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Abstract 

THE RELATIVE VALUE OF WEATHERIZATION: COMPARING ENERGY SAVINGS, 
MONETIZED HEALTH IMPACTS FROM CHANGES IN INDOOR AIR QUALITY, 

AND HOME IMPROVEMENT COSTS 
 

Nathan Kyle Kahre 
B.S., East Tennessee State University 
M.S., Appalachian State University 

 
Chairperson: Andrew Windham, PhD 

 

 
  

Historically, the benefit of weatherizing homes has focused on decreasing energy costs to 

homeowners, with little quantitative evaluation of other effects—in particular, indoor air quality 

(IAQ) and subsequent health effects. The purpose of this study was to examine the relative 

impact of weatherization on energy savings and potential health implications from changes in 

IAQ. Using data from a cohort (n=49) of homes undergoing weatherization across the three 

distinct climate zones in North Carolina, this study performed an analysis that included building 

characteristics, weatherization improvements, and costs, along with indoor air quality data. 

 Analysis to convert indoor air quality measurements into IAQ effects on overall health 

in the form of a disability adjusted life year (DALY), as well as the impact on asthma symptoms, 

allowed for a comparison between projected energy cost savings and cost/benefit of 

weatherization. Results show that including the economic impact of the DALY along with 

energy cost savings indicates significant financial benefit from weatherization across the study 

population, but occupant behaviors (smoking) and building characteristics (manufactured vs. site 

built homes, forced air heating, and presence of combustion appliances) need to be considered 

to maximize the benefits from weatherization. Further work is needed to show long-term 
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impacts of weatherization on home occupants and to determine which methods provide the 

maximum benefit for health and energy.  
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CHAPTER 1: INTRODUCTION 
 
 

Statement of the Problem 

 Historically, calculating the benefits of weatherizing homes has focused on decreasing 

energy costs to homeowners, with little consideration on other effects, in particular, indoor air 

quality (IAQ) and subsequent health effects. With over 750,000 homes undergoing 

weatherization between 2009-2012 in the United States (United States Department of Energy 

[USDOE], 2016a) and more than 7 million homes since the program’s inception in 1976 

(USDOE, 2016a), the implications of weatherization’s influence on IAQ are potentially far-

reaching.  In addition to needing a better understanding of the IAQ repercussions of 

weatherization, work that has been addressed in only a few studies (Doll, Davidson, & Painting, 

2016; Pigg, Cautley, Francisco, Hawkins, & Brennan, 2014), it is important to gain a sense of the 

potential economic consequences of health effects from weatherization. Monetizing both the 

energy and health impacts of weatherizing homes will provide an increased understanding of the 

overall value of weatherization.  

Purpose of the Study 

This purpose of this study was to examine the relative impact of weatherization on 

energy savings and potential health implications resulting from changes in IAQ. A previous 

study (Pigg et al., 2014) that focused on weatherization and indoor air quality collected data from 

a large number of homes to compare IAQ before and after weatherization, but provided little 

analysis into the health impacts of IAQ changes and only collected data on a limited number of 

contaminants (temperature, relative humidity, CO, HCHO, and radon). This study performed an 
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analysis that included building characteristics and weatherization improvements, along with an 

expanded set of indoor air quality data.  

Research Questions  

1. What is the relative value of weatherization when monetized health impacts resulting from 

changes in IAQ are compared with energy savings and cost of weatherization?  

2. Do homes with similar cost/benefit results have shared characteristics? 

Limitations of the Study 

Making use of an existing dataset, this study was limited by three major factors from the 

original study: the scope, the population size, and the study location. The scope of the original 

study focused on changes in IAQ in homes that were eligible for weatherization assistance 

programs. This limited the homes studied to low-income housing, and provided a standard for 

weatherization that may not be representative of privately-funded energy retrofits. In addition, 

no energy bills were available to assess energy and cost savings. Therefore, for this research, 

different aspects of energy savings were determined through representations and estimates using 

weatherization information, building characteristics, air leakage, and ventilation rates. The 

original study enrolled 92 homes resulting in matched pre- and post-weatherization data sets 

from 69 homes, 10 homes with incomplete matched information, and 13 control homes that 

underwent no change. The study was conducted in North Carolina’s mountain, Piedmont, and 

coastal regions, each of which has different climates and demographics. Although these 

limitations affect the generalizability of this study’s findings, making use of this established 

dataset provided extensive field measurements that could be analyzed using a new 

methodological approach.  
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Significance of the Study 

 This study is the first to apply previous analysis methods for quantifying the effects of 

IAQ to a set of data collected in the field. In the studies where these methods were pioneered 

(Logue, Price, Sherman, & Singer, 2012; Fabian, Adamkiewicz, Stout, Sandel, & Levy, 2014) only 

data from computer modeling was used. Therefore, the findings from this study provide 

empirical support for the effects of weatherization on IAQ to those who have an interest in 

looking more broadly at the financial impacts that might be realized from weatherization efforts.  
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CHAPTER 2: REVIEW OF LITERATURE 
 
 Within the existing literature, there is a poorly understood connection between energy 

efficiency measures and their effect on indoor air quality, and subsequently on the health of 

occupants. In this review, building energy usage and the motivation for weatherization, especially 

within low-income populations, are explained, and an overview of the Weatherization Assistance 

Program is provided. This is followed by a description of the energy impacts of weatherization, 

potential indoor air quality effects, and what is known about the resulting effect on health of the 

occupants. 

Buildings, Energy Use, and Climate Change 

 The combined energy used in commercial and residential buildings makes up 

approximately 41% of the entire United States (U.S.) energy consumption (United States Energy 

Information Administration [USEIA], 2015). This makes improving efficiency of the existing 

building stock a large target for reducing energy use and reaching climate change mitigation 

goals. While new buildings are increasing in both size and number of appliances, they are using 

less energy per square feet than older buildings. The United States Energy Information 

Administration (USEIA) shows in their 2009 Residential Energy Consumption Survey (RECS) 

that homes built from 2000-09 increased in size by 30% but, on average, only increased in 

energy consumption by 2%. These homes only accounted for 14% of all occupied housing units, 

leaving the remaining older housing stock with higher energy consumption per square foot 

(USEIA, 2013). This same trend holds true for commercial buildings as well. According to the 

USEIA’s 2012 Commercial Buildings Energy Consumption Survey (CBECS) total energy 

consumption per square foot decreased by 13.75% from 2003 to 2012 (USEIA, 2016a).  
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Climate Change and Buildings 

 During 2015, residential and commercial buildings contributed 1,947 million metric tons 

of CO2, approximately 37% of the United States’ 5,259 million metric tons of CO2 emissions 

(USEIA, 2016b). Increasing both existing and new buildings’ energy efficiency to reduce CO2 

emissions is necessary to meet carbon reduction goals to mitigate climate change effects. The 

United Nations Environment Programme Sustainable Building and Climate Initiative states, 

“The building sector has the most potential for delivering significant and cost-effective GHG 

[greenhouse gas] emission reductions” (United Nations Environment Programme [UNEP], 

2009, p. 4). With this in mind, innovative methods for reducing energy consumption should be a 

major goal. 

 Buildings not only contribute significantly to CO2 emissions causing climate change but 

are also increasingly vulnerable to many climate change effects including hydrological changes, 

extreme weather events, temperature shifts, and sea level rise. The U.S. Department of Housing 

and Urban Development (HUD) has further broken down these effects into more specific 

primary impacts (2014), as shown in Table 1. 

 Climate-related changes that may impact buildings include extreme winter storms and 

heat waves that influence energy consumption, water-related consequences that contribute to 

increased mold in homes, and droughts and wildfires that increase airborne contaminants and 

negatively affect IAQ and occupant health (United States Department of Housing and Urban 

Development [HUD], 2012).  These effects of climate change will lead to increased stress on 

building structures and systems and will result in a need to adapt in ways that will not increase 

energy consumption and CO2 emissions.  
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Table 1. Climate Change and Types of Impacts 
Climate Change Effects Primary Impacts 

Hydrological/Precipitation 

Changes 

● Amount, Intensity, and Seasonality of Precipitation 
● Stream Flows and Lake Levels 
● Storm water Runoff 

Extreme Weather Events ● Tropical Storms/Cyclones 
● Floods 
● Droughts 
● Wildfires 
● Landslides 
● Tsunami 
● Winter Storms  

Temperature Shifts ● Heat Waves  
● Water Temperature 
● Snowpack 
● Permafrost Melt 

Sea Level Rise ● Costal Erosion 
● Coastal Inundation 
● Storm and Tidal Surge 

 

Residential Energy Usage in the U.S. 

 In 2013 the U.S. residential energy market consumed approximately 21.1 quadrillion 

Btu’s of combined energy in 114.3 million homes, leading to a combined output of 1,036 million 

metric tons of CO2. The residential energy market accounts for approximately 53% of total 

building-related CO2 output and 22 % of the 97.1 quadrillion Btus consumed by the US 

residential energy market (USEIA, 2015). Fortunately, these numbers have been consistently 

falling from a peak of 1,185 million metric tons in 2000 (USEIA, 2016b). Table 2 shows the 

amount of primary source energy used for various building functions.  
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 The 8.33 quadrillion Btu of energy used for space conditioning accounts for 

approximately 39.5% of the entire residential energy market and is a primary focus for 

weatherization methods to reduce both energy costs and CO2 emissions. 

Table 2. Residential Energy Consumption by End Use for 2013 
  Quadrillion Btu Percent of Total 

Space Conditioning 8.33 39.5% 
    Space heating 5.88 27.9% 
    Space cooling 2.05 9.7% 

Furnace fans and boiler circulation 
pumps 

0.4 1.9% 

Water heating 2.68 12.7% 
Appliances 4.35 20.6% 
    Refrigeration 1.12 5.3% 
    Cooking 0.56 2.7% 
    Clothes dryers 0.67 3.2% 
    Freezers 0.24 1.1% 
    Clothes washers 0.09 0.4% 
    Dishwashers 0.29 1.4% 
    Televisions and related equipment 1.01 4.8% 
    Computers and related equipment 0.37 1.8% 
Lighting 1.8 8.5% 
Miscellaneous 3.95 18.7% 

Total 21.1 100.0% 
 

 The USEIA Annual Energy Outlook 2015 with Projections to 2040 (AEO2015), indicates a 

less than 0.001% increase in residential consumption over the next 25 years. The AEO2015 also 

projects a 0.8% increase in total number of households, as well as increases in end-user energy 

costs of 0.5%, 0.7%, 1.6%, and 0.6% growth per year (in 2013 dollars) for propane, distillate 

fuel, natural gas, and electricity, respectively (USEIA, 2015). These projections indicate that 

despite increases in overall energy efficiency there will still be an increase in residential energy 

costs across the United States.  

Energy Usage in Low-Income Homes 

 It has long been known that low-income homes have a higher energy cost burden for 

homeowners than those of non-low-income homes. This leads to increased economic hardship 
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and puts families at a higher risk for increased stress, thermal discomfort, and respiratory 

diseases (Drehobl & Ross, 2016). The energy burden, or the percentage of income spent on 

energy utility spending, is significantly higher for low-income households in the United States 

even with established programs such as the Weatherization Assistance Program (WAP) and the 

Low-Income Home Energy Assistance Program (LIHEAP). Even with the benefits of these 

programs, the median energy burden for low-income households is 7.2% of annual income, 

while non-low-income households have a much lower energy burden of 2.3% (Drehobl & Ross, 

2016). Confirmed by the 2009 RECS data shown in Table 3, as income decreases both energy 

consumption and expenditure per square foot increase (USEIA, 2013).  

 
TABLE 3. Annual Household Income vs. Energy Consumption and Expenditures 
2009 Annual Household 
Income 

Energy Consumption Per 
Square Foot (thousand 

Btu) 

Energy Expenditures per 
Square Foot (Dollars) 

Less than $20,000 54.3 $ 1.21 
$20,000 to $39,999 49.0 $ 1.09 
$40,000 to $59,000 44.6 $ 1.01 
$60,000 to $79,999 44.1 $ 1.00 
$80,000 to $99,999 42.5 $ 0.96 
$100,000 to $119,999 39.8 $ 0.90 
$120,000 or More 40.6 $ 0.94 

 

 All homes in the dataset used for this study qualified for the WAP, which focuses 

entirely on low-income homes and the specific challenges faced by these households. 

Weatherization Overview 

 Weatherization assistance programs focus on reducing energy costs for low-income 

households by upgrading residential homes with cost-effective energy efficiency measures. The 

WAP, run by the U.S. Department of Energy (USDOE), is the largest residential energy 

efficiency program in the nation and has weatherized more than 7 million households since its 

inception in 1976. This program is unique because unlike many energy efficiency programs, the 
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WAP also addresses the overall health and safety of the clients (United States Department of 

Energy [USDOE], 2016a). By law the purpose of the WAP is to:  

Increase the energy efficiency of dwellings owned or occupied by low-income persons or 

to provide such person’s renewable energy systems or technologies, reduce their total 

residential expenditures, and improve their health and safety, especially low-income 

persons who are particularly vulnerable such as the elderly, persons with disabilities, 

families with children, high residential energy users, and households with high energy 

burden. (Weatherization Assistance for Low Income Persons, 2006, para. 1) 

 

 All homes in the HUD grant data set underwent weatherization based on guidelines 

established by the WAP, and that were used in this study when referring to weatherization 

strategies. It is important to note that weatherization and energy retrofitting are not limited to 

services offered by the WAP; they are also performed by homeowners, contractors, energy 

auditors, and utilities for a wide variety of income brackets. 

Funding Sources for Weatherization 

 The WAP receives funding through an annual appropriation from Congress. The WAP 

then allocates this money to the states through a base and formula allocation program. Each 

state gets an equal portion of a base allocation of $171,858,000 and the rest of the allocation is 

distributed based on a formula that factors in low-income population, climatic conditions,  

residential energy expenditure by low-income households in each state, and available funds from 

the appropriation. At the state level funds are then allocated to sub-grantees, of which there are 

over 900 nationwide. These sub-grantees are the local agencies that perform and oversee the 

work. For Program Year (PY) 2016, the total WAP allocation resulted in $213,814,000 

distributed across the 50 states, District of Columbia, territories, and several Native American 
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tribes. Since 1977, over 7.2 billion dollars has been allocated by the USDOE for weatherization 

funding (USDOE, 2016c). Typically, this funding is leveraged for additional funding at either the 

grantee or the sub-grantee level. During PY 2008 the approximately $236 million allocated from 

the USDOE was leveraged to obtain an additional $614 million for low-income weatherization. 

This supplemental funding comes from a variety of sources including LIHEAP, State Benefits 

and Program, Utilities, and Petroleum Violation Escrow (PVE) funds (Tonn et al., 2015a).  

During PY 2008 and PY 2010 this led to an average spending of $4,695 and $6,812 per unit, 

respectively (USDOE, 2015). 

Guidelines for Weatherization 

Guidelines for the WAP are set under Code of Federal Regulation Title 10 Part 440- 

Weatherization Assistance for Low-Income Persons. This sets guidelines for allocation of funds, 

selection of sub grantees, eligibility of clients and dwellings, oversight, training, technical 

assistance, standards for weatherization materials, and energy audit procedures. Under these 

guidelines, there are very specific regulations for energy audit procedures including when full 

energy audits will be performed, when the use of a priority list is acceptable, assigning priorities 

for weatherization measures, and how states can approve their energy audit procedures 

(Weatherization Assistance for Low-Income Persons, 2006). These guidelines are very specific 

about two key areas. First, the energy audit must prioritize weatherization materials based on 

cost effectiveness and second, the dwelling must be viewed as a whole system and all aspects of 

the unit must be examined.  

Initiated in October 2014, the Quality Work Plan (QWP) defines quality requirements 

for the implementing of weatherization programs in five key areas: 

1. Definition of Work Quality, Guidelines, and Standards  

2. Communication of Guidelines and Standards 
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3. Inspection and Monitoring of Work Using Guidelines and Standards 

4. Training to Implement and Maintain Guidelines and Standards 

5. Exemptions 

 With these guidelines, the Grantees should be able to effectively provide guidance and 

oversight to sub-grantee organizations (USDOE, 2014).  

 Under this new guidance, the North Carolina Department of Environmental Quality 

(NCDEQ) developed the North Carolina Weatherization Installation Standard Work Specifications to 

clearly state all required work methods and standards under the North Carolina Weatherization 

Assistance Program (NCWAP, 2012). Within North Carolina, NCWAP has designated the use 

of two specific tools to ensure quality and consistent reporting of auditing, work done, and 

inspection of the weatherization work. The Residential Energy Assessment Tool (REAT) 

provides clear instructions for performing and recording all information in an initial energy 

audit, and the Final Inspection Report Certification provides instructions for performing and 

recording all information from an inspection of weatherization work (North Carolina 

Department of Environmental Quality [NCDEQ], 2016). Both forms are available for reference 

in Appendix A, with data relevant to this study indicated by highlighting.   

 Along with these WAP specific guidelines, organizations like the National Association 

for State Community Services Programs (NASCSP) and the National Community Action 

Foundation act as organizing forces to provide direction, tools, training, and best practices to 

individual organizations performing weatherization services. This is accomplished through the 

Weatherization Assistance Program Technical Assistance Center (WAPTAC), which not only 

provides information from building performance experts and the DOE, but also provides a 

place for community-building among weatherization organizations.  
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Demographics of Weatherized Households  

 The prescriptive guidelines set in place by the USDOE to determine who is eligible to 

receive free weatherization limit the demographics of households weatherized under the WAP. 

Under these guidelines, households receiving Supplemental Security Income or Aid to Families 

with Dependent Children are automatically eligible, but the primary factor for eligibility is 

whether the family is at or below 200% of the poverty level (USDOE, 2016b). During an 

evaluation of the WAP by Oak Ridge National Lab, a baseline occupant survey was administered 

to a representative group of clients serviced by the program in order to gain a better 

understanding of qualifying recipients. In this survey, interviews took place with a group of 

1,468 clients who received WAP services during 2010-2011 (Carroll, Berger, Miller, & Driscoll, 

2015). Survey results shown in Table 4 highlight the differences in demographics between WAP 

clients and the general population from the 2010 U.S. Census (U.S. Census Bureau, 2011). Cells 

in green exceed the Census statistics, while cells in red fall below Census data by more than +/- 

1%.  
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Table 4. WAP and General Population Demographics 

Demographics WAP Clients Census 
PY 2010 PY 2011 2010 

Household Size 
1 household member 41% 38% 26.7% 
2 household members 29% 28% 32.8% 
3 household members 12% 12% 16.1% 
4 household members 9% 10% 13.4% 
5 or more household members 10% 12% 11% 
Percent of Households with an Elderly Person 
60 years and older 55% 47% NA 
65 years and older NA NA 13% 
75 years and older 21% 19% NA 
Percent of Households with a Child 
18 years and under 30% 36% 24% 
5 years and under 11% 17% 6.5% 
Head of Household’s Education Level 
No School 6% 6% 10.2% Some School 14% 14% 
High School Diploma or GED 40% 39% 27% 
Some College 22% 22% 32% Associate’s Degree 8% 11% 
Bachelor’s Degree 7% 7% 19.8% 
Advanced Degree 2% 2% 11% 
Head of Households’ Race/Ethnicity 
White, Non-Hispanic 74% 73% 72.4% 
Black, Non-Hispanic 16% 15% 12.6% 
Hispanic 6% 8% 16.3% 
Native American 2% 1% .9% 
Hawaiian & Pacific Islander 0% <1% <1% 
Asian 1% <1% 4.8% 
Other/More than one 2% 2% 2.9% 
Primary Wage Earner’s Employment Status 
Employed Full-Time 24% 24% 56.5% 
Employed Part-Time/Other 8% 11% 18% 
Unemployed 5% 7% 

25.5% 
Homemaker 2% 2% 
Student 1% 2% 
Retired 36% 30% 
Unable to Work 24% 25% 

 
 These data reveal that while the WAP client population is in general a diverse population 

there are significant differences between the client population and the general 2010 Census 

population. WAP clients are more likely to include: 
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● One-person households, and generally trend toward smaller households.  

● Households with a child or elderly person (both are considered vulnerable populations). 

● Significantly underemployed primary wage earners (33% retired, 24% unable to work, 10%-

part time). 

● Fewer Heads of Household with post-secondary education.  

● Fewer Asians and Hispanics. 

 The above information is important in determining what is going to be most impactful 

to those undergoing weatherization through the WAP, and can help inform how energy cost 

savings and potential health implications will influence their lives.  

Common Measures Used in Weatherization 

 Under the WAP, common measures that are implemented to increase efficiency and 

reduce energy consumption include air sealing; added insulation; energy efficient windows, 

HVAC components, and appliances; and household safety devices. Evaluation of weatherization 

measures by Oak Ridge National Laboratory during the PY 2010 (Tonn, Rose, & Hawkins, 

2015b) documented how often weatherization measures were performed in homes. Table 5 

shows the percentage of homes receiving each measure for Single Family and Mobile Homes. 

 From this analysis we can see that predominant weatherization methods performed 

relate to envelope improvements through air sealing, insulation, windows, and doors. These 

methods are followed by more expensive or complex measures such as improvement of duct 

sealing, appliances, water heaters, and finally HVAC equipment. It is worth noting that a greater 

percentage of mobile homes received floor insulation and duct sealing than did other types of 

homes. 
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Table 5. Percent of Homes Receiving Weatherization Measures PY 2010 
Weatherization measure Single Family Mobile Home 
Air Sealing   

Any Bypass Sealing or Caulking 89% 90% 
Bypass Sealing w/ Blower Door 87% 87% 

Insulations – Attics    
% Installed (All Types) 65% 23% 

Insulations – Walls    
% Installed (All Types) 24% 3% 

Insulation – Other    
% Floor Insulation 18% 43% 

%Rim/Band Joist Insulation 18% 1% 
Energy Efficiency – Windows    

Any Window Measure 18% 26% 
Energy Efficiency – Heating 
Equipment 

  

New Heating System 30% 32% 
Energy Efficiency – Heating Ducts   

Duct Sealing 36% 53% 
Duct Insulation 11% 14% 

Energy Efficiency –Water Heating 
Equipment 

  

New Water Heater 14% 14% 
Energy Efficiency – Ventilation   

Whole House, Kitchen, Bath Fan 21% 20% 
Energy Efficiency – Air Conditioning   

New Air Conditioner 7% 10% 
Other Measures   

Refrigerator 19% 23% 
Smoke Alarm 50% 57% 
CO Monitor 63% 58% 

Setback Thermostat 16% 16% 
 

 Although the main goal of weatherization it to improve energy efficiency, several health 

and safety methods are included to help ensure household well-being. These measures most 

frequently include the addition of CO monitors and smoke alarms, which have minimal impact 

on energy or IAQ, but can also include dryer venting, attic ventilation, and ground vapor 

barriers (Bensch, Keene, Cowan, & Koski, 2014). During PY 2010, over 50% of all homes 

received both a fire alarm and a CO monitor (Tonn et al., 2015b). 
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Energy Impacts of Weatherization 

 The main purpose of weatherization is to save energy, so it is important that energy 

savings and effectiveness of methods used are properly measured. Understanding how large 

populations of weatherized homes have performed based on building characteristics, climate, 

and weatherization methods can lead to better predictions and modeling for future projects.  

Typical Energy Savings from Weatherization 

 As part of the larger evaluation of the WAP, an impact evaluation of energy effects for 

single-family site-built homes, mobile homes, and multi-family homes was performed during the 

PY 2008 and PY 2010. The energy impact evaluation utilized pre- and post- weatherization 

energy bill data to get an accurate measure of savings achieved by weatherization. Energy bills 

from a comparison group that underwent no treatment were used as a control for other factors 

that could also affect energy consumption, such as weather changes.  This evaluation classified 

energy savings by main source of energy for heating, number of weatherization methods 

performed, types and combinations of methods performed, cost of methods, and climate zones 

where homes were located. Detailed tables of energy savings for each of these categories are 

available in Appendix B. Overall savings for building type (Mobile Home vs. Site Built) and main 

energy source are summarized in Table 6 (Blasnik, Dalhoff, Carroll, & Ucar, 2014a; Blasnik, 

Balhoff, Pigg, Mendyk, Carroll, & Ucar, 2014b; Blasnik, Dalhoff, Carroll, Ucar, & Bausch, 

2015a; Blasnik, Dalhoff, Carroll, Ucar, Bausch, & Johnson, 2015b). The data reveal significant 

savings for both mobile homes and single-family homes, with approximately 40% and 10% 

more savings realized in the single-family homes for gas and electric heat, respectively. Note that 

these values reflect total energy savings and are not normalized for volume. 
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Table 6. PY 2008/PY 2010 Energy Savings for Mobile and Site Built Homes 

Group 
Gas Heated Homes 

Net Savings (therms/year) 
Electric Heated Homes 
Net Savings (kWh/year) 

Mobile Homes 97 (±13)/ 89 (±11) 1,547 (± 510)/ 1,692 (±330) 
Site Built Homes 181 (±13)/ 147 (±9) 1,804 (±458)/ 1,841 (±270) 

 
 

 Another representation of the data from these reports comparing total annual energy 

costs and savings for PY 2008 and PY 2010 is shown in Table 7. Although the annual savings 

values may appear small, they reduce overall energy costs to by 8-12%. 

 

Table 7. PY 2008/PY 2010 Annual Energy Costs and Savings 

Group 
Annual Energy Costs (2008 
& 2010 dollars respectively) 

Annual Savings 
(First Year) 

% Savings 

Mobile Homes $2,042/$1,926 $167/$190 8.2%/9.8% 
Site Built Homes  $2,279/$1,863 $283/$223 12.4%/12% 

 

 Table 8 shows that the cost of energy comprised 17-18% and 12-13% of household 

income in 2008 and 2010, respectively. Reduction in the energy burden after weatherization was 

1.3-2%. Take note that these calculated energy burdens do not show any energy bill assistance 

through LIHEAP or other similar programs, and would likely be significantly lower.  

 

Table 8. PY 2008/PY 2010 Reduction in Household Energy Burden 

Group Median Income Initial Energy 
Burden 

Energy Burden 
After Savings 

% Reduction 

Mobile Homes $11,472/$14,712 17.8%/13.1% 16.3%/11.8% 1.5%/1.3% 
Site Built Homes  $13,223/$15,607 17%/11.9% 15%/10.5% 2%/1.4% 

 

Weatherization Average Cost and Cost Effectiveness 

 Under the WAP National Evaluations for PY 2008 and PY 2010, one of the biggest 

questions being addressed was how effective the program was at systematically reducing 
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household energy consumption in a way that made best use of the allocated money.  In PY 2008 

and PY 2010 an average of $4,695 and $6,812, respectively, was spent on homes, with only 62% 

and 52%, respectively, spent on energy-related measures (USDOE, 2015).  

 Each type of home had different levels of energy savings and cost-effectiveness. From 

the PY 2008 and PY 2010 Evaluations data shown in Table 9 we can see how the different 

building types have different levels of cost effectiveness and potential return on investment 

(Blasnik et al., 2014a; Blasnik et al., 2014b; Blasnik et al., 2015a; Blasnik et al., 2015b).  A 

Savings/Investment Ratio (SIR) value greater than 1.0 indicates that the energy savings were 

higher than the cost of the energy-related weatherization measures.   

 

Table 9. PY 2008/ PY 2010 Energy Cost Savings and Cost-effectiveness in 2008 and 2010 Dollars  

Group 
Energy Cost Savings 

(Present Value of 
Lifetime Savings)  

Energy 
Measure 

Costs 

Net 
Benefits 

Savings/ 
Investment 

Ratio 

SIR 90% 
c.i. 

Mobile 
Homes 

$2,419/$2,290 $2,721/$3,538 -$302/      
-$989 

0.89/0.72 0.73-1.11/ 
0.61-0.87 

Site Built 
Homes 

$4,196/$3,803 $2,846/$3,777 $1,350/ 
$25 

1.47/1.01 1.19-1.89/ 
0.75-1.36 

 

 The evaluation shows significantly higher SIR in Site Built Homes compared to Mobile 

Homes due to the higher energy savings in Site Built Homes. These SIR calculations do not 

consider other non-energy benefits, which are discussed in the next section. 

Indoor Air Quality Considerations 

 Even though saving energy has many benefits, it is important to understand the effects 

of weatherization on IAQ in order to protect the health of building occupants.  
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Building Changes and IAQ Contaminants 

 Making changes in the building envelope and systems during weatherization will not only 

affect energy consumption but may also impact IAQ. If done properly, weatherization and 

retrofits can have a positive impact on IAQ by causing reductions in common contaminants 

(Frey, Destaillats, Cohn, Ahrentzen, & Fraser, 2015). However, improper tightening of the 

envelope to reduce air leakage can have unintended consequences such as increased humidity 

within the building, leading to an increase in mold (Schenck, Ahmed, Bracker, & DeBernardo, 

2010) and increased indoor contaminant concentrations. Different contaminants are affected by 

different changes in the indoor conditions that can come about from weatherization. Properly 

understanding how changes made during weatherization can affect IAQ is vital to continuing to 

increase energy efficiency while at the same time preventing negative health impacts.  

 Formaldehyde (HCHO) is a colorless gas commonly found in building materials, 

consumer products, and tobacco smoke. Indoor concentrations have been shown to have a 

slightly negative linear relationship with air change rate, and a slightly positive linear relationship 

with temperature and relative humidity (Salthammer, Fuhrmann, Kaufhold, Meyer, & Schwarz, 

1995). Formaldehyde concentrations decrease over time at different rates, depending on the 

materials, but elevated temperature increases emission rates (Zhang, Lou, Wang, Qian, & Zhao, 

2007).  To reduce the risk of increased formaldehyde in the air, proper weatherization should 

avoid trapping moisture, provide adequate air changes, and prevent large temperature increases 

in warm climates. 

 Particulate matter (PM) is emitted from a variety of outdoor and indoor sources, 

including energy production, internal combustion engines, smoking, cooking, candles, and 

vacuuming. PM has been linked to adverse health effects including increases in lung cancer, 

heart disease, and asthma exacerbation (Fisk, Faulkner, Palonen, & Seppanen, 2002). PM size 
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ranges from less than 0.1 µm in diameter to larger than 10 µm and is generally monitored by 

measuring PM2.5, meaning particles 2.5 µm or smaller, and PM10, particles 10 µm or smaller.  

Smaller particles remain suspended in the air for longer periods of time and lead to more 

negative health effects by entering farther into the lungs due to their small size. Air sealing will 

reduce the infiltration of outdoor particles into the home but can also lead to trapping of 

particles generated from indoor sources. Depending on the envelope tightness after 

weatherization, additional ventilation may be needed to help reduce the PM load. High capture 

efficiency vacuum filters, such as HEPA, can also help prevent PM accumulation and 

recirculation of particulates (Seppänen & Fisk, 2004). 

 Volatile Organic Compounds (VOCs) have a low boiling point and are emitted by 

almost all buildings products, except non-organic materials such as fiberglass, metal, and glass. 

Many of the products associated with air sealing (e.g. caulk, spray foam, and mastic) have large 

concentrations of VOCs within their formulas. Although they play a role in IAQ and have been 

linked to several different health disorders, there is not a straightforward health association due 

to the many different chemicals included under the VOC nomenclature. In-home measurements 

have shown that VOC levels can continue to increase for up to 60 days after major renovations, 

depending on the type and number of products used. Emissions from new materials can be 

reduced to baseline levels within 14 days by installing increased ventilation (Herbarth & Matysik, 

2010). Understanding VOC sources and their residual effects can help reduce the impact of 

VOCs on IAQ after weatherization is completed.  

 Nitrogen Dioxide (NO2) is a byproduct of combustion. There is solid evidence of 

negative health effects, such as lung and mucosal membrane inflammation, from occupant 

exposure (Seppänen & Fisk, 2004). Indoor sources include gas cooking and heating appliances, 

and special care must be taken to properly vent combustion gases through range hoods and 
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flues. Improper sizing or installation of exhaust ventilation may cause under-pressurization of 

the home, which could cause back drafting of flue gases into occupied spaces (Seppänen & Fisk, 

2004). Therefore, if exhaust fans are added during weatherization it is important to understand 

the dynamics of building ventilation. 

Indoor Air Quality Guidelines 

 The only officially regulated indoor contaminant in the United States is radon (United 

States Environmental Protection Agency [USEPA], 1992). Multiple agencies and organizations 

provide air quality guidelines for other common contaminants. This leads to a patchwork of 

indoor and ambient air quality guidelines that are difficult to interpret and to enforce. Table 10 

shows common indoor air quality contaminants and conditions, along with concentrations 

considered acceptable for occupant comfort and health.  

Table 10. Guidelines for Acceptable Indoor Air Quality 

Variable Acceptable 
Level Conditions Reference 

Carbon Dioxide 1000 ppm Indicator for human bio effluents, 5000ppm 
can pose a health risk (ASHRAE, 2010a) 

Carbon Monoxide 9 ppm Maximum indoor concentration, or 2ppm 
above outdoor ambient (USGBC, 2013) 

Temperature 67-82o F  Acceptable indoor temperature range (ASHRAE, 2010b) 

Relative Humidity 65% 
Maximum indoor humidity reduces 
likelihood of conditions that can lead to 
mold growth. 

(ASHRAE, 2010b) 

PM2.5 15 μg/m3    Maximum indoor concentration (USGBC, 2013) 

 35 μg/m3    Ambient 24-hour average, 98th percentile, 
averaged over 3 years  (NAAQS, 2000) 

PM10 50 μg/m3    Maximum indoor concentration (USGBC, 2013) 

 150 μg/m3   Ambient 24-hour average, not to be 
exceeded more than once per year  (NAAQS, 2000) 

Radon 4 pCi/L Indoor action level, 2 pCi/L may warrant 
investigation (USEPA, 1992) 

Formaldehyde 27 ppb Maximum indoor concentration, sometimes 
used with average data (USGBC, 2013) 

Nitrogen Dioxide  21 ppb Annual indoor average (0.04 mg/m3) (WHO, 2010)  
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Weatherization and Indoor Air Quality 

 Low-income homes that undergo weatherization are typically more likely to contain 

environmental hazards including mold, combustion by-products, second-hand smoke, and 

inadequate ventilation—all of which may lead to an increased risk for poor health (Adamkiewicz 

et al., 2014). Extra precautions must be taken to prevent and eliminate hazards in these homes 

undergoing weatherization.  

 Under the nationwide WAP evaluation, a study within a subset of all homes weatherized 

investigated whether weatherization was causing changes in IAQ that could have health 

consequences (Pigg et al., 2014). This study analyzed indoor carbon monoxide, radon, 

formaldehyde, temperature, and relative humidity before and after weatherization in 514 single-

family homes. Results from this study showed that: 

● CO levels rarely exceeded 5 ppm regularly in weatherized homes. 

● Radon levels were slightly increased, with an average increase of 0.4 ± .02 p Ci/L 

and with the greatest increases in homes with already higher radon levels.  

● Formaldehyde increased a net 1.6 ± 1.1 ppb nationwide and correlated with indoor 

humidity levels. 

● There was a small increase in relative humidity, with a 1.1 ± 0.6% increase in 

wintertime relative humidity.  

This snapshot of IAQ in pre- and post-weatherized homes showed that overall the WAP 

program is causing little to no harm but has a small likelihood of worsening IAQ (Pigg et al., 

2014).  

 An additional study performed in 54 homes throughout North Carolina under the 

Healthy Homes program of HUD showed similar results (Doll et al., 2016).  Collected data for 
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nine contaminants (CO2, CO, NO2, Temperature, Relative Humidity, Formaldehyde, PM2.5, 

PM10, and Radon) pre- and post-weatherization revealed: 

● CO2 was lower or had no significant change in most homes. 

● CO showed no change in all homes except two, which had an average increase of 2.2 

ppm.  

● All homes experienced minimal change in NO2 except three homes with faulty 

combustion appliances. 

● Of all the homes, 20 experienced higher temperatures during the winter heating 

season, showing the possibility of increased thermal comfort.  

● Relative humidity remained split, with 20 homes showing a decrease post 

weatherization and 22 homes showing an increase, but the overall average showed 

no difference.  

● Formaldehyde increased in 13 of the homes, of which eight were in higher-humidity 

cooling season homes. This follows the well-studied correlation between increasing 

formaldehyde levels as relative humidity increases. 

● Particulate matter results were mixed, with reductions in PM2.5 and PM10 throughout 

all non-smoking homes but increases in PM2.5 in homes with smokers and PM10 in 

homes with pets.  

● Radon concentrations were all below acceptable levels. 

 While the results of this study are similar to those of the larger WAP National 

Evaluation showing that weatherization has minimal to no harm to home occupants, the study 

also concluded that homes are not meeting indoor contaminant guidelines, as shown in Figures 

1 and 2, and that more work should be done to improve IAQ within homes (Doll et al., 2016). 

Within the population homes there was poor compliance with Formaldehyde (HCHO) and even 
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worse compliance with PM. With known health effects from these contaminants, they are prime 

targets for improving IAQ and health among these homes.  

 
Figure 1.  IAQ compliance - average value criteria (CO2, Radon, NO2, Formaldehyde) (Doll et 
al., 2016). 
 

Figure 2. IAQ compliance - different average & maximum value criteria (PM2.5, PM10) (Doll et al., 
2016). 
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Health Impacts of Weatherization 

 Although the effects of individual interventions on health have not been well studied, 

numerous studies have shown a link between weatherization and health (Shrubsole, Macmillan, 

Davies, & May, 2014; Breysse, Dixon, Jacobs, Lopez, & Weber, 2015). A number of other 

studies have shown how different indoor contaminants such as lead exposure, thermal stress, 

and noise pollution affect health, including psychological stress (O’Connor et al., 2008; Schenck 

et al., 2010; Tonn & Rose, 2014). 

Effects of Indoor Air Quality on Inhabitants’ Health  

As discussed previously, each of the individual contaminants have specific health 

ramifications. Research on health effects of airborne contaminants has been shifting from 

ambient air to indoor air to account for the majority of time spent inside buildings. As explained 

by Zummo and Karol (1996), Table 11 shows this shifting emphasis.  

 

Table 11. Shifting Emphasis in Air Pollution Research 
From → To 

Ambient air and occupation exposures → Indoor air 

Cancer effects → Non-cancer effects 

High levels of single pollutants → Multiple lower level pollutants 

Healthy and non-clinically exposed 
individuals → 

Protection of the general public from disease 
and attempt to protect sensitive individuals 

  
 

 Weatherization has been effective at reducing the infiltration of outdoor produced air 

contaminants and may lead to an increase in overall indoor contaminants unless proper 

ventilation is in place (Shrubsole et al., 2014). A variety of studies have shown self-reported 
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increases in general well-being and decreases in exposure to environmental tobacco smoke 

following green renovations of public housing (Breysse et al., 2015; Szanton et al., 2011), but 

there are fewer studies showing direct connections to general health benefits.   

Indoor Air Quality, Lung Function, and Asthma 

 Asthma is one of the most common pediatric illnesses and the most frequent cause of 

hospitalization during childhood (Merrill & Elixhauser, 2005). Asthma sufferers are often 

negatively impacted by both indoor and outdoor air pollution. Several studies have considered 

the impacts of lung function, specifically FEV1%, as it relates to air pollution levels (Connor et 

al., 2008; Akinbami, Lynch, Parker, & Woodruff, 2010). Several specific air pollutants have 

shown a negative impact on lung function, as shown in Table 12 (Connor et al., 2008).  

 
Table 12. Change in FEV1% Compared to Pollutant Change 

Pollutant 10th to 90th Percentile Change Change in FEV1% 

O3 26.7 ppb -.55 

PM2.5 13.2 µg/m3 -1.47 

NO2 20.4 ppb -1.36 

SO2 12.4 ppb -1.60 

CO 872.1 ppb -.56 

 
 

 FEV1% is the Forced Expiratory Volume for 1 second expressed as a percentage of the 

total predicted FEV1 for the patient. This value, obtained through a spirometry test, is useful in 

identifying reduced lung function and predicting future symptoms from the reduced function 

(Walter, 1989). Several studies have used FEV1% as a tool to measure asthma severity and to 

predict asthma symptoms (Fuhlbrigge et al., 2006; Pearlman et al., 1992; Pearlman et al., 1999) 
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The relationship between asthma symptoms and FEV1% is a good predictor of asthma 

symptom days and asthma-related events, as shown in Figures 3 and 4 (Fuhlbrigge et al., 2006). 

 
Figure 3. Association between FEV1% and asthma symptoms: number of EFS during a 4-month 
period (Fuhlbrigge et al., 2006, Figure 1). 
 
 

 
Figure 4. Association between FEV1% and serious asthma exacerbation. Proportion of children 
within each FEV1% who reported a serious asthma exacerbation during a 4-month period 
(Fuhlbrigge et al., 2006, Figure 3). 
  
 Both of these figures show a decrease of asthma symptom days and an increase of 

asthma related events as FEV1% decreases. If weatherization reduces these common air 

pollutants and increases FEV1% it could be considered an effective intervention for asthma 

sufferers.  
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Weatherization and Asthma 

 The multi-component and multi-trigger aspect of asthma means that preventing attacks 

can be difficult, but recent studies have shown that home-based environmental interventions are 

effective at providing a reduction in symptoms and an increase in productivity (Crocker et al., 

2011). Since IAQ changes may occur during weatherization, this may be another effective 

intervention for low-income families suffering from asthma.  

 Recent studies have produced conflicting results on the effects of weatherization and 

asthma, both focusing on the specific costs associated with medical treatment for asthma 

(Hawkins, Tonn, Rose, Clendenning, & Abraham, 2016; Rose, Hawkins, Tonn, Paton, & Shah, 

2015; Fabian et al., 2014).  One of the studies focused on Medicaid claims for asthma treatments 

before and after weatherization and another sent out occupant surveys before and after 

weatherization (Hawkins et al., 2016; Rose et al., 2015). Both of these studies showed 

weatherization had a positive impact on asthma as demonstrated by a decrease in symptoms and 

events. The third study focused on modeling building interventions and their effect on IAQ and 

asthma events (Fabian et al., 2014). This study showed positive results for improving source 

exhaust ventilation and reducing heating from an oven, but negative results for weatherizing 

overall. 

 As part of the PY2010 WAP National Evaluation, a small cohort study looked at the 

impacts of weatherization on children with asthma in northwestern Washington State (Rose et 

al., 2015). Under this study, three different groups were compared for their effect: (1) 

Weatherization Only Homes (Wx Only), these homes only underwent weatherization performed 

by a WAP Community Action Agency; (2) Healthy Home Only (HH Only), these homes 

underwent interventions based on the HUD Healthy Home Program; and (3) Weatherization 

Plus Health (Wx + HH), these homes underwent both weatherization and Healthy Home 
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interventions. This study discovered that 83% of the homes observed a decrease in Medicaid 

claims per month and 64% observed a decrease in the cost per claim post-intervention across all 

the intervention categories. While all observed significant differences, Wx + HH and Wx Only 

Homes showed the greatest reduction, with 90% and 83.3% decrease in average number of 

claims per month post intervention, respectively, and a 50% and 66.7% decrease in the average 

cost of claims per month post intervention, respectively. This shows that weatherization has the 

potential to increase home quality and decrease asthma triggers while also reducing Medicaid 

costs for asthmatic children. The small size of this study as well as the specialization of the Wx + 

HH provided by the CAA make it difficult to generalize this study to the larger population, but 

the results still show promise for weatherization to lead to improved IAQ and enhanced health.  

 Along with the WAP National Weatherization Evaluation, a specialized study was 

performed for the Massachusetts Program Administrators to compare other non-energy impacts 

(NEI) of weatherization within the state of Massachusetts. The largest NEI discovered during 

this evaluation was reduced asthma and associated lower medical costs after weatherization. An 

occupant survey sent pre-and post-weatherization reported an 11.5% reduction in asthma related 

emergency department (ED) visits and a 3.1% reduction in asthma-related hospitalization. This 

led to an estimated reduction of 9.9 asthma-related adult hospitalizations, 4.2 asthma-related 

child hospitalizations, and 54.6 ED visits annually per 1,000 units weatherized (Hawkins et al., 

2016).  

 An important modeling study evaluated different building interventions and the effects 

on pediatric asthma along with associated costs in multi-family public housing (Fabian, et al. 

2014). Within this study, interventions considered were fixing exhaust fans, replacing gas stoves, 

preventing the use of ovens for heat, no smoking, HEPA filters, integrated pest management, 

and weatherizing.  This modeling study defined weatherizing as solely the addition of air sealing 
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and insulation to the unit rather than the holistic approach normally performed by the WAP. 

This public housing building model indicated that weatherization led to an increase in dampness, 

NO2, and PM2.5 and significant increases in asthma symptom days and serious asthma events. 

Based on this model, weatherizing caused a negative impact on asthma costs of an additional 

$322/year. While this model puts weatherization in a negative light, it should be noted that 

common measures such as fixing fans, improving filtration, and preventing the use of stoves for 

heat through improved thermal performance, measures that are typically included in the WAP, 

were shown separately to have significant positive impacts on asthma savings (Fabian et al., 

2014).  

Additional Health Impacts 

 As previously mentioned, weatherization can have substantial impacts on additional 

health aspects including reduced lead exposure, reduced thermal stress, noise reduction, and 

increased psychological health.  

 Lead exposure is a significant health problem, especially among children in low income 

homes. Occupants typically encounter lead through flakes of lead paint or lead-contaminated 

soil (Schenck et al., 2010). Lead poisoning can cause many diverse health problems including 

reproductive complications, kidney damage, nerve damage, stomach pain, and many other 

problems, depending on blood concentrations. Lead is particularly dangerous because of how 

long it can stay in the blood and because of the delayed symptoms that present long after 

exposure. The USDOE has issued a minimum standard to prevent lead exposure to occupants 

and workers during weatherization. This program has successfully prevented occupant exposure 

by prompting the removal or encasing of lead-based products throughout the home during the 

weatherization process (USDOE, 2012).  
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 Older adults are particularly susceptible to temperature extremes. Maintaining reasonable 

indoor environmental quality is especially important for vulnerable populations such as children 

and the elderly that are a disproportionally large percentage of low-income occupants. On 

average, 274 Americans are victim to heat-related diseases each year. In addition, increased heat 

also causes non-fatal consequences such as heat stroke, heat edema, and stress. Coping with 

raised temperatures is something that the older population is physiologically disadvantaged for 

with a decreased ability for thermoregulation (Ahrentzen, Erickson, & Fonseca, 2015).  

Weatherization can significantly reduce indoor temperatures during summer months and 

increase temperatures during winter months, greatly reducing thermal stress on vulnerable 

populations (Tonn & Rose, 2014).  

 Outdoor noise can lead to disruptions in communication, sleep, and relaxation while 

causing significant psychological stress. Sleep disruption and increased stress leads to unhealthy 

activities, including decreases in daytime alertness and well-being and an increase in unhealthy 

coping habits. A recent survey of weatherization households showed a significant decrease in 

noise, as shown in Table 13 (Tonn & Rose, 2014). 

Table 13. Weatherization and Noise Reduction 

How much noise do you hear indoors when 
the windows are closed? 

Pre-
weatherization 

Post-weatherization 

Number of Respondents 664 801 

A great deal 28% 12% 

Some 42% 39% 

Hardly any 26% 39% 

None at all 4% 10% 

Total 100% 100% 
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Although this study showed a self-reported decrease in noise pollution, no weatherization study 

found to date has measured decreases in noise penetration. 

Quantifying Health Impacts 

 Several different methods are available for quantifying health impacts as they relate to 

environmental measures, medications, and governmental policy changes. These include but are 

not limited to avoided deaths, Quality Adjusted Life Years (QALY), and Disability Adjusted Life 

Years (DALY). All of these measures have validity when determining the effectiveness of a 

measure and its net impact on specific diseases. 

 Although it is one of the simplest ways to explain quantifying health impacts, avoided 

deaths is much more complicated to calculate. Finding distinct relationships between morbidity 

and environmental or health conditions can be difficult and requires strong epidemiological and 

physiological evidence to be valid. An example of this is deaths avoided from preventing climate 

change through the correlation between heart disease and heat (Campbell-Lendrum & 

Woodruff, 2007).   

 A QALY is a widely used measure of health improvement used to guide resource 

distribution related to healthcare. QALYs allow for priorities to be set for different programs 

with the final goal of maximizing reduction of morbidity and mortality. This is different from 

avoided deaths because it also considers years spent sick (Weinstein, Torrance, & McGuire, 

2009). QALYs can also be used in determining cost-effectiveness of medical treatments or 

policy changes with an economic value starting at $50,000 per QALY; however, this number is 

highly contested and has been valued anywhere from $50,000 to $300,000 (Braithwaite, Meltzer, 

King, Leslie, & Roberts, 2008; Hirth, Chernew, Miller, Fendrick, & Weisser, 2000; Neumann, 

Cohen, & Weinstein, 2014).  QALY cost effectiveness is based upon how much a person would 

be willing to spend in order to gain another year of quality life. The $50,000 per QALY 
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threshold came about in the mid-1990s, but increasingly the idea of a higher QALY value based 

upon a function of per capita annual income results in values from $120,000 - $180,000 

(Braithwaite, et al., 2008), or as a basis of willingness to pay valued from $100,000 - $300,000 

depending upon socioeconomic status and diseases prevented (Hirth, et al., 2000).  

 The DALY is years lost to morbidity and mortality from disease burden. Using similar 

epidemiological and physiological information required for avoided deaths and QALYs, DALYs 

are calculated using disease incident rates. DALYs are useful for indoor air quality research 

because significant research has been done on physiological effects from air pollution and 

emissions. Like the QALY, the economic value of a DALY is highly contested and is not 

consistent among different researchers. Similar to the QALY, a base value of $50,000 was 

originally accepted, but while the value of a QALY is based upon the willingness to pay for 

treatment the economic value of a DALY is based on the value of life lost to disease.  These 

widely varying values can fall into a range of $50,000 to over $200,000. Proposed methodologies 

for valuing the DALY have been based upon cost of treatment to prevent disability, valuing 

DALYs at $50,000 - $100,000 (Eggleston, Shah, Smith, Berndt, & Newhouse, 2011); lost wages 

and economic effect of lost wages, valuing DALYs around $80,000 to $120,000 dollars ( Brown, 

2008; Lvovsky, Huges, Maddison, Ostro, & Pearce, 2000); and as depreciation of the Value of 

the Statistical Life Year (VSL), with the value of a DALY around $218,000 (Anderson, 2017). 

Regardless of the amount, all relate back to the lost economic impact from a year of lost life.  

  



 

34 

 
 
 

 
 

CHAPTER 3: METHODOLOGY 
 

Overview 

 This research involves a secondary analysis of quantitative data collected by Dr. Susan 

Doll from December 2012 to April 2015 under a U.S. Department of Housing and Urban 

Development (HUD) Healthy Home Technical Studies grant. This chapter will describe the (1) 

original data set, and the subset of data selected for this study; (2) methods for conducting 

cost/savings estimates for energy, health, and weatherization measures; and (3) data analysis 

approach and methods. 

Data Set 

Data Collection Methods 

 The original data were collected during the 2012- 2015 HUD study in 92 homes, 

including 54 matched pre- and post-weatherization pairs, 13 control homes, 14 homes receiving 

alternate ventilation, and 11 homes with incomplete data sets. The 54 matched pairs included 

both manufactured and site built homes selected to undergo weatherization via community 

action agency partners with ongoing weatherization assistance programs. During recruitment, 

each home was given an identifying number that was used throughout the testing and 

weatherization process to protect the identities of those in the study. Nine IAQ parameters were 

monitored inside the home including temperature, relative humidity, carbon monoxide, carbon 

dioxide, nitrogen dioxide, formaldehyde, particulate matter size counts and mass concentration, 

radon, and Total Volatile Organic Compounds (TVOC). Measurements outside the home 

included temperature, relative humidity, wind speed and direction, maximum wind speed, 
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rainfall, and barometric pressure. Figure 5 shows the indoor equipment set up, including 

protective cage and storage bin, individual sampling devices, and outdoor weather station.  

 

Figure 5. HUD study monitoring equipment.  
 
 
 The homes tested were located in three regions of North Carolina (Wilmington, Raleigh, 

and Boone) that represent three different climate zones (3A, 4A, and 5A, respectively). This 

allowed comparisons with approximately 40% of the contiguous United States and increased the 

relevance of the small sample size. Figure 6 outlines the study timeline for obtaining informed 

consent from homeowners, pre-weatherization IAQ monitoring, performance of weatherization 

services, and post-weatherization.  Data from the third follow-up data collection period were not 

used in this study.  

 
 

                Equipment Cage    Outdoor Weather Station 

Formaldehyde Meter Particle Counter Radon Monitor NO2 
Sampler 
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Figure 6. HUD study data collection timeline.   
 

 Occupant and building characteristics for the 54 pre- and post-weatherization matched-

pair homes used in this study, and the number of homes from each sampling season 

(HS=heating season, CS=cooling season) at each location (MTN=Boone, CST=Wilmington, 

PDT=Raleigh), are shown in Table 14.  

 

Table 14. Household Features by Location and Sampling Season, Paired PRE-and POST (N=54) 

  MTN CST PDT  MTN CST PDT 
Characteristic HS1 HS2 HS1 CS1 HS2 CS2 N 17 22 15 
Smoking Y 4 1 4 3 2 - 14 5 7 2 

N 6 6 7 8 6 7 40 12 15 13 
Pets Y 6 5 3 6 2 2 24 11 9 4 

N 4 2 8 5 6 5 30 6 13 11 
Type of Home S 5 1 3 5 6 7 27 6 8 13 

M 5 6 8 6 2 - 27 11 14 2 
Combustion Y 8 5 2 - 3 1 19 13 2 4 

N 2 2 9 11 5 6 35 4 20 11 
Electric Heat Y 4 3 10 11 5 5 38 7 21 10 

N 6 4 1 - 3 2 16 10 1 5 
Sampling Season HS 10 7 11 - 8 - 36    

CS - - - 11 - 7 18    

Sign Informed 
Consent

Air Quality 
Monitoring 
(5-6 days)

Air Quality 
Monitoring 
(5-6 days)

Follow-up Air 
Quality Monitoring 
(in select homes) 

Weatherization 
(Insulation, air sealing, etc.)

$100 for 
Participating

Extra $50 for 
Follow-up
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Data Selected for Use 

 Analysis for this study used a subset of the original variables. Variables selected were 

occupants, home characteristics, weatherization measures and improvements, IAQ 

measurements, and home performance data. Data retrieved from the WAP REAT and Final 

Inspection documents are highlighted in the forms included in Appendices A and B, 

respectively. Additional household characteristics were recorded as shown on the Field Logs 

included in Appendix C. 

Occupants and their lifestyles greatly impact indoor air quality and energy usage. The 

variables shown below were pulled from the Field Log Form and were used in the health and 

energy analysis. 

Occupants  ● Smoker vs. Non-Smoker 
● Pets 
● Number of Occupants 
● Occupant Density  
● Percent of Time Cleaning Mean 
● Percent of Time Cooking Mean 

 
Coming directly from the REAT and Final Inspection forms, the Housing Characteristic 

variables shown below comprise the primary data used for determining energy usage. All of 

these home variables can impact the energy used and indoor air quality within the home and 

were used for exploring the effectiveness of weatherization by regions and type of home. 

Home 
Characteristics 

● Location (Mountain, Piedmont, Costal) 
● Heating Equipment (Unit Type and Fuel Type)  
● Sampling Season (Heating Season vs. Cooling Season) 
● Combustion Appliances  
● Forced Air  
● Type of Home (Site Built or Manufactured Home) 
● Area of conditioned space 
● Number of Stories 
● Number of Bedrooms 
● Wind Exposure Level 
● Crawlspace 
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 Calculations for the study homes’ potential energy savings used weatherization details 

obtained from the partner community action agencies (CAAs). Pertinent information included 

building characteristics necessary to calculate energy savings: square footage, volume, existing 

insulation conditions, air tightness testing, mechanical equipment, and changes made during 

weatherization. This information was gathered from the North Carolina Weatherization 

Assistance Program Residential Energy Assessment Tool (REAT) and Final Analysis forms. 

While these forms are required for weatherization funding they are not always completed 

thoroughly, which can cause information gaps.  

 Pulled directly from the weatherization work orders, Weatherization Measures and 

Improvements were used in conjunction with the ORNL WAP National Evaluation (Blasnik et 

al., 2015a; Blasnik et al., 2015b) to get a representative value for energy savings at each home. 

Lacking energy bills, these variables were necessary to determine the number of major 

weatherization measures implemented. Health and Safety improvements were used to compare 

different subsets within the population and to look for causes in improved IAQ. When 

performing statistical analysis CO, Fire Alarms, and Ventilation were not included. CO and Fire 

Alarms have no effect on the IAQ of the home, and homes receiving ventilation cannot  provide 

a valid comparison to homes without ventilation. 

Weatherization 
Measures and 
Improvements  

● Air Sealing 
● Attic Insulation 
● Wall Insulation 
● Floor Insulation 
● Duct Sealing 
● Heating System Replacement 
● Ventilation 
● CO and Fire Alarms 
● Range Hood Installation 
● Crawl Space Vapor Barrier Repair 
● Dry Vent Installation 
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 As previously discussed, the three contaminants listed below have the largest effect on 

health, especially for those suffering from asthma. These were used for calculating the cost of 

the health effects from changes in IAQ.  

IAQ Data ● PM2.5 - Pre-and Post-Averages 
● Formaldehyde (HCHO) - Pre-and Post-Averages 
● NO2 - Pre-and Post-Averages 

  

 In the absence of energy bills, Home Performance variables are key to get accurate 

estimates of energy savings as well as to allow for sorting of homes and looking for correlations 

based on Blower Door Measurements and Ventilation Rates. 

Home 
Performance 

● Indoor Temp & RH Pre-and Post 
● Outdoor Temp & RH Pre-and Post 
● Blower Door Measurements (CFM50 and ACH50) Pre-and Post 
● Equivalent Continuous Ventilation Rates (CFM) 
● Barometric Pressure 
● Wind Speed (Max and Average) 

 

 In the absence of energy bills, these characteristics were key in getting accurate estimates 

of energy savings as well as allowing for sorting of homes and looking for correlations based on 

Blower Door Measurements and Ventilation Rates.  

Exclusion Criteria  

 After reviewing the original data set, several homes were excluded from the analysis. 

Although excluding homes reduced the sample size, five homes were removed from the 54 

matched-pair homes, resulting in a sample size of 49 homes based on data quality and relevance 

to existing housing stock.  

 The homes in the HUD study included a large variety of home sizes, with square 

footages ranging from a minimum of 391 square feet (sf) to a maximum of 1879 sq ft, and a 

mean of 1131 sq ft. Very small homes experience greater IAQ fluctuations for a given source 
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strength causing non-representative changes in IAQ and potential energy savings. For these 

reasons, homes under 500 square feet total or less than 300 square feet per person were excluded 

from the data set. This criterion excluded two homes from the data set.  

 Within the original study population, several homes had incomplete IAQ data sets for a 

variety of reasons. Three homes that did not have the IAQ data required for the analyses 

conducted in this study were removed from the study population.  

Health Cost Estimate Calculations  

 Multiple methods and sources were used to determine costs/savings for (1) health, (2) 

energy, and (3) weatherization measures. Methods for monetizing health costs associated with 

changes in IAQ used two different methods described in the literature. The first focused on the 

DALY, a measurement of years of productive life lost to morbidity and mortality (Logue et al., 

2012). The second focused on how changes in IAQ affect asthma sufferers and the related 

medical treatment costs.  

DALY Assessment 

 The DALY focuses on years of life lost and years of life unhealthy or disabled due to a 

specific disease. Considerable previous work (Huijbregts, Rombout, Rabas, & van de Meent, 

2005; Lvosky, Huges, Maddison, Ostro, & Pierce, 2000; Murray & Lopez, 1996; World Health 

Organization [WHO], 2009) has determined the validity of this method focused around the 

equation: 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 𝐼𝐼𝐼𝐼𝐼𝐼𝜕𝜕𝐼𝐼𝜕𝜕𝐼𝐼𝐼𝐼𝜕𝜕

∗ 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐷𝐷𝐼𝐼𝐷𝐷𝐼𝐼𝐼𝐼e                                                                  [1] 

 

 DALYs lost equals DALYs per Disease Incidence times the disease incidence rate. There 

are two different methods for calculating the disease incidence rate. The Intake-Incidence-

DALY (IND) method uses epidemiology-based functions to determine disease incidence rates 
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and the Intake-DALY (ID) method, based off the work of Huijbregts et al. (2005), calculates the 

heath impact associated with the intake of pollutants.  

 IND method. 

 The IND method calculates the DALYs lost from exposure to PM2.5 and NO2 using this 

concentration-response function: 

∆𝐼𝐼𝐼𝐼𝐼𝐼𝐷𝐷𝐼𝐼𝐷𝐷𝐼𝐼𝐼𝐼𝐷𝐷 =  −[𝑦𝑦𝑜𝑜 ∗ �exp�−𝛽𝛽∆𝐶𝐶𝜕𝜕𝑒𝑒𝑒𝑒𝑜𝑜𝜕𝜕𝑒𝑒𝑒𝑒𝜕𝜕� − 1� ∗ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐷𝐷𝑝𝑝𝐷𝐷𝑝𝑝𝐼𝐼                                         [2] 

yo = baseline prevalence of illness per year 
β = the coefficient of the concentration change 
ΔCexposure = change in chronic exposure concentration 
Population = # of people exposed 

 
 The literature provides information for baseline prevalence and the β coefficient. 

Increased PM2.5 and NO2 exposure can lead to multiple health outcomes. It is important to 

chronicle each of these in accounting for DALYs lost. Table 15 shows the necessary 

epidemiological information necessary for the calculations. 
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Table 15. PM2.5 and NO2 C-R Function Outcomes and Disability and DALYs Lost per Incidence 

Pollutant Outcome β Yo DALYs per incidence 

PM 2.5 

Total Mortality (Pope 
et al. 2002) 0.058 

(0.002-0.010) 
0.0074 

1.4 (Pope 2007; Pope, Burnett, & 
Thun, 2002; Pope, Ezzati, & 

Dockery, 2009) 

Chronic Bronchitis 
(Abbey et al., 1995) 

0.091 

(0.078-0.105 

0.004 
1.2 (Lvovsky et al., 2000; Melse, 

Essink-Bot, Kramers, & 
Hoeymans, 2010) 

Non-fatal stroke 
(Brook et al., 2010) 

0.025 
(0.002-0.048) 

0.002 11.7 (Hong et al. 2010) 

NO2 

Hospital Admission 
(Burnett et al., 1999) 

Respiratory issues 
 
Congestive Heart 
Failure 
 
Ischemic Heart 
Disease 

 
 

0.004 
(0.000-0.008) 

 
0.003 

(0.001-0.004) 
 

0.003 
(0.002-0.004 

 
9.5E-3 

 
 

3.4E-3 
 
 

8.0E-3 

4E-4 (Lvovsky et al., 2000) 

Respiratory Illness 
(Hasselblad, Eddy, & 
Kotchmar, 1992) 

0.028 (0.002-
0.053 N/A 4E-4 (Lvovsky et al., 2000) 

 

 ID method. 

 The ID method goes directly from intake of an indoor pollutant to total DALYs lost due 

to a specific pollutant. Equation 3 shows the DALYs lost to both carcinogenic and non-

carcinogenic effects from breathing a set concentration. This was used in calculating the DALYs 

lost from formaldehyde. 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝜕𝜕 = 𝐶𝐶𝜕𝜕 ∗ 𝑉𝑉 ∗ [𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝜕𝜕𝜕𝜕𝐼𝐼𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

∗ 𝐷𝐷𝐷𝐷𝐷𝐷𝐴𝐴 + 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑐𝑐𝑛𝑛𝑐𝑐−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝜕𝜕𝜕𝜕𝐼𝐼𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

]                                       [3]     
   Ci = indoor concentration 

V = Volume of air breathed in the residence 
ADAF = age-depend adjustment factor for cancer 
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 Huijbregts et al. calculated the 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝜕𝜕𝜕𝜕𝐼𝐼𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

   of formaldehyde to equal 7.6 kg (2005). 

Calculating volume of air breathed can be accomplished using equation 4 and the information 

available in Table 16. 

𝑉𝑉 = 𝐴𝐴𝐹𝐹𝐷𝐷𝐼𝐼𝑝𝑝𝐷𝐷𝑝𝑝𝐼𝐼 𝑝𝑝𝑜𝑜 𝐼𝐼𝐷𝐷𝑦𝑦 𝐷𝐷𝑝𝑝 ℎ𝑝𝑝𝑜𝑜𝐷𝐷 ∗ 𝐷𝐷𝐷𝐷𝐷𝐷𝑝𝑝𝑦𝑦 𝐷𝐷𝐷𝐷𝐹𝐹 𝐷𝐷𝐼𝐼𝑝𝑝𝐷𝐷𝑖𝑖𝐷𝐷 ∗ # 𝑝𝑝𝑜𝑜 𝐷𝐷𝐷𝐷𝑦𝑦𝐷𝐷                           [4] 

 
Table 16. Residential Occupancy Characteristics by Age Groups 
Characteristic <2 2-16 ≥ 16 Population 

Average 
Source 

Fraction of 
Population 

3% 19% 78%  U.S. Census, 2010 

Fraction of Day at 
Home 

75% 75% 69% 70% Klepeis et al. 2001 

Air Intake 
(m3/day) 

7 13 15 14.4 USEPA, 2009 

  
 The Age Dependent Adjustment Factor (ADAF) for cancer is used to calculate the 

cumulative effects of cancer on heath over an individual’s lifetime. The age-related function 

allows increased effects during the developmental phase of children and young adults, with 

decreasing effects as the person ages. The EPA has calculated the following ADAFs, as shown 

in Table 17 (USEPA, 2005).  

Table 17. Age and Cancer ADAF 
Age Cancer ADAF 
<2 10 

2-16 3 
≥ 16 1 

Population Average 1.6 
  

Based on this information, a DALY value can be appropriately calculated for exposure 

to contaminants. This value is then multiplied by a monetary value assigned for the value of a 

year of life (VOLY). The standard approach for a cost benefit analysis of reductions in air 

pollution in the United States focuses on valuing measures by years of premature morbidity and 



 

44 

by mortality prevented. These are then appreciated according to the value of statistical life 

(VSL), presently valued at $7.4 million by the EPA (Industrial Economics, Inc. [IEc], 2010).  

Anderson (2017) calculates the discount from a VSL to the VOLY of $218,723. A DALY of life 

lost or prevented is equivalent to the value of a year of healthy productive life, so this sum will 

be used when valuing DALYs. The $218,723 value is within the range of DALY values seen in 

the literature, and it complies with EPA recommendations for the value of a statistical life year.  

Health Costs – Asthma 

 As discussed in Chapter 2, there are distinct relationships between air contaminants and 

FEV1% and between FEV1% and asthma symptoms. These relationships have been used in 

several different studies looking at effectiveness of asthma medications and interventions (Paltiel 

et al., 2001; Fuhlbrigge et al., 2006; Fabian et al., 2014). The pollutant change and effect on 

FEV1% from Connor, et al. (2008) and the relationship between FEV1% and asthma symptoms 

from Fuhlbrigge et al. (2006) were used to estimate the effect of weatherization on asthma for 

four months after intervention occurs.  

 Focusing on NO2 and PM2.5, the change in FEV1% per unit change in a contaminant is 

shown in Table 18. This rate was multiplied by the change in contaminants pre-and post-

weatherization.  

Table 18. Change in FEV1% per Unit Change in PM2.5 and NO2 
Contaminant Δ FEV1% per unit increase 

PM2.5 (µg/m3) -0.111 

NO2 (ppb) -0.067 

  
 Once a change in FEV1% from the change in contaminant concentration was 

determined, a regression fit of the data available from Fuhlbrigge et al. (2006) provided a 

continuous function to calculate the change in symptoms due to the changed lung function. 
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Estimated midpoints for each FEV1% of 50%, 70%, 90%, and 110% were used to create the 

continuous functions for the number of asthma-free symptom days and percent of serious 

asthma-related events over a four-month period. The best fit follows expressions shown in 

equations 5 and 6: 

#𝜕𝜕.𝜕𝜕.𝐹𝐹.  𝜕𝜕𝜕𝜕𝐷𝐷𝜕𝜕 =  .595𝐴𝐴𝐹𝐹𝑉𝑉1% + 5.15            [5]  

%𝜕𝜕𝜕𝜕𝑒𝑒𝜕𝜕𝑜𝑜𝑒𝑒𝜕𝜕 𝜕𝜕𝑒𝑒𝜕𝜕𝐼𝐼𝜕𝜕 = −.54𝐴𝐴𝐹𝐹𝑉𝑉1% + 78.2           [6] 

 With each of these equations we can calculate the number of asthma symptom days and 

probability of a serious asthma event for each of the homes over a four-month period.  

Energy Costs  

 Without energy bills from the study homes, it was not possible to calculate exact energy 

usage and cost. However, two methods were used to provide relative estimates of energy 

savings. The first method made use of energy savings data from the PY 2010 WAP National 

Evaluation (Blasnik et al., 2015a; Blasnik et al., 2015b). By matching home characteristics and 

weatherization measures from this study and those in the National Weatherization Program, a 

representation of the potential energy savings was calculated. The second used blower door data 

and installed ventilation flow rates to determine potential convective energy savings to 

approximate losses from air sealing and ventilation. The link between indoor air quality and 

ventilation rates made this analysis especially important (Seppänen & Fisk, 2004; Sundell et al., 

2011).  

WAP National Evaluation: Representative Energy Savings 

 Under the PY 2010 WAP National Evaluation, Oak Ridge National Labs undertook a 

special impact assessment for energy savings and cost savings in all homes served by the WAP. 

Availability of the following key information allowed a complete analysis of energy and costs 

associated with services provided under the WAP (Blasnik et al., 2015a; Blasnik et al., 2015b):  

Hoepfl, Marie
Not on reference list

Nathan Kahre
Added to reference list.
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● Installed weatherization measures and measure costs 

● Energy usage information from energy bills 

● Analysis of pre- and post-weatherization energy usage 

● Cost effectiveness of energy measures 

 Figure 7 shows the typical information provided from the study with key information 

highlighted and labeled; additional tables with data used in this analysis are available in Appendix 

B.  

 

 

 
 

Figure 7. Typical table from ORNL energy impacts assessment. 
 

 This distilled information provided a useful format that allowed for more direct 

comparison with the homes in this study, including: 

● Type of Home (Site Built or Manufactured) 

● Main Source of Heating (Natural Gas, Electricity, Delivered Fuels) 

● Climate Zone (Cold, Moderate, Hot) 

● Weatherization Measures Preformed 

Type of Home Heating Source 

Measures Performed Energy Savings 
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All of the required variables were available through the REAT Forms and Work Orders 

submitted for each of the homes. Work Orders were especially important in lining up the 

measures performed with weatherization definitions from the ORNL National Weatherization 

Evaluation; these are listed in Table 19. 

Table 19. Major Weatherization Measure Definitions and Variable Types 

Major Measures ORNL Definition Variable Type 
No Major Measure Smaller but no significant measures were 

performed 
Discrete (Yes or No) 

Major Air Sealing Air sealing to decrease leaks by 1000 CFM50 Continuous (0.0-2.0) 

Wall Insulation (Single 
Family Homes) 

Wall Insulation Added to the Majority of Walls 
Within the Home 

Discrete (Yes or No) 

Attic Insulation Attic Insulation added evenly across the majority 
of the attic.  

Discrete (Yes or No) 

HVAC System 
Replacement 

Replacement of major systems, does not include 
ducting sealing 

Discrete (Yes or No) 

Floor Insulation 
(Manufactured Homes) 

Insulation added evenly across the majority of 
the floor framing 

Discrete (Yes or No) 

Duct Sealing 
(Manufactured Homes) 

Systematic Sealing of Air Ducts Discrete (Yes or No) 

  
 By aligning each of the homes with the appropriate type and number of measures, a 

representation of energy savings was available for all of the homes within the study. Study 

homes received varying amounts of air sealing, resulting in different amounts of energy savings. 

To accommodate, a sliding scale was developed to account for a range of potential energy 

savings. This scale converts the difference between PRE-and POST CFM50 into a major 

measure number. Table 20 shows how the sliding scale values are aligned with CFM50 

measurements. Figure 8 shows the distribution of major measures, as defined in Table 19, for 

the homes in the study.   
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Table 20. Change in CFM 50 to Major Measure Value Scale 
ΔCFM50 # of Homes Major Measure Value 

< 500 24 0 
500-1000 17 0.5-1.0 
1000-1500 7 1.0-1.5 
1500-2000 3 1.5-2.0 

>2000 3 2.0 
 

Figure 8. Breakdown of major measures within study homes.  

 

Energy Cost for Ventilation 

 As each of the study homes underwent different air sealing measures and ventilation 

techniques, variable shifts in air changes per hour (ACH) occurred. ACH is the number of times 

the total volume of the home is replaced in one hour through natural ventilation, infiltration, or 

mechanical ventilation. ACH has significant implications for indoor air quality and convective 

energy loss as it exchanges contaminant-laden, conditioned indoor air with unconditioned 

outdoor air. Understanding the energy impact from mechanical ventilation will allow a 

comparison to air changes added to ensure for good indoor air quality.  
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 ASHRAE 62.2-2010 Ventilation and Acceptable Indoor Air Quality in Low-Rise Residential 

Buildings sets a minimum required ventilation rate, based upon number of bedrooms and square 

footage, to achieve acceptable indoor air quality (2010c). The ASHRAE 62.2-2010 ventilation 

rate follows equation 7: 

𝑄𝑄𝑓𝑓𝜕𝜕𝐼𝐼 = 0.01𝐷𝐷𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑒𝑒 + 7.5(𝑁𝑁𝑏𝑏𝑒𝑒 + 1)                                                                                        [7] 

Qfan = fan flow rate, cfm 
Afloor = floor area, ft2 
Nbr = number of bedrooms; not to be less than one 

 
 The WAP requires the use of this equation to calculate the needed mechanical 

ventilation rate within the homes. ASHRAE 62.2 allows for ventilation through air infiltration to 

reduce the mechanical ventilation required to reach the recommended ventilation rate for the 

home. The flow rate of mechanical ventilation is determined before installation by equation 8: 

𝑄𝑄𝑚𝑚𝜕𝜕𝐼𝐼ℎ = 𝑄𝑄𝜕𝜕𝜕𝜕𝐴𝐴𝐴𝐴𝜕𝜕𝐴𝐴 − 𝑄𝑄𝜕𝜕𝐼𝐼𝑓𝑓𝜕𝜕𝑓𝑓                                                                                                      [8] 

Qmech = Mechanical ventilation flow rate, CFM 
QASHRAE = ASHRAE 62.2 require flow rate, CFM 
Qinfil = Infiltration flow rate, CFM 

 

 The infiltration flow rate is determined using blower door measurements, REAT form 

information, and the Lawrence Berkeley National Laboratory (LBNL) method for estimating 

natural air-leakage from blower door information. The LBNL method uses an “n” factor for 

converting CFM50 or ACH50 measurements to CFMnat or ACHnat based on geographic zone, 

number of building stories, and level of exposure to windy weather conditions (Krigger & Dorsi, 

2013). Figure 9 shows the chart and table used to determine n-factor with Zone 3, the zone that 

encompasses the entirety of North Carolina, highlighted. It should be noted that these “Zones” 

are not the same as the seven ASHRAE climate zones.  
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Figure 9. n-Factor map and table. 
 
 

 As part of the weatherization process, the minimum post-weatherization ventilation rate 

was calculated for each of the homes. This information was used to set run times for the 

installed fan flow rate in each home to achieve the ASHRAE 62.2- 2010 Standard. The addition 

of these fans increases air changes within the home to improve indoor air quality but at the same 

time will incur an energy penalty. We can estimate the annual energy loss from ventilation by 

calculating the total volume of air exchange and the energy required to condition the incoming 

air. This loss can be compared with health savings to determine if they offset the associated 

energy penalty, and with energy savings to determine its relative magnitude.  

 Convective energy loss from mechanical ventilation and air infiltration can be calculated 

using formulas for latent (equation 9) and sensible (equation 10) heat loss (ASHRAE, 2013): 
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    𝑞𝑞𝜕𝜕 = 𝐶𝐶𝜕𝜕𝑄𝑄∆𝑇𝑇                                                                             [9] 
 
 
    𝑞𝑞𝑓𝑓 = 𝐶𝐶𝑓𝑓𝑄𝑄∆𝑊𝑊                                                                          [10]                          

qs = Sensible heat transfer rate, Btu/h 
ql = Latent heat transfer rate, Btu/h 
Cs = Air sensible heat factor, Btu/h * ℉ * cfm (1.1 at sea level) 
Cl = Air latent heat factor, Btu/h * cfm (4840 at sea level) 
Q = Air volumetric flow rate, cfm 

  

 Using these formulas along with typical meteorological year (TMY3) data sets, fan flow 

rates, and run times from the study homes, we can calculate the convection energy loss from 

running the fans. TMY3 data routinely used in solar and energy usage modeling includes 

insolation, cloud cover, dry-bulb temperature, dew point, relative humidity, and precipitation 

amounts (National Renewable Energy Laboratory [NREL], 2015). Unfortunately, Boone, NC is 

not a large enough city for TMY3 data to be available. Because of this, a stand-in with similar 

elevation and weather patterns needed to be chosen. The closest city with TMY3 data is 

Hickory, NC, but at 1142 feet above sea level there is a significant difference in the weather 

patterns between the two cities. Beckley, WV, another close city with available TMY3 data, has 

similar weather patterns and a closer elevation to give it a better approximation for Boone, NC 

weather (Wilcox & Marion, 2008). (See Table 21 for differences between Boone, NC; Hickory, 

NC; and Beckley, WV weather patterns.) For convective energy loss calculations, we were 

specifically interested in dry-bulb temperature and relative humidity. Using the information 

provided in Table 22 to correct for study location atmospheric pressure differences, and Tables 

23 and 24 for indoor thermal comfort design and representative average outdoor conditions, 

respectively, sensible and latent heat transfer rates could be calculated. 
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Table 21. Annual Average Weather Conditions for Boone, NC, Hickory, NC, and Beckley, WV 
Location Low Temp 

(°F) 
High Temp 

(°F) 
Avg. Temp 

(°F) 
Rainfall 

(in.) 
Snowfall 

(in.) 
Boone, NC 39.2 61.3 50.25 52.7 34 
Hickory, NC 48.2 69.3 59.75 46.2 7 
Beckley, WV 38.3 59.8 49.05 40.0 48 
 
 
Table 22. Elevation Corrections for Air Heat Factors and Atmospheric Pressure 
Location Elevation (ft.) Cs Corrected Cl Correct ATM Pressure (psi) 
Sea Level 0 1.10 4840 14.696 
Boone, NC 3,333 .97 4285 13.01 
Raleigh, NC 315 1.09 4785 14.52 
Wilmington, NC 30 1.10 4835 14.68 
 
 
Table 23. Indoor Air Design Conditions for Analysis 
Variable Heating Season Cooling Season 
Temperature (℉) 681 751 

% Relative Humidity 30 50 
W (lbw/lbda) 0.004382 0.00932 
1Temperatures between 68-75℉ will not require conditioning.  

2 There will be limited latent heat gain or loss during the heating season and this will not be included in the 
calculations. 

 
 
Table 24. TMY3 Average Outdoor Conditions for Analysis 
Location Dry-bulb (℉) %RH ΔT Δ W % Heating % Cooling 
Beckley, WV 51.8 73.0 17.6 0.0041 78% 8% 
Raleigh, NC 59.5 71.1 13.2 0.0051 62% 21% 
Wilmington, NC 63.4 74.6 10.4 0.0060 55% 29% 
1 Beckley, WV TMY3 data set is a close approximation to Boone, NC conditions 

 
 Using the map and chart from Figure 9 and the above information used for ventilation 

cost estimates, a similar calculation was performed for the amount of energy saved from air 

sealing. To create a conservative estimate of energy losses, all homes were considered well-

shielded, with an n-factor of 25.8 to convert CFM50 data collected PRE-and POST 

weatherization into an approximation of the change in natural infiltration rate from 

weatherization. The change in amount of energy required to condition outdoor air is expressed 
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in terms of Btu, therm, or kWh. Due to a lack of complete information on heating and cooling 

systems, it was not possible to correct for mechanical system efficiency, thus putting electrically 

heated homes at a disadvantage and those heated through fossil fuels at an advantage. The 

assumption of 100% efficiency is a major limitation but allowed for a comparison of savings 

from air sealing and losses from ventilation within each home. This limited approach also did 

not account for savings from conductive energy savings through the addition of insulation 

throughout the home. However, the importance of ventilation and infiltration to IAQ make the 

calculation of convective energy losses significant to the study.  

Energy Cost Information 

While Btu, therm, or kWh are useful numbers, they do not provide cost information. 

Fortunately, the Energy Information Administration collects, organizes, and distributes energy 

usage and energy cost information on a national, regional, and state scale. The energy cost 

information for the South Atlantic Region, which includes North Carolina, displayed in Table 25 

for the years 2015 and 2016 shows a general decrease for all energy sources (USEIA, 2017). With 

each home receiving weatherization across different years, 2016 energy costs and dollars were 

used to calculate energy and health costs to have a consistent variable for comparison.  

Table 25. South Atlantic Residential Energy Costs for 2015 and 2016 ($/MMBtu) 
Energy Source 2015 2016 

Propane $19.015 $17.999 
Distillate Fuel Oil $19.170 $15.038 
Natural Gas $12.855 $12.511 
Electricity $34.987 $33.994 

 

Cost of Weatherization 

 Determining cost of weatherization is a straightforward analysis of work orders 

submitted during weatherization. Total cost of weatherization is typically split between the 
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General Energy and Health & Safety Measures. Knowing how much actually goes towards 

energy saving will help to understand what effect each of these measures have on energy savings 

as well as indoor air quality. Detailed work orders from the weatherization agencies were 

obtained detailing the type, hours, and cost of work performed for each home (see Appendix A 

for examples of these documents). These documents, along with the administrative overhead for 

each of the homes, allows for an understanding of the time and effort that was applied in 

performing weatherization services.  

Data Analysis 

 All statistical analysis was performed in IBM SPSS (Statistical Package for the Social 

Sciences), named for the original market and now popular in other fields. Three main tests were 

conducted to look for differences in health savings from changes in the homes’ t-tests, one-way 

ANOVA, and Pearson correlation.   

 An independent-samples t-test was used to compare differences between homes, such as 

smoking homes vs. nonsmoking homes or homes that received a replacement heating system vs. 

those that did not. Using a confidence interval of 95%, the means between these groups were 

compared to determine statistical significance. Within each of these tests a Levene’s Test for 

Equality of Variances was run to test for homogeneity of variance between the groups. For 

homes that reject the null hypothesis, equal variances were not assumed (Kent State University  

Library, 2017).  

 For home variables with more than two distinct groups a one-way ANOVA was used to 

look for variation between the different populations. This is helpful with characteristics like 

location that have three separate groups (in this case, MTN, PDT, & CST). Along with the 

ANOVA, Welch statistic and Least Significant Difference (LSD) Post Hoc analyses were run 

with each test. The Welch statistic tests for homogeneity within the groups to ensure that 
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unequal variance is not skewing results. The LSD Post Hoc determines if there is a significant 

difference between any specific groups within the ANOVA (Kent State University [KSU] 

Library, 2017).  

 For variables that have continuous data, such as change in CFM50 or daily ventilation 

rate, a bivariate Pearson correlation was used. This test measures the strength and direction of 

relationships between two pairs of continuous data as well as if that relationship is statistically 

significant. Due to the small size of the population, a regression analysis looking for prediction 

of DALY or asthma impact from a home’s characteristics or weatherization techniques was not 

be performed (KSU Library, 2017).  

Financial Analysis 

 Three common financial tools were used when analyzing the cost effectiveness of 

weatherization and the DALYs economic impact. This included the simple payback, savings to 

investment ratio (SIR), and net present value. The simple payback, shown in equation 11, is an 

easy calculation comparing the costs associated with an investment or improvement and 

comparing it with the expected returns or savings to understand the time period for a return on 

investment. 

   𝑃𝑃𝐷𝐷𝑦𝑦𝑃𝑃𝐷𝐷𝐼𝐼𝑖𝑖 (𝑦𝑦𝐷𝐷𝐷𝐷𝐹𝐹𝐷𝐷) = 𝐶𝐶𝑜𝑜𝜕𝜕𝜕𝜕 𝑜𝑜𝑓𝑓 𝐼𝐼𝑚𝑚𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝜕𝜕𝑚𝑚𝜕𝜕𝐼𝐼𝜕𝜕 (𝐼𝐼𝐼𝐼𝑒𝑒𝜕𝜕𝜕𝜕𝜕𝜕𝑚𝑚𝜕𝜕𝐼𝐼𝜕𝜕)
𝐴𝐴𝑒𝑒𝑒𝑒𝜕𝜕𝐼𝐼𝜕𝜕𝜕𝜕𝐼𝐼 𝜕𝜕𝐼𝐼𝐼𝐼𝑒𝑒𝜕𝜕𝑓𝑓 𝜕𝜕𝜕𝜕𝑒𝑒𝜕𝜕𝐼𝐼𝑆𝑆𝜕𝜕 (𝐴𝐴𝜕𝜕𝜕𝜕𝑒𝑒𝑒𝑒𝐼𝐼)

                       [11] 
 

 SIR focuses on providing a long-term view of cost effectiveness of an investment and is 

calculated by dividing the present value of a lifetime of returns by the initial costs (Blasnik et al., 

2015a). While similar to a payback, this metric, shown in equation 12, focuses what the lifetime 

value of returns will be in relation to the initial investment. A SIR greater than 1 indicates 

positive return on investment.  

   𝐷𝐷𝐼𝐼𝑆𝑆 =  𝑃𝑃𝑒𝑒𝜕𝜕𝜕𝜕𝜕𝜕𝐼𝐼𝜕𝜕 𝑉𝑉𝜕𝜕𝑓𝑓𝑒𝑒𝜕𝜕 𝑜𝑜𝑓𝑓 𝜕𝜕𝜕𝜕𝑒𝑒𝜕𝜕𝐼𝐼𝑆𝑆𝜕𝜕 (𝐴𝐴𝜕𝜕𝜕𝜕𝑒𝑒𝑒𝑒𝐼𝐼)
𝐶𝐶𝑜𝑜𝜕𝜕𝜕𝜕 𝑜𝑜𝑓𝑓 𝐼𝐼𝑚𝑚𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝜕𝜕𝑚𝑚𝜕𝜕𝐼𝐼𝜕𝜕 (𝐼𝐼𝐼𝐼𝑒𝑒𝜕𝜕𝜕𝜕𝜕𝜕𝑚𝑚𝜕𝜕𝐼𝐼𝜕𝜕)

                    [12] 
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 Net Present Value (NPV) is another metric used for calculating the cost effectiveness of 

an investment. Similar to SIR, NPV focuses on calculating the present value of a lifetime of 

returns and comparing it to the initial cost of investment. Shown in Equation 13, a positive NPV 

indicates a return on investment.   

   𝑁𝑁𝑃𝑃𝑉𝑉 =  ∑ 𝐶𝐶𝑡𝑡
(1+𝑒𝑒)𝑡𝑡

− 𝐶𝐶𝑜𝑜𝑇𝑇
𝜕𝜕=1         [13] 

    Ct = net cash inflow 
    Co = total initial investment costs 
    r = discount rate 
    t = number of time periods 
 

NPV, as it relates to building improvements, relies upon assumptions about a discount rate as 

well as the lifetime of the improvement, which can be related to the number of periods.  The 

discount rate of 3% used for this analysis was based on recommendations from the US Office of 

Management and Budget (OMB) (2003).  The lifetime of the improvement should relate back to 

the effective useful life (EUL) for the weatherization measure. EUL is the number of years after 

installation that 50% of measures are still in place and operational (Weitzel & Skumatz, 2001). 

This number is different for each of the weatherization methods as well as for climate zones, 

with some estimating the EUL for the combined measures as high as 20 years and others as low 

as ten years (Weitzel & Skumatz, 2001; Tonn et al., 2015a). For this study, a conservative 

approach was used, and an EUL of ten years was chosen.  
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CHAPTER 4: RESULTS 
 

 The overall objective of this study was to compare the relative impact of weatherization 

of health, representative and convective energy savings, and their associated costs. Impact of 

health focused primarily on the effect of weatherization on DALYs and their costs, with a 

simplified assessment of asthma symptoms. Statistical analyses provided an idea of how different 

areas of weatherization influence IAQ and health. The representative energy and convective 

energy savings, and costs associated with installation of required mechanical ventilation, were 

explored in relation to the cost of energy saving measures. Finally, a cost and savings 

comparison across health and energy was performed. Although estimates of cost and savings for 

both health and energy were determined, direct comparisons should be interpreted cautiously 

and readers should focus instead on the order of magnitude of effect for the different categories.  

Health Cost Estimate 

 Regarding the two methodologies explored, DALY and Asthma Impact, both show the 

potential for health savings from weatherization. DALY savings have a significantly larger 

impact than asthma savings, but neither is insignificant. With this increased impact, the initial 

focus of analysis will be on DALYs and which study variables had the largest impact. This 

understanding will then be used when reporting the asthma impacts.  

Health Costs - DALY Method 

 DALYs quantify the impact on the healthy life of a person and the economic cost of the 

loss of the life. Considering the fact that DALYs are weighted by age due to cancer impacts, 

three different occupant scenarios were chosen for analysis: 1 adult, 1 adult and 1 child, and the 
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number of actual occupants in each study household. Figures 10 and 11 show the changes in 

DALYs calculated for a year of living at post-weatherization conditions vs. pre-weatherization 

conditions. It is important to note that a negative change in DALYs is a reduction in the IAQ 

effects on the occupants. 

 
Figure 10. Median (line), Mean (x), and distribution of changes in DALYs from different 
occupant scenarios. 
 
 
 

 
Figure 11. Histogram of changes in DALYs for different occupant scenarios. 
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 The scenarios of 1 adult as well as 1 adult and 1 child were chosen due to the high 

prevalence of single person occupants and two-person occupants with a child under 16 within 

homes undergoing weatherization. Figure 10 shows that each of the different occupant scenarios 

provided a net positive benefit from the weatherization intervention; however, from Figure 11 

the different scenarios have different distribution curves primarily due to the increased impact of 

cancer on children. Table 26 shows the relevant statistical information on DALYs for the three 

occupant scenarios.  

Table 26. Scenarios and Study Households DALY POST-PRE-Impact 
Groups Mean (SD) Median Range Sum 

1 Adult -0.0015 (0.0084) -0.0050 0.0215 -0.0739 

1 Adult and 1 Child -0.0030 (-0.0169) -0.0100 0.0446 -0.145 

Study Households -0.0045 (0.019) -.0075 0.1059 -0.222 

 

 Understanding how much each of the contaminants impacts the overall DALY is 

important to understanding how different factors within the home affect IAQ and Health. This 

will also be important in understanding and optimizing asthma effects later on. Figure 12 shows 

the changes in DALYs by contaminant: Formaldehyde for Adults and Children, PM2.5, and NO2, 

which do not differentiate between adult and child. In the data set used for this study, NO2 

levels were extremely low in all but three homes.  
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Figure 12. Distribution of changes in DALYs by contaminant. 
 

 Full population DALYs statistical analysis. 

 Understanding which variables have the largest effect on DALYs is important for 

weatherization agencies to optimize the health effects and prevent negative impacts. 

 Household variables effect on DALYs. 

 Results for the two-tailed t-tests comparing different household variables with the 

change in DALYs by occupant scenarios are shown in Table 27. Recall that a negative DALY 

indicates an improvement.  

 These data show that smoking is the only significant factor and has a detrimental impact 

on DALYs for all scenarios. While not significant, homes with forced air did show on average a 

decreased DALY impact compared to non-forced air homes. It is interesting to note that p-

values are generally higher, except for smoking and sampling season, for the household occupant 

scenario than for the other two scenarios that are similar to one another. Figure 13 shows a box 

plot of the smoking and forced air variables.  
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Table 27. Results of T-Test for Household Variables on DALYs 
  1 Adult 1 Adult & 1 Child Study Household 
 n Mean p-Value Mean p-Value Mean p-Value 

Smoking 
Y 13 .00276 

.031 
.00554 

.033 
.00601 

.018 
N 36 -.00305 -.00604 -.00834 

Pets 
Y 22 .00066 

.102 
.00143 

.100 
-.00115 

.265 
N 27 -.00328 -.00655 -.00729 

Type of 
Home 

S 26 -.00194 
.704 

-.00388 
.706 

-.00484 
.904 

M 23 -.00101 -.00199 -.00419 

Combustion 
Y 17 .00039 

.252 
.00084 

.255 
-.00118 

.374 
N 32 -.00251 -.00499 -.0063 

Forced Air 
Y 41 -.00247 

.068 
-.00490 

.069 
-.00631 

.140 
N 8 .00344 .00695 .00458 

Sampling 
Season 

HS 34 -.00150 
.991 

-.00307 
.950 

-.00595 
.435 

CS 15 -.00153 -.00273 -.00130 
 

 

 
Figure 13. Distribution of changes in DALYs for smoking and forced air. 

 

 Through a series of t-tests between the contaminants and the different variables 

(individual results not shown) only Smoking and Sampling Season showed any significance for 

the contaminants. Smoking and No Smoking showed a strong significance of P = .029 for PM2.5. 
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This makes perfect sense because smoking creates a large amount of fine particulate matter.  

Based on the information in Figure 12, we can see that PM2.5 has the largest DALY impact of 

the three contaminants evaluated, with the implication that understanding how to best reduce 

particles within the home should help significantly reduce the health impact.  The significance of 

the difference for the formaldehyde DALYs (HCHO) between sampling seasons is P < .001. 

This can be explained by the fact that formaldehyde is more readily released as temperature and 

humidity increase (Salthammer et al., 1995).   

 ANOVA tests were also performed to see how Location and the Type of Heating 

Energy affected the DALYs. Table 28 shows the one-way ANOVA for these two groups. 

Neither location nor Heating Energy showed significant difference between any of the groups. 

The low sample sizes of Natural Gas (n=4), Propane (n=4), and Fuel Oil (n=7) groups may 

prevent meaningful comparison to the Electric homes (n=34).  

Table 28.  One-way ANOVA for Location and Heating Energy Type Effect on DALYs 

Variables 
1 Adult 1 Adult & 1 Child Study Household 

F ratio p-value F ratio p-value F ratio p-value 
Location F (2,46) 

=2.79 .072 F (2,46) =2.83 .069 F (2,46) 
=1.77 .181 

Heating 
Energy 
Type 

F (3,45) 
=1.35 .271 F (3,45) 

=1.338 .274 F (3,45) 
=.847 .476 

  

 Weatherization measures and improvement effect on DALYs. 

 Understanding impacts from changes made during weatherization will help inform 

weatherization agencies about which measures contribute to saving energy and improving health. 

Results for t-tests on changes in DALYs and individual energy measures and health and safety 

improvements are shown in Table 29 and 31, respectively, and correlation analysis results 
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between DALYs and Major Air Sealing, Total Energy Measures, and Total Health and Safety 

Improvements are shown in Table 30.  

Table 29. Results of T-Tests for Individual Energy Measures and DALY Means 

  
 1 Adult 1 Adult & 1 Child Study Household 

n Mean p-Value Mean p-Value Mean p-Value 
Heating 
System 
Replacement 

Y 16 -.00003 
.396 

-.00001 
.399 

.00021 
.228 N 33 -.00223 -.00440 -.00682 

Wall 
Insulation 

Y 3 -.00314 
.733 

-.00614 
.741 

-.00942 
.650 

N 46 -.00140 -.00276 -.00421 
Attic 
Insulation 

Y 37 -.00251 
.144 

-.00498 
.145 

-.00710 
.096 

N 12 -.00159 .00323 .00341 
Floor 
Insulation 

Y 13 -.00118 
.870 

-.00225 
.860 

-.00156 
.516 

N 36 -.00163 -.00323 -.00560 

Duct Sealing 
Y 11 .00020 

.383 
.00044 

.388 
-.00179 

.658 
N 37 -.00232 -.00458 -.00573 

 
None of the individual energy measures show a significant difference for the three 

occupant scenarios. This is not surprising because wall, attic, and floor insulation have limited 

effect on the indoor air.  Attic insulation showed a general trend of improvement in homes that 

had attic insulation installed vs. those that did not, perhaps related to the type of housing, where 

all site built homes had attics and manufactured had none.  

Table 30. Correlation Between Measures and DALYs (n=49) 

Measure 
1 Adult 1 Adult & 1 Child Study Household 

r  p-value r p-value r p-value 

Major Air Sealing .138 .345 .140 .339 .143  .326 

Total Energy 
Measures .101 .488 .103 .481 .129 .376 

Total HS 
Improvements -.146 .318 -.144 .324 .071 .625 

  
 None of the general categories of weatherization measures showed significant 

correlation between DALYs for any of the occupant scenarios.  
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Table 31. Results of T-Tests for Health and Safety Improvements and DALYs 

  
 1 Adult 1 Adult & 1 Child Study Household 

n Mean p-Value Mean p-Value Mean p-Value 

CO Alarm 
Y 46 -.00173 

.466 
-.00343 

.454 
-.00468 

.831 
N 3 .00196 .00419 -.00222 

Range Hood 
Y 9 -.00211 

.814 
-.00405 

.834 
-.00171 

.628 
N 40 -.00137 -.00272 -.00516 

Vapor Barrier 
Y 22 -.00160 

.948 
-.00311 

.958 
-.00300 

.613 
N 27 -.00144 -.00285 -.00578 

Dryer Vent 
Y 11 -.00396 

.276 
-.00793 

.272 
-.00476 

.964 
N 38 -.00080 -.00153 -.00446 

 
None of the selected Health and Safety improvements showed any significant 

relationship to change in DALYs. Whole-home ventilation was not included as an individual 

measure in these t-tests because it was included in every home within the study.  

Other home characteristics such as Occupant Density and Home Performance variables 

were also evaluated for their impact on changes in DALYs. Table 32 shows the results of 

correlations tests between these continuous variables and the DALYs of the three home 

occupant scenarios.  

The correlation results show that none of these values had any statistically significant 

correlation with DALYs. However, Occupant Density showed a moderate but not statistically 

significant correlation. This is unsurprising because the less space available for each person, the 

more contaminants that will exist around them. What is worth noting is the lack of correlation 

between air sealing and ventilation values and DALYs. With the widely held view that increased 

ventilation improves indoor air quality, at least a moderate correlation between DALYs and 

ventilation would be expected, but only if it more than offset the number of contaminants being 
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trapped by improved air sealing. So, the data appear to support the conclusion that additional air 

sealing is not increasing DALYs, and added ventilation is not decreasing DALYs.  

 

Table 32. Correlation Between Occupant Density, Air Sealing, and Ventilation Values and DALYs 

Variable 

1 Adult 1 Adult & 1 Child Study Household 

r p-value r p-value r p-value 
Area .052  .724 .058 .694 -.006 .969 
Occupant Density .236 .102 .234 .106 .275 .056 
CFM50 Pre -.007 .962 -.007 .963 -.019 .898 
CFM50 Post -.102 .486 -.102 .486 -.131 .371 
Change CFM50 .093 .526 .093 .524 .103 .480 
ACH50 Pre .094 .521 .092 .528 .079 .589 
ACH50 Post -.017 .910 -.019 .895 -.036 .804 
Change ACH50 .172 .237 .172 .236 .171 .241 
ASHRAE Daily 
Ventilation (ft3) -.021 .887 -.019 .898 -.087 .554 

Actual Daily 
Ventilation (ft3) -.038 .797 -.036 .804 -.099 .497 

Difference -.103 .479 -.109 .456 -.092 .529 
Difference as % of 
Home Volume -.050 .732 -.054 .714 -.074 .615 

Actual/Home 
Volume -.053 .720 -.053 .720 -.087 .554 

 
Across all study homes, the only claim that can be made about significant changes in 

health outcomes is that the change in particles for smoking vs. nonsmoking homes is impacting 

health. This may not at first glance be surprising because smoking has a significant impact on 

indoor air quality and health, but what it actually indicates is the different impact of 

weatherization on changes in PM before and after weatherization.  

 Analysis of smoking and nonsmoking homes. 

 Previous t-tests have shown that smoking caused a significant difference in DALYs 

across all study homes. Treating smoking and non-smoking groups as separate data sets allowed 
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for a better analysis of the factors that may be affecting IAQ, leading to improved 

recommendations for weatherization and home performance professionals. In this section, 

results for the same tests and sequence used for the study population are compared for these 

two groups. Figure 14 shows the distribution of DALYs in smoking and nonsmoking homes in 

the 1 adult and 1 adult and 1 child scenarios.  

 
Figure 14. Distribution of changes in DALYs in smokers vs. nonsmokers.  

 

 This significant change is caused primarily by smoking but exploring what variables 

influence change within these groups is just as important. Looking at the change in the 

relationship between the mean and the median (x and middle line of the box plot, respectively) 

for smoking and nonsmoking homes allowed for an interesting observation. The smoking 

homes median was much higher than the mean, showing that there were only a few homes with 

significant decreases in DALYs, while the majority showed an increase. The opposite occured in 

nonsmoking homes, with the mean being higher than the median, showing that a few homes 

with large DALY increases were skewing the mean.   
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 Smoking and nonsmoking: Household variables effect on DALYs. 

 Tables 33 and 34 report the smoking and non-smoking results from t-tests for 

household variables and a one-way ANOVA test for location and heating energy.  

 
Table 33. Results of T-Test for Household Variables in Smoking vs. Nonsmoking Homes 
 Smoking (n=13) Nonsmoking (n=36) 
 n Mean p-Value n Mean p-Value 

Pets 
Y 5 .0190 

.018 
17 -.00809 

.397 
N 8 -.00289 19 -.00374 

Type of Home 
S 5 -.00436 

.146 
21 -.00371 

.257 
M 8 .0117 15 -.00930 

Combustion 
Y 3 -.00566 

.264 
14 .00223 

.007 
N 10 .00890 22 -.0113 

Forced Air 
Y 12 .00421 

.410 
29 -.00867 

.031 
N 1 .0214 7 .00489 

Sampling Season 
HS 11 .00254 

.007 
23 -.00575 

.883 
CS 2 .0220 13 -.00654 

  
 

 Results in Table 33 show that separate calculations for smoking and nonsmoking homes 

resulted in more statistically significant differences than any of the other t-tests previously 

performed for the study homes as a whole. These results show that smoking homes in the 

cooling season and homes with pets will have a more severe impact on DALYs. It should be 

noted however, that there were only two smoking homes in the cooling season, so the impact of 

sampling season is not definitive. In nonsmoking homes there was a significantly lower impact 

on DALYS in homes without combustion appliances and with forced air systems. This follows 

what is understood in the literature because combustion appliances produce PM2.5 and NO2 at 

greater rates than electric appliances (Fisk et al., 2002).  An additional t-test for homes without 

combustion appliances and with a forced air system (M=-.0105, SD=.0131) versus homes with 
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combustion appliances or without a forced air system (M=-.0004, SD=.0160) showed a 

significant difference between the two, with p=.045.  

 
Table 34. One-way ANOVA for Location and Heating Energy Type Effect on DALYs by Smoking vs. 
Nonsmoking Homes 

Variables 
Smoking Nonsmoking 

F ratio p-value F ratio p-value 
Location F (2,10) =3.809 .059 F (2,33)1.253 .299 

Heating Energy 
Type F (3,9) =1.516 .276 F (3,32) =4.164 .013 

  
 In nonsmoking homes, the significant variance in heating energy shown in Table 34 is 

expressing the same difference as the t-test for combustion appliances.  

 Measure and improvement effect on DALYs. 

 Tables 35, 36, and 37 report the results of t-tests for individual energy measures, 

correlation analysis for categories of measures, and t-tests for individual health and safety 

measures, respectively.   

 

Table 35. Results of T-Tests for Individual Energy Measures and DALYs 

  
Smoking Nonsmoking 

n Mean p-Value n Mean p-Value 

Heating System Replacement 
Y 5 .00480 

.918 
11 -.00220 

.320 
N 8 .00600 25 -.00772 

Wall Insulation 
Y 0 - 

- 
3 -.00614 

.991 
N 13 .00553 33 -.00603 

Attic Insulation 
Y 7 .00415 

.792 
19 -.0181 

.351 
N 6 .00745 5 -.0179 

Floor Insulation 
Y 5 .01263 

.310 
8 -.0115 

.166 
N 8 .00111 28 -.00447 

Duct Sealing 
Y 5 .0145 

.194 
6 -.0112 

.364 
N 8 -.00003 30 -.00500 
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 As with the overall study population, energy measures showed no statistically significant 

changes in DALYs for smoking and non-smoking groups. This is not surprising for the 

insulation measures because they have no direct impact on indoor air. Duct sealing, which plays 

a significant role in reducing air leakage and air infiltration, showed an inverse relationship 

between smoking and nonsmoking homes. While not statistically significant, smoking homes 

that received duct sealing showed an increase in DALYs over smoking homes that didn’t receive 

duct sealing, leading to a greater decrease in DALYs in nonsmoking homes. For smoking 

homes, duct sealing may be trapping more environmental tobacco smoke while for nonsmoking 

homes it may be keeping out outdoor pollutants that could be occurring underneath the home 

where ducts are often located.  

 

Table 36. Correlation Between Measures and DALYs 

Measure 
Smoking Nonsmoking 

r  p-value r p-value 

Major Air Sealing .378 .203 -.052 .763 

Total Energy Measures .226 .459 .094 .587 
Total HS Improvements -.075 .807 -.222 .194 

  
 

 While not statistically significant, the results in Table 36 are showing a weak positive 

correlation between Major Air Sealing and higher DALY impact, and a weak negative correlation 

between Total Health and Safety Improvements and DALYs in nonsmoking homes. This latter 

general trend indicates that effort put into Health and Safety Improvements may have potential 

for reducing DALYs, though unfortunately this same trend does not exist in smoking homes.  
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 Results in Table 37 for the addition of a dryer vent in nonsmoking homes shows a highly 

statistically significant impact for reducing DALYs. The addition of a range hood also shows a 

smaller and not significant reduction in DALYs. The change due to presence of a dryer vent is 

important because this is a low-cost intervention with significant potential for improvement.  

 
 
Table 37. Results of T-Tests for Health and Safety Improvements and DALYs 

  
Smoking Nonsmoking 

n Mean p-Value n Mean p-Value 

CO Alarm 
Y 13 .00554 

- 
33 -.00697 

.277 
N 0 - 3 .00419 

Range Hood 
Y 1 .0227 

.373 
8 -.00739 

.780 
N 12 .00411 28 -.00565 

Vapor Barrier 
Y 6 .00044 

.396 
16 -.00444 

.579 
N 7 .00990 20 -.00731 

Dryer Vent 
Y 5 .00437 

.871 
6 -.0182 

>.001 
N 8 .00627 30 -.00361 

 
 

 Table 38 displays the results of correlation tests between the occupant density and key 

home air exchange parameters and DALYs for smoking, non-smoking, and overall study homes. 

 Without the effect of smoking to confound the data, a statistically significant negative 

moderate correlation between Occupant Density and DALYs occurred in nonsmoking homes, 

indicating higher density results in lower DALYs. Shown in Figure 15, the apparent increase in 

occupant density and corresponding decrease in DALYs suggests an interesting phenomenon 

that is opposite of what would be normally expected. However, it is worth noting that of the 

eight homes with greater than two occupants, all but three were non-smoking homes, which may 

account for this paradoxical trend. 
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Table 38. Correlation Between Occupant Density, Air Sealing, and Ventilation Values and DALY: 
Smoking, Nonsmoking, and Total Study Population 

Variable 

Smoking Nonsmoking 
Total Population  

(1 Adult and 1 Child) 
r p-value r p-value r p-value 

Area .144 .638 -.008 .963 .058 .694 
Occupant Density .082 .790 -.418 .011 .234 .106 
CFM50 Pre .101 .743 -.041 .811 -.007 .963 
CFM50 Post -.079 .798 -.099 .564 -.102 .486 
Change CFM50 .301 .317 .032 .852 .093 .524 
ACH50 Pre .297 .324 -.002 .991 .092 .528 
ACH50 Post .177 .563 -.075 .662 -.019 .895 
Change ACH50 .376 .206 -.079 .649 .172 .236 
ASHRAE Daily 
Ventilation (ft3) -.227 .456 .080 .642 -.019 .898 

Actual Daily 
Ventilation (ft3) -.228 .454 .048 .783 -.036 .804 

Difference -.111 .718 -.149 .387 -.109 .456 
Difference as % of 
Home Volume -.079 .798 -.085 .621 -.054 .714 

Actual/Home 
Volume -.073 .811 .001 .993 -.053 .720 

  
   

 

 
Figure 15. Scatterplot of occupant density and change in DALYs. 
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 This analysis shows that smoking is the biggest factor when looking for differences in 

health impacts across all homes, and that it is important to treat smoking and nonsmoking 

homes separately when looking for relationships with other variables. In nonsmoking homes, a 

forced air system and the existence of combustion appliances provides a significant impact on 

the home’s indoor air quality and the existing health impact, while in smoking homes no 

significant variable appears, showing that smoking is still the most significant impact on these 

homes. This information and the results from the following analysis of bimodal groups will be 

used to guide the analysis of the asthma impact. 

 Analysis of bimodal distribution. 

One additional interesting finding was the bimodal DALY distribution in Figure 7, 

showing a group of homes with strong positive and strong negative changes and fewer homes 

with minimal change. Continued analysis of these two groups to look for significant variables 

shared by these subpopulations may provide additional insights. Figure 16 shows the bimodal 

breakdown of homes under the 1 adult and 1 child scenario groups of homes. The homes within 

the green and red circles have a Change in DALY either greater than .01 or less than -.01, 

respectively.    

 
Figure 16. Breakdown of change in DALYs for 1 adult and 1 child. 
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 Table 39 shows a highly significant difference between these two groups. Knowing how 

characteristics differ within these two groups could explain why they are so different and what 

characteristics lead to improved or degraded air quality.    

 
 
Table 39. T-Test Results for Bimodal Groups and DALY 

  
 1 Adult 

n Mean Difference p-Value 

Bimodal Groups 
Δ < -0.01 24 -.0181 

-.0356 <.001 
Δ > 0.01 18 .0175 

 
 

The same tests performed on data for all study homes were performed, in the same 

sequence, and on the data set for these two separate groups to look for differences that may 

explain this bimodal behavior.  

 Bimodal data sets: Household variables effect on DALYs. 

These two groups experienced opposite DALY changes, and understanding what is 

different between them will lead to a better understanding of what is causing these changes. 

Table 40 shows the distribution of variables within the two groups, with the higher value 

highlighted in green. 

 The group with an increase in DALYs is made up of more smoking homes and fewer 

forced air homes, both of which have been shown previously in Table 27 and 33 to have a 

significant effect on DALYs. While Table 40 shows the differences between these two groups, 

we still have little understanding of the potential impact of these different variables on DALY 

outcomes on each group. Results for t-tests and ANOVA for the two groups are shown in Table 

41 and 42, respectively. 
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Table 40. Single Value Variable Difference Between Increase and Decrease Groups 
Variables % of Increase (n=18) % of Decrease (n=24) 

Smoker 44.4% 16.7% 

Pets 61.1% 33.3% 

Site Built Home 55.6% 62.5% 

Manufactured Home 44.4% 37.5% 

Combustion 44.4% 25.0% 

Forced Air 72.2% 91.7% 

Heating Season 72.2% 66.7% 

Cooling Season 27.8% 33.3% 

 
 

Table 41. T-Test for Household Variables on DALYs by Bimodal Groups 

 Increase in DALYs Decrease in DALYs  
 n Mean p-Value n Mean p-Value 

Smoking 
Y 8 .0198 

.016 
4 -.0191 

.454 
N 10 .0157 20 -.0178 

Pets 
Y 11 .0169 

.439 
8 -.0189 

.293 
N 7 .0184 16 -.0177 

Type of Home 
S 10 .0168 

.430 
15 -.0176 

.229 
M 8 .0184 9 -.0189 

Combustion 
Y 8 .0154 

.030 
6 -.0183 

.778 
N 10 .0192 18 -.0180 

Forced Air 
Y 13 .0177 

.830 
22 -.0180 

.570 
N 5 .0172 2 -.0190 

Sampling Season 
HS 13 .0166 

.086 
16 -.0190 

.007 
CS 5 .0199 8 -.0161 
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Table 42. One-way ANOVA for Location and Heating Energy Type Effect on DALYs by Bimodal 
Groups. 

Variables 
Increase in DALYs Decrease in DALYs 

F ratio p-value F ratio p-value 

Location F (2,15) =2.61 .106 F (2,21) =2.18 .138 

Heating Energy 
Type F (3,14) =1.93 .171 F (3,20) =.063 .979 

  
 

 From the t-test results we can see that the Increase Group showed significant difference 

between Smoking and Combustion Appliance while the Decrease group showed a significant 

difference for Heating Season. Independent-samples t-tests comparing DALYs from 

formaldehyde and PM2.5 in Heating Season and Cooling Season showed statistically significant 

change in DALYs from PM2.5 (t (22) =-2.45, p=.023), but no change in DALYs from 

formaldehyde (t (22) =-1.921, p=.068). Normally the DALYs change from Seasons could be 

attributed to increases in formaldehyde from increased temperature and humidity during the 

cooling season. But the reductions in DALYs during the heating season can be attributed to a 

reduction in PM2.5. The ANOVA showed no major difference between Location and Heating 

Energy type in either group. Post Hoc Least Significant Difference (LSD) tests were run on all 

of the ANOVAs to look for differences between individuals within the groups. The LSD test 

could not be run on the heating energy in the Decrease Group because the fuel oil group only 

had one home. Shown in Table 43, these tests indicated significant mean differences within 

Location and Heating Energy.  

Table 43. Mean Differences and Significance for Location from LSD Test 

Variables 
Increase in DALYs  Decrease in DALYs  

Mean Difference p-Value Mean Difference p-Value 
MTN CST -.00390 .045 -.00099 .454 
PDT CST -.00325 .184 -.00231 .050 
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 Homes within the CST group were significantly higher than MTN and PDT. This is 

mostly likely attributed to climate or local influences. Within both the Increase and Decrease 

group there was a significant difference between homes in cold or moderate climates (MTN or 

PDT) with homes in warm and humid climates. A similar significance was found by Doll et al. 

between warm humid areas and cooler areas (2016).  

 Measure and improvement effect on DALYs. 

 Although the different energy measures and health and safety improvements showed no 

significant change in the study population, breaking down into bimodal subgroups may show 

something that was obscured in the study population. Tables 44, 45, and 46 show t-tests 

between DALYs and individual energy measures, DALYs and health and safety improvements, 

and a correlation analysis between DALYs and Total Measures and Improvements, and Major 

Air Sealing, respectively.  

Table 44. Results of T-Tests for Individual Energy Measures and DALYs 

  
Increase in DALYs Decrease in DALYs 

n Mean p-Value n Mean p-Value 

Heating System Replacement 
Y 8 .0177 

.862 
7 -.0177 

.286 
N 10 .0173 17 -.0190 

Wall Insulation 
Y 1 .0201 

.505 
2 -.0192 

.516 
N 17 .0174 22 -.0179 

Attic Insulation 
Y 11 .0170 

.498 
19 -.0181 

.873 
N 7 .0183 5 -.0179 

Floor Insulation 
Y 5 -.0188 

.386 
6 -.0183 

.781 
N 13 .0170 18 -.0180 

Duct Sealing 
Y 5 .0189 

.337 
4 -.0203 

.046 
N 13 .0170 20 -.0176 

  
 

 While the sample size of the duct sealing in the Decrease group in Table 44 is not evenly 

divided, a statistically significant decrease in DALYs could be explained for a variety of reasons. 
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T-tests looking at changes from DALYs by formaldehyde and PM2.5 individually showed no 

significance change in formaldehyde DALYs, but did show a significant change in PM2.5 

DALYs. An independent-samples t-test showed a significant difference in DALYs for Duct 

Sealing (M=-.0102, SD=.00013) and No Duct Sealing (M=-.0087, SD=.0011) conditions; t 

(20.9) =5.25, p < .001. All homes with duct sealing were also mobile homes, which typically 

have ducts located underneath the home, and providing sealing can prevent significant loss as 

well as particulate matter infiltration.   

Table 45. Correlation Between Measures and DALYs 

Measure 
Increase in DALYS Decrease in DALYS 

r  p-value r p-value 

Major Air Sealing .108 .670 .006 .977 

Total Energy Measures .182 .469 -.336 .109 

Total HS Improvements .252 .314 -.067 .756 

  
 While not statistically significant, the decrease group in Table 45 showed a moderate 

negative correlation between Energy Measures performed and the change in DALYs. This could 

be related to the improvements in DALYs seen from duct sealing.  

 
Table 46. Results of T-Tests for Health and Safety Improvements and DALYs  

  
Increase in DALYS Decrease in DALYs 

n Mean p-Value n Mean p-Value 

CO Alarm 
Y 16 .0177 

.536 
23 -.0180 

.649 
N 2 .0159 1 -.0193 

Range Hood 
Y 4 .0145 

.060 
5 -.0188 

.457 
N 14 .0184 19 -.0178 

Vapor Barrier 
Y 8 .0193 

.070 
12 -.0175 

.270 
N 10 .0161 12 -.0187 

Dryer Vent 
Y 3 .0214 

.001 
8 -.0189 

.249 
N 15 .0168 16 -.0176 
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 The t-test results in Table 46 show a statistically significant change between homes with 

a dryer vent installed and homes without a dryer vent installed. The change, however, is in an 

unexpected direction, with homes without a dryer vent installed having a lower mean DALY 

increase than the homes with a dryer vent installed. Upon further inspection of all of the homes 

with dryer vents installed, none were nonsmoking homes. The homes without the dryer vent 

installed were actually 66% nonsmoking homes. The small sample size of the dryer vent homes 

and the presence of the protective influence of not smoking explains this difference. 

 Again, looking to other home characteristics such as Occupant Density and Home 

Performance variables may provide information on the difference in DALY between the 

bimodal groups. Table 47 shows the average values for these different groups and the percent 

different between the two. 

Table 47. Occupant Density, Air Sealing, and Ventilation Averages 
Variable Increase 

(n=18) 
Decrease 

(n=24) 
Percent 

Difference 
Area (ft2) 1160 1145 1.3% 
Occupant Density (ft2) 884 717 20.9% 
CFM50 PRE 2574 2608 -1.3% 
CFM50 POST 1736 1931 -10.6% 
Change CFM50 837 678 21.0% 
ACH50 PRE 18.3 16.9 8% 
ACH50 POST 12.4 12.6 -1.6% 
Change ACH50 5.9 4.3 31.4% 
ASHRAE Daily Ventilation (ft3) 41092 41040 0.1% 
Actual Daily Ventilation (ft3) 38916 39693 -2.0% 
 Difference (ASHRAE - actual) -2176 -1317 49.2% 
 Difference as % of Home Volume -24% -19% 23.3% 
 Daily Air Changes 4.6 4.5 2.2% 

  
 There are important differences between these two groups in key air infiltration and air 

sealing categories, including greater occupant density, change in CFM50, change in ACH50, and 

deficit in actual versus ASHRAE daily ventilation for the Increase group. The correlation 
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analysis results, in Table 48, show no significant correlation between any of the continuous 

home characteristics and DALYs. 

 Among these two groups, variables to be mindful of are smoking, combustion, season, 

and duct sealing. During these tests smoking homes continually confounded the results, which 

again shows that even among these distinct bimodal groups, smoking has a large impact on the 

IAQ and health outcomes.   

Table 48. Correlation Between Occupant Density, Air Sealing, and Ventilation Values and DALY Between 
Increase Group, Decrease Group, and Total Study Population 

Variable 

Increase in DALYs 
Group 

Decrease in DALYs 
Group  

Total Population 
(1 Adult and 1 Child) 

r p-value r p-value r p-value 
Area .268  .283 167 .434 .058 .694 
Occupant Density .107 .672 .103 .632 .234 .106 
CFM50 Pre .192 .446 .045 .833 -.007 .963 
CFM50 Post .222 .377 .136 .527 -.102 .486 
Change CFM50 .102 .686 -.109 .611 .093 .524 
ACH50 Pre .030 .907 .024 .910 .092 .528 
ACH50 Post -.004 .989 .095 .660 -.019 .895 
Change ACH50 .045 .859 -.106 .621 .172 .236 
ASHRAE Daily 
Ventilation (ft3) -.128 .612 -.311 .139 -.019 .898 

Actual Daily 
Ventilation (ft3) -.179 .477 -.313 .136 -.036 .804 

 Difference -.235 .347 -.085 .693 -.109 .456 
 Difference as % of 

Home Volume -.231 .355 -.100 .643 -.054 .714 

 Daily Air Changes -.385 .115 -.267 .207 -.053 .720 

 

 DALY economic impact estimate. 

 When valuing the DALY at $218,723, small reductions can have significant influences on 

the economic impacts of the DALY. Figures 17 and 18 show the economic impacts for individual 

homes and total savings from DALYS, respectively, for the different occupant scenarios.
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Figure 17. Distribution of DALY economic impact in different scenarios. 

 

 
Figure 18. Total savings from DALY.  

 Although not every household received a positive benefit from the DALY Economic 

impact, the total study population had both positive savings and a total health savings from the 

DALY impacts. Profiles can be developed from the previous analysis for the best and worst-case 

scenarios for health savings. Using the study home occupant scenario, Table 49 shows the 

expected best and worst-case groups.  
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Table 49. Best to Worst Case DALY Groupings for the Study Home Scenario 

Group and Variables n 
Mean 

DALYs 
Median 
DALYs 

Mean Economic 
Value per Home 

1. No smoking, no combustion, Dryer 
vent installed 

6 -0.0182 -0.0148 $ 3,977.00 

2. No smoking, no combustion 22 -0.0136 -0.0117 $ 2,978.00 
3. No smoking 36 -.00083 -0.0085 $ 1,823.00 
4. No combustion 32 -0.0063 -0.0093 $ 1,380.00 
5. Study population 49 -0.0045 -0.0075 $ 991.00 
6. Combustion 17 -0.0012 0.0038 $ 258.00 
7. Smoking 13 0.0060 0.0097 $ -1314.00 

 

Asthma Impact Estimate 

 Weatherization may prove to be an integral intervention in an asthma treatment plan, but 

our understanding of weatherization’s effect on asthma is just at its beginning stages. Knowing 

what features within a home will provide the best improvement for asthma sufferers will inform 

improved treatment plans in the future. Using the method for estimating asthma symptom days 

and % serious events we calculated the impact of weatherization on a moderate asthma sufferer 

with an assumed starting FEV1% of 80% before the weatherization intervention. Figures 19 and 

20 show the impact on a single pediatric asthma sufferer across the study population represented 

as changes in asthma symptom-free days and % of serious asthma events, respectively. 
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Figure 19. Change in asthma symptom days from weatherization; study population. 
 
 

 
Figure 20. Change in % of serious asthma events from weatherization; study population. 

 

 From Figures 19 and 20 it can be seen that there was generally an increase in asthma 

symptom days but only a minimal change for the percentage of serious asthma events. Table 50 

shows the relevant statistical values for the study population as a whole. 
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Table 50. Statistical Descriptors for Study Population Asthma Impact 
 Mean (SD) Median 1st Quartile 3rd Quartile Min Max 

Change in Asthma 
Symptom Days -0.06 (2.71) -0.20 -1.00 0.40 -7.23 11.24 

Change in % of Serious 
Asthma Events 

-0.02(.082) -0.06 -0.30 0.12 -2.19 3.40 

 

 Using the information gathered from the analysis of DALYs helped inform the analysis 

for the asthma sufferers. Shown in Table 51 are results from t-tests performed on the change 

from smoking and combustion appliances to identify the strongest factors impacting asthma 

sufferers.  

Table 51. Results of T-Tests for Asthma Effects; Study Population 

  Asthma Symptom 
Days 

% of Serious Asthma 
Events 

 n Mean p-Value Mean p-Value 

Smoking 
Y 13 1.85 

.002 
.559 

.002 
N 36 -.75 -.226 

Combustion 
Y 17 -.97 

.088 
-.292 

.088 
N 32 .42 .128 

  
 

 At the study population level, smoking homes showed highly significant changes in 

symptom days and serious asthma events. Combustion also showed an impact at the 90% 

significance level. As with the DALYs, breaking the groups into smoking and nonsmoking 

showed whether combustion has an effect on these homes. Figure 21 visually shows the 

distribution and difference between these two groups for change in asthma symptom days and 

change in percent of serious events. T-tests in Table 52 show the differences in smoking and 

nonsmoking homes for combustion and forced air.  
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Figure 21. Change in asthma effects by smoking and nonsmoking homes.  
 
 
 
Table 52. Results of T-Tests for Asthma Symptom Days; Smoking, Nonsmoking Homes 
  Smoking  Nonsmoking 
 n Mean p-Value n Mean p-Value 

Combustion 
Y 3 -.60 

.189 
14 -1.04 

.567 
N 10 2.58 33 -.56 

Forced Air 
Y 12 1.73 

.690 
29 -.42 

.234 
N 1 3.31 7 -2.12 

 
 

 The results in Table 52 show no significant differences for Combustion or Forced Air in 

either Smoking or Nonsmoking groups. DALYs put significantly more emphasis on PM2.5 while 

the asthma impact methods weight PM2.5 and NO2 more evenly. The introductory method for 

estimating these impacts, when related to building and household variables, is much less 

sensitive than the DALY methods. Improving upon these methods and expanding the 

understanding of long term impacts from weatherization is another area for future research. 

Shown in Figure 22, there was a net positive impact on asthma from weatherization that 

Change in Asthma Symptom Days and % of Serious Events by Smoking 
and Nonsmoking Homes 
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increased significantly when separating homes into smoking and nonsmoking homes. It is our 

hope that homes with asthmatics would take precautions to avoid smoking around them.  

 

 
Figure 22. Cumulative effects of weatherization on asthma; symptom days, % serious events. 
 
 

Energy Costs 

 Two methods were used to estimate energy savings within the homes: a representative 

energy savings, using available data from a national evaluation; and an estimate of convective 

energy savings using air sealing and ventilation data. Without energy bills from these homes 

these can only be considered estimates and should not be taken as exact energy savings.  

Representative Energy Savings 

 Using information from the PY 2010 WAP National Evaluation, home characteristics 

from study homes were matched with evaluation data to calculate energy estimates for the study 

homes (Blasnik et al., 2015a; Blasnik et al., 2015b). Unfortunately, insufficient data exists from 

the National Evaluation to get reliable results for homes heated from Propane or Fuel Oil. This 
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reduced the population number to 38 homes. Table 53 shows the representative energy savings 

for the homes. 

 
 
Table 53. Average Annual Representative Savings by National Average, Climate Zone, and # of Measures 
(MMBtus) 
Homes n National Average By Climate Zone By # of Measures 

Natural Gas Site 
Built Home 4 17.14 15.69 22.91 

Electric Site Built 
Home 15 6.28 6.60 7.79 

Electric 
Manufactured 

19 5.77 5.93 9.20 

 
 

  In each of these types of homes there was a wide variation in energy savings between 

the national average, climate zone breakdown, and number of measures performed. When 

looking at each of the homes individually during the cost comparison it made the most sense to 

look at each of the homes by their best- and worst-case scenario for energy savings. This gave an 

ample range with which to gauge possible energy savings. Of the three groups, savings by 

number of measures had the largest variation within the groups themselves. Figure 23 shows the 

distribution of savings by measure in Natural Gas Site Built Homes, Electric Site Built Homes, 

and Electric Manufactured Homes.  
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Figure 23. Annual savings by # of major measures preformed (MMBtu). 
  

 Although natural gas homes have significantly higher amounts of energy savings in terms 

of site MMBtus, the savings in terms of dollars is much different. Table 54 lays out the average 

savings in dollars for homes based on the representative energy savings.  

 
 Table 54. Average Annual Representative Cost Savings by National Average, Climate Zone, and # of 
Measures (2016 US Dollars) 
Homes n National Average By Climate Zone By # of Measures 

Natural Gas Site 
Built Home 

4 $214.44 $196.30 $286.63 

Electric Site Built 
Home 

15 $213.48 $224.36 $264.81 

Electric 
Manufactured 

19 $196.15 $201.58 $312.74 

 
 As a cost savings level this leads to more consistent savings between Natural Gas and 

Electricity. Throughout all of the 38 homes that could successfully be calculated with this 

method, a significant cost savings was achieved throughout the homes. Figure 24 shows the total 

annual cost savings of all the homes broken down by type of home and heating source, and 

Figure 25 show the total annual cost among all homes.  
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Figure 24. Total energy cost savings by home type for year 1. 
 

 

 
Figure 25. Total energy cost savings by representative energy category.  
  
 

 These representative energy savings show significant savings among each of the different 

types of homes and will be useful when comparing health savings impacts and costs later on.  
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Convective Energy Costs 

 One of the biggest concerns from energy auditors and weatherization professionals is the 

energy lost from adding ventilation to a home. It feels counterintuitive to put in work to increase 

air tightness of a building and then add a fan to pull air into the building; however, the addition 

of ventilation is vital for improving indoor air quality. While ventilation can add a serious energy 

penalty it is not as significant as thought. Table 55 shows the breakdown among the study 

homes of an estimate of the reductions in ACH for air sealing against the addition of ACH from 

ventilation. 

Table 55. Number of Homes by Air Sealing Change and Ventilation Categories  
Air Sealing Change n n Ventilation Category 

High (ACH >0.30) 10 12 High (ACH >0.30) 

Medium (ACH 0.15-0.30) 13 16 Medium (ACH 0.15-0.30) 

Low (ACH 0.0-0.15) 26 21 Low (ACH 0.0-0.15) 

Average ACH .190 .196 Average ACH 

 

 Figures 26 and 27 shows the additional Btu/hour, Btu/year, and yearly costs of conditioning 

the added air from ventilation.  
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Figure 26. Convective energy loss from ventilation by hour and year. 
 
 

 
Figure 27. Average yearly cost of conditioning air from ventilation. 
 
 Although this may seem like a large amount of energy and money spent on conditioning 

the air from ventilation, it cannot be viewed as a standalone component. Using the exact same 

weather information, Figure 28 shows an approximation of the convective energy savings from 

air sealing within the homes in BTU/hr. and MMBtu/year. Figure 29 shows the average energy 

savings from air sealing.  
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Figure 28. Average convective energy savings from air sealing. 

 

  
Figure 29. Distribution of energy cost savings from air sealing. 

 

 A direct comparison of energy and cost savings between air sealing and ventilation 

shows that even with the significant energy penalty from ventilation that energy is still being 

saved within the homes. Figure 30 shows the overall energy impact from the combination of air 

sealing and ventilation.  
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Figure 30. Total convective heat loss savings (air sealing – ventilation). 

 

 When done properly weatherization should end with an increase in controllable 

ventilation and a decrease in overall convective heat loss. This will lead to the potential for both 

energy savings and health impact savings.  

Cost of Weatherization 

 Work orders, material lists, and reports from the Partner CAAs provide the costs and 

measures preformed in all of the study homes.  The cost of weatherization can be broken down 

into three main categories: Energy, Health and Safety, and Administrative. Energy measures 

include items like air sealing, heating system replacement, insulation, and duct sealing, while 

health and safety measures include items like adding a CO alarm, installing an exhaust ventilation 

fan, repairing a crawl space vapor barrier, and repairing plumbing or electrical issues. Figures 31, 

32, and 33 show the total costs, number of homes by cost per home, and average cost for 

individual homes, respectively, for each weatherization cost category. 
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Figure 31. Total cost of weatherization. 
 

 

At a total of $341,045 across the 49 homes within the study, 56.5% of funds were spent 

on energy measures, 20% of funds on health and safety measures, and 23.5% of funds allocated 

to administrative costs. These overall percentages provide potential insight into the allocations 

and priorities of weatherization agencies:  

● Prioritization of energy measures over H&S measures  

● Lack of available funding for performing health and safety measures  

● Lower overall cost of H&S measures as compared to administrative costs  
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Figure 32. Histogram of cost per home by total and measure categories. 
 
 

Figure 33. Distribution of costs per home by total and cost categories. 
 
 

 Figures 32 and 33 show greater spending on energy measures vs. health and safety 

improvements. This is expected since the main goal of the WAP is to increase the energy 

efficiency of homes and the secondary goal is to improve health and safety within the home. 

This shows that significantly more money was spent on energy measures but this could be 
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explained by energy measures costing more than health and safety improvements, or simply 

fewer available interventions for Health & Safety.  

Figures 34-36 show the total number of H&S improvements and Energy measures 

performed in study homes, and the average cost per home for H&S and Energy measures. Table 

56 summarizes average weatherization cost information across all study homes. 

Figure 34. Total health and safety improvements.  
 
 
 

Figure 35. Total major energy measures performed. 
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Figure 36. Distribution of cost per measure per home. 
 
 
TABLE 56. Amount and Cost of Measures Performed 
 Total Measures Energy Measures Health and Safety 

Improvements 

Total Number 246 109 137 

Average Per 
Home 5.0 2.2 2.8 

Total Cost $ 341,044 $ 193,000 $ 67,885 
Average Cost Per 
Home $ 6,960 $ 3,939 $ 1,385 

Average Cost of 
Measure Per 
Home 

$ 1,416 $ 1,986 $ 475 

 

 Looking through both the Energy Measures and Health and Safety Improvements, a 

consistent pattern emerged showing that more Health and Safety improvements are performed 

on each home, but these are generally lower cost than Energy Measures. This fit within the WAP 

Community Action Agencies’ goals of improving the overall quality of life for their clients 

through increased energy efficiency.  
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Cost and Savings Comparison 

 Using the calculated health impacts, energy savings, and cost of weatherization we 

conducted a comparison to look for variables that influenced a maximum net benefit. 

Understanding that DALYs are an economic measure of lost productivity, while energy savings 

are direct consumer savings, will be a factor when considering which variables relate to the best 

overall impact. 

Energy Cost Savings and DALY Economic Savings 

 Understanding the order of magnitude of these different savings is important. The 

overall comparison between the cost, representative energy savings, and the associated DALYs 

from these homes, shown in Figure 38, portrays a large difference in savings from these homes.  

 

 
Figure 38. Total annual representative energy savings and DALY economic impact. 
  
 

 In Figure 38, we can see that the DALY value has a much higher impact across the 38 

homes in the Energy Analysis data set. Recall that the low end of the range for DALY cost of 

life was approximately half of the value used for calculations in this study, which would still 
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result in a DALY value that is higher than the best-case energy savings. From the previous 

analysis of DALYs and different household variables, energy measures, and health and safety 

improvements, a list of overall best to worst performing groups of household parameters is 

show in Table 57. The data presented compare economic value of changes in DALYs and best- 

and worst-case energy savings for each group.  

 
Table 57. Best to Worst Variable Grouping Comparing DALY and Energy Cost Savings 

Group and Variables n 

Mean DALY 

Economic Value 

per Home 

Mean Best 

Case Energy 

Savings 

Mean Worst 

Case Energy 

Savings 

1. No smoking, no 
combustion, Dryer vent  

6 $ 3,977.00 $293.00 $161.00 

2. No smoking, no 
combustion 

22 $ 2,978.00 $308.00 $189.00 

3. No smoking 27 $ 2,617.00 $309.00 $188.00 

4. No combustion 32 $ 1,380.00 $306.00 $187.00 

5. Study population 38 $ 1422.00 $308.00 $186.00 

6. Combustion Only 6 $ 1644.00 $316.00 $184.00 

7. Smoking Only 11 $ -1512.00 $304.00 $184.00 

 
 

 While the DALY health impacts showed a significant effect across the group and 

variable categories, the best and worse energy savings were fairly consistent. Therefore, including 

even a partial value from DALYs into cost-benefit equations would generally show significant 

savings and an increase in the cost effectiveness of the WAP.  
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Cost of Weatherization, Energy Cost Savings, and DALY Economic Savings 

 A simple payback analysis was used to demonstrate just how large the savings from 

DALYs impact was on the overall cost effectiveness of weatherization. A simple payback looks 

at the money spent on improvements along with the annual money saved from the 

improvements (found in Figure 38) to calculate the number of years until the costs of the 

improvements are recovered. 

 Since participants within the WAP receive weatherization services at no cost, this 

exercise was performed to show the enormous impact that the DALYs have on calculating cost 

effectiveness. Figure 39 shows the reduction in years between energy savings only and energy 

plus DALY savings across the homes in the Representative Energy population. The inclusion of 

DALYs shows a substantial reduction in years until payback. When broken out into the non-

smoking population you can also see a significant drop in the time for payback. Not shown is 

the negative payback for the smoking homes; the DALY economic impacts of smoking 

outweigh the energy savings and prevent a payback from ever being achieved.  

 
Figure 39. Impact of DALY on simple payback.   
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 Although the simple payback is a quick method for analyzing the potential and timeline 

for a return on investment, it does not consider the cost of money and the long-term impacts of 

the investment in improvements. Analysis using a savings-to-investment ratio and net present 

value of the investment would allow for a better understanding of the cost effectiveness of 

weatherization.  

 By discounting both the best- and worst-case energy savings along with the DALY 

economic impact over an average lifetime of 10 years and comparing it with both the costs of 

energy measures and the total costs of weatherization, an accurate idea of the cost effectiveness 

of weatherization can be found. Table 58 shows the results of these calculations. The significant 

increase in the SIR with the addition of the economic value of the DALY would allow for an 

increase in spending per home to increase effective energy and health benefits on a larger scale. 

 
Table 58. Net Present Value and Savings to Investment Ratio for Energy and DALY Savings (n=38) 
 First Year 

Average 

Savings 

Present 

Value of 

Savings 

Costs 
Net Present 

Value 
SIR 

Best Case Energy Savings  $307.56 $2,623.51 $4007.701 -$1,384.19 .65 

Worst Case Energy Savings $186.46 $1,590.57 $4007.701 -$2,417.13 .40 

DALY Savings Study Population $1,421.77 $12,128.01 $7,266.132 $4,861.88 1.66 

DALY Savings Smoking - $1.512.07 - $12,898.26 $7,266.132 - $20,164.39 -1.78 

DALY Savings Non-Smoking $2,617.04 $22,323.88 $7,266.132 $15,057.75 3.07 

 1. Energy measure costs of weatherization 
2. Total costs of weatherization 

 
 It is also important to note that even though the energy savings, with SIR less than 1, do 

not meet requirements for cost effectiveness, this category of savings from weatherization does 

reduce the high burden of energy bills typical of low income families.  
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CHAPTER 5: CONCLUSIONS 
 

 Within this chapter, the major findings of the study are summarized and compared with 

the existing literature, and how this information can inform policy decisions is explored. Insights 

for future research topics gained from conducting this study are expanded upon as well. 

Summary of Findings 

 Using data collected from a HUD Healthy Homes study, a comparison of health impacts 

from changes in IAQ due to weatherization, energy savings, and cost of weatherization has been 

achieved. Three major findings from this study include: (1) monetized weatherization impact on 

health shows a net positive effect; (2) key variables that affect DALYs and Asthma Outcomes, in 

particular smoking, combustion appliances, and forced air systems; and (3) the relative 

magnitude of the economic impact of change in DALYs, energy savings, and weatherization 

costs. 

Weatherization as a Health Intervention 

 The weatherization conducted for the study homes led to an average reduction of 

0.00453 DALYs per home with an average economic benefit of $991 per home. This resulted in 

a total of $48,551.00 in economic benefit from weatherization across the 49 study homes. This 

positive impact shows that weatherization may have a potential benefit as a health intervention, 

especially for those within vulnerable populations such as asthma and COPD sufferers. It is 

important to note that across the study there were varying impacts from the IAQ changes across 

homes. Table 59 shows the number of homes with positive, minimal, and negative economic 

impact of changes in DALYs based on conditions before and after weatherization.  
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Table 59. Change in DALYs Throughout Study Population 
Change in DALYs Number of 

Homes 
Mean (SD) 

DALY 
Total Economic 

Impact 
Decrease in DALYs (<-.01) 17 -0.0235 (0.0112) $ 85,016.00 
Minimal change (-.01 to .01) 22 -0.0009 (0.0078) $ 4,319.00 
Increase in DALYs (>.01) 10 0.0197 (0.0140) $ -43,089.00 

 
 

 Fortunately, few homes saw minimal increase in DALYs, with 39 of the homes (80%) 

seeing a minimal change or decrease in DALYs from weatherization. This same trend, shown in 

Table 60, occurs in the asthma impact analysis, with the majority of homes (86%) having 

minimal change or decrease in asthma symptom days and serious events. Knowing which 

variables have the largest effects will allow for appropriate treatment options for asthma 

sufferers. 

 
Table 60. Change in Asthma Impacts Throughout Study Population 
Change in Asthma Impacts Number of 

Homes 
Asthma 

Symptom Days 
% Serious Event 

Decrease in Impacts (<-1 Days) 12 -2.66 -0.8% 
Minimal change (-1 to 1) 30 -0.11 -0.03% 
Increase in Impacts (>1 Day) 7 +4.60 +1.39% 

 
 

Effect of Smoking and Combustion Appliances 

 The two variables with the largest effects on DALYs and asthma were smoking in the 

home and the presence of a combustion appliance. Throughout the different combinations of 

the study population these two continued to have a large effect. Across the whole population, 

smoking was the only variable to cause a statistically significant change within the study homes 

in both DALYs and asthma impacts. Unfortunately, smoking is a complicated public health 
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issue, and it will take a multi-pronged approach to eliminate smoking and its effects on IAQ 

from within homes.  

 When separated into smoking vs. nonsmoking groups, the presence of combustion 

appliances and a forced air heating system showed a significant change within the nonsmoking 

study population. With the small sample size, it is difficult to make any definitive statement 

about the impact of forced air systems on indoor air quality; however, homes with combustion 

appliances showed a highly statistically significant change in DALYs. Therefore, removing the 

presence of unvented combustion appliances and increasing source exhaust ventilation are key 

to improving IAQ and reducing health risk.  

Magnitude of DALYs 

 While monetizing DALYs cannot be taken as direct dollars saved by the occupant, the 

economic impact of DALYs is significant enough to consider inclusion into cost effectiveness 

evaluation for weatherization or other home intervention techniques. As concluded in the cost 

comparison discussion, DALYs have the possibility of delivering a significantly higher savings 

when added to energy savings, to the point of outweighing energy savings completely. As more 

research into the non-energy impacts of common energy savings techniques continues, this will 

be a valuable tool for judging effectiveness.  

Relation to Existing Literature 

 This study worked to answer several questions that exist within the literature including: 

● Can weatherization be a successful health intervention? 

● What IAQ contaminants in the home are causing the largest health impacts? 

● What is the best way to value the non-energy impacts (NEIs) of weatherization? 

 All of these issues form into the bigger question of what is the role of building science 

professionals when it comes to issues of health and IAQ? New studies are showing that energy 
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efficiency has a large possibility to affect households outside of energy savings (E4 the Future, 

2016).  

Weatherization as a Health Intervention 

 Within the greater home performance community, weatherization is viewed as a series of 

methods and products, all with the end goal of increasing energy efficiency in the home. This 

study showed that weatherization can also have significant health impacts on household 

occupants, but in order to achieve a positive impact you must look at all factors within the 

home. Even with the WAP stated mission of “Increasing the energy efficiency of dwellings 

owned or occupied by low-income persons to … reduce their total residential expenditures, and 

improve their health and safety,” more of an effort should be made to view the home as a 

system rather than as separate energy-related components in order to maximize overall energy, 

health, and cost benefits (Weatherization Assistance for Low Income Persons, 2006, para. 1). 

This idea is consistent within the literature, and further research to value interventions within an 

integrated system is currently underway (Fabian et al., 2014; Hawkins et al., 2016, Rose et al., 

2015). This study falls in between the current methods being performed. It does not go as far as 

some, which look to health care visits and Medicaid claims before and after weatherization, but 

with the collection of field data made use of actual data rather than modeled estimates to 

evaluate the effect of interventions. However, the collection of IAQ data within the home can 

inform both study types. Relying on information gleaned from health records and Medicaid 

claims is time intensive and difficult given privacy laws. It can also limit the population sample 

extensively, and provides limited information on what weatherization methods are providing the 

largest impacts within the home. Amassing IAQ data along with health information will allow 

for generalization to the larger population and will lead to increased understanding of what the 

major improvements and stressors within the home are. Rigidness within the software and 
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incorrect assumptions can lead to unrealistic and unhelpful results. Results based on field data 

from this study can inform new modeling studies and increase the generalization of the results.  

IAQ Contaminants and Largest Health Impacts 

 With a variety of different IAQ contaminants, understanding which have the largest 

effect on health can be difficult to tease out. The results from this study show that of the 

parameters studied, PM2.5 has the largest impact on occupant health. This corroborates with an 

extensive study from Lawrence Berkley National Lab (Logue et al., 2012). The LBNL study 

looked at common air pollutants and their concentrations and used DALYs to rank their impact 

on the population. The study ranked, in order of highest health impact, PM2.5, second-hand 

smoke, radon, formaldehyde, and acrolein as the five worst contaminants for occupant health. 

Our results showed PM2.5 as having the highest health impact by a large margin. From Doll et al. 

(2016), PM2.5 was the most likely contaminant to be out of compliance by a larger margin when 

compared to IAQ guidelines. This helps to explain the large divide between smoking and 

nonsmoking homes in terms of health impacts. Recall that Figure 12 showed the extremes in 

differences between each of the contaminants and showed that reducing PM2.5 will go a long way 

towards improving the health impacts from IAQ.  

Valuing NEIs of Weatherization 

 As efforts continue to value the NEIs from weatherization and energy efficiency 

measures, a standard methodology must be developed within the field. Currently three different 

methods exist for valuing these benefits: Medicare claims, surveying, and health impacts from 

IAQ pollutants (Hawkins et al., 2016, Rose et al., 2015, Logue et al., 2012). Each of these has 

their value within the larger understanding of the value of NEIs, but they all certainly have 

limitations as well. Exploring Medicare claims is the most stringent method for measuring health 

impacts from weatherization and shows directly the value of reduction in health care costs from 
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weatherization. This method cannot show any impacts that do not involve direct interaction 

with a healthcare provider and cannot show impacts such as decreased stress or increased 

financial well-being. Surveying can capture the widest extent of impacts within the study 

populations and can be effective at teasing out new impacts that were previously unexplored. 

The major drawback with these surveys is that they require participants to understand and 

respond appropriately to the questions within the survey. Contacting appropriate populations to 

gain a baseline to compare to the sample population is another difficulty to overcome. Looking 

at changes in IAQ and their potential health impacts is a middle ground between these two 

methods. Collecting indoor air data can be time consuming, but not as difficult as acquiring 

health care information. DALYs can also present more quantitative results than surveying 

information. However, like collecting Medicaid information, IAQ information can be limited in 

the scope it provides. This study chose this method because of the ability to compare home 

variables and the impact of methods. Each strategy has its strengths and weaknesses when 

valuing all of the NEIs from weatherization, and ultimately all three methods should be used in 

conjunction when possible.  

DALYs as a Consistent Metric 

 Currently DALYs are used significantly more when looking at a global burden of disease 

within developing countries; however, these results show that this metric can be an effective tool 

for evaluating the effectiveness of building interventions from a health standpoint. Increased use 

of this tool can push the home performance industry towards developing innovative solutions 

focused on a more holistic impact from their products and methods. Pushing for this level of 

analysis across the industry will allow for a standard metric for comparison in common building 

performance issues. The sensitivity of this metric can accommodate for even small changes with 

indoor air quality in the home and as more and more low-hanging fruit within the building 
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performance industry becomes standard, methods for judging new products and ideas will be 

paramount. Before the DALY can be used as a metric more work needs to be done on selecting 

consistent and repeatable variables on the economic impact of the DALY.  

Policy Implications 

 Three key policy suggestions came out of this study: (1) develop new methods for 

smoking homes, (2) reduce the effect of combustion appliances on IAQ, and (3) increase 

emphasis of compliance with IAQ guidelines.  

Smoking and Combustion Appliances 

 Two factors within a home had the majority of the effect on DALYs and asthma 

impacts across the study population. Reducing the effect of both of these variables within homes 

can have the largest impact for increasing the health benefits of weatherization. Currently no 

policy exists for differentiating between smoking and nonsmoking homes in respect to 

weatherization. While smoking bans can be an effective method for decreasing particulates and 

second-hand smoke within multifamily buildings, it is unreasonable to expect homeowners or 

tenants to place a ban on themselves. With this in mind, new methods need to be developed to 

treat these homes in a way that does not cause a detrimental effect on the occupant. If the 

approach for reducing the impact of smoking was to add more standard exhaust fan ventilation, 

the energy penalty would be extreme, which would negatively influence compliance by the 

occupant. This opens the possibility of recovery ventilators being re-examined within ventilation 

standards to increase fresh air exchange with a reduced energy penalty. Working with the public 

health community, new ideas and methodologies to reduce the impact of smoking must occur.  

 Smoking is a behavioral issue, which increases the difficulties associated with making 

significant change, but the presence of combustion appliances is a physical characteristic of the 

home that is more easily remedied. The biggest culprits, among combustion appliances, for 
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introducing contaminants into the home are unvented combustion heaters and gas stoves. WAP 

has policies in place to eliminate unvented combustion heaters to reduce the risk of CO 

poisoning, but minimal emphasis has been placed on reducing the chronic effect of gas stoves 

on occupants. Homes are required to be equipped with a vented range hood under ASHRAE 

62.2, but the large effect still remains (ASHRAE, 2010c).  Researchers at LBNL have put 

significant effort towards understanding the capture efficiency of range hoods and developing 

standards that manufacturers understand (Delp & Singer, 2012). This is a significant step 

forward but still requires that occupants regularly use and maintain this equipment. New policies 

should focus on increasing the effectiveness of range hoods through better design, noise 

reduction, and if necessary removing control from the occupants.  

100% Compliance 

 From looking through the IAQ guidelines and compliance information reported by Doll 

et al. (2016), a significant number of homes within this study were shown to be out of 

compliance for formaldehyde and particulate matter. A quick look at Figure 2 shows that only 

10% of pre-weatherization homes and less than 15% of the post-weatherization homes were 

compliant with the 15 µg/m3 guidelines for particulate matter, and none of the smoking homes 

were compliant pre- or post-weatherization. This study and a few others have shown that across 

the board weatherization is not having an overall negative impact on the indoor environment, 

but there is still significant progress to be made in IAQ (Doll et al., 2016; Pigg et al., 2014). By 

slightly adjusting the data set so that all post-weatherization homes are compliant with IAQ 

guidelines for PM2.5, NO2, and formaldehyde, we can see the potential benefits from bringing all 

homes into 100% compliance. Figure 40 showcases these results by showing the difference in 

DALY savings between the study population and the hypothetical 100% compliant post-

weatherization population. 
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Figure 40. Annual DALY economic impact savings.  

 

 This significant difference shows how immense the possible savings could be and that 

much more work needs to be done to reach these levels of savings. Reaching this goal will be 

very difficult and would require a significant push from building science and public health 

professionals. Table 61 lays out a possible strategy for bringing these homes into compliance. In 

this table, BS stands for Building Science and PH stands for Public Health. Hypothetical 

feasibility is ranked on a scale from 1-5, with 1 being low effort and possible, while 5 is high 

effort and currently not possible. 
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Table 61. Strategies for Increasing IAQ Guideline Compliance in Weatherization (Wxn) Homes 

Strategies 
Responsible 

Party 
Outcome 

Hypothetical 

Feasibility 

1. Eliminate smoking in homes 
through education and bans. PH 

Reduce ETS and particle 
levels. 5+ 

2. Change ASHRAE 62.2 
Standard to account for smoking 
and combustion appliances. BS 

Increase fresh air in homes 
that need it most. Energy 
expenditure is unknown. 4-5 

3. Remove and replace non-
direct vented combustion 
appliances from the home. BS 

Reduce particle and NO2 
levels within the homes. 
Increase cost of Wxn. 4-5 

4. Increase effectiveness and 
reduce price of ventilation 
equipment BS 

Increase fresh air in homes. 
Possible increased energy 
expenditure.  3 

5. Educate to gain 100% 
compliance for source pollutant 
exhaust fans BS & PH 

Decrease particle, VOC, and 
humidity levels at the source 
to prevent spread. 2-3 

6. Advocate for the increase of 
the WAP budget to allow for 
added H&S Improvements BS & PH 

Increase training and ability 
of Wxn professionals and 
improve homes. 2-3 

7. Expanded studies into Wxn, 
IAQ, and Health. Focus on 
impacted populations. BS & PH 

Increased understanding of 
relationship between Wxn 
and health.  2-3 

8. Include low cost air filtration 
systems as a H&S Improvements BS 

Reduction of particle load 
within local airs in the 
home. 

2-3 

9. Innovative methods to 
increase source pollutant exhaust 
fan use BS 

Decrease particle, VOC, and 
humidity levels at the 
source. Possible occupant 
dissatisfaction from lack of 
control. 

1-2 

  
 None of these strategies are the perfect solution to improving IAQ and health within 

low income and impacted populations, but increased work needs to be done. Based on the 

variables that caused the largest impact on health values (smoking, combustion appliances, and 
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forced air), these strategies focus on combating PM2.5 The first step in moving forward is to 

increase partnerships with building science and public health professionals. Each of these groups 

has relevant expertise and advice to share with the other, thus facilitating working partnerships 

and outcomes such as the BPI Healthy Home Evaluator, that will increase energy efficiency and 

promote healthy homes and occupants at the same time.  

Future Research Opportunities 

 This study has shown that information is lacking when looking to understand health 

impact within homes. The following are potential future research opportunities to expand the 

field. 

Indoor airPLUS Verification Study 

 Indoor airPLUS is a certification offered by the EPA for new construction homes. It 

follows accepted best practices for improving the IAQ within homes; however, little has been 

done to verify that these homes are actually seeing reductions in pollutants when compared to 

the existing housing stock or to new code-minimum homes. Collecting IAQ data within Indoor 

airPLUS homes along with code homes, and using methods similar to those described in this 

thesis, could show the potential benefit to homeowners and builders looking to pursue this 

certification.  

Modeling Long-Term Impact of Weatherization Measures on Single Family Homes 

 Currently available information on the long-term impact of weatherization on IAQ 

within a home is limited. Modeling homes from within this study using CONTAM could 

provide some clarity into the long-term impact of weatherization as it relates to IAQ and the 

associated potential health impacts. Using the methods detailed by Fabian et al. (2014), a similar 

model could be developed for low-income single family homes. This model could be used to 
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model the effectiveness of different building interventions on the home, as well as the impact of 

compliance when using exhaust fans in the home. 

Year-long IAQ Data Collection Study 

 Currently most indoor sampling for pollutants is done in short bursts over days or at 

most weeks. While this can tell us a lot about the home it does little to tell us about the yearly 

contaminant levels or about when there are fluctuations in contaminants throughout the year. 

Consistently sampling within homes over an extended period of time can tell us more about 

what the overall effect of interventions may be, as well as whether current sampling techniques 

are providing useful information.  

A Predictive Model for Estimating Year IAQ Contaminant Levels and Health Impact 

 Understanding that it is financially and logistically difficult to have long-term IAQ 

sampling within a home, what if software could be developed to provide yearly estimates of IAQ 

levels? A program similar to REM/Rate or BeOPT could, with specific inputs, provide 

information about year-round IAQ levels. Pulling together information such as short-term IAQ 

testing, location, building characteristics and performance information, and self-reported 

occupant behavior to model long-term results could lead to a moderately accurate measure of 

long-term IAQ levels.  

 Each of these different studies could provide relevant information to the building 

industry and to public health professionals, as both work to reduce health risks and improve 

indoor air quality while also reducing energy and health care costs for occupants. 
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APPENDIX A- Examples of Forms Submitted by Partner CAAs 

 

NOTE: Forms are highlighted to show areas of interest during the data collection period. 
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Example NCWAP Residential Energy Assessment Tool (REAT)  
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Example of Final Inspection Report and Certification 
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Example List of Measures Performed 
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Example List of Materials Purchased 
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APPENDIX B – Information Used in Representative Energy Savings Calculations 
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Tables for Natural Gas Site Built Homes 

Blasnik, et al. (2015a) 
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Tables for Electric Single Site Built Homes 

Blasnik, et al. (2015a) 
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Tables for Natural Gas Manufactured Homes 

Blasnik, et al. (2015b) 
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