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INTRODUCTION 

 

This report contains a description of the recruiting, field measurement methods, laboratory analyses, and 

data analyses used in a three-home pilot study which was recently conducted as part of the research 

project “Ventilation and Indoor Air Quality in New Homes,” which is sponsored by the California Air 

Resources Board and the California Energy Commission. 

 

This study’s primary goal is to obtain information on ventilation characteristics and indoor air quality 

(IAQ) in new single-family detached homes in California through a field study. 

 

Concerns have been raised regarding whether households in new California homes use windows, doors, 

exhaust fans, and other mechanical ventilation devices enough to remove indoor air pollutants and 

excess moisture. Various building materials, heating and cooking appliances, and other products used in 

new homes can emit substantial amounts of formaldehyde, other toxic air contaminants, combustion 

pollutants, and/or water vapor. Building practices and building standards for energy efficiency have led 

to more tightly sealed homes that rely on occupants to open windows for ventilation. However, there is 

very little information on current ventilation practices, IAQ, or indoor pollutant sources in new 

California homes. 

 

We plan to study 100 new, single-family homes from two climatic regions of the State, including a 

subset of 12 homes with mechanical fresh-air ventilation systems. The field teams will measure and 

record ventilation characteristics, indoor pollutant concentrations, residents’ ventilation practices, 

residents’ IAQ perceptions, and residents’ decision factors for ventilation and IAQ-related actions. 

Measurements of indoor and outdoor air quality and ventilation parameters will be made in the summer 

and winter. Indoor air levels of volatile organic compounds, aldehydes, PM2.5, and nitrogen dioxide will 

be measured over one day. Home ventilation will be determined through tracer gas measurements, 

building leakage measurements, window use measurement, air flow measurements of fan systems, and 

occupant diaries. Some homes will have additional measurements, including spring or fall 

measurements, multiple-day sampling (especially for weekday-weekend differences), and formaldehyde 

sampling in the attic and heating, ventilating, and air-conditioning (HVAC) systems.  
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This project has the following specific objectives: 

 

1. Determine how residents use windows, doors, and mechanical ventilation devices, such as 

exhaust fans and central heating and air-conditioning systems. 

 

2. Measure and characterize indoor air quality (IAQ), ventilation, and the potential sources of 

indoor pollutants. 

 

3. Determine occupant perceptions of, and satisfaction with, the IAQ in their homes. 

 

4. Examine the relationships among home ventilation characteristics, measured and perceived 

IAQ, and house and household characteristics. 

 

5. Identify the incentives and barriers that influence people’s use of windows, doors, and 

mechanical ventilation devices for adequate air exchange. 

 

6. Identify the incentives and barriers related to people’s purchases and practices that improve 

IAQ, such as the use of low-emitting building materials and improved air filters. 

 

This study will provide, for the first time, representative, accurate and current information on both 

ventilation and IAQ in new California homes. IAQ and household ventilation practices will be obtained 

from multiple seasons and regions of the State, which will help characterize the full range of indoor 

pollutant exposure in such homes. Measured levels of ventilation and IAQ will be compared to current 

guidelines and standards. Information on the use of windows, fans, and central systems will help 

establish realistic values for developing State standards for building energy efficiency.  

 

The Commission will use the study results as a scientific basis to revise the State’s building energy 

efficiency standards in order to provide more healthful, energy-efficient homes in California. The study 

results will improve ARB’s ability to identify current sources of indoor air pollutants, to assess 

Californians current exposure to measured toxic air contaminants, and to recommend effective strategies 

for reducing indoor air pollution. 
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Indoor Environmental Engineering was awarded this project in June 2005 and has completed the 

preparations of the equipment, protocols, questionnaires, home characteristics checklists, and detailed 

protocols for the field measurements, data management, and quality control.  

 

This report describes the results of the three-home pilot study that was conducted in 

November/December 2005. The focus of this report is the presentation and evaluation of the 

measurement methods and data analyses. Correlations between house characteristics and ventilation and 

indoor air quality parameters, while not included in this pilot report which contains data from just three 

homes, will be an important discussion contained in the final report of the 100-home study. Based upon 

the results of the pilot study presented in this report, feedback from the field teams, the Science 

Advisory Committee, the ARB, and the Commission will be collected and reviewed to refine the field 

protocols and data analyses for the main field study. 

 

The main field study is scheduled for the summer of 2006 and the winter of 2007. A final report is 

expected in late 2007. 

 

HOME SELECTION/RECRUITMENT 
 
To recruit the three homes for the pilot study we utilized the database from the UC Berkeley Ventilation 

Practices and Indoor Air quality Survey that was administered in 2004–2005. This mail survey to 4,972 

new single family detached homeowners, resulted in 1,448 completed questionnaires (i.e., 31.2% 

response rate) of which 971 respondents (i.e., 67.1 % of the respondents) indicated their willingness to 

participate in the second part of the study involving measurements of ventilation and indoor air quality 

in their homes. In addition to this sample of 971 homeowners we purchased an additional sample of new 

single-family detached homeowners from the neighboring areas.  

 

From this database we mailed out recruitment letters. This letter asks for the homeowners that are still 

interested in participating in the field study to call the project participant recruiters at their toll-free 

number. This letter also offers a $100 incentive to those homeowners that participate in the field study 

which is in addition to providing the estimated $7,000 of indoor air quality testing free of charge.  
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Upon making contact with the interested homeowners we administered a recruiting script and collected 

information on the home, occupancy, and ventilation systems and described the details of the three field 

visits required by the field teams. In addition, if the homeowners were interested in participating 

following the description of the three field visits and answering any of their questions, this script 

collected information regarding the participants preferences for dates and times of the three field visits. 

In addition, three time periods were offered with the understanding that the same time periods would be 

required for each of the three field visits. These were: 

 

Time Period 1: 9:00 AM to 12:00 PM 
Time Period 2: 1:00 PM to 4:00 PM 
Time Period 3: 4:00 PM to 7:00 PM 

 

The homeowners were informed by the recruiters that those that indicated flexibility in the field visit 

dates and times would have a much higher probability of being selected. 

 

Upon completion of the administration of these recruiting scripts to interested homeowners, we then 

selected the homes for the field study within the constraints of the field study design, which required 

one-half of the homes to be in Northern California climate regions, one-half to be in Southern California 

climate regions, and a minimum of 20 homes to have mechanical outdoor air ventilation.  

 

Also, to minimize the number of outdoor air contaminant measurement locations, and to provide for 

reasonable logistics, the study design for this research project also required testing clusters of one to 

three homes (e.g., within the same zip code or within one to two miles).  

 

FIELD MEASUREMENTS AND METHODS 

 

The following is a description of the field measurements and methods utilized in the three-home pilot 

study. 
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FIELD WORK TEAMS AND WORK ASSIGNMENTS 

 

The field work is divided amongst three field teams, each consisting of two field technicians. All field 

work will be conducted according to the specific standard operating procedures (SOPs) developed for 

each of the three field teams. These SOPs are detailed in our October 10, 2005, Quality Assurance / 

Quality Control Plan (QA/QC Plan).  

 

Field Team 1 will install perfluorocarbon tracer (PFT) sources, data loggers on windows and fans, 

administer the occupant fan and window logs and the Indoor Contaminant Source Activity Sheet and 

Occupant Questionnaire one week in advance of the field work performed by Field teams 2 and 3. The 

SOPs for Field Team 1, along with the associated data entry forms and checklists, can be found in 

Appendix A of the QA/QC Plan. 

 
Field Team 2 will follow Field Team 1, 7–10 days later to allow for the PFT sources to equilibrate, and 

install and start the air contaminant sampling equipment at indoor and outdoor locations, install and start 

the PFT samplers, collect information on home construction characteristics, and inventory indoor air 

contaminant sources. The SOPs for Field Team 2, along with the associated data entry forms and 

checklists, can be found in Appendix B of the QA/QC Plan. 

 

Field Team 3 will follow Field Team 2 (22–26 hours later). This field team is responsible for the 

removal of the air sampling equipment, the PFT samplers, and window/door and fan logs and loggers, 

and collecting detailed information on building air leakage, duct air leakage, and ventilation system air 

flow rates. The SOPs for Field Team 3, along with the associated data entry forms and checklists, can be 

found in Appendix C of the QA/QC Plan. 

 

HOME AND SITE CHARACTERISTICS COLLECTION 

 

Characteristics of each home were collected using forms that were filled out by the field team members 

during the home inspections. The forms utilized to record these data are the Home Characteristics Form 

1, PFT Form, Home Floor Plan Sketch or floor plan provided by the homeowner, Home Characteristics 

Form 2, and Room Tally Form, which are in the Team 1 and Team 2 SOPs. A selection of the home 
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characteristics that were recorded have been included in this report based upon their relevance to indoor 

air quality and ventilation. 

 

General Characteristics 

• number of occupants 

• number of stories 

• foundation type 

• conditioned floor area and volume and envelope area 

• windows and doors 

 

Mechanical Characteristics 

• heating/cooling system - general description, location, filter type, duct locations 

• mechanically supplied outdoor air system 

• exhaust fans - number and controls 

• appliances - fuel type, venting, location 

• other ventilation/conditioning equipment - use and typical usage pattern 

• air cleaning devices - model number and how used 

  

Site Characteristics 

• outdoor air contaminant sources (e.g., busy roadways, nearby gasoline stations, etc.) 

• site drainage conditions  

• site shielding 

 

Home Contaminant Source Characteristics 

• vacuum system - type and typical usage frequency 

• number of occupants and pets  

• mechanical system fuels 

• composite pressed wood  

• carpeting  

• moisture staining/damage  
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We calculated the conditioned floor area, envelope area, and air volume from on site dimension 

measurements. We were able to obtain floor plans from the developers homeowner packages for each of 

the three pilot homes. Field Team 1 collected on-site measurements of the home exterior dimensions, 

indoor ceiling heights, and selected indoor wall dimensions. These dimensions were then used to 

calculate a scale factor for the floor plans, and then this scale factor was used to calculate the 

conditioned floor areas, envelope areas and air volumes on a room-by-room basis and for the entire 

home.  

 

HOMEOWNER SOURCE ACTIVITY 

 

Homeowner activities potentially related to release of contaminants into the indoor air were recorded by 

the homeowner during the 24-hour IAQ measurement period using a indoor source activity log which 

was administered by Team 1 and collected by Team 3. The form utilized to record these data is the 

Home Owner Questionnaire, which is in the Team 1 SOP. The homeowner was asked to record the 

activity start times, duration, and activity type (e.g., cooking, cleaning, candle burning, dinner parties, 

barbecuing, leaf blowing, grass cutting) starting at 7:00 PM on the day before the 24-hour IAQ 

measurements and ending when Team 3 retrieved the forms. This results in up to a 48-hour time period 

when the homeowner records their source activities, with the first 12–20 hours being practice and the 

last 28–36 hours being the time period during which the 24-hour IAQ measurements will be collected. 

 

HOMEOWNER IAQ/VENTILATION PERCEPTIONS AND DECISION FACTORS 

 

Perceptions and decision factors regarding IAQ and ventilation were collected using a questionnaire that 

was administered to the homeowner by Team 1 and collected by Team 3. The form utilized to record 

these data is the Home Owner Questionnaire, which is in the Team 1 SOP. The questionnaire was 

adapted from the one in the UCB mail survey study. This questionnaire collected information regarding 

the homeowners’ perceptions activities that may effect IAQ in the home and key decision factors 

regarding home ventilation and purchasing ventilating equipment, building materials, air cleaners, and 

other products and materials that effect IAQ. The requested recall period was three weeks. 
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VENTILATION MEASUREMENTS 

 

The approach for measuring ventilation applies a combination of one-time tests and weekly monitoring. 

Collection methods are summarized in this section for the following ventilation parameters: 

 

• windows and doors  

• mechanical exhaust fans and appliances 

• forced air heating/cooling system 

• mechanically supplied outdoor air system 

• other ventilation fans 

• forced air heating/cooling system duct leakage 

• building leakage area 

• infiltration parameters 

 

The use of select windows and door and operation of mechanical systems were monitored for an 

approximate one-week period by occupant logs and/or HOBO data logging instruments. Below are listed 

the measurement parameter and corresponding type of log device: 

 

Parameter Device Sampling Frequency  

Window/Door Status HOBO, state logger, two most commonly used. 
Occupant logs, all that are used. 

Event, time recorded 

Bathroom, Laundry Exhaust 
Fan Status 

HOBO, ac-field logger, up to four most 
commonly used. Occupant logs, all others. 

Event, time recorded 

Cloths Drier Status HOBO, vibration or ac-field logger. Event, time recorded 
Range Hood Exhaust Fan 
Status 

Occupant log Event, time recorded 

HVAC System Fan Status HOBO, ac-field logger, each furnace Event, time recorded 
Outdoor Air Ventilation 
System Status 

HOBO, motor loggers, System fan status, 
outdoor air damper status, or ventilation system 
fan status (depending on system type).  

Event, time recorded 

Indoor-Outdoor Temp/RH HOBO, Temp/RH, 1 Indoor Temp/RH at the 
thermostat for every home and one outdoor 
Temp/RH for every ten house regional group. 

Quantity, 15 minute 
intervals 

 

The following is a description of the methods used to collect data on each of the ventilation parameters. 
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Occupant Use of Windows and Doors for Ventilation. Homeowners were asked to identify the two most 

used windows or doors for natural ventilation. HOBO state loggers were taped to these windows (or 

doors) to capture the time and duration that the window or door was opened. The amount of time that 

windows were open and the opening areas are reported in 24-hour time periods counting back from the 

time that Team 3 entered the home and stopped the IAQ contaminant and PFT measurements. The 

occupants were asked which windows and doors, if any, they use for ventilation. Occupant logs and a 

writing utensil were placed on the glass or panel near where the window or door was opened The 

occupants used these to record the time, duration, and distance of the window or door opening. The 

windows or doors that were verified as never being used were not equipped with window occupant logs. 

The Window/Door Logs and Instructions Sheets are in the Team 1 SOP.  

 

Measurements of all window and door openings were collected by Team 1. The width and length were 

noted by opening each window or door and using a tape measure. The forms utilized to record these data 

are the Window/Door Log Form, which is in the Team 1 SOP. 

 

The location, ID and installation/removal times of all loggers were recorded in the Logger Form, which 

is in the Team 1 SOP. 

 

Exhaust Fans. Data loggers and/or written logs were deployed for all exhaust fans, including bathroom, 

laundry, clothes dryer, and kitchen exhaust fans.  

 

For bathroom exhaust fans, two HOBO ac-field loggers were placed above the exhaust grille and just 

beneath the motors on the two bathroom fans that the occupants identified as used the most. For these 

bathroom exhaust fans with HOBO loggers, no occupant written logs were installed. The reason for this 

was to minimize the effort required by the homeowners, a concern that was identified during the home 

practice exercise by the beleaguered homeowner. For any additional bathroom exhaust fans beyond the 

two exhaust fans equipped with data loggers, occupant logs and a writing utensil were placed near the 

fan switch for the occupants to log the usage of the fans.  

 

For clothes dryer exhaust fans, our plan was to position the ac-field or electromagnetic field (EMF) 

HOBO loggers directly on the power cords of the dryer considering electrical dryer fields should be 
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easily captured. Modified extension chords that allowed the HOBO loggers to capture the ac-field by 

isolating one of the live wires and taping the logger directly on the wire to be used. Due to difficulty 

experienced during the home practice exercise with compatibility of the modified extension cords with 

the various outlet/plug configurations for clothes dryers, an alternate method utilizing a vibration HOBO 

logger installed on the back of the control panel was use for Pilot Homes P1 and P2 and an ac-field 

logger applied behind the plate of the appliance outlet, inside the outlet box, was used for Pilot Home 

P3. 

 

For kitchen exhaust fans, our original plan was to utilize a HOBO ac-field logger placed above the 

exhaust grille and just beneath the motor. However, during the home practice exercise we experienced 

difficulty in receiving an EMF signal from the exhaust fan motor. Apparently, the fan motors for kitchen 

exhaust fans are not close enough to the exhaust grille and are shielded by metal partitions to allow for a 

strong enough EMF signal to be sensed by the loggers. Also, since kitchen exhaust fans typically have 

multiple fan speeds, and since the HOBO ac-field loggers can only sense operation and not fan speed, 

our original plans also included installation of an occupant log sheet to log the time, duration, and fan 

speed associated with the usage of kitchen exhaust fans. Based upon the above experienced difficulties 

with HOBO ac-field loggers for logging kitchen exhaust fan operation, we decided for the pilot study, 

and most likely the main field study, to just utilize occupant logs for kitchen fans.  

 

All exhaust fan airflow rates were measured in the home (e.g., bathroom, laundry room, and kitchen 

hood fans) using a balometer flow hood. Due to difficulty experienced during the practice home exercise 

accessing an acceptable location to measure the dryer exhaust airflow rate, the flow rate was determined 

by collecting the dryer make and model information onsite and obtaining the information from the 

manufacturer. While onsite the number of bends (e.g., 90°, 45°) and the length of the ductwork were 

estimated. The manufacturers airflow rate and duct characteristics were then used to calculate the actual 

dryer airflow rate.  

 

The forms utilized to record these data are the Fan Logs and Instruction Sheets, Exhaust / Outdoor Air 

Fan Log Form, Logger Form, and the Fan Flow Form, which are in the Team 1 and Team 3 SOPs. 
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Forced Air Heating/Cooling System. HOBO ac-field loggers were used to measure forced air 

heating/cooling system operation. They were installed magnetically to the end of the furnace blower 

motor. The access panel to the furnace was removed in all cases to reach the optimum spot on the motor 

for logging.  

 

Airflow rates were measured at the return grill(s) using a balometer flow hood equipped with a 2 x 4 

foot capture hood. One of the homes (i.e., P3) is a single-fan dual-zoned system with two fan speeds. 

The flow rate for this system was measured with one thermostat in the ”fan-on” position and again with 

both thermostats in the ”fan-on” position.  

 

The forms utilized to record these data are the Logger Form and the Building Ventilation Form, which 

are in the Team 1 and Team 3 SOPs. 

 

Mechanically Supplied Outdoor Air Flow Rates. Two types of mechanically supplied outdoor air 

systems were encountered in the pilot study homes. The two types can be classified as a mechanical 

exhaust and supply system with a heat/energy recovery ventilator (HRV) system and a night ventilation 

cooling system. The HRV systems in these homes operate continuously, while the night ventilation 

cooling systems operate intermittently. Pilot Home P1 had both an HRV and night ventilation system, 

Pilot Home P2 only had an HRV system, and Pilot Home P3 had no mechanical outdoor air system. The 

approach used to measure airflow rates for both types of systems was a balometer flow hood. The HRV 

flow rates were measured at the single outdoor air supply air diffuser as well as at the two exhaust air 

grilles (e.g., laundry room and master bathroom). The night ventilation cooling system in Pilot Home P1 

is integrated with the forced air system. A motorized damper switches the air drawn into the forced air 

system between home air (i.e., from the central return air grille) and outdoors air (i.e., from an outdoor 

air intake on the roof).  

 

The ventilation damper for the night ventilation cooling system was monitored using a relay and HOBO 

state logger combination. We used magnetic tape or a zip-tie to secure the logger with relay to the 

damper and fastened lead wires with alligator clips to the damper 24 VDC motor wiring connections. 

The HRVs operate continuously and were not logged with a HOBO logger of occupant log. 
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The forms utilized to record these data were the Logger Form, Exhaust/Outdoor Air Fan Rate Form, and 

the Building Ventilation Form, which are in the Team 1 and Team 3 SOPs. 

 

Forced Air Heating/Cooling System Duct Leakage. For the pilot study we used two different methods to 

measure duct leakage of the forced air system. Testing for both methods was conducted in accordance 

with ASTM E1554-03, Standard Test Method for Determining External Air Leakage of Air Distribution 

Systems by Fan Pressurization. 

 

The first method uses a fan flow meter device (e.g., DuctBlaster) attached to the return air grill to 

pressurize the ducts to 25 pascals (Pa). Figure 4 is a photograph of the DuctBlaster installed at the forced 

air heating/cooling system return air inlet of home P2. In addition, we conducted three different 

variations of this duct pressurization method. The first variation, and standard application of this method 

is to pressurize the ducts to 25 Pa while the supply ducts are sealed. The second variation we employed 

is to pressurize the ducts to 25 Pa while the house is maintained at a positive 25 Pa by a blower door fan 

flow meter and the supply ducts are sealed. The third variation we employed is to pressurize the ducts to 

25 Pa while the house is maintained at a positive 25 Pa by a blower door fan flow meter and the supply 

ducts are not sealed.  

 

The second method is the Delta-Q method, which uses a combination of four multipoint home blower 

door tests (i.e., a home pressurization and depressurization test with the forced air heating/cooling 

system off and again with the system on).  

 

The form utilized to record these data is the Building Ventilation Form, which is in the Team 3 SOP. 

 

Home Building Envelope Air Leakage Area. The building envelope air leakage area was determined at 

each house using both depressurization and pressurization multipoint blower door tests with Automated 

Pressure Testing (APT) instrumentation. Figure 5 is a photograph of the blower door and APT 

instrumentation installed at pilot home P2. For these tests the homes were configured with all windows 

and exterior door closed, all interior doors open (except doors to attached garages), fireplace dampers 

closed, and all exhaust fans off. The continuously operating mechanical outdoor air delivery fans (i.e., 

the HRVs in Pilot Homes P1 and P2) were left operating. Testing was conducted in accordance with 
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ASTM E779-99, Standard Test Method for Determining Air Leakage by Fan Pressurization. The form 

utilized to record these data is the Building Ventilation Form, which is in the Team 3 SOP. 

 

Home-to-Garage Air Leakage. We used two methods for measuring the potential air leakage between 

the home and the garage. The first method consisted of conducting a zone pressure diagnostic test of the 

garage to home connection. This test consist of conducting two multi-point blower door home 

depressurization tests as described above; one with the home door to the garage closed and one with the 

door open. From these data we calculated the Equivalent Leakage Area (EqLA @ 10 pa) in square 

inches between the garage and the home and between the garage and outdoor. The second test method 

consisted of using a blower door with the Automated Pressure Testing (APT) instrumentation operating 

in “cruise control” to maintain a constant –50 Pa in the home with respect to outdoors. A digital micro-

manometer was used then used to measure the differential pressure between the home and the garage. 

  

Tracer Gas Measurements of Home Outdoor Air Exchange Rate. The outdoor air exchange rate in the 

homes was measured with a tracer gas technique during the 24-hour air contaminant measurements and 

during a subsequent two-week period. This technique uses a passive constant injection perfluorocarbon 

tracer (PFT). The tracer gas sources were placed by Field Team 1 at locations in each home for 

approximately one week in advance of the tracer gas sampling to allow for the emission rates of the 

sources to equilibrate. The number of sources and placement locations were determined for each home 

based on room volumes and layout to approximate a uniform indoor concentration. Since the emission 

rates from the PFT sources are temperature dependent, we deployed a HOBO air temperature data 

logger, located at the heating/cooling system thermostat, to log the air temperature at 15-minute 

intervals. This temperature data was then input into an equation of the emission rate as a function of 

time that was supplied by Brookhaven National Laboratory, the supplier of the PFT sources, to calculate 

the temperature corrected PFT emission rates. The PFT used for these tests was para-methylcyclohexane 

(p-PMCH). The PFT samplers used for these tests were capillary adsorption tube sampler (CATS). 

These are small passive samplers that were co-located at the indoor air contaminant site (e.g., 

family/living room). A pair of these samplers, along with duplicate samplers, were deployed for the 

24-hour and two-week samplers by Field Team 2. The outdoor air exchange rate was calculated as 

described in ASTM E741.  
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A deviation from the above measurement plan that we needed to make related to the two-week long-

term PFT measurements. Since the blower door measurements conducted by Team 3 the day after the 

deployment of the PFT samplers would have a significant and atypical impact on the home ventilation 

rate, we decided to cap the long-term PFT samplers when we shut down the indoor air sampler and 

capped the short-term PFT samplers before the blower door tests. We then asked the homeowners if they 

would uncap the long-term PFT sampler 48 hours later. We called each of the homeowners to confirm 

that the samplers were uncapped and then Field Team three collected the long-term PFT samplers from 

the pilot homes on a second visit to each house approximately two weeks later. 

 

The form utilized to record these data is the PFT Form, which is in the Team 1 SOP. 

 

Tracer Gas Measurements of Garage Air Contaminants Entering the Home. The transport of garage air 

contaminants into the indoor air of the home was measured with a tracer gas technique during the 

24-hour air contaminant measurements and during a subsequent two-week period. This technique uses a 

passive constant injection perfluorocarbon tracer (PFT). The tracer gas sources were placed by Field 

Team 1 at a location in the garage, approximately one week in advance of the tracer gas sampling to 

allow for the emission rates of the sources to equilibrate. A total of two sources were placed at a central 

location in the garage. Since the emission rates from the PFT sources are temperature dependent, we 

deployed a HOBO air temperature data logger, co-located with the two PFT sources, to log the air 

temperature at 15-minute intervals. These temperature data were then input into an equation of the 

emission rate as a function of time that was supplied by Brookhaven National Laboratory, the supplier 

of the PFT sources, to calculate the temperature corrected PFT emission rates. The PFT used for these 

tests, para-dimethylcyclohexane (p-PDCH), was a different PFT than was used to measure the outdoor 

air exchange rate of the home. The same PFT samplers that were used to measure the outdoor air 

exchange rate of the home were used to sample the garage-located PFT entering the home. The form 

utilized to record these data is the PFT Form, which is in the Team 1 SOP. 

 

The percent of the garage air contaminant sources entering the home was determined from the ratio of 

the calculated source of garage PFT entering the home to the calculated source of garage PFT emitted 

into the garage. The emission rate of garage PFT entering the home was calculated from the average 

concentration of the PFT in the home, which was determined from the laboratory analysis of the indoor 
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PFT sampler multiplied by the outdoor air flow rate entering the home, which was determined from the 

tracer gas measurements of the outdoor air exchange rate and the indoor air volume of the home. For the 

emission rate of garage PFT into the garage, we used the temperature corrected calculation of the garage 

PFT emission rates. 

 

INDOOR AIR QUALITY MEASUREMENTS 

 

The following is a summary of the indoor air quality parameters that were measured in each home: 

 

Integrated Time Averaged IAQ Measurements 

• Volatile Organic Compounds (VOCs) 

• Formaldehyde and Acetaldehyde 

• Nitrogen Dioxide 

• Particles (PM2.5) 

 

Real-Time IAQ Measurements 

• Carbon Monoxide 

• Carbon Dioxide 

• Temperature and Humidity 

 

These IAQ parameters were measured for 22- to 26-hour period at one indoor breathing height location 

in the family/living room area of each of the three pilot study homes. In addition, these IAQ parameters 

were also measured over the same time period at an outdoor location. For pilot homes P1 and P2, which 

represented a sampler cluster of two homes located less than 0.1 miles apart in Elk Grove, California, 

IAQ parameters were collected at a single outdoor location in the backyard of P1. For pilot home P3, 

which was located in Sacramento, California, IAQ parameters were collected at a single outdoor 

location in the backyard of P3. Duplicate air samples were collected at the P1 home at the indoor 

location. Integrated sample flow rates were measured at the beginning and end of the sampling period 

using calibrated rotameters. 
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A special air sampler was developed to collect the integrated and real-time air contaminant 

concentrations. Figure 1 is a photograph of the air sampler located at the P3 indoor site and Figure 2 is 

close-up photograph of the air sampler. For the integrated air samples, this air sampler consisted of a 

pair of air sampling pumps contained in an acoustically shielded fiberglass lock box mounted to a tripod. 

The air sampling pumps are SKC AirCheck 2000 air sampling pumps that include an internal flow 

sensor that provides automatic electronic air flow control such that the sample airflow rate is maintained 

to within ± 5%, and 115 VAC battery eliminators to allow operation over the proposed 24-hour 

sampling periods. One of these pumps provides the air sampling flow rate for the PM2.5 measurement. 

The second pump, through the use of a four-port manifold with low flow control valves, provides the air 

sampling flow rate for the volatile organic compounds, nitrogen dioxide, and 

formaldehyde/acetaldehyde measurements. An power on-time meter provides a measurement of the time 

that 110 VAC power is supplied to the air sampler so that if there is a power interruption the duration of 

the interruption is known. The air sampling pumps automatically restart upon restoration of the power 

following a power interruption. In addition, a power cord restraint cover is installed at the connection of 

the power cord to the power receptacle to guard against inadvertent disconnection of the power cord 

plug from the receptacle. For the real-time measurements, a TSI IAQ-Calc is mounted on the tripod next 

to the integrated air sampler manifold. The AC adaptor for the TSI IAQ-Calc is connected to a source of 

AC power inside of the fiberglass lock box. In addition, the TSI IAQ-Calc contains a parallel battery 

pack power supply that allows the instrument to continue operation upon a power interruption. For the 

outdoor air sampler a special rain/radiation shield was fabricated from galvanized sheet metal to enclose 

and protect the air samplers. This rain/radiation shield has screened and louvered vents on two sides to 

allow circulation of outdoor air within the enclosed area. Figure 3 is a photograph of the air sampler 

with the rain/radiation shield installed.  

 

The following is a detailed description of the air sampling and analytical techniques for each of the IAQ 

parameters. 

 

Integrated Time Averaged IAQ Measurements (24-hour) 

 

• Volatile Organic Compounds. Volatile organic compounds other than formaldehyde and acetaldehyde 

were measured following U.S. EPA Methods TO-1, TO-15, and TO-17 from the Compendium of 
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Methods for the Determination of Toxic Organic Compounds in Ambient Air (EPA 1999). This method 

involves drawing air at a constant rate with a pump through a multi-sorbent tube (i.e., Berkeley 

Analytical Associates sorbent tubes containing Tenax-TA® backed up with a carbonaceous material to 

prevent breakthrough of the most volatile compounds). Samples were collected at a flow rate of 

approximately 10 cubic centimeters per minute (cc/min), which will provide a detection limit of 

0.4 micrograms per cubic meter (µg/m3) for most compounds. The samples were split 1:5 to prevent 

overloading of the analytical instrumentation and thermally desorbed and analyzed by gas 

chromatograph/mass spectrometry. For the pilot study, indoor and outdoor samples were be fully 

analyzed to identify all of the compounds detected above 4 µg/m3 and to quantify abundant air 

contaminant compounds that appear on the Toxic Air Contaminant List (CARB 1999), the California 

Proposition 65 Substance List and the Chronic Reference Exposure List (OEHHA 2003), and any other 

compounds that were detected with concentrations above 3 µg/m3. Laboratory results for each sampler 

were corrected using a field blank, which was submitted to the lab. 

 

• Formaldehyde and Acetaldehyde. Formaldehyde and acetaldehyde was measured according to ASTM 

Standard D 5197-03 (ASTM 2003). This method involves drawing air at a constant rate with a pump 

through a solid sorbent cartridge (i.e., Waters Associates Sep-PAK, silica gel impregnated with 

dinitrophenylhydrazine, DNPH). In addition, since ozone is known to interfere with this sample 

analyses, an ozone scrubber was installed directly upstream of the solid sorbent cartridge. This scrubber 

consists of a solid sorbent cartridge filled with granular potassium iodide (i.e., Waters Associates Sep-

PAK Ozone Scrubber). Additionally a scrubber (i.e., Anasorb CSC, coconut charcoal sorbent tube) for 

DNPH was placed downstream of the sampler because this compound would be collected and analyzed 

for in the VOC sampling protocol. The samplers are extracted with acetonitrile and analyzed using 

HPLC. Samples were collected at a flow rate of approximately 70 cc/min, which will provide a detection 

limit of 0.4 µg/m3 for acetaldehyde and 0.3 µg/m3 for formaldehyde. This concentration detection limit is 

well below both the California Environmental Protection Agency/Office of Environmental Health 

Hazard Assessment (Cal/EPA OEHHA) chronic inhalation Reference Exposure Levels (OEHHA 2003) 

of 3 µg/m3 and 9 µg/m3 for formaldehyde and acetaldehyde, respectively, as well as the ARB Indoor Air 

Quality Guidelines (California Air Resources Board 2004) of 33 µg/m3 for formaldehyde for an 8-hour 

exposure. Laboratory results for each sampler were corrected using a field blank which was submitted to 

the lab. 
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• Nitrogen Dioxide. Nitrogen dioxide was measured following NIOSH 6014 (NIOSH 1994a). This 

method involves drawing air at a constant rate with a pump through a two stage solid sorbent tube (i.e., 

SKC 226-40-02 molecular sieve impregnated with triethanolamine). The samplers were extracted with a 

triethanolamine solution and analyzed using spectrophotometry at a wavelength of 540 nanometers 

(nm). Both the front tube section and backup tube section were be separately analyzed to verify that 

there was no significant breakthrough. Samples were collected at a flow rate of approximately 

100 cc/min, which will provide a detection limit of 9 µg/m3. This concentration detection limit is well 

below both the U.S. Environmental Protection Agency (EPA) National Ambient Air Quality Standard 

(NAAQS) (EPA 1990) standard of 100 µg/m3 for an annual exposure, as well as the ARB Indoor Air 

Quality Guidelines (California Air Resources Board 2004) of 150 µg/m3 for a 24-hour exposure. 

Laboratory results for each sampler were corrected using a field blank, which was submitted to the lab. 

 

• Particulate Matter (PM2.5). PM2.5 particles were collected following EPA IP-10A, (EPA 1989) with 

gravimetric analyses according to NIOSH 500 (NIOSH 1994b). This method involves drawing air at a 

constant rate with a pump through a PM2.5-size selective inlet (i.e., SKC 761-203 Personal 

Environmental Monitor) containing a 37 millimeter (mm) PVC filter with a 0.8 micron (µm) pore size. 

After sampling, the filters were equilibrated in a climate controlled weighing room and analyzed 

gravimetrically. Samples were collected at a flow rate of 2 liters per minute (L/min) which represents 

the design flow rate of this impactor and which will provide a detection limit of 3.5 µg/m3. This 

concentration detection limit is well below both the EPA NAAQS (EPA 1990) ambient air quality 

standard and the ARB Indoor Air Quality Guidelines (California Air Resources Board 2004) of 

65 µg/m3 for 24-hour exposures. Laboratory results for each sampler were corrected using a field blank, 

which was submitted to the lab. 

 

Real-Time IAQ Measurements 

 

• Carbon Monoxide. Carbon monoxide was measured with real-time instrumentation following EPA 

method IP-3A (EPA 1989) using an electrochemical sensor. A TSI IAQ-Calc, which incorporates a 

passive diffusive sample element and has built in data-logging capabilities was used. The data logger 

was programmed to record carbon monoxide concentrations at one-minute intervals. The sensor has an 
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accuracy of ± 3% or ± 3 parts per million (ppm), whichever is greater, a precision of ± 2% of reading, a 

resolution of 1 ppm, and a range of 0–500 ppm. This concentration detection limit is well below both the 

EPA NAAQS (EPA 1990) and the ARB Indoor Air Quality Guidelines (California Air Resources Board 

2004) of 9 ppm for 8-hour exposures. The instrument was calibrated immediately prior to the start of 

sampling and checked following the sampling period, using zero and span (35 ppm) calibration gases. 

The sample data logged over the 24-hour period was corrected using a fit to the calibration points that 

was assumed to be linear over time. 

 

• Carbon Dioxide. Carbon dioxide was measured with real-time instrumentation following EPA method 

IP-3A (EPA 1989) using a sensor that utilizes non-dispersive infrared spectrophotometry (NDIR). A TSI 

Q-Trak, which incorporates a passive diffusive sample element and has built in data-logging capabilities 

was used. The data logger was programmed to record carbon dioxide concentrations at one-minute 

intervals. The sensor has an accuracy of ± 3% or ± 50 ppm, whichever is greater, a resolution of 1 ppm, 

and a range of 0–5000 ppm. This concentration detection limit is well below both the ASHRAE 

(ASHRAE 2004) body odor standard of 700 ppm over the outdoor concentration, which for typical 

outdoor concentrations of 350 to 450 ppm represents an indoor concentration of 1,050 to 1,150 ppm. 

The instrument was calibrated immediately prior to the start of sampling and checked following the 

sampling period, using zero and span (1000 ppm) calibration gases. The sample data logged over the 

24-hour period was corrected using a fit to the calibration points that was assumed to be linear over 

time. 

 

• Temperature and Relative Humidity. Temperature and relative humidity were measured with real-time 

instrumentation using a thermistor sensor for air temperature and a thin-film capacitive sensor for 

relative humidity. A TSI IAQ-Calc with built-in data logging capabilities was used. The data logger was 

programmed to record temperature and relative humidity at one-minute intervals. The temperature 

sensor has an accuracy of 1°F, a resolution of 0.1°F, and a range of 32°F–122°F. Prior to the field effort, 

the instruments’ temperature sensors were compared to a certified mercury thermometer, and the sample 

data logged over the 24-hour period was corrected using single point correction. The relative humidity 

(RH) sensor has an accuracy of 3 % RH, a resolution of 0.1 %RH, and a range of 5%–95% RH. Prior to 

the field effort, the instruments’ relative humidity sensors were compared with a laboratory probe that 
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was calibrated with salt solutions according to ASTM E104-02 (ASTM 2002). The sample data points 

logged over the 24-hour period were corrected using a single point correction. 

 

We obtained meteorological data from the Sacramento Mather Airport weather station for the period of 

the pilot study. We obtained hourly wind speed and outdoor air dry bulb temperature. The airport is 

12 miles northeast from the Elk Grove site for P1 and P2 and 15 miles southeast from the Sacramento 

site for P3. 

 

QUALITY ASSURANCE AND QUALITY CONTROL 

 

For this pilot study of three homes we followed our October 10, 2005, Quality Assurance / Quality 

Control Plan (QA/QC Plan). For each of the integrated air contaminant measurements, VOCs, NO2, 

formaldehyde/acetaldehyde, and PM2.5, we collected and analyzed a single field blank and a single 

duplicate, with the exception for PM2.5, for which we collected four field blanks. For the PFT 

measurements we collected and analyzed a single field blank and two 24-hour duplicate samples and 

one two-week duplicate sample. As per our QA/QC plan, the PFT sources and PFT samplers were stored 

and shipped separately. 

 

We also evaluated the air sampling flow rate stabilities by comparing the rotameter measurements of the 

air sampling flow rates at the beginning and end of the 24-hour air sampling period for each of the 

integrated air samples. We calculated the relative standard deviation for each of the beginning and end 

pairs of flow rate measurements.  

  

DATA MANAGEMENT 

 

For this pilot study we created in Excel all of the field data sheets contained in the SOPs that are detailed 

in our October 10, 2005, Quality Assurance / Quality Control Plan (QA/QC Plan). Hard copies of these 

field data sheets were taken into the field and used to record the data. The data on these hard copy field 

data sheets were then entered into identical electronic copy field data sheets. These Excel sheets contain 

all of the calibrations and calculations for converting the collected field data into the various ventilation 

and indoor air quality parameters. 
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RESULTS AND DISCUSSION 

 

HOME SELECTION/RECRUITMENT 
 

We mailed a total 64 recruitment letters to new single-family homes to each of the addresses in the 

Sacramento and Elk Grove communities that were in the University of California (UC) Berkeley 

database. A total of two letters were returned with notes of “no such name” suggesting the original 

homeowner had moved. During the next two weeks we received a total of seven responses for an 11% 

response rate from the mailing. The following are the results of the follow-up call to these seven 

respondents: 

 

• 2 were interested, but not qualified because they were moving soon. 

• 5 were interested in participating in the pilot study.  

 

As indicated in the Methods section there were no phone numbers contained in the UC Berkeley 

database. We went to the library and looked up phone numbers for the 57 homes that did not respond, 

and we were able to find 25 phone numbers with a name or address match (a 44% find rate). We 

attempted a minimum of three calls to each number. The following are the results of the follow-up call 

to these 25 phone calls: 

 

• 12 were left messages that newer returned the call 

• 4 were bad phone numbers 

• 4 were interested in participating in the pilot study 

• 3 were not interested (one with an infant) 

• 1 was interested, but not qualified because they were moving soon  

• 1 was interested but at a later date 

 

Thus the mailing to 64 homes netted 5 interested pilot study participants, and the 25 phone calls netted 

an additional 4, for a total of 9 homes. 

 

The verification code for this document
is 383309.
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We then established clusters for those homes based on their relative clusters and based upon which of 

the two sets of measurement dates and three inspection times each of the homes noted as being required 

or preferred. From these potential clusters we then looked for two clusters that satisfied the requirements 

of having one home with mechanical outdoor air ventilation and having homes from two different 

developments. 

 

For this pilot study of three homes we selected a two-home cluster in Elk Grove and a one-home cluster 

in Sacramento. The two homes we selected from Elk Grove are in the same development and are 

approximately 0.1 miles apart. They are both single-story wood frame structures with a slab-on-grade 

foundation and attached garages. The both have forced air ventilation systems installed in the attic, and 

they both have a separate dedicated outdoor air heat recovery ventilator systems (HRV), also installed in 

the attic. We selected a single home from Sacramento. This home is a two-story wood frame structure 

with a slab-on-grade foundation and an attached garage, and it has a forced air ventilation system 

installed in the attic and no mechanical outdoor air system. 

 

Figures 6–8 are photographs of the three pilot homes, and Figures 9–12 are floor plans. 

 

HOME AND SITE CHARACTERISTICS COLLECTION 

 

Table 1 summarizes the characteristics of each of the three pilot homes, including general 

characteristics, contaminant source characteristics, and ventilation and air cleaning characteristics. These 

are average-sized homes with low occupancies. During the field study the occupancy of pilot home P3 

increased from two to three with birth of a daughter. Table 2 is a summary of the homeowner reported 

home renovations, maintenance, and other IAQ related activities. Table 3 is a summary of the 

homeowner-reported building system failures and home IAQ improvements. Home P2 had a reported 

plumbing leak, and homes P1 and P2 noted the installation of upgraded filters (these filters turned out to 

have a lower efficiency than typical residential furnace filters).  
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HOMEOWNER SOURCE ACTIVITY LOG 

 

Table 4 summarizes the indoor source activities reported by the homeowners for the 24-hour period 

during which the indoor air contaminant measurements occurred. As can be seen, there was little source 

activity occurring in these three homes. Homes P1 and P2 have retired occupants who apparently eat out 

a lot. Home P3, had some cooking activity, but this was also not much, perhaps because the mother was 

about to give birth. 

 

HOMEOWNER IAQ/VENTILATION PERCEPTIONS AND DECISION FACTORS 

 

Table 5 summarizes the homeowner reported perceptions and physical symptoms over a three-week 

recall period. P2 reported environmental conditions “too drafty” and “too dusty,” and P3 reported “too 

cold.” P1 reported odors from cabinetry. P1, whose occupants have diagnosed allergies and asthma, 

reported the following physical symptoms: nose/sinus congestion, allergy symptoms, and headache. P2, 

whose occupants have no diagnosed allergy or asthma conditions, reported allergy symptoms. 

 

VENTILATION MEASUREMENTS 

 

The following is a description of the results of our ventilation measurements in the three pilot homes. 

 
Occupant Use of Windows and Doors for Ventilation. Table 6 summarizes for each of the three pilot 

study homes, one week of daily openings and closings of doors expressed as square foot-hours (ft2-hrs). 

As can be seen from these data, P1 and P2 hardly used their windows or doors at all—they were all 0 

except 0.1 ft2-hr for P2 on Day 7 ( i.e., the air sampling day). P3 had window usage ranging from 0 to 

163 ft2-hr with 51 ft2-hr on Day 7 ( i.e., the air sampling day). For the two windows in each home with 

dataloggers monitoring the openings and closings, we compared the data logger records of window 

openings and the occupant written logs. In P1 the occupants logged 0 of 1 opening events. In P2 the 

occupants logged 0 of 3 opening events. In P3 the occupants logged 1 of 3 opening events. Thus the 

accuracy of the occupant logs does not appear to be very good. 
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Exhaust Fans and Appliances. The exhaust air flow rates and associated building guidelines and codes 

are summarized in Table 7. P1 and P2 have continuous exhaust air from the master bathroom and 

laundry room that is associated with the HRV systems in these two homes. All other bathroom and 

laundry room exhaust fans operate intermittently with a user-controlled wall switch.  

 

For the 4 bathrooms with continuous exhaust ventilation from the HRVs, all 4 exceeded the minimum 

ASHRAE 62.2-2003 guideline of 20 cubic feet per minute (cfm). 

 

For the 9 bathrooms with intermittent exhaust ventilation, 7 of the 9 failed the minimum ASHRAE 62.2-

2003 guideline of 50 cfm. 

 

For the 13 bathrooms with continuous or intermittent exhaust ventilation, 6 of the 13 failed the 

minimum California Building Code 2001 requirement of 5 air changes per hour (ach). 

 

For the 6 bathrooms with openable windows, 1of 6 failed the minimum California Building Code 2001 

requirement of an openable area equal to 5% of the floor area for bathrooms and 4% of the floor area for 

toilet rooms. The one bathroom with window openings less than the guideline also had mechanical 

exhaust systems, which were also under one or more of the recommended guidelines. 

 

For the 6 bathrooms with openable windows, all 6 met the minimum California Building Code 2001 

requirement of an openable area equal to 1.5 ft2.  

 

Overall, 7 of the 13 bathrooms either met the openable window or mechanical exhaust requirements; 

3 of 4 in P1 and P2, and 1 of 5 in P3. 

 

Table 8 summarizes the kitchen exhaust air flow rate measurements. All three pilot homes had 

intermittent kitchen exhaust fan systems that were ducted to outdoor and met the ASHRAE 62.2. 

guideline of 100 cfm. 

 

Table 9 summarizes all of the exhaust fan operation in each home for a seven-day period. Day seven is 

the 24-hour test period during which the outdoor air exchange rate and indoor air quality parameters 
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were measured. The daily operation time for each of the fans as determined from the HOBO data 

loggers and/or written occupant logs was multiplied by the measured air flow rates to produce the cfm-

hours of operation for each fan systems. Pilot homes P1 and P2 have exhaust air operations dominated 

by the continuously operating HRVs.  

 

For the other intermittent exhaust fans, averaged over the one-week monitoring period, the exhaust 

ventilation was dominated by the clothes drier exhaust ( 88%–221% of 252 cfm) in P1, by the clothes 

drier in P2 ( 75%–80% of 107 cfm), and by the kitchen (50%–48% of 97 cfm) and the master bathroom 

toilet exhaust (40%–40% of 97 cfm) in P3. 

 

Forced Air Heating/Cooling System. The return air flow rates and percent on-times for the forced air 

heating/cooling systems are summarized in Table 10. The percent on-times for the forced air 

heating/cooling systems during the one-week period of monitoring ranged from 7%–20% in P1, and 0% 

in P2, and 2%–23% in P3. We examined the indoor air temperature data for P1 and while the data logger 

indicated no operation during the week, the air temperatures suggested that there was some heating. In 

addition, the data logger appeared to be working, as it registered the operation of the forced air 

heating/cooling systems during the time that Field Team 3 operated the system to measure the system air 

flow rate. 

  

Mechanically Supplied Outdoor Air Flow Rates. Table 11 contains the measurements of the mechanical 

outdoor air ventilation rates in pilot homes P1 and P2, which both had continuously operating HRVs. In 

P2, the measured flowrates of outdoor air exceeded the recommendations of both ASHRAE 62.2. and 

the Energy Commission in P2, but in P1 the measured flow rates, while exceeding the ASHRAE 62.2. 

guideline, were below the Energy Commission guideline.  

 

Forced Air Heating/Cooling System Duct Leakage. We note that we were not able to measure the duct 

leakage in P3 as a result of the homeowners request to end the testing because of noise/disruption to a 

new baby. Table 12 contains the duct pressurization measurements of air leakage for homes P1 and P2. 

These tests were conducted with three different configurations, as discussed in the methods section. The 

standard duct leakage method of pressurizing the ducts to 25 Pa while the supply ducts are sealed 

resulted in 4.9% air leakage for both homes P1 and P2. This air leakage was reduced to 4.6% in P1 and 
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3.0% in P2, when the house was pressurized to 25 Pa with the supply air registers still sealed. This air 

leakage was further reduced to 2.5% in P1 and 0.2% in P2 when the house was pressurized to 25 Pa with 

the supply air registers unsealed.  

 

The results of the Delta-Q test method are summarized in Table 13. The supply air leakage and return air 

leakage were 61 cfm and 42 cfm, respectively, for P1, and they were 20 cfm and 43 cfm, respectively, 

for P2. We note that the estimated measurement uncertainty is ± 20 cfm for this measurement method.  

 

Table 14 summarizes the of the home indoor differential pressure with respect to outdoors with the 

forced air heating/cooling system fan on and off. In the California Energy Commission, Title 24, 2001 

Residential ACM approval Manual, if the Standard Leakage Area is less than 1.5 mechanically supplied 

outdoor air is required and the home differential air pressure with respect to outdoors must be 

maintained greater than -5 Pa with all continuous ventilation fans operating. Both P1 and P2 had 

differential pressures greater than –5 Pa. In addition there was no significant difference between 

differential pressures with the furnace fan on or off. 

 

Home Building Envelope Air Leakage Area. The building envelope leakage area measurements of the 

three homes are summarized in Table 15. We note that we were only able to measure the building air 

leakage area with depressurization in P3 as a result of the homeowners request to end the testing because 

of noise/disruption to a new baby. The ACH50 from the depressurization measurements were 4.31 ach 

in P1, 6.26 ach in P2, and 3.97 ach in P3. The specific leakage area (SLA), as defined by the California 

Energy Commission, Title 24, 2001 Residential ACM Approval Manual, with depressurization ranged 

from 2.74 in P1, 3.97 in P2, and 2.05 in P3. Thus, both P1 and P3 have SLAs less than 3.0 and greater 

than 1.5, and thus are required to have a mechanical supply of outdoor air of no less than 0.047 cfm/ft2. 

In Table 11, our calculations indicate that in P1 the measured outdoor air flow rates, while exceeding the 

ASHRAE 62.2 guideline, were below the Energy Commission guideline. There was no mechanical 

outdoor air delivery system in P3. 

 

House-to-Garage Air Leakage. The results of the zone pressure diagnostics of the garage to home 

connection are summarized in Table 16. We note that all three homes had self-closing and weather-

stripped doors to the garages. The house-to-garage leakage areas (EqLA – 10 Pa, inches2) ranged from 
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4 square inches (in2 ) in P3 to 8.5 in2 in P2 to 20 in2 in P3. There are no guidelines for garage-to-house air 

leakage areas; however, as a perhaps more meaningful metric with respect to potential contamination of 

the house air with garage air, we have calculated the percentage of the house-to-garage leakage to the 

total leakage area of the house-to-outdoor and the garage-to-outdoor. This percentage ranged from 1% in 

P1 to 2% in P2 to 3% in P3. We also measured the house-to-garage pressure with the house-to-outdoor 

air pressure held at 50 Pa. The garage pressures ranged from –049.8 Pa for P3 to –49.4 Pa for P1 to  

–49.4 Pa for P3. These house-to-garage pressures are all meet the American Lung Association (ALA) 

guideline of a minimum of –49 Pa.  

 

Tracer Gas Measurements of Home Outdoor Air Exchange Rate. The results of the tracer gas 

measurements of outdoor air exchange rates are summarized in Table 17. The locations of the PFT 

sources and samplers are depicted in Figures 9–12. The 24-hour measurements ranged from 0.26 ach in 

P3 to 0.37 (0.37 ach duplicate) ach in P1 to 0.73 ach (0.71 ach duplicate) in P2. The long-term two week 

samples resulted in 0.29 ach in P1, 0.57 ach in P2, and 0.30 (0.34 ach duplicate) in P3.  

 

These air exchange rates may be compared to the ASHRAE 62-1989 and the Energy Commission ACM 

recommendations of 0.35 air changes per hour. 

  

Tracer Gas Measurements of Garage Air Contaminants Entering the Home. The results of the 

measurement of garage source emissions entering the house are summarized in Table 18. The locations 

of the PFT sources and samplers are depicted in Figures 9–12. For the 24-hour measurement period the 

percentage of the garage sources entering the home ranged from 2.6% (1.9% duplicate) for P1 to 9.8% 

for P3 to 10.1% (11.9% duplicate) for P2. For the two-week measurement period, the percentage of the 

garage sources entering the home ranged from 4.0% for P1 to 7.2% for P2 to 11.3% (11.4% duplicate) 

for P3.  

 

Ventilation Calculations. In Table 19 we calculate the combined outdoor air exchange rate resulting 

from the natural infiltration rate and the mechanical ventilation rates and compare this calculated total 

rate to the PFT measurements of the outdoor air exchange rate. We have used to models to calculate the 

combination of the natural and mechanical outdoor air ventilation rates. The first calculation is 

according to ASHRAE 136, which calculates the total outdoor airflow rate as the square root of the sum 
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of the squares of the natural and mechanical airflow rates. The second calculation is according to the 

Palmiter/Bond 0.5 Rule, which calculates the total outdoor air flow rate as either (1) the sum of the 

balanced mechanical flowrates, the natural infiltration rate, and one-half the unbalanced mechanical 

flow rates if the unbalanced mechanical air flow rates are less than twice the natural infiltration air flow 

rates, or (2) if the unbalanced mechanical air flow rates are greater than twice the natural infiltration air 

flow rates, as the maximum of the total mechanical exhaust or total mechanical outdoor air flowrates. 

We note that neither of these models nor any other simple models can incorporate the outdoor air 

exchange rate resulting from openable windows and doors. In addition, we note that these calculations 

were performed using 24-hour averages for the exhaust and outdoor air mechanical flow rates and 

because of the non-linearities in combining mechanical air flow rates and air flow rates through the 

building envelope, a more accurate calculation is to perform the calculations using hourly averaged data. 

We note that an hourly calculation, while beyond the scope and resources of this study, could be done as 

there is hourly data available for all of the parameters. 

 

The calculated outdoor air exchange rates from the ASHRAE 136 and Palmiter/Bond, respectively, 

ranged from 0.35 ach / 0.36 ach for P1 to 0.66 ach / 0.66 ach for P2 to 0.12 ach / 0.12 ach in P3 using 

the P2 Delta-Q duct leakage data and to 0.10 ach / 0.11 ach in P3 assuming no duct leakage. 

 

These calculations of total outdoor air exchange rates for the 24-hour measurement period agree 

reasonable well with the PFT measurements for P1 and P2, which both had continuous mechanical 

outdoor air ventilation and none to little reported use of openable windows and doors. The calculated 

outdoor air exchange rate for P3, 0.10–0.12 ach, was less than half of the measured value of 0.26 ach. 

Part of this discrepancy may be the result of the use of openable windows and doors to ventilate this 

residence, as there were a total of 50.8 ft2-hrs of openings in P3.  

 

INDOOR AIR QUALITY MEASUREMENTS 

 

The locations of the indoor and outdoor air samplers are depicted in Figures 9–12. 

 




