for a factor of 3.5 more 

indoor ozone removal than the envelope, on average, although the relative importance of 
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envelope reactions would increase with lower values of βnat measured without HVAC 

systems operating.  

The ratio of indoor losses to envelope losses was approximately 1.6 in the most 

protective home (the test house), while envelope losses accounted for no ozone reduction 

in the least protective home (Site 6), suggesting that different building envelopes might 

provide different levels of protection against the infiltration of outdoor ozone and 

subsequent byproduct formation from indoor reactions. Reactions between ozone and 

material surfaces are hypothesized to mainly involve unsaturated C-C bonds (Weschler, 

2000), with known harmful byproducts including formaldehyde, acetaldehyde and 

“heavy” aldehydes (Weschler, Hodgson, et al., 1992; Morrison and Nazaroff, 2002; 

Nicolas et al., 2007). Molar yields and emission rates of some of these byproducts from 

ozone reactions with indoor surfaces (e.g., flooring, countertops, painted walls, and 

particularly carpet) have been shown to be higher (Morrison and Nazaroff, 2002; Wang 

and Morrison, 2006) than those resulting from reactions with some typical building 

envelope materials (e.g., drywall and pine wood) (Nicolas et al., 2007). Additionally, 

indoor surfaces are often contaminated with human skin oils, which react with ozone to 

produce potentially irritating or toxic ketones and di-carbonyls (Weschler et al., 2007; 

Wells et al., 2008; Wisthaler and Weschler, 2010). Given the absence of human contact, 

this reaction is unlikely to occur in building envelopes. While specific experiments are 

needed on more envelope materials and further exploration of subsequent transport of 

envelope byproducts indoors is warranted, it is possible that limiting the penetration of 

ozone through envelopes may be a preferred first line of defense against indoor exposures 

to outdoor ozone and its byproducts.  

The decreasing trend noticed herein with measured ozone penetration factors and 

year of construction is an encouraging sign that construction practices and materials may 
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be inadvertently protecting building occupants from exposure to ozone and reaction 

byproducts, as both AER and P decreased in newer homes. The least protective home 

(Site 1), with a measured value of P = 0.89±0.10 and a natural AER of 0.93±0.02 hr-1, 

would have an outdoor ozone source term (P×AER) of 1.82±0.21 hr-1, which is more 

than twice the estimated mean outdoor source term of 0.86±0.25 hr-1 in the most 

protective home (the unoccupied test house, where mean values of P = 0.62±0.09 and 

natural AER = 0.24±0.06 hr-1). There is some evidence that building characteristics may 

play a role in indoor ozone exposures and mortality (Smith et al., 2009; Chen et al., 

2011), but continued investigations in a larger and more diverse sample of buildings may 

be able to identify architectural details, building envelope materials, or construction 

practices that can be used to inhibit the transport of ozone indoors. 

We performed these tests in homes with doors and windows closed and HVAC 

systems operating, which is generally appropriate because sensitive individuals are often 

recommended by public health agencies to stay indoors during times of elevated outdoor 

ozone (which often occur during periods of hot weather in Texas, when HVAC systems 

are likely operating in most homes). However, the methods herein could also be used to 

investigate impacts of window openings on ozone penetration. Ultimately, broader 

application of ozone penetration tests could enable more accurate estimates of exposures 

to indoor ozone and reaction byproducts. Additional work should also be performed to 

quantify byproduct formation and transport from ozone reactions with typical building 

envelope materials, both individually and combined as envelope structures. 
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SUPPORTING INFORMATION (SI) 

The supporting information below provides photos of the homes, test house 

schematics, equipment details, additional methods, additional tables and figures of 

experimental results, additional analysis of explanatory variables at all homes, and a more 

detailed investigation of the appropriateness of using a blower door during the 

penetration tests. 

Test Buildings 

 

Figure S1. Photographs of the eight residential buildings tested in this study. 
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Figure S2. The UTest House: orientation, floor plan, and perspective views. 

 

Test House Instrumentation 

Indoor and outdoor climatic conditions were measured in the test house using an 

Energy Conservatory Automated Performance Testing system and a Davis Vantage Pro 2 

weather station, respectively, both at 5-minute intervals. Outdoor temperature, relative 

humidity, wind speed, and wind direction were measured using a weather station located 

approximately 30 m south of the house, with accuracies as follows: RH (±3% from 0 to 

90% RH and ±4% from 90 to 100% RH), temperature (±0.5°C above -7°C), wind speed 

(greater of ±1 m s-1 or ±5%, lower limit of 1 m s-1), wind direction (±3° with 1° 

resolution). Temperature and RH were measured indoors with an Energy Conservatory 

precision NTC thermistor (accuracy ±0.25°C) and polymer-based capacitance sensor 

(accuracy ±5%), both installed in the return plenum of one of the air handling units in the 

test house. 

N
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Blower Door Air Leakage Tests 

Blower door measurements were performed once in all eight homes at a variety of 

pressure differentials (usually 3 to 5 points) in order to establish a power-law relationship 

between the flow through the fan and building leaks, Q (m3 s-1), and the indoor-outdoor 

pressure difference, ∆P (Pa), as shown in Equation S1. 

 (S1) 

where C is a flow coefficient (m3 s-1 Pa-n) and n is the exponent (dimensionless). 

The flow coefficient, C, is directly correlated to the total leakage area in a building 

envelope. Leakage characteristics are reported as an effective leakage area, ELA (m2, the 

area with a discharge coefficient of 1 that would have the same flow at some specified 

reference pressure), as shown in Equation S2.  

2
5.0 ρ−∆= n

refPCELA  (S2) 

where ∆Pref = a reference pressure (usually 4 Pa) and ρ = air density (kg m-3). 

Additionally, blower door data were used to calculate a Normalized Leakage parameter 

(NL), as shown in Equation S3, or the air changes per hour at an indoor-outdoor pressure 

difference of 50 Pa (i.e., ACH50, hr-1, or the flow at a pressure difference of 50 Pa, Q50 

(m3 hr-1), divided by the house volume), as shown in Equation S4. 
3.0

3.2
1000 








=

m

H

A

ELA
NL

f

 (S3) 

V

Q
ACH 50

50 =  (S4) 

where Af (m
2), H (m), and V (m3) are the floor area, height, and volume of the 

building, respectively. Table S1 describes results from blower door tests performed in the 

depressurization mode once at each of the eight test homes. 
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Table S8. Summary of depressurization blower door test results in the eight test homes 

Site 

C, 

m
3
 s

-1
 Pa

-n
 n 

ELA
1
, 

m
2
 NL 

ACH50, 

hr
-1

 

ELA/Floor Area,  

cm
2
 m

-2
 

Test House 0.052 0.61 0.048 0.43 8.3 4.3 

1 0.172 0.76 0.191 1.46 32.4 14.6 

2 0.070 0.68 0.069 0.44 7.3 3.5 

3 0.091 0.64 0.086 0.50 9.2 5.0 

4 0.058 0.70 0.059 0.49 10.2 4.9 

5 0.129 0.62 0.118 1.32 22.0 12.8 

6 0.015 0.74 0.016 0.68 17.5 6.8 

7 0.056 0.62 0.051 0.71 11.8 7.1 

1ELA estimated at a reference pressure of 4 Pa. 

   

Additionally, although indoor-outdoor pressure differences (I/O ∆P) were not 

measured during the ozone penetration tests, we used results from blower door 

depressurization tests (from Table S1) and measured values of AERs during penetration 

tests (from Table S2 for the test house and from Table 2 in the main text for all eight 

homes) to estimate likely values of I/O ∆P during the test conditions. First, the flow 

through blower door fans (Qtest, m3 hr-1), although not recorded, was estimated from 

measurements of AERs (λ, hr-1) and house volumes (V, m3), using Equation S5. 

VQtest ×= λ  (S5) 

Then, I/O ∆P was estimated by solving Equation S1 for I/O ∆P, using Equation 

S6. 

n test

C

Q
P

3600
=∆  (S6) 

where n = the leakage exponent from blower door tests (dimensionless, Table S1), 

C = the leakage coefficient from blower door tests (m3 s-1 Pa-n, Table S1), and 3600 is a 
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conversation factor to convert m3 s-1 to m3 hr-1. These values were estimated for all tests, 

and are used in a later section to investigate the appropriateness of using a blower door 

during penetration tests. The estimated relative uncertainty on I/O ∆P is within 

approximately 15%, as there is a small amount of uncertainty in the AER measurements 

and usually about 10% uncertainty in estimates of C, n and V. 
 

Full Experimental Results: Test House 

Table S2 provides a complete summary of the 16 tests performed in the 

unoccupied test house. 
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Table S2. Ozone penetration factors measured during 16 replicate tests in the unoccupied test house1 

Test 

date 

AER, 

hr-1 

P, 

Dynamic 

P, 

Steady- 

state β, hr-1 

Outdoor 

Ozone, 

ppb 

Outdoor 

Temp., 

°C 
Outdoor 

RH, % 

Wind 

Speed, 

m s-1 

Wind 

Direction, ° 
Estimated 

I/O ∆P, Pa 

 

April 27 2.57±0.02 0.66±0.08 0.72±0.16 6.29±0.48 68±3 25.4±0.5 20±3% 6.2±1.0 278±12 7.6  

April 27 4.32±0.03 0.71±0.08 0.74±0.11 8.57±0.69 68±3 26.1±0.5 20±3% 5.6±1.0 289±9 17.7  

April 28 2.19±0.10 0.71±0.05 0.78±0.17 7.27±0.81 59±3 15.8±0.5 60±3% 2.4±1.0 29±17 5.8  

April 29 2.73±0.02 0.47±0.04 0.50±0.11 6.47±0.32 70±3 23.3±0.7 45±7% 6.6±1.0 141±11 8.3  

May 9 2.35±0.02 0.52±0.05 0.58±0.21 7.77±0.26 43±3 23.4±0.5 24±3% 4.9±1.0 158±3 6.5  

May 12 2.50±0.01 0.71±0.05 0.74±0.16 8.06±0.15 51±3 18.5±0.5 27±3% 2.9±1.5 255±11 7.2  

May 12 3.78±0.03 0.69±0.04 0.69±0.10 8.07±0.18 52±3 18.5±0.5 27±3% 1.0±2.2 n/a 14.2  

May 16 2.91±0.03 0.66±0.03 0.64±0.15 7.86±0.16 71±3 26.7±0.5 36±3% 1.3±1.0 n/a 9.3  

May 18 2.55±0.01 0.61±0.05 0.61±0.19 7.97±0.24 57±3 29.4±0.5 57±3% 4.2±1.0 158±24 7.5  

May 27 2.85±0.02 0.52±0.03 0.50±0.16 8.10±0.23 67±3 35.7±0.5 36±3% 6.0±1.0 169±19 8.9  

June 22 4.10±0.03 0.61±0.03 0.61±0.08 8.87±0.14 53±2 31.0±0.5 55±3% 1.9±1.0 70±17 16.2  

June 23 2.66±0.05 0.67±0.03 0.67±0.10 8.71±0.11 50±2 32.9±0.5 51±3% 2.2±1.0 121±52 8.0  

June 27 3.65±0.12 0.53±0.03 0.51±0.13 7.99±0.11 34±2 35.1±0.5 47±3% 4.0±1.0 168±18 13.4  

June 28 2.83±0.06 0.49±0.04 0.47±0.13 6.86±0.18 36±2 35.1±0.5 47±3% 2.9±1.0 135±34 8.8  

June 30 2.83±0.04 0.67±0.05 0.66±0.16 8.10±0.13 36±2 34.7±0.5 40±3% 2.5±1.0 149±26 8.8  

July 8 2.52±0.03 0.56±0.04 0.55±0.12 8.17±0.22 48±3 35.6±0.5 37±3% 2.5±1.0 180±28 7.3  

Mean 2.96 0.61 0.62 7.82 54 28.0 39% 3.6 164 9.7  
SD 0.64 0.09 0.10 0.74 13 6.8 13% 1.8 72 3.6  

1All 16 tests were performed with a blower door fan and frame installed at the back door of the test house, as described in the methodology. All 
uncertainties in directly measured parameters are estimated as the largest of the relative standard deviation or instrument uncertainty, and estimates 
of uncertainties in parameter-estimated values (e.g., P, β, and AER) are described in the materials and methods section of the main text. 
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Exploration of Relevant Parameters: Replicate Measurements in the Test House 

Because we had complete access to the unoccupied test house (as opposed to the 

limited access to field sites), several potential explanatory variables were measured 

during the tests, including outdoor ozone concentration, indoor and outdoor temperature 

and relative humidity, and wind speed and direction. Figure S3 plots ozone penetration 

factors measured in replicate experiments in the test house versus eight potential 

predictor variables. 

 

Figure S3. Ozone penetration factors versus eight potential explanatory variables as 
measured in the test house 
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None of the relationships were significant (Spearman’s rank correlation p-values 

> 0.05), but there appeared to be a nonlinear trend with wind direction, which is explored 

in Figure S4. 

 

Figure S13. Mean (±SD) ozone penetration factors measured in the test house during four 
grouped wind conditions.  

 

Mean (±SD) ozone penetration factors were 0.59±0.09, 0.55±0.07, and 0.69±0.03 

during tests with mean prevailing wind conditions from the east, south, and west, 

respectively, and 0.71±0.05 (± experimental uncertainty) during the one test during north 

wind conditions. Grouping wind conditions by similar estimates of P, mean (±SD) ozone 

penetration factors were 0.70±0.03 when winds were from the north or west (“N/W”) and 

0.57±0.07 when winds were from the south or east (“S/E”), or 13% lower (absolutely) 

with winds coming from the S/E. The difference was statistically significant according to 

a Wilcoxon rank-sum (i.e., Mann-Whitney U) test (p < 0.05). This difference suggests 

that the size or shape of leakage pathways, or the properties of materials within the 

0.00.2
0.40.6
0.81.0

Ozone Penetrat
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building envelope through which outdoor air flows, are different on the N/W and S/E 

sides of the house. One potential explanation for the additional reactivity of the envelope 

on the S/E sides is that there are only three windows on those sides, while the other sides 

have a total of six windows. Windows represent penetrations in the building envelope and 

their edges may not be perfectly sealed. Another potential explanation of the additional 

reactivity on the S/E sides is that the prevailing wind direction at the test house site is 

from the south, so more ambient particulate matter may have deposited on those building 

materials over time and the additional ozone reactions may actually be occurring with 

those deposited materials. However, these explanations are all speculative, as this 

relationship could also be an artifact of the outdoor ozone measurement location. 

To explore the repeatability of our test method, we compared replicate 

measurements made during similar experimental conditions. As one example, tests on 

May 27 and June 27 both happened to be performed with mean (±SD) wind directions of 

169±19º and 168±18º and wind speeds of 6.0 and 4.0 m s-1. These tests revealed 

estimates of P of 0.52±0.03 and 0.53±0.03, respectively, suggesting that the method is 

highly repeatable under similar conditions. Additionally, we expect the test house to be 

affected by wind direction more than the field homes because there is essentially no 

shielding from wind at the test house (Figure S1), whereas the field sites were all 

obstructed by surrounding homes, fences, and plants. 

Appropriateness of using a blower door during tests 

The use of a blower door to elevate AERs and steady-state indoor ozone 

concentrations during the penetration test conditions has the potential to introduce a 

systematic bias, or over-prediction, of ozone penetration factors due to elevated airspeeds 

and decreased residence times. In order to estimate this potential impact, Table S5 first 
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shows results from a procedure to estimate airspeeds through the building envelopes 

during test conditions and natural operating conditions at each site, as well as estimates of 

the indoor-outdoor pressure difference during the ozone penetration tests (with a blower 

door operating). I/O ∆P values were not estimated during normal operating conditions 

because the power-law pressure-flow relationship is not necessarily valid at low pressure 

differences.  

Although we cannot calculate or measure the exact area of the cracks and 

openings in the envelopes of the test homes, nor the airspeeds through them, we can 

multiply AERs (hr-1, or s-1) by building volumes (V, m3), and divide by effective leakage 

areas (ELA, m2) to very roughly estimate airspeeds through the envelopes. For example, 

mean AERs during the blower door conditions and during natural infiltration conditions 

at the test house were 2.96 hr-1 and 0.24 hr-1, respectively, corresponding to total airflow 

rates of 0.206 m3 s-1 and 0.017 m3 s-1. The ELA of openings in the building envelope was 

approximately 0.048 m2, as determined by blower door tests. Thus, we estimate that the 

average airspeed through all cracks and openings in the building envelope was 

approximately 4.3 m s-1 and 0.4 m s-1 during blower door conditions and natural 

conditions, respectively, albeit with considerable uncertainty. The range of estimated 

airspeeds during penetration test conditions and “natural” test conditions was 

approximately 1.8-5.0 m s-1 and 0.2-1.2 m s-1, respectively. 

Walker et al. (2009) applied the modeling methods from Liu and Nazaroff (2001) 

to assess the impacts of different ventilation systems on indoor ozone concentrations, and 

demonstrated that all but the largest cracks in the most reactive building materials are 

likely reaction-limited at airspeeds as low as 0.1 m s-1 (assuming several idealized crack 

geometries and airflows). Here we estimate that airspeeds through building envelopes in 
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the test sites were consistently above 0.1 m s-1 during both natural and blower door 

conditions, suggesting that all conditions are likely still reaction-limited. Thus, the use of 

blower door fans during the test conditions likely did not drastically affect ozone 

penetration factors. 
 

Table S3. Estimation of airspeeds through the envelopes during test conditions and 
natural conditions 

   Test Conditions   Natural Conditions 

Field  

Site Volume, m
3
 ELA, m

2
 

AER,  

hr
-1

 

Airspeed,  

m s
-1

 

Estimated 

I/O ∆P, Pa 

 AER,  

hr
-1

 

Airspeed,  

m s
-1

 

Test House1 250 0.048 2.96 (0.64) 4.3 (0.9) 9.7 (3.6)  0.24 (0.06) 0.4 (0.1) 

1 372 0.191 3.32 1.8 2.5  0.93 0.5 

2 490 0.069 2.32 4.6 9.3  0.61 1.2 

3 443 0.086 2.26 3.2 5.7  0.33 0.5 

4 311 0.059 1.94 2.9 4.6  0.43 0.6 

5 235 0.118 3.17 1.8 2.2  0.58 0.3 

6 56 0.016 5.20 5.0 9.8  0.19 0.2 

7 189 0.051 2.63 2.7 4.4  0.50 0.5 

   Mean 3.3 6.0  Mean 0.5 

   SD 1.2 3.2  SD 0.3 
 

Estimates of I/O ∆P ranged from approximately 2 Pa to 10 Pa, with a mean (±SD) 

of 6.0±3.2 Pa. These values fall in the range used in Liu and Nazaroff (2001), who 

modeled ozone penetration through idealized cracks and fiberglass blankets at I/O ∆P 

values of 4 Pa and 10 Pa. In their models, an increase in I/O ∆P from 4 Pa to 10 Pa 

resulted in as much as a ~0.30 increase in ozone penetration factors, which is likely an 

upper bound of the amount of over-prediction that the use of a blower door might 

introduce. Some individual estimates of I/O ∆P were even higher in the test house (up to 

18 Pa, Table S2). However, Spearman’s rank correlation tests revealed no correlation 

between measured values of ozone penetration factors (P) and estimates of I/O ∆P during 
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tests at either the test house or across all 8 homes (Spearman’s ρ = -0.005 and p = 0.98 

across 16 tests in the test house; Spearman’s ρ = -0.02 and p = 0.96 across all 8 homes), 

which suggests that elevated indoor-outdoor pressure differences and AERs did not have 

a significant impact on measured values of P. 

However, because we have no knowledge of the actual crack geometries in the 

building envelope, nor the pathways of airflow through those openings, this only 

represents an approximate analysis of the potential importance of air speeds and I/O ∆P 

on ozone penetration. Both natural and blower door methods should be applied in 

environments with higher outdoor ozone than in Austin or with more sensitive 

monitoring equipment, and further exploration would certainly be warranted if 

discrepancies are observed. 

Exploration of Relevant Parameters: Measurements at All Sites 

Figure S5 compares ozone penetration factors measured in the eight test homes to 

16 potential predictor variables that were measured or noted. Significant (or marginally 

signficant) relationships are denoted in red. 
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Figure S5. Ozone penetration factor vs. building characteristics for all eight test homes, 
with Spearman’s rank correlation coefficients. Significant (p ≤ 0.05) 
relationships are noted in red. 
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Table S3 provides Spearman’s rank correlation coefficients for the same 16 

potential predictor variables of ozone penetration factors that were compared in Figure 

S5. 
 

Table S4. Spearman’s rank correlations for P across all eight homes. 

Independent Variable 

Correlation  

Coefficient, ρ p-value
1
 

Outdoor ozone, ppb -0.38 0.35 

AER during test, hr-1 0.60 0.12 

Year built  -0.71 0.05 

Floor area, m2  -0.35 0.40 

Volume, m3  -0.35 0.40 

ELA, m2  -0.11 0.80 

NL  0.54 0.17 

ACH50, hr-1  0.56 0.15 

ELA per floor area, cm2 m-2 0.46 0.26 

C, m3 s-1 Pa-n  -0.11 0.80 

Leakage exponent, n 0.75 0.03 

Fraction of exterior wall materials: brick or stone -0.34 0.41 
Fraction of exterior wall materials: wood 0.77 0.03 

Number of windows -0.26 0.54 

Number of windows per floor area, # m-2 0.60 0.12 

Number of windows per volume, # m-3 0.54 0.17 
1Bold parameters are significant (p < 0.05) or marginally significant (p = 0.05) 
predictors of ozone penetration.  

 
 

Importance of Envelope Losses and Interior Losses 

Table S4 provides a comparison of the relative importance of envelope losses and 

interior losses using the measured penetration factors from penetration tests and 

measured natural AERs and βnat values from the “natural” decay tests in the test homes 

with HVAC systems operating. The first columns estimate the ozone loss due to envelope 



200 
 

reactions (due to 1-P), followed by the remaining ozone loss due to indoor reaction, 

deposition, and exfiltration (βnat + AER). On average, building envelopes accounted for 

approximately 22±13% of total ozone loss, while indoor losses accounted for the 

remaining 78±13%. 

Table S5. Estimation of the relative contribution of envelope penetration losses and 
indoor losses to I/O ratios in the eight homes 

 

Cin/Cout: 

Envelope vs. Indoor 

Relative Contribution to 

Total Indoor  

Ozone Concentration 

Decrease 

Site 

 

Post- 

Penetration 

(1 - P) 

∆ from  

Outdoors 

(-P) 

Post-Penetration 

and Indoor Losses 

 (I/O Ratio) 

∆ from 

Post-

Penetratio

n 

(I/O - P)  

Envelope  

Loss 

Interior  

Loss 

Test 
Hous

e 

 
0.62 -0.38 0.02 -0.59  39±6% 61±6% 

1  0.89 -0.11 0.12 -0.77  13±1% 87±3% 
2  0.77 -0.23 0.05 -0.72  24±3% 76±7% 
3  0.66 -0.34 0.06 -0.61  36±2% 64±2% 
4  0.77 -0.23 0.03 -0.74  24±2% 76±7% 
5  0.76 -0.24 0.06 -0.70  26±2% 74±6% 
6  1.02 0.02 0.01 -1.00  -2±0% 102±7% 

7  0.85 -0.15 0.04 -0.81  16±1% 84±4% 
         

Mean  0.79 -0.21 0.05 -0.74  22% 78% 
SD  0.13 0.13 0.03 0.13  13% 13% 

 

Figure S6 shows estimates of the relative importance of envelope and indoor 

losses (during “natural” conditions) from Table S4 in graphical form. 
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Figure S6. Contribution of envelope losses and interior losses on the total indoor ozone 
reduction (e.g., the contribution of each loss mechanism to the I/O ratio) at 
each site. The mean (±SD) of 16 tests and three tests are used for the 
estimates of P and βnat, respectively, at the test house, and each field site 
represents one data point (± experimental uncertainty) each for P and βnat. 
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Paper 5. Penetration of ambient submicron particles into single-family 

residences and associations with building characteristics 

Brent Stephens and Jeffrey A. Siegel 
(Accepted to Indoor Air) 

ABSTRACT 

This work improves knowledge of particle penetration into buildings by (1) 

refining a particle penetration test method that minimizes the duration and invasiveness 

required by individual tests without sacrificing accuracy, (2) applying it in an unoccupied 

manufactured test house and 18 single-family homes in Austin, Texas USA, and (3) 

exploring correlations between particle penetration and building characteristics, including 

results from blower door air leakage tests. The mean (±SD) measured penetration factor 

of submicron particles (20-1000 nm, not size-resolved) was 0.47±0.15 in 19 residences 

that relied on infiltration for ventilation air, ranging from 0.17±0.03 to 0.72±0.08. Particle 

penetration factors (P) and outdoor particle source terms (P × air exchange rates) were 

both significantly and positively correlated with results from blower door air leakage 

tests. Outdoor particle source terms were also significantly and negatively correlated with 

the year of construction. These results suggest that occupants of leakier and older homes 

are exposed to higher indoor concentrations of outdoor submicron particles than those in 

tighter and newer homes, and that simple air leakage tests may be able to provide an 

approximate prediction of outdoor particle infiltration into single-family residences.  

PRACTICAL APPLICATIONS 

Results from this work suggest that knowledge of simple building characteristics 

(i.e., the year of construction and blower door test results) may be used to predict the 

ability of outdoor particles to infiltrate into single-family residences, which could 
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facilitate easier estimates of indoor exposures to outdoor particulate matter across the 

building stock. The methods within can also be extended to other buildings and can be 

used to assess possible changes in penetration factors due to envelope retrofits. Because 

outdoor particle size distributions were not measured during this study, these tests should 

also be repeated with size-resolved particle instrumentation. 

INTRODUCTION 

Increased outdoor airborne particulate matter has been consistently associated 

with increased risks of respiratory symptoms, cardiopulmonary mortality, and lung 

cancer (e.g., Pope et al., 2002; Pope and Dockery, 2006; Miller et al., 2007; Brook et al., 

2010). Similarly, elevated outdoor ultrafine particles (<100 nm in diameter) have also 

been associated with increased total and cardio-respiratory mortality (Stölzel et al., 2007) 

and have been shown to exacerbate asthma symptoms (Penttinen et al., 2001; von Klot et 

al., 2002; Weichenthal et al., 2007). Associations between elevated airborne particulate 

matter and adverse health effects are often made in large epidemiological studies using 

outdoor measurements; however, because particles can penetrate indoors where 

Americans spend the majority of their time (Klepeis et al., 2001), much of their exposure 

to particles of outdoor origin often occurs inside buildings, particularly in residences 

(Allen et al., 2004; Meng et al., 2005, 2009; Bhangar et al., 2011; Kearney et al., 2011).  

Additionally, although indoor particle concentrations are influenced by both 

indoor and outdoor sources, there is some evidence that particles of outdoor origin may 

be more detrimental to human health than indoor-generated particles (Ebelt et al., 2005; 

Koenig et al., 2005). Large cohort studies of adverse health effects from personal 

exposures to outdoor particulate matter are generally prohibitively expensive (e.g., Cohen 

et al., 2009), thus appropriate models may be used to more accurately and inexpensively 
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predict indoor exposures to particles of outdoor origin using ambient concentrations 

measured at central monitoring sites (Wu et al., 2005; Hering et al., 2007). However, to 

better predict human exposure to airborne particulate matter, it is important to better 

understand the ability of outdoor particles to infiltrate through building envelopes (e.g., 

Thornburg et al., 2001; Sioutas et al., 2005; Isakov et al., 2009). 

In buildings that rely on infiltration for ventilation air, which represent the 

majority of residential buildings in the U.S., outdoor particles can transport indoors via 

leaks in the building envelope. The process is dependent on several factors, including the 

geometry of openings, indoor-outdoor pressure differences, the amount of airflow 

through openings, air exchange rates (AERs), and particle size (e.g., Liu and Nazaroff, 

2001, 2003; Rim et al., 2010). Specific particle penetration field experiments have been 

conducted by only a few researchers (e.g., Thatcher and Layton, 1995; Chao et al., 2003; 

Thatcher et al., 2003; Rim et al., 2010), in part because they are non-standardized, 

invasive, time-consuming, and often result in large experimental uncertainties.  

Two potential opportunities to improve knowledge of particle penetration into 

buildings are to (1) refine penetration test methods to improve accuracy and minimize the 

duration and invasiveness required by individual tests, and (2) because particle 

penetration is in part a function of leak geometries in building envelopes, investigate the 

potential to infer information about particle penetration from building characteristics, 

including results from easy and cost-effective standardized building air leakage tests. 

Thus, this work (1) refines a particle penetration test methodology, (2) applies it in an 

unoccupied manufactured test house and 18 single-family homes in Austin, Texas USA, 

and (3) explores correlations between measured particle penetration parameters and 

building characteristics, including results from blower door tests. 
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BACKGROUND 

Previous investigations of the penetration of outdoor airborne particulate matter 

have generally occurred in four forms, including: (1) modeling efforts (Liu and Nazaroff, 

2001); (2) laboratory measurements of building envelope structures (Mosley et al., 2001; 

Liu and Nazaroff, 2003); (3) measurement of indoor-outdoor concentration ratios (or 

“infiltration factors”) during periods free of indoor sources (e.g., Fogh et al., 1997; Abt et 

al., 2000; Bennett and Koutrakis, 2006; McAuley et al., 2010; Bhangar et al., 2011), 

which are sometimes coupled with models to estimate penetration factors from measured 

data (e.g., Long et al., 2001; Vette et al., 2001; Lunden et al., 2003; Williams et al., 2003; 

Zhu et al., 2005); and (4) specific particle penetration methods applied in real buildings 

(Thatcher and Layton, 1995; Chao et al., 2003; Thatcher et al., 2003; Rim et al., 2010). 

Chen and Zhao (2011) present an extensive review of many of these studies, but the 

previous studies on specific particle penetration methods provide the most relevant 

motivation for this work. 

Thatcher and Layton (1995) measured size-resolved (0.3–25+ µm) particle 

concentrations indoors and outdoors at a single-family residence while simultaneously 

measuring AER with tracer gas decay. They determined size-resolved deposition rates of 

particles by artificially elevating indoor particle concentrations and solving for the 

subsequent indoor loss rate, and subtracting out the AER. Size-resolved penetration 

factors were estimated using steady-state indoor-outdoor concentration ratios during 

periods free of indoor sources, the measured AER, and the previously estimated decay 

rate. Thatcher et al. (2003) performed similar size-resolved (0.1–10 µm) particle 

measurements indoors and outdoors simultaneously at two homes. A three-part 

experimental approach was used to (1) elevate indoor particle concentrations and 
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measure the subsequent particle decay rate, (2) rapidly reduce particle concentrations 

below background levels by supplying HEPA-filtered outdoor air, and (3) remove the 

HEPA filter and measure the subsequent particle concentration “rebound” period, where 

indoor particle concentrations increased due to the penetration of outdoor particles. 

Thatcher et al. (2003) also happened to report results of blower door air leakage tests in 

the two homes, and penetration factors in the leakier home were greater than or equal to 

the tighter home for every particle size, which provides motivation for the central 

hypothesis in this work that particle penetration factors and building characteristics are 

correlated. 

Chao et al. (2003) performed particle penetration experiments in six residential 

units in high-rise apartment buildings. Their method consisted of a two-part experimental 

approach while AER was measured with tracer gas decay: (1) indoor particle 

concentrations (0.02–10 µm, not size-resolved and 0.5–10 µm, with some size-resolution) 

were initially elevated by opening doors and windows, which introduced outdoor 

particles, and (2) windows and doors were closed and the residences were left 

undisturbed for approximately three hours. Indoor particle concentrations were measured 

as they decreased to background levels, and outdoor particle concentrations were 

measured for 30 minutes before and after the decay test. The indoor loss rate was 

estimated from a number balance on the decay period, and the penetration factor was 

estimated from the steady-state I/O concentration ratio and the previous estimates of AER 

and the indoor loss rate. 

Most recently, Rim et al. (2010) measured size-resolved infiltration factors, 

deposition rates, and penetration factors of ultrafine particles (<100 nm) at an unoccupied 

test house during two conditions: (1) with doors and windows closed and (2) with one 
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window open approximately 7.5 cm. They monitored simultaneous I/O particle 

concentrations for approximately 60 hours at a time, as their method of solving for 

penetration factors and indoor loss rates involved minimizing the sum of absolute 

differences between modeled and observed indoor number concentrations, which 

required substantial changes in the measured data to solve accurately. We have taken 

aspects of each of these previous test methods into consideration in refining a penetration 

test protocol that could be performed relatively quickly in a larger number of homes. 

METHODS 

Because outdoor particle concentrations can fluctuate over short time scales, we 

refined the particle penetration test method from Chao et al. (2003), which consisted of 

an indoor particle elevation procedure and measurement of the subsequent concentration 

decay, to incorporate simultaneous measurements of indoor and outdoor particle 

concentrations. We performed particle penetration tests twice in an unoccupied 

manufactured test house and once in each of 18 single-family homes in Austin, Texas 

USA from July 2011 to September 2011. The homes were a sample of convenience and 

remained unoccupied during each test period. Upon arrival to each house, two identical 

particle monitors (both TSI P-Trak Model 8525) were installed: one indoors in a central 

location (usually in the kitchen or living room) and one immediately outside of the home 

(installed either inside the house with a probe inserted through a taped window or 

outdoors in an area shielded from direct sunlight and precipitation). Both particle 

instruments logged data simultaneously at one-minute intervals and were located 

approximately 1 m off the ground. The particle monitors were allowed to operate for at 

least 10 minutes before proceeding with the full test procedure to eliminate bias in the 

early stages of operation (Wallace et al., 2010). These condensation particle counters 
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measure the total number concentration of particles from 20 nm to 1 µm in diameter; 

thus, our measurements were not size-resolved. Because penetration factors should be 

independent of outdoor particle size distributions, this represents one limitation to our 

study. However, because the majority of outdoor particle number concentrations are 

typically smaller than 100 nm in diameter, these submicron measurements are generally 

representative of total ultrafine particle number concentrations (Kearney et al., 2011; 

Wheeler et al., 2011).  

At the same time that particle instrumentation began logging, a CO2 monitor (TSI 

Q-Trak Model 8550) was installed outside of the house for a period of 5-30 minutes, also 

logging at one-minute intervals. An Energy Conservatory Model 3 Minneapolis Blower 

Door fan and frame was then installed in one of the doorways, and a multi-point (usually 

3-5 points) depressurization test was first performed, followed by a multi-point 

pressurization test, both generally in accordance with ASTM E 779 (2010). Immediately 

following blower door tests, the blower door fan was left operating to pressurize the 

space and a door or window was opened on an opposite end of the house. This 

encouraged cross-ventilation, elevated indoor particle concentrations near outdoor levels, 

and replaced the existing indoor aerosol with particles of outdoor origin, which was 

necessary because the particle monitors were not size-resolved (so indoor and outdoor 

aerosols must be from the same distribution to obtain accurate estimates of penetration 

factors and indoor loss rates).  

During the indoor particle elevation period, the central HVAC fan was operated in 

the fan-only mode (no heating or cooling), mixing fans were installed throughout the 

house (two box fans were used in far corners of most of the homes), and all accessible 

ceiling fans were also operated in the homes. Only one home did not have a central 
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HVAC system. In some homes, the HVAC filter was temporarily removed to encourage 

greater initial indoor particle elevation. After the initial particle elevation, the blower 

door fan and frame was removed and all doors and windows were closed. The CO2 

monitor was brought inside to a central location near the indoor particle monitor and CO2 

was injected from a small tank (~20 kg full), which was typically done in front of a fan in 

a far region of the house to encourage mixing and avoid local concentration spikes on the 

central CO2 monitor. After a few minutes of injection, when noticeable elevations in 

indoor CO2 concentrations were observed (twice background or more), CO2 injection 

ceased and, if the HVAC filter had been removed, it was re-installed. The house was left 

unoccupied for a period of 2–4 hours to measure the decay of indoor particle 

concentrations to a background level that was eventually impacted by the infiltration of 

outdoor particles. Finally, upon re-entry to the house, another outdoor CO2 measurement 

was made for several minutes, and the average of the two outdoor CO2 measurements 

was used as a constant outdoor value during the decay period. 

One of the homes, a new unoccupied model home built and owned by a local 

construction company (Site 14), had an energy recovery ventilator (ERV) unit installed; 

thus, it was tested twice: once with the unit operating (representing a singular case of 

mechanical ventilation), and once without the ERV unit operating (representing a case of 

infiltration). Initial blower door tests at Site 14 revealed the house to be particularly air 

tight, and outdoor particle sources were unlikely to contribute significantly to indoor 

particle concentrations during the typical 2–4 hour test period. Thus, the order of events 

were switched to first measure I/O particle concentration ratios after an overnight period 

free of occupants, followed by the elevation and decay procedure. This methodology 

change is likely necessary in most very tight homes. 
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Additionally, we performed two penetration tests in an unoccupied manufactured 

test house (“UTest House”) located at a research campus at the University of Texas at 

Austin using two different methods: (1) our refined particle decay and infiltration 

method, and (2) a modified version of the concentration-rebound method from Thatcher 

et al. (2003), where two large portable HEPA filters were first operated indoors overnight 

and then were switched off the next morning to allow indoor concentrations to rebound to 

normal background levels. Subsequently, indoor particle concentrations were elevated by 

the same procedure of providing outdoor air through open doors and windows, and then 

the windows and doors were closed and the indoor particle loss rate was measured. The 

AER was measured at each stage and several climatic conditions (i.e., wind speed, wind 

direction, and indoor and outdoor temperature and relative humidity) were measured 

using a Davis Vantage Pro 2 weather station logging at 5-minute intervals. The weather 

station was used to ensure that the two experiments were performed during similar 

climatic conditions in order to investigate the repeatability and precision of the two 

methods. 

Finally, to investigate the validity of our assumption of well-mixed environments 

at the homes, a quality assurance procedure involved measuring AERs in two of the 19 

homes (~10% of the homes) in two separate locations: (1) using the CO2 monitor in the 

usual central location and (2) with another CO2 monitor in a far corner of the home. 

AERs were estimated separately using data from the two locations, and a comparison was 

made between the two estimates. 

Parameter Estimations 

Once data were collected at each home, parameter estimates were performed 

using a statistical software package, Stata Version 11. In the absence of indoor sources, 
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total indoor particle number concentrations of diameter 20-1000 nm (Cin, # cm-3) were 

described with a mass balance on a well-mixed indoor environment, as shown in 

Equation 1. 
 

( ) inout
in CkCP

dt

dC
+−= λλ  (1) 

where t = time (hr), P = particle penetration factor (dimensionless), λ = air 

exchange rate (AER, hr-1), Cout = outdoor particle concentration (# cm-3), and k = indoor 

particle loss rate (hr-1, due to deposition to surfaces and removal by HVAC systems and 

filters, if operating). Other potential indoor loss mechanisms (e.g., particle resuspension, 

evaporation, or coagulation) were assumed to be negligible (e.g., Rim et al., 2010). The 

first portion of indoor decay data that was not yet affected by outdoor particle sources 

was first used to estimate the indoor particle decay rate (k, hr-1) from a nonlinear least 

squares regression performed with the solution to the particle number balance in Equation 

2, shown in Equation 3.  
 

( ) in
in Ck

dt

dC
+−= λ  (2) 

( )tk

tintin eCC +−
== λ

0,,  (3) 

where Cin,t is the time-varying indoor particle concentration and Cin,t=0 is the initial 

indoor particle concentration at time t = 0. Two unknown parameters were estimated in 

this step: k and Cin,t=0. This portion of the data was identified graphically by plotting the 

natural log of measured indoor particle concentrations versus time and identifying only 

the initial portion of the data that was log-linear. This usually consisted of the first 10-30 

minutes of data, depending on Cin,t=0, AER, and installed filtration efficiency. AERs were 

estimated using a least squares estimation with the analytical solution to the well-mixed 
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mass balance in Equation 4 of the concentration of tracer gas (CO2) in accordance with 

ASTM E 741 (2006).  
 

ingoutg

ing
CC

dt

dC
,,

, λλ −=  (4) 

where Cg,in and Cg,out are the indoor and outdoor tracer gas concentrations (ppm 

CO2) and λ is the AER (hr-1). There were no known indoor sources of CO2 during the 

actual decay period, and all indoor CO2 decay data were used from the entire test period 

(2-4 hours). Two unknown parameters were estimated in this step (λ and Cg,in,t=0), and 

Cg,out was averaged over the outdoor measurement periods that occurred before and after 

tests. 

Subsequently, estimates of k and λ were used with all of the indoor-outdoor 

particle concentration data to solve for the penetration factor (P) using a nonlinear least 

squares estimation on the forward-marching discretized form of Equation 1, shown in 

Equation 5. This solution approach was also used by Thatcher et al. (2003) and Rim et al. 

(2010), which is another important deviation from the methodology in Chao et al. (2003). 

 

( )( ) tCkCPCC tintouttintin ∆+−+= −−− 1,1,1,, λλ  (5) 

Uncertainty in P during each experiment was estimated using the relative standard 

errors of parameter estimates (P, k, and λ) from the nonlinear regressions and the average 

uncertainty in the two particle monitors, all added in quadrature. Uncertainty between the 

two particle monitors was taken as 10%, which was the average measured difference 

between the two particle counters when co-located during three separate co-location 

periods throughout the testing period. This level of uncertainty is similar to that recently 
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found by Wallace et al. (2010), who reported a mean precision with these instruments of 

10%, without any consistent positive or negative bias. 

Blower Door Tests 

Blower door air leakage tests were performed at each home with an Energy 

Conservatory Model 3 Blower Door and DG-700 pressure gauge at a variety of indoor-

outdoor pressure differences (usually 3–5 points) in order to establish a relationship 

between the flow through the building envelope leaks, Q (m3 s-1), and the indoor-outdoor 

pressure difference, ∆P (Pa), as shown in Equation 6 (ASTM E 1827). 
 

 (6) 

where C is a flow coefficient (m3 s-1 Pa-n) and n is a pressure exponent 

(dimensionless). The flow coefficient (C) is directly correlated to the total leakage area in 

a building envelope. The pressure exponent (n) is limited to values between 0.5 and 1.0, 

and is often found to be near 0.65 for the typical combined leakage pathways in buildings 

(ASHRAE, 2005). A pressure exponent of 0.5 describes short leaks with high flow rates 

and high Reynolds numbers that can be treated as orifice flow with negligible frictional 

losses and an exponent of 1 corresponds to low flow rates and low Reynolds numbers in 

long cracks dominated by laminar frictional losses.  

Leakage characteristics were also used to calculate the flow at a pressure 

difference of 50 Pa (Q50, m3 hr-1), and the relationship in Equation 7 was used to 

determine an effective leakage area, ELA (m2, or the area with a discharge coefficient of 

1 that would have the same flow at a specified reference pressure).  
 

2
5.0 ρ−∆= n

refPCELA  (7) 
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where Pref = a reference pressure (4 Pa) and ρ = air density (assumed 1.2 kg m-3). 

Additionally, blower door data were used to calculate a Normalized Leakage parameter 

(NL), as shown in Equation 8 (ASHRAE, 2004), and the air changes per hour at an 

indoor-outdoor pressure difference of 50 Pa (ACH50, hr-1), as shown in Equation 9. 
 

3.0

3.2
1000 








=

m

H

A

ELA
NL

f

 (8) 

V

Q
ACH 50

50 =  (9) 

where Af  (m
2), H (m), and V (m3) are the floor area, height, and volume of the 

building, respectively. Floor areas of the homes were either measured or taken from the 

Travis Central Appraisal District database of home appraisals (TCAD, 2011), and 

volumes of the homes were estimated by multiplying floor areas by the average measured 

ceiling height.  

A primary goal of this work is to explore the ability to infer particle penetration 

from blower door results and building characteristics (e.g., the year of construction); thus, 

nonparametric statistical tests were performed to assess potential correlations between 

measured variables. Additionally, Shapiro-Wilk tests were performed to assess whether 

measured values fit a normal or log-normal distribution; the closest fit to each 

distribution was determined by visual inspection and by the largest values of the Shapiro-

Wilk test statistic, W. 

RESULTS 

Table 1 provides a summary of the 19 homes tested in this study, including the 

year of construction, the floor area and volume of each home, and the type and location 

of HVAC filter(s) that were installed. The types of filters were noted according to 
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ASHRAE Standard 52.2 (ASHRAE, 2007), either as determined by the manufacturer or 

by visual approximation based on filter media. The age of homes ranged from 1917 to 

2011, with a mean year of construction of 1966. Although the homes were a sample of 

convenience and do not reflect all single-family homes in the U.S., they may be generally 

representative of the age of single-family homes in Austin, Texas. A Wilcoxon matched-

pairs signed-rank test revealed no significant difference in the distribution of year built 

from our sample and US census data (US Census Bureau, 2011).  

Table 1. Building characteristics from all test homes 

Site 

Year  

Built 

Floor  

Area (m
2
) 

Volume  

(m
3
) 

Filter  

Efficiency
1
 

Filter 

Location 

UTest House 2008 110 250 No filter installed 
1 1961 72 189 MERV <5 unit 
2 1938 92 235 MERV 8 grille 
3 1984 119 311 MERV 6-8 unit 
4 1920 131 372 MERV 6-8 unit 
5 1950 67 167 MERV 12 grille 
6 1975 171 443 MERV 6-8 unit 
7 1935 24 56 No central A/C 

8 1996 169 412 MERV 8 unit 
9 1955 120 293 MERV >16 unit 

10 1979 103 272 MERV <5 grille 
11 1959 54 129 MERV 7 unit 
12 1996 201 490 MERV 7 grille 
13 1969 177 434 ~MERV 11 unit 
14 2011 156 427 MERV 8 grilles 
15 1990 237 721 MERV <5 grille 
16 1926 96 279 MERV <5 unit 
17 1917 78 222 MERV <5 grille 
182 1948 125 312 MERV 6-8 grille 

Mean 1966 122 339   

SD 30 53 178   
1 Approximate European equivalents (Standard EN 779): MERV <5 ~ G1-G2; MERV 6-8 ~ G3-G4; 

MERV 11-12 ~ F6; MERV >16 ~ >F9 (Tronville and Rivers, 2006). 
2 Site 18 had recently undergone major renovations to its envelope. 
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Most central HVAC systems in U.S. residences have supply and/or return 

ductwork installed in exterior unconditioned spaces (e.g., attics, crawlspaces, or attached 

garages). Filters are usually installed either at air handling units or at return grilles. In our 

sample of 19 homes, 18 homes had central HVAC systems (all but Site 7), and all but one 

of those homes (Site 14) had supply ductwork installed in exterior spaces. Return 

ductwork locations were varied, installed indoors in several homes, and in attics, garages, 

and crawlspaces in others. Seventeen of the 18 homes with central HVAC systems were 

tested with filters left in place (all but the UTest House). Nine homes had a filter installed 

at the air handling unit, immediately upstream of the blower fan. Eight homes had a filter 

installed in return grille(s), upstream of any return duct system.  

Example Test Result, Comparison to Other Methods, and Quality Control 

Figure 1 provides an example of data from the primary particle penetration test 

method as performed in one of the test sites (Site 5). Figure 1a provides an example of all 

of the I/O particle concentration data, which includes an initial decay period, followed by 

changes in indoor concentrations due to the penetration of outdoor particles. Figure 1b 

provides a log-linear plot of the initial decay period that was used to solve for k. The 

correlation coefficient between measured and predicted indoor particle concentrations 

was greater than 0.99 at this location, and was similarly high in all locations.  
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Figure 1. Example test result from Site 5: (a) utilizing a forward-marching scheme on the 
entire test period to estimate P (Equation 5), with λ previously estimated 
from CO2 decay (Equation 4) and k estimated from the first-order decay 
(Equation 3) on the first portion of particle data shown in (b). Note that the 
vertical axis is on a log scale in both plots. Particle concentration represents 
the total number concentration of 20-1000 nm particles. 

As previously mentioned, two particle penetration methods were performed in the 

unoccupied UTest House during times of similar climatic conditions (i.e., similar wind 

speed, direction, and I/O temperature difference). A modified version of the penetration 

test method from Thatcher et al. (2003) was performed on July 29 2011 with the HVAC 

system operating in the fan-only mode without a filter installed. During the test, the AER 

was approximately 0.47±0.02 hr-1 and resulting estimates of P and k were 0.33±0.04 and 

0.44±0.03 hr-1, respectively. Similarly, our refined penetration method closely resembling 

that used in Chao et al. (2003) was conducted on August 15 2011, and estimates of AER, 

P, and k were 0.48±0.01 hr-1, 0.34±0.04, and 0.56±0.03 hr-1, respectively. These results 
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suggest that both methods can be used to accurately measure penetration factors with 

precision and repeatability. 

The well-mixed assumption has previously been validated in the unoccupied 

UTest House (Stephens and Siegel, 2012), but as previously mentioned, AERs were also 

measured in two separate locations in Sites 16 and 17. In these cases, one CO2 monitor 

was installed in a central location (as per normal) and one monitor was installed in a far 

corner of the home. The estimated AERs from the two locations differed by 

approximately 2% at Site 16 and approximately 3% at Site 17, suggesting that the 

operation of HVAC fans, ceiling fans, and two mixing fans was sufficient to ensure well-

mixed conditions. 

Full Experimental Results 

Penetration Tests 

Table 2 provides a summary of all of the particle penetration factors (P), indoor 

loss rates (k), AERs (λ), outdoor source terms (P×λ), and mean outdoor particle 

concentrations (Cout) measured at each of the sites in this study (± associated uncertainty 

or SD). Penetration factors of 20-1000 nm particles ranged from 0.17±0.03 in Site 14a to 

0.78±0.09 in Site 14b. As mentioned, Site 14b had an energy recovery ventilator (ERV) 

unit installed and operating during the test, which supplied outdoor air directly into the 

return plenum downstream of the filter; thus, its high measured penetration factor was a 

result of intentional mechanical ventilation. Site 14b is excluded from further analyses 

because of this unique condition. Site 14a represents a separate test at the same home 

with the ERV outdoor air supply taped, so that the home relied on infiltration alone 

during the test period.  
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Table 2. Particle (20-1000 nm) penetration test results from all homes in the study 

Site 

Penetration  

Factor, P 

Indoor Loss  

Rate,  

k (hr
-1

) 

AER,  

λ (hr
-1

) 

Outdoor  

Source,  

P×λ (hr
-1

) 

Outdoor Particle  

Concentration,  

Cout (# cm
-3

)
1
 

UTest House2 0.34 ± 0.04 0.56 ± 0.03 0.48 ± 0.01 0.16 ± 0.02 13660 ± 2720 
1 0.34 ± 0.04 1.40 ± 0.04 0.37 ± 0.01 0.13 ± 0.01 9730 ± 3800 
2 0.65 ± 0.08 0.68 ± 0.02 0.38 ± 0.01 0.24 ± 0.03 4790 ± 2430 
3 0.46 ± 0.06 2.19 ± 0.08 0.36 ± 0.01 0.16 ± 0.02 20950 ± 1370 
4 0.72 ± 0.08 1.68 ± 0.05 0.67 ± 0.01 0.48 ± 0.05 5780 ± 1710 
5 0.62 ± 0.06 3.24 ± 0.04 0.49 ± 0.01 0.30 ± 0.03 5320 ± 1390 
6 0.60 ± 0.08 1.07 ± 0.06 0.23 ± 0.01 0.14 ± 0.02 11420 ± 4860 
7 0.38 ± 0.12 1.03 ± 0.05 0.16 ± 0.01 0.06 ± 0.02 10200 ± 3470 
8 0.57 ± 0.07 1.18 ± 0.03 0.18 ± 0.01 0.10 ± 0.01 4290 ± 1340 
9 0.61 ± 0.09 2.50 ± 0.05 0.30 ± 0.01 0.19 ± 0.03 5630 ± 1390 

10 0.39 ± 0.06 0.91 ± 0.02 0.18 ± 0.01 0.07 ± 0.01 3520 ± 590 
11 0.52 ± 0.06 1.44 ± 0.04 0.56 ± 0.01 0.29 ± 0.03 7020 ± 4040 
12 0.51 ± 0.06 0.55 ± 0.02 0.38 ± 0.01 0.19 ± 0.02 5530 ± 5180 
13 0.43 ± 0.05 1.21 ± 0.04 0.20 ± 0.01 0.09 ± 0.01 15390 ± 2370 

14a3 0.17 ± 0.03 0.55 ± 0.01 0.13 ± 0.01 0.02 ± 0.01 11260 ± 7490 
14b3 0.78 ± 0.09 0.61 ± 0.02 0.51 ± 0.01 0.39 ± 0.04 5900 ± 650 
15 0.32 ± 0.07 0.31 ± 0.01 0.18 ± 0.01 0.06 ± 0.01 4910 ± 520 
16 0.66 ± 0.08 0.66 ± 0.02 0.93 ± 0.01 0.62 ± 0.07 7390 ± 8680 
17 0.46 ± 0.05 1.34 ± 0.05 0.95 ± 0.01 0.44 ± 0.05 6300 ± 2800 
18 0.26 ± 0.06 0.46 ± 0.01 0.34 ± 0.01 0.09 ± 0.02 6330 ± 2040 

Mean4 0.47 (AM) 1.01 (GM) 0.33 (GM) 0.15 (GM) 7470 (GM) 
SD4 0.15 (SD) 1.85 (GSD) 1.80 (GSD) 2.33 (GSD) 1.6 (GSD) 

1 Mean ± SD measured during test. 
2 UTest House measurements are from the refined particle decay test method performed on August 15, 
2011. 
3 Site 14 was tested twice: once without an energy recovery ventilator unit with an outdoor air supply 

operating (14a) and once with the ERV unit operating (14b). 
4 Summary statistics exclude Site 14b (N = 19). Means and standard deviations are arithmetic (AM, SD) or 

geometric (GM, GSD), as noted. 

 

The largest value of P in unmodified homes relying on infiltration was 0.72±0.08, 

measured at Site 4. Overall, the mean (±SD) penetration factor (P) in the 19 test homes 

relying on infiltration was 0.47±0.15 (Shapiro-Wilk W = 0.97; p = 0.85), and the 

geometric mean indoor loss rate (k, measured with mixing fans and HVAC fans operating 

with existing filters installed) was 1.01 hr-1 (GSD = 1.85; Shapiro-Wilk W = 0.98; p = 

0.97). As previously mentioned, these measured values for P and k are not size-resolved, 
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so they merely represent values weighted by the outdoor particle size distributions, which 

were not measured in this study. The geometric mean AER during the test period was 

0.33 hr-1 (GSD = 1.80; Shapiro-Wilk W = 0.96; p = 0.53). 

Blower Door Tests 

Table 3 shows results from blower door depressurization tests that were 

performed at each site. Pressurization tests were also performed but the data are not 

shown here, as they are generally less accurate for characterizing envelope leakage alone 

because they account for intentional leakage pathways that are normally closed, such as 

dryer vents and kitchen exhausts (Sherman, 1995; ASTM E 1827, 2007).  

A wide spread in leakage parameters was observed, with a geometric mean 

leakage coefficient (C) of 0.074 m3 s-1 Pa-n (GSD = 2.056; Shapiro-Wilk W = 0.98; p = 

0.92), ranging from 0.021 to 0.373 m3 s-1 Pa-n. Similarly, values of Normalized Leakage, 

NL, ranged from 0.17 to 3.60, with a geometric mean of 0.68 (GSD = 2.17; Shapiro-Wilk 

W = 0.98; p = 0.91). The distribution of leakage parameters in these homes was relatively 

similar to the distribution in single-family homes across the U.S. (GM of NL = 0.54; GSD 

= 2.0 in Chan et al., 2005). Blower door tests were performed without supply registers 

and return grille(s) closed or taped, so measured leakage parameters account for both 

envelope and duct leaks, if present. 
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Table 3. Blower door test results from depressurization tests in all 19 homes 

 

Factors Influencing Particle Penetration 

To investigate our hypothesis that particle penetration is associated with building 

characteristics, including results from blower door tests, we performed Spearman’s rank 

correlations between several measured parameters, including particle penetration factors 

(P), air exchange rates (AER), outdoor particle source terms (P×AER), indoor particle 

loss rates (k), and several potentially influential parameters, including blower door results 

Site 

C  

(m
3
 s

-1
 Pa

-n
) n 

ELA  

(cm
2
) NL 

ACH50  

(hr
-1

) 

UTest House 0.052 0.61 476 0.43 8.3 
1 0.056 0.62 508 0.71 11.8 
2 0.129 0.62 1176 1.32 22.0 
3 0.058 0.70 587 0.49 10.2 
4 0.172 0.76 1914 1.46 32.4 
5 0.072 0.64 681 1.02 19.0 
6 0.091 0.64 864 0.50 9.2 
7 0.015 0.74 162 0.68 17.5 
8 0.028 0.73 301 0.18 4.3 
9 0.072 0.74 779 0.67 16.1 

10 0.045 0.68 448 0.30 5.5 
11 0.087 0.56 734 1.41 21.5 
12 0.070 0.68 694 0.44 7.3 
13 0.081 0.68 813 0.49 9.8 

14a1 0.039 0.72 411 0.27 5.6 
14b1 0.045 0.68 448 0.30 5.5 
15 0.056 0.68 556 0.26 4.0 
16 0.373 0.61 3372 3.60 52.3 
17 0.167 0.58 1458 1.92 26.7 
18 0.148 0.66 1429 1.17 22.3 

Mean2 0.074 (GM) 0.67 (AM) 723 (GM) 0.68 (GM) 12.7 (GM) 
SD2 2.056 (GSD) 0.06 (SD) 2 (GSD) 2.17 (GSD) 2.0 (GSD) 

1Site 14 was tested twice: once with an energy recovery ventilator (ERV) unit with a 
dedicated outdoor air supply taped shut (14a) and once with the ERV unit left open (14b). 

2Summary statistics exclude Site 14b (N = 19). Means and standard deviations are arithmetic 
(AM, SD) or geometric (GM, GSD), as noted. 
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(C, ELA, ACH50, NL, and n) and building characteristics (floor area, volume, and year 

built). Results are shown in Table 4.   

Table 4. Spearman’s rank correlations between particle penetration factors (P), outdoor 
particle source terms (P×AER), indoor particle loss rates (k), blower door 
results (C, ELA, ACH50, NL, and n), and building characteristics (floor area, 
volume, and year built)1 

 P AER P×AER k C ELA ACH50 NL n 

Floor  

Area Volume 

AER 0.56           
P×AER 0.78

*
 0.95*          

k 0.44 0.33 0.42         
C 0.71

*
 0.77* 0.82

*
 0.28        

ELA 0.70 0.72* 0.78
*
 0.23 0.99

*
       

ACH50 0.63 0.74* 0.79
*
 0.47 0.74

*
 0.69      

NL 0.60 0.77* 0.79
*
 0.45 0.77

*
 0.72

*
 0.98

*
     

n -0.01 -0.59 -0.40 0.11 -0.40 -0.33 -0.29 -0.40    
Floor Area -0.11 -0.36 -0.32 -0.39 -0.06 0.04 -0.62 -0.62 0.39   
Volume -0.07 -0.35 -0.30 -0.41 0.00 0.09 -0.57 -0.57 0.38 0.99

*
  

Year Built -0.58 -0.56 -0.63 -0.47 -0.65 -0.62 -0.90
*
 -0.90

*
 0.15 0.57 0.53 

1Excludes Site 14b and Site 18 (N = 18).  
 Bold values represent significant relationships at p < 0.01. 
*Significant at p < 0.001. 

 

Two sites were excluded from this analysis: Site 14b did not rely on infiltration as 

previously mentioned, and Site 18 had undergone major renovations to its envelope; thus, 

its blower door results were large but measured values of P and AER were low, 

suggesting that the nature of leakage paths had been affected by renovations. Because 

some of these variables are independent of each other, but others are not (e.g., ELA, 

ACH50, and NL are functions of C and n, volume is a function of floor area, and P×AER 

is a function of P), we used a p-value of less than 0.01 to identify significant relationships 

and minimize false positives. Additionally, as a more conservative measure, we used a p-

value of less than 0.001 to identify the strongest relationships in Table 4 (0.05 divided by 
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21 = 0.002, where 21 is the number of comparisons between seven truly independent 

variables (P, AER, k, C, n, floor area, and year built). 

Particle penetration factors (P) and outdoor source terms (P×AER) were 

significantly and positively correlated with several factors, with the strongest 

relationships occurring with leakage coefficients (C) from blower door tests (Spearman’s 

ρ = +0.71 between P and C; p < 0.001; Spearman’s ρ = +0.82 between P×AER and C; p 

< 0.001). Both P and P×AER were also significantly correlated with other blower door 

parameters, including ELA, ACH50, and NL. Additionally, P×λ was significantly and 

negatively correlated with the year of construction of the homes (Spearman’s ρ = -0.63 

between P×AER and year built; p < 0.01), primarily because older homes were also 

leakier (Spearman’s ρ = -0.65 between year built and C; p < 0.01). P was marginally 

correlated with both year built and AER (Spearman’s ρ = -0.58 between P and year built; 

p < 0.05; Spearman’s ρ = +0.56 between P and AER; p < 0.05). AER was also higher in 

leakier buildings (Spearman’s ρ = +0.77 between AER and NL; p < 0.001). Overall, these 

findings are generally intuitive: 20-1000 nm particles penetrated more efficiently through 

leakier (and to a lesser extent, older) building envelopes. 

One important phenomenon that has been previously observed is that as outdoor 

total particle number concentrations increase, particle count median diameters typically 

decrease (e.g., Zhang and Zhu, 2011), which suggests that large increases in outdoor 

particle concentrations are primarily due to increases in smaller particles. Because 

smaller outdoor particles may be less likely to penetrate through envelopes (e.g., Liu and 

Nazaroff, 2001; Rim et al., 2010), we also explored the data for correlations between 

measured values of P and the average total outdoor particle number concentration at each 

site (Cout). There was a small negative (but not statistically significant) correlation 
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between P and mean outdoor particle concentrations (Spearman’s ρ = -0.30; p = 0.23), 

suggesting that P may have also varied with changes in outdoor concentrations (and thus 

outdoor particle size distributions). However, because particle distributions were not 

measured in this study, this phenomenon should be explored with size-resolved 

measurements and a larger sample in future work. 

Although significant correlations between particle penetration and building 

factors were found, we were also interested in the predictive ability of blower door tests 

to infer particle penetration factors. Figure 2 shows measured penetration factors (P) 

plotted versus leakage coefficients (C), which was the strongest relationship observed in 

Table . We observed an approximate power-law relationship with C, and Figure 2 also 

shows results from a nonlinear least squares estimation that was used to fit the data to an 

empirical relationship. Data from Sites 14b and 18 are again excluded from this analysis. 

 

Figure 2. Particle penetration factor (P) versus leakage coefficient from blower door air 
leakage tests (C). The dashed line represents the best estimates of a 
coefficient and exponent from a power-law relationship. The shaded area 
represents one standard error from the power-law relationship in both 
directions. 

0.00.2
0.40.6
0.81.0

Penetration F
actor, P

0.0 0.1 0.2 0.3 0.4Leakage Coefficient, C (m3 s-1 Pa-n)
N = 18P = [a]C[b][a] = 0.90±0.18[b] = 0.24±0.08

R2 = 0.35
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While there was a significant and positive empirical relationship between P and 

building air leakage characteristics, the results are largely influenced by extreme values 

and the ability of blower door tests to accurately predict values of P appears low (with an 

R2 of only 0.35). Given the relationship in this subset of homes, if a single-family 

detached home had a leakage coefficient of, for example, 0.3 m3 s-1 Pa-n, our best 

estimate of the penetration factor for 20-1000 nm particles would be 0.67±0.22. 

Similarly, our best estimate of P at a tighter home (e.g., C = 0.05 m3 s-1 Pa-n) would be 

0.44±0.23. The central estimates of P would be different, but the difference would not be 

significant, as their confidence intervals would overlap.  

However, outdoor particle penetration into buildings is also a function of AER, 

which is similarly associated with results from blower door air leakage tests and the year 

of construction (Table 4). Thus, to investigate the predictive ability of blower door test 

results and building characteristics to infer outdoor particle source terms (P×AER), 

Figure 3 plots particle source terms versus three blower door parameters (ELA, NL, and 

ACH50) of 18 unmodified homes relying on infiltration (excluding Sites 14b and 18). 
 

 

Figure 3. Linear regressions of outdoor particle source terms (P×AER) versus three 
blower door air leakage parameters. Note that “m” = the regression slope. 
This analysis excludes data from Site 14b and Site 18 (N = 18). 

 

0.20.40.60.8
0 1000 2000 3000 4000ELA (cm2) 0.20.40.60.8

0 1 2 3 4NL 0.20.40.60.8
0 10 20 30 40 50 60ACH50 (hr-1)

R2 = 0.78 R2 = 0.79 R2 = 0.85
m = 2.186×10-4 m = 0.2079 m = 0.0128Outdoor Particle

 Source (P×AER)
, hr-1
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Strong linear relationships with outdoor particle source terms (P×AER) were 

observed with all three leakage parameters from blower door tests (with values of R2 

ranging from 0.78 for ELA to 0.85 for ACH50), which suggests that blower door tests may 

be used to predict outdoor submicron particle source terms in single-family homes with 

relatively low uncertainty. However, large values of blower door leakage parameters are 

particularly important in these relationships, as the data from tighter homes (e.g., P×AER 

< 0.2 and NL < 1) tend to be grouped, often without a significant relationship observed 

(e.g., Spearman’s ρ = +0.33 between P×AER and NL if NL < 1; p = 0.30). 

Overall, the observed relationships between particle penetration and blower door 

tests are particularly important for exposure implications given the amount of knowledge 

we have on envelope leakage in buildings across the U.S. For example, Chan et al. (2005) 

estimated the nationwide distribution of normalized leakage values (NL) from blower 

door tests in single-family homes in the U.S. Table  shows the approximate distribution 

of NL in both low-income and all homes in the U.S. for five ranges of NL (less than 0.5, 

0.5-1, 1-2, 2-3, and 3-4), and also lists mean (±SD) values of P, AER, and P×AER 

measured in our sample of 18 single-family homes relying on infiltration, split by the 

same ranges of NL (again excluding Sites 14b and 18). 
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Table 5. Summary of measured values of P and P×AER from this study (N = 18), split by 
normalized leakage values (NL), with a comparison to the estimated 
distribution of NL values across the U.S. building stock. 

 Estimated percentage of homes in the U.S.
1
  Measured values from this study 

NL 

All Homes 

Combined 

Low Income 

Homes  N 

P 

Mean (SD) 

AER, hr
-1

 

Mean 

(SD) 

P×AER, hr
-

1
 

Mean (SD) 

<0.5 ~50% ~20%  8 0.40 (0.12) 0.26 (0.13) 0.11 (0.06) 
0.5-1 ~30% ~30%  4 0.48 (0.14) 0.27 (0.09) 0.13 (0.05) 
1-2 >15% ~35%  5 0.59 (0.10) 0.61 (0.22) 0.35 (0.10) 
2-3 <5% >10%  0 n/a n/a n/a 
3-4 <1% <5%  1 0.66 (n/a) 0.93 (n/a) 0.62 (n/a) 

1Estimated from Chan et al. (2005) 

 

The values in Table 5 show that mean values of both P and P×AER from this 

study increased with each increasing bin of NL. Chan et al. (2005) estimated that 

approximately 50% of all homes in the U.S. are estimated to have a NL value less than 

0.5, and mean (±SD) values of P and P×AER from the eight homes our sample in that 

range were 0.40±0.12 and 0.11±0.06 hr-1, respectively. The leakiest ~20% of all homes in 

the U.S. have an estimated NL greater than 1, and we measured mean (±SD) values of P 

and P×AER of 0.60±0.10 and 0.40±0.14 hr-1, respectively, in our sample of six homes 

with NL > 1. Conversely, approximately 50% of all low income homes in the U.S. have 

an NL > 1, and, according to our data, likely have proportionately higher values of 

particle penetration factors and outdoor particle source terms. These data suggest that, if 

all else remains equal, a greater fraction of low income home occupants are likely 

exposed to higher indoor levels of outdoor submicron particles than other populations, 

which might explain some of the additional susceptibility to particulate matter that has 

been shown for low-income demographics (e.g., Finkelstein et al., 2003; Wilson et al., 

2007; Sacks et al., 2010). 
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Finally, we explored the relationship between measured particle penetration 

factors and source terms and the year of construction of the homes in this sample. Figure 

4 shows measured values of P and P×AER from the 18 unmodified sites relying on 

infiltration (again excluding Sites 14b and 18), plotted against the year in which each 

home was built. Linear regressions were performed and results from parameter 

estimations are shown in the figures. 

 

Figure 4. Particle penetration factors (P) and outdoor source terms (P×AER) versus year 
of construction of 18 of the homes in our sample. Sites 14b and 18 are both 
excluded from this figure. Regression results include the slope and intercept, 
standard errors of both parameters, and R2 values. 

Significant decreasing trends in both P and P×AER with year built were 

observed. The year of construction appears to be a better predictor of outdoor source 

terms than particle penetration factors alone (R2 = 0.52 vs. 0.34). Regression results 

suggest that, as an example, if a single-family home was built in 2000, it likely has values 

of P = 0.39±0.18 and P×AER = 0.07±0.02 hr-1. Similarly, a home built in 1950 would 

0.00.10.2
0.30.40.5
0.60.70.8

Outdoor Sou
rce Term (P×
AER), hr-1

1900 1920 1940 1960 1980 2000 2020Year Built0.00.10.2
0.30.40.5
0.60.70.8

Penetration 
Factor, P

1900 1920 1940 1960 1980 2000 2020Year Built

Source = [m]×yearbuilt + [b][m] = -0.00396 ± 0.000951[b] = 7.888968 ± 1.868846R2 = 0.52
P = [m]×yearbuilt + [b][m] = -0.0028405 ± 0.001[b] = 6.0675 ± 1.9652R2 = 0.34
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likely have values of P = 0.53±0.25 and P×AER = 0.27±0.09 hr-1. Confidence intervals 

overlap for estimates of P, but predicted outdoor particle source terms would be 

significantly different. These data suggest that better estimates of population exposure to 

submicron particulate matter in single-family homes could possibly be made with only 

simple details on home construction. Additional size-resolved measurements in a larger 

number of homes would allow for a more refined analysis. 

DISCUSSION 

The range of measured penetration factors for 20-1000 nm particles herein 

(0.17±0.03 to 0.72±0.08 in 19 homes relying on infiltration) is relatively large compared 

to most other studies of particle penetration in the same size range (Chao et al., 2003; 

Thatcher et al., 2003; Rim et al., 2010), although most studies have typically been limited 

in their number of test homes. However, one larger study, Williams et al. (2003) 

estimated a similarly wide range of penetration factors for PM2.5 in 37 residences from a 

similar distribution of home ages, and P ranged from 0.11 to 1.0. Their mean value of 

0.72 was considerably higher than that measured in this study, although the type of 

particle measurements also differed.  

One of the major limitations in this study is the use of particle equipment that was 

not size-resolved. However, we do have some confidence from previous studies that 

particle penetration factors may not vary widely across the 20 nm to 1 µm particle sizes 

that were measured herein (Rim et al., 2010; Chen and Zhao, 2011). Measurements with 

our instrumentation are generally considered representative of ultrafine particles (e.g., 

Bhangar et al., 2011; Kearney et al., 2011; Wheeler et al., 2011), but we recommend that 

similar measurements be made in a sample of buildings using size-resolved 
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instrumentation in order to more fundamentally investigate particle penetration and 

relationships with blower door test results. 

Because the HVAC systems were operating in all but one home during our tests, 

measured values of P account for particle penetration both across building envelopes and 

through any return duct leaks that might exist. Ductwork is typically installed in 

unconditioned spaces in the U.S., and unintentional duct leaks can increase air infiltration 

rates (Persily et al., 2010). Duct leakage is common in single-family homes in Austin, TX 

(Rhodes et al., 2011), but we did not perform duct leakage measurements and have no 

knowledge of particle concentrations in areas where return ducts were located in this 

study (often in attics, garages, or crawlspaces). However, in a previous study of a 

different sample of residential and light-commercial buildings in Austin (Stephens et al., 

2011), we measured a mean return duct leakage fraction of only 4% (ranging from 0-

17%). The homes in this study were from the same general building stock, although only 

one home was included in both studies. Additionally, in this sample, only eight homes 

had filters installed in return grille(s) upstream of return ductwork, where return duct 

penetration could be most meaningful. The other homes either had no return ductwork 

installed outside conditioned space or had filters installed downstream of potential return 

duct leaks. Therefore, we have some confidence that return duct leaks likely contributed 

only a small or negligible amount to overall particle penetration in most homes.  

Conversely, measured values of k account for losses due to the combined effects 

of deposition to indoor surfaces, removal by HVAC filters, deposition to HVAC 

ductwork, and loss by exfiltration through supply duct leaks, although experiments were 

not performed to establish relative contributions to particle removal. In general, particle 

loss rates increased with increasing rated filter efficiency, as mean (±SD) values of k 
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measured in the 19 homes were 0.92±0.46 hr-1, 1.09±0.60 hr-1, and 2.32±1.03 hr-1 with 

MERV <5 (N = 5), MERV 6-8 (N = 9), and MERV 11+ (N = 3) filters installed in the 

operating HVAC systems, respectively. These values in well-mixed environments are 

likely higher than what would have been measured without the use of mixing fans and 

ceiling fans (Thatcher, 2002a), but because the simultaneous operation of ceiling fans and 

HVAC systems is not an unlikely condition, particularly in the warm climate of Austin, 

these values may be considered generally representative of some actual operation periods. 

Thus, distributions of P, P×AER, and k from Table 2 may actually be appropriate for 

improving exposure estimates in single-family homes in Austin during some typical 

operating periods. 

The refined penetration test method used herein combined aspects of previous 

methods to reduce the test duration without sacrificing accuracy, which is important if an 

experimental method is going to be used widely in actual field settings. With this method, 

we were able to very quickly perform experiments in a relatively large number of homes 

with a relatively low level of invasiveness. These measurements and relationships with 

building characteristics are important for population exposures, as over 70% of 

residential buildings in the U.S. are single-family dwellings (DOE, 2009). Similar 

measurements should also be repeated in other areas and other types of buildings to get 

better estimates of the distribution of particle penetration factors (P) and outdoor source 

terms (P×AER) in more types of buildings, which could ultimately allow epidemiological 

studies to adopt more specific population exposures from regional or local ambient data. 

Additionally, the methods herein may be used to assess changes in the ability of a 

building to protect indoor environments from outdoor particulate matter after undergoing 

weatherization retrofit measures, as data from one site herein suggests (Site 18, which 
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had undergone major envelope renovations had relatively small measured values of P and 

P×AER even though it was nominally an older home). 
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