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REPORT SUMMARY

This report summarizes findings from a national field study of indoauality parameters in homes
treated under the Weatherization Assistance Pro@WéfAP). The study involved testing and monitoring
in 514 singlefamily homes (including mobile homes) located in 35 states and served by 88 local
weatherization agencies.

The study focused on the following five indoor environmental quality parameters:
I Carbonmonide
f Radon

1 Formaldehydé 7-day tests of formaldehyde concentrations in livepgces were conducted before
and after weatherization on a ssdimple of homes in the study.

1 Indoor temperature and humidityindoor temperature and humidity at the centrairttuestat was
tracked on a @ninute basis for an average of 26 days preceding and following weatherization.

1 Indoor moistue’ a visual assessment of abeaed belowgrade moisture issues was made before
and after weatherization.

To account for noprograminfluences, and isolate the impact of weatherization, approximately a third of
the homes (189 homes) were randomly assigned to a control group at the beginning of tidastudy.
control group was geographically matched to the treatment group, and realenfetie same testing and
monitoring over the same time period as the treatment group hblm&sver, actual weatherization for

the control group was delayed until after completion of the study.

The large majority of the testing and monitoring for thelg was implemented during the 2010/11

heating season, with field work taking place in a staggered fashion from early November 2010 through
early April 2011 .Fieldwork for 23 homes (in three southern states) was implemented between June and
August 2011 dring the cooling season.

The U.S. Department of Energy (DOE) was particularly interested in deterrimingeatherization
affectsradon levels in home3he study washusdesigned to ovesample homes in high radon areas to
assure a suitable sample sifdhomes withmeasurable prexistingradonlevelsand was performed in
closedhome conditions where one would expect to capture the greatest potential change related to
weatherizationOverall results were then weighted to reflect the general populdtgngbe-family

homes treated by the programArogram YearRY) 2008.

The study was not intended to address program policy or health implications related to impacts from the
indoor air quality parameters that were addressed.

Key results from the studyeaas follows:

Carbon Monoxide Production by Combustion Appliances

Study technicians measured carbon monoxide (CO) production bfjfrecehppliances before and after
weatherizationGenerally, low incidence rates of actionable ®@€e foundamongcombustion
appliances in the study (see belolpwever, given the deadly nature of CO, this does not imply that

current combustiosafety practices are unnecessary, or that changes should be made to the program.

XV



A summary of findings for the three kegmbustiorsafety related appliances in most homes follows:

1 Heating systems

0 About three quarters of homes have a central;ffteed heating system and about 40 percent of
these are atmospherically vented, which are of the most concern in terms of com&afstiy .
Only two of114 naturally ventedystemsn the studywere found to have inadequate draft.

o0 Anincidencerateof 9+ 6 percentwas foundof naturatdraft systems that produced hazardous
levels of carbon monoxide (>400ppm) prior to weatherizarly one system was measured
with a hazardous CO level following weatherizatitthvat reading could not be replicated by the
local weatherization agency, and may have been the result of unusual circumstances.

1 Water heaters
0 Testing for the study revealedL8 + 4percent incidence dtiel-fired naturaldraft water heaters
with inadequate drafperBuilding Performance InstitutéBPI) guidelines) suggesting that
water heaters represent a somewhat greater combaggiitage risk in homes:ollowing
weatherization, ane of the remaining naturdfaft water heaterfsiled a draft test.
o Carbon monoxide production above 400 ppm was found at only about a one in 200 incidence
among fueffired water heaters in the study.

1 Ovens and ranges:

0 The study data gjgest that prior to weatherization, roughly 10 to 20 percent ofifeel ovens
(but only about 2 percent of cooktop burners) in homes produce carbon monoxide above the 800
ppm (airfree) level that is the federal standard for new ranges

o0 Postweatherizdabn testing of the same units showed substantial scatter comparesd to pre
weatherization results, even among control homes that did not have intervening weatherization
activity. This suggests that the simple test procedure used lag@ which is also used tmany
local weatherization agenciiss not particularly reliable for accurately measuring CO
production byranges and ovens.

Indoor Ambient Carbon Monoxide Levels

Carbon monoxide data loggers recorded ambient CO levels in a single central locatisgstudytimes
at I- or 5minute intervals for about a month before and after weatherizaiendata show that:

1 Ambient CO levels never exceeded 5 ppm for abouithirds of homes.

1 About one in ten homes had one or more episodes of CO elevation that azkegm or higher
prior to weatherization (the highest wa&ppm).

9 About one in 25 program homesden indoor CO level that excesds ppm for ten percérof the
time or more, bubnly about one in one hundred exceéthis threshold regularly.

Theseproportions remained substantially unchanged following weatherization for both treated and
control homesA more detailed review of all sites with recorded (persistent or episodic) elevated CO
revealed some cases with likely sources such as an attachged gaoperation offarnace orcook

stove but no clear source for CO could be identified in other cd$mssmall number of such cases

makes it difficult to draw general conclusions about the impact of weatherization on ambient indoor CO.
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Radon

Studytechnicians deployed-day, activateatharcoal canisters to measure radon levels in foundation
spaces and firdtoor living spaces before and after weatherizatidmese tests were made during the
heating season under clogeaime conditionsThese shorterm tests are thus not reflective of expected
annual average radon levels in weatherization hokmsfindings for radon follow:

1

The study datandicate that the average sindgénily home in the program has a heatsaason
indoor radon level 01.9 + 01 pCi/L.

Preweatherization radon levels are correlated withvpeatherization air tightnessghter homes
tend to have higher radon levels.

The study confirms that elevated radon is relatively rare in mobile homes andhdnikiteomes in
counties ieéntified by EPA as having low radon potential.

The data from the study suggest that weatherization resultsmalé statistically significanin
absolute termdjcrease in indoor radon leveMationally, the study data suggest an average increase
of 0.4 £0.2 pCiL.

The impact of weatherization on radon appears to be generally proportionaltegiherization
levels:homes with low preexisting radon levels which constitute the majority of program honies
experience only a slight increase in radirels on average, while homes with-ppasting elevated
radon experience a larger average increase following weatheriZatiaverage, the radon impact is
thus largest among sitmuilt homes in EPA highadonpotential counties, and lowest among mebil
homes and homes in lesadon potential counties.

Changes in measureit-feakage rategue to airsealing effort® whichareintended to reduce air
infiltration and yield energy savinggere found to be statistically correlated with changes in radon
levds in study homes.

The study provides some evidence that the installation of continuous mechanical ventilation reduces
radon levels in homes.

Formaldehyde

Formaldehyde levels were measured on the first floor above grade fesamphke ofl31 homes in the
study using commercial test badges that were exposed for an average dagsplefore and after
weatherizationThe results indicate the following

1

T
T

The average program home has aweatherization indoor formaldehyde concentration of 14 +
ppb, which is consistent with formaldehyde levels observed for older homes in other dilaties.
homes tested below 30 ppb prior to weatherization.

Weatherization resulted in a ne6* 1.1 ppb increase in formaldehyde levels.
Formaldehyde levels (arahanges in formaldehyde levels) were correlated with indoor humidity (and

changes in humidityhigher formaldehyde levels were observed in homes with higher indoor
humidity.
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1 Mobile homes may have higher formaldehyde levels thatbaitehomes, and wela¢rization may
have a larger impact on these levels, but the available sample precludes solid conclusions.

Temperature

Indoor temperature data for the study homes was obtained from data loggers that were hung from the
central thermostat for a period thaesaged 26 days preceding and following weatherizaliba.
temperature data for homes monitored during the heating season showed that:

1 Wintertime indoor temperatures in program homes average 70.3 + 0.5F, but range from less than 60F
to more than 80F.

1 Housholds that showed evidence of practicing thermostat setback (based on variation in daily
temperature profiles) have indoor temperatures that average 3.0 + 0.7F lower than households that do
not practice setback prior to weatherization.

1 One quarter to onhird of singlefamily program homes have a programmable thermostat prior to
weatherizationindoor temperatures in these homes average 1.5 + 0.5F lower than in homes with a
manual (or no) thermostat.

1 Inthe month following weatherization, average indeonperature rose very slightly in the treatment
group and fell slightly among the control group households; the net change between the two was an
increase of 0.3+0.2F.

Humidity and Moisture

The data loggers that recorded indoor temperature also providgedrdatmidity levels in the study
homesIn addition technicians made a visual inspection for signs of indoor moisture before and after
weatherizationThe results for the homes monitored during the heating season follow:

9 Prior to weatherization, progranoimes tend to be on the dry side during the heating seasanhy
half (44 £ 5%) have wintertime relative humidity below 30 percent, but ten percent or fewer (6 £ 4%)
have relative humidity above 50 percent.

1 Weatherization was associated with a smallspafistically significant (1.1 + 0.6%) increase in winter
relative humidity.

1 About35% of foundations and 40% of abegeade spaces had observed moisture problems.

I Water stains were the most common observed moisture problem in both foundations argiad®ove
spacesAbout three in ten abovgrade spaces had water stains (31 +5%wmwatherization, 27+5%
postweatherization) and about one fifth of foundations had water stainS¥d reweatherization,
24+5% postveatherization)There were no statisticallignificant changes in observed moisture
problems associated with weatherization within the time frame of the study.

1 More thanhalf of all preweatherization observed water stains and mold were lessnbaguare
feet except for foundation water staindiere about half were betweewm and 32 square feet.
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1. INTRODUCTION

1.1 BACKGROUND

The U. S. Depart ment of Energyo6s (WAPBEaSsupportwe at her i z

energy efficiency improvements tioe homes of lovincome households in the United States since 1976.
The program provides grants, guidance, and other support tsggeatific weatherization programs
administeed by each of the 50 statéfse District of Columbiand several L. territories The state

prograns, in turn, oversee a networklotal weatherization agenc@&snostly nonprofit organizationd
that qualify eligible households, assesssatingeir
measures, and inspect the wdrke work performed includes air sealing, insulation upgrades, furnace
replacements, and other dwellisgecific meases found to be costffectived as well agargeted repairs
andhome improvements needed to ensure the health and safety for its occlipamterk is done at no

cost to eligible participants.

For Program ¥ar(PY) 2008, DOE made available $279 million in program grants to states for their use
in administering their respective statewide prograhhese fundsverefurther disseminatetb a retwork

of about 900 local weatherization agencies (that are subgrantees under the states) for their use on
approximately 100,000 housing units that were weatherized by the program in thitgmastate

programs and subgrantees supplement DOE fundsottighn funding sources for use on the housing units
weatherized as part of the DOE program.

Although there have been studies of some stdipinistered weatherization programs, the overall
effectiveness of the natiahweatherization program has maten foamally evaluated sincie 198990
heating seasofhe program has evolved significantly since that tiwith an increased focus on

baseload electric usage, continued evolution of diagnostic tools, new guidelines and best practices for
heatingrelatedandhealthandsafety measureand adjustments in program rul&ore recently, the

program has also adjusted to large, temporary funding increases and changes in federal rules spurred by

the American Recovery and Reinvestment f&ERRA).

Consequentlyat thedirection of theDOE, Oak Ridge National Laborato(RNL) is conducting two
evaluations of the national weatherization prograhe first evaluatiod of which this report is a pdt
focuses oPY2008 which was the last year before substantial ARRA funbdiecpme available to the
national weatherization networkhe second evaluatiomill focus on the ARRAfundedPY201Q

The purpses of the overall evaluati®rand the collection ofeports stemming from this effértare to
(1) provide a comprehensiveview of program performancg) enable DOE to make any necessary
improvements and guide the direction lod pprogram into the next decaded (3) provide information
of interest to potential funders in order to support leveraging activitnesPY2@8 evaluation effort also
provides a baseline against which subsequemM\RRA evaluation can be compared.

To guide theoverall evaluatiorof the PY2008 progran@RNL prepared a detailed evaluation plan in
2007 (Ternes et al., 2008 key elementincludal inthat planwas anassessment of nemergy impacts
of weatherization, including changes in indaarquality (IAQ) parametersSpecifically, he ORNL plan
called for preand postwveatherization field measurements in a national sample of homes tdfyquan
selected AQ parameterslhis report reviewthefindings from the field study thaftimatelyresulted
from that vision
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1.2 STUDY SCOPE

The evolution of the scope of the study in term8roé period geography, housing type and studied
parameterss described below.

1.2.1 Time Period

The study was implemented under the auspices of the overall retrospective PY2008 evaluation, and the
results presented later in this report are weighted to reflect the population of weatherized homes in that

year.However, dued the requirement to obtain prand postweatherization data, implementing the

study required recruiting homes that were weatherized in PY2010 during the height of the ARRA period.
The study thus represents something of a hybrid, reflecting the housing stock, measures and rules and

guidelines of PY2010, but weightsal reflect geographic distribution of the program in PY2@8o,

while the network of weatherization providers durihg study period is largely the same as PY2008,

many of these providers had increased staff and contractors to deal with the increased caseload under

ARRA.

1.2.2 Geography

Geographically, the study excludedJTerritories such as Puerto Riddlso, for logistcal reasons,
sampling for the study excluded Alaska and Hav@iherwise, the geographic scope of the study
included all lowe48 states and the District of Columbia.

1.2.3 Housing Type

The ORNL evaluation plan did not specify the housing types to be incindiee study, but thEroject
Team felt that the project should be focused on sifagtely housing, which comprised 83 percent of the
housing units treated by the program in PY20M@&wvever the study was not constrained as to type of
housing within the sigle-family categorysite-built detached and attached homes were included in the
scope of the effort, as weemanufactured housing (mobile homeshich make up about one in five
homes treated by the prograiie study also was not restricted by housamte:both ownetoccupied
and rental homes were included in the scope.

1.2.4 Measurement Parameters

The 2007 ORNL plan called for makitige followingpre- and postweatherizatioriield measurements in
309 weatherization homes and &shtrol homes

indoor @arban monoxide level;

indoor and outdoor airborne mold and pollen spores;
indoor temperature and humidity;

indoor abestodevel;

indoorradon level; and,

refrigerator temperature.

=A =4 =8 -8 -8 =9

The ORNL scope of work that followed the evaluation pliap eecognized that the stugyesented an
opportunity to gather additional data on homes treated by the program, and directed #rat poest
weatherization measurements be made of overall home air leakage, duct leakage and heating system
steadystateefficiency.



At the outset of detailed scoping and budgeting for the project, the ProjecihTadarthe case that
seasonality issuemnd the episodic nature wfold and pollen would be difficult to overcome for the
relatively short study periodit the same time, therojectTeam felt that airborne asbestos impacts
related to weatherization would be too transitory to be adequately measured in the relatively few site
visits planned for each homehese parameters were therefore dropped from thpesifche study.

Onthe other hand, as part of a pilot effort to test field instruments and protioevig the 2009/10
heating seasqitheProjectTeam demonstrated the feasibility of measuring formaldeleyads in
homes.This parameter wasdded tolie research protoadlthough for cost reasons, it was only
implemented in a subset of homes.

Moreover, in August 2010, DOE identified radon as a high priority policy issue, and directed ORNL and
theProjectTeam to increase the total sample size for theystin approximately 640 homeghis was

donein order to provide an oversample of sites in higtlon areadHowever,due tobudgetconstraints

on the overall evaluation eff@rtthis target was later reducedabout 540 homes.

The scope of the study wasalmodified shortly before going into the field to merge it with what had
previously been identified as a separate technical study of refrigerator energy use and ™ ifigsl.

protocol and instruments were therefore modified to include gatheringagdrigerators in the study
homesHowever, those data (as well as the refrigerator temperature measurements identified above) are
not included in the scope of this report.

1.3 OBJECTIVES
Theprimaryobjectives of the study are as follows:

1. Tomeasure preveaherization characteristics single family homes treated by the program in terms
of:
a. carbon monoxide
b. radon

c. formaldehyde

d. temperature

e. humidity and moisture issues

2. To measure weatherizatiwalatedchangesn the above parameters, controlling for fgrogram
factors.

3. To provide direct preand postweatherization field measuremenfsair leakage, duct leakage and
heating system efficiendgr a national probability sample of homes treated by the program.

4. To gather direct field data on refrigerators, redragor energy consumption and refrigeration savings
from replacement for a national sample of homes treated by the program.

Note that ORNL was not asked to address the program policy or health implications arising from impacts
of the program on the seledttAQ parameters.






2. APPROACH

The study employed a randomized control trial dedigat is, prograneligible homes were recruited for
the study and randomly assigned to either receive weatherization in the middle of the study period or
serve as a control groyfm account for nofprogram influences on the parameters of intgrest
Househdds in the control group did receive weatherization services)diuwintil afterdata collection for
the study was complete.

2.1 SAMPLING

A national study such as this faces challenging tdffebetween obtaining a sample that is both
geographically diversand logistically feasibleThese objectives were met for this study by employing
two stages of sampling: first, specific geographic areas were sampled; then weathegizpitien
households were recruited for the study from within sampled geographies.

The geographic sampling -RUMASD TheeUS. Census Bureautdisidesthel | e d 7
country into approximately 500 supetJMAs, each containing between about 400,000 and 900,000
personsSeventyfive superPUMAS (in 35 statesjvere sampledsing a sampling approach designed to

provide good overall geographic diversity for characterizing the program nationally, as wegiragide

adequate sample allocation for characterizing radon levels in homes located in high rad%hTh&eas.

details d the sampling are provided in Appendi¥.Ahe sampled geographic ardasthe studyare

shown inFig. 1L The sample is relatively concentrated in the northern half of the country because state

level funding for the weatherization program is basedliomate:states in cold climates receive more

funding for the program than do states in hot climatbs. Dakotas, Minnesota, lowa and parts of

Pennsylvania are heavily sampled because these have high radon peatgdpendix A)

Fig. 1. Sampled gegraphic areas.

For each sampled geographic ateeal weatherization agencissrvingthe areavere contactetb
obtain lists of clients in singleamily homes that were scheduled to receive weatherization in the near

'PUMA stands forPublity)s e Mi cr odat-RUMA® ar. e ficSlupetro | arger geographic area
PUMAs.

2 Data for 71 of the sampled 75 suddMAs are incorporated in this report: data for the remaining four SRIgtAs (in hot

climates) was gathered during the summer of 2011and was not available at the time this report was written.



future.Weatherization agenciegerenot formally sampledoutanattemptwas madeo prioritize contact
with agencies whose service territmgmprised a larger fraction of the sampled aEsaehcontacted
agency was asked to provide a lisupfto 24 singldamily homes that had not yetceived
weatherization, but for which weatherization could be completed within the constraints of th&lstudy.
most areas, a single weatherization agency was able to provideisulist of candidate homes;
overall the homes in the study were sertyd38 local agencies.

Lists ofcandidatehomeswere randomly assigned treatment and control groups, ahdn households
were contacted directlpr recruitment into the studRecruiting targets for each sampled area ranged
from six to eight homesyith the sample for each area targeted to comprise 60 percent tregtogmt
sites and 40 percent contgroup sited.Households in the treatment grawgeeivediotal cash incentive
of $120 for participation in the studyontrotgroup households reseid $I70 (the higher incentive was
to compensate for the delay in weatherizatidhg script for recruiting households is included in
AppendixI.

A total of 536 homesvere recruited for the study and received at least one siteHasitever, 22 homes
were later removedt5 of these were not weatherized within diverall timeframe of the studyfour had
issues with clients that moveddid not respond to requests for subsequent site visitsheaelvere
determined to be multifamily properties andréfere not within the scope of the studye final analysis
data set therefe comprises 514 households, of which 325 (63%) were assigned to the treatment group
and 189 (37%) were assigned to the control group for which weatherization was delayednpiétion

of fieldwork for the study.

2.2 DATA COLLECTION
Fieldworkfor the studyconsisted of four site visits to each home:

Pre-weatherization

Visit 1 (approximately one month prior to the start of weatherization work)
1 deployment ofémperature and relativeumidity data logges
1 deployment of carbon monoxide data loggers
1 deployment opre-weatherizatiomadon and formaldehyde test samplers
1 detailed preveatherizatiorsite data gathering and testing

Visit 2 (one week after Visit 1)
1 retrieval ofpreweatherization radon and formaldehyde samplers

Postweatherization
Visit 3(approximately three weeks following the completion of weatherization work)
1 deployment of posiveatherization radon and formaldehyde test samplers
1 detailed postveatherization $& data gathering and testing
Visit 4 (one week after Visit 3)
1 retrieval of postweatherization radon and formaldehyde samplers
9 retrieval ofdata logges deployed at Visit 1

Local weatherization agencies were provided with a taihgeé to four-weektime periodto complete all
weatherization work on the treatment honmide periodwas intended to allow for collection tfreeto

3 Agencies with more tha®4 candidate homes meeting the study criteria were asked to provide a list of the-Pdcautsy

audited homes.

4 A total of 97 households were switched from one group to another in order to meet the recruitment quotas for treatment and
control sites ira given area. These switches were made prior to any contact with the households.



four weeks ofpre- and postweatherizatioomonitoring data on carbon dioxide, temperature and humidity.
Weatherization wasompleted within this requested time period for 80 percent of the treatment

group and within a week of the time period for 90 percehtt work was delayed for some sites for a
variety of reasondn some cased, waspossibleto delay return visits to thates, but a few sites had to

be dropped from the study because weatherization could not be completed in time.

Experierted residential testingchnicians were deployed for Visits 1 and 3, wiiechdescribed below)
involved a significant amount eésting and data collectioregarding the house, mechanical systems and
appliances and air leakage characterisiecmr tofield deployment, awo-day training was conducted

with field technicians to cover all aspects of thgting protocoand provide an ggortunity to implement
the protocolin practice homedn addition, a member of tHeroject Teanmonitored each technician
during his/her first week in the fiel@he fieldwork was also preceded (during the 2009/2010 heating
season) by a pilot project ining eighthomes designed to test and refine the monitoring, testing and
data collection protocols for the stu@fppendix Dprovides more details on the training and field
protocol.)

Thefieldwork wasstagedn sevenrounds starting in early Neember 210.The first six rounds (491
homes) were completed within the 2010/11 heating se@benseventh round, which involved 23 homes
in three southern states, ran from flithe through midhugust 2011Appendix J provides a more
detailed schedule of tHeldwork.

Actual weatherization of homes in the control group was delayed until the completion of fieldwork for the
study.For analysis purposethese homewereassigned pseudo weatherization work dates that
corresponded to the weatherization windowtfeatmertgroup hones in the same geographic area

2.2.1 Site Data

As noted above, the first and third site visits to the home (corresponding to-thagpost
weatherization periods) involved detailed data collecioth measurements the home, mechanical
systems and appliancdhe complete data collectionsimument is included in Appendi and
summarizeds follows:

General characteristics of the home (e.g., type of structure, square footage, foundation types)
Thermostat type and settings

Evidence ofmoisture (above and belegrade);

Heating system characteristics, draft and combustion analysis

Water heater characteristics, draft and CO production

Range, oven and other unvented device characteristics and CO production

Air leakage and zone pressuliagnostics

Duct leakage and alrandler pressurization measurements

©ONoOGOAWNE

As noted prewiusly, the site protocol also included gathering informatiordoand metering
refrigeratordor a separate technical studhose data are not within the scope of this reanvever.

2.2.2 Testing and Monitoring
In addition to the data gatherdutectly by thefield technicians, testing and monitoring for ké&yQ

parameters wamplemented at each sifEhese are discussed in more detail in the Findings section for
each parametebut summarize here.



Radon and Formaldehyde

Sevenday radon and formaldehyde tests were implemented between Visits 1 anav2gfirerization)

and Visits 3 and 4 (posteatherization)Radon levels were measured in basements and crawlspaces as
well as ina main living space on the first floor above grdetw. budgeteasons, formaldehyde testing

was limited to one treatmegtoup home and one contrgtoup home in each sampled geograinea

and was measured in the same location as thdl@mstradontest.The onsite protocol called for a

detailed description (and photos) of the location of the deployed samplers so that-thegblostization
sampling location would match the preatherization location.

Carbon Monoxide

A carbon monoxide data loggemas deployed at each site (in the same location as théidwstradon

and formaldehyde samplergndrecorceda snapshot ahdoorambientCO either every minute or every
five-minutes (two different types of loggers with different recording capa&silitiere used)n addition

to direct monitoring of indoor CO levelermocouple data loggers were deployed to track the operation
of someovens and unvented space heaters at some sites as an aid to interprigtihaptiaenbientCO

data.

Temperature andHumidity

A data logger was hung from the primary thermastaach siteduring Visit 1 for tracking indoor
temperature and relative humidifyhe data logger recorded a snapigifandoor conditions every
10 minutes throughout there- and postweatherzationstudy period.

2.2.3 Occupant Survey

All participants in the study were administered an extensive survey covering a number of topics,
including basic demographics, indoor comfort and health is$tiesquestions for this survey were drawn
from a larger stvey instrument that is being implemented in a general sashpi®gram households
under a separate task in the PY2008 evaluation effbetversion of the instrument that was used for this
study is included in Appendi&.

The original intent was tonplement the surveéy which contains numerous questions related to comfort
and health conditions in the preceding 12 madthsor to weatherization work occurring in the study
homes, but delays in obtaining federal approval for the survey resultedsimibg being implemented
shortly after weatherization in about half the ca$és. survey was implemented by telephcaned had a
response rate of 98 percent among the study participants.

2.2.4 Weatherization Measures

The local weatherization agencies that prodittee candidate homesgere not instructed to follow any
special protocols for the work on the hanie the studythey were taveatherizehe homes as they

would normaly. However, theywere asked to provide detailed information about the measures
installedd and diagnostic tests perforn@edh the treatment group homéhese datallowed comparison
to similar data gathered for a much larger national sample of PY2008 homes treated by the program.

2.2.5 Weather Data

Outdoor conditions were particularly relevant te #nalysis of indoor temperature and humidstiyidy
sites were matched to nearby NOAA weather stations by geocoding the site address, then implementing a



matching algorithm that looked for weather stations that were both close and (for mountainow areas)
comparable altitude as the sitiinety percent of the sites were matched to a weather station that was
within 40 miles and none exceeded 70 miléd. weather stations were within 1,000 feet of the site
elevation, and 90 percent were within 35Q.féae weather data consisted ailg temperature, dew

point temperature and air pressteadings from the stations.

5 Station information and weather data were obtained from:
http://www7.ncdc.noaa.gdCDO/cdoselect.cmd?datasetabbv=GSOD&resolution=40



http://www7.ncdc.noaa.gov/CDO/cdoselect.cmd?datasetabbv=GSOD&resolution=40




3. CHARACTERISTICS OF STUDY HOMES

Tables 1, 2, and @n the following pagesumnarizesome key attributes of the@mes and householis
the study as well as the weatherization work that was perforiedh point of comparisgrstatistics
(where availableare showrfrom amuchlarger national sampl@=13,085) of housing units treated by
the program in PY08 that were collected as part of the larger evaluation Hffestudy households are
shown as gpooled sampl@ which combineshe treatment and control grodpand alsobroken out into
the separate treatment and control groupghe €ctions that follow, statisticarereportedfor the pooled
sample agbest estimate of the preeatherization characteristics of homes in the program.

Thebreakouts for theooled sample shothat three in four singleamily homes in the program are site
built, detached structures and about one in five is a mobile Adnsenall proportion of homes are
singlefamily, attached housing units$A majority ofthehomes in the study are singdtory structures
with basements and heated by ftietd, forcedair furnacesAbout a third of the study homes are
occupied by atsenior households, but more than a third also have a child in the home.

The treatment and control groups are very similar in most respectsyrgely mirror the characteristics
of the PY® populationThe main exception and it is an important oneis the mix of measures and
spending on weatherizatiotine study homes have a higher incidence of measures and show higher
weatherization costs than occurred in PY08, no doubt due to the infRRRRA funding for the program
in PY10, when the study was implemented.

Table 1. Selectedhome characteristics study sample(weighted) and WAP population

Pooled groups Treatment group Control group PY08 SF
(n=514) (n=325) (n=189) population®
Housing type
Site-built, detachec 71% o 70% o 72% & 70%
Site-built, attachec 7% 0 8% 0 6% 0 6%
Mobile home 22% 0o 22% 0 22% o 24%
Location of home (classified by
occupant)
City 33% 6 32% 6 35% +8
Town 26% 4 28% 6 23% 5
Suburbs 10% 5 11% 5 9% 15
Rural 31% +4 29% 16 33% +7
Stories
1 66% +5 63% +6 69% +6 61% *2
15 10% +3 11% +4 8% 4 3706 +2
2 21% 5 21% 16 19% +6
>2 2% 1 2% 1 2% +2 2% 1
Split-level 2% 1 3% 2 2% 2 -

% The weighted proportion of mobile homes is 22 percent in all cases, because the samplesvasifiezsind weighted to reflect

this proportion, based on DOE tracking data for all sifeheily homedreated by the program in PY2008. See Appendix A.

" The distinction between singfamily, attached housing and multifamily housing can be a fine one. The PY2008 evaluation
effort defines singldamily, detached housing as housing that shares at leastatin@xtending from the basement to the attic)

with another housing unit, but does not have any other housing unit above or below, and does not share heating onwater heati
equipment. Row and townhouses are thus generally classified asfaimdieattached housing. A sidey-side duplex would

also be classified as singlamily, attached, if it does not share a basement or mechanical systemsaAddgwn duplex,

however, would be considered small multifamily housing.
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Table 1. (continued)

Pooledgroups Treatment group Control group PY08 SF
(n=514) (n=325) (n=189) population”
Attached garage?
Yes 76% 5 77% %7 76% +7 -
No 24% +5 23% +8 24% +7 -

Dominant foundation type™*

Basemen 45% +6 45% +7 44% +6 -
Crawlspace 23% *6 23% =7 23% +5 -
Pier 23% 2 24% 1 22% -- -
Slab 6% 2 5% 2 7% 4 -
Space over garag 1% +1 1% +1 1% =2 -
Mixed 2% 1 2% 1 3% *1 -
Mean floor area (ft%)
Including basemeni 1,710 +80 1,740 £80 1,630 £80 -
Excluding basement 1,290 +50 1,310 +60 1,240 +60 -

Mean volume
(nearest 100 ff)
Including basement 13,200 £600 13,400 £700 12,800 £700 -
Excluding basement 10,200 +400 10,300 500 9,900 +500 -
Mean pre-weatherization
air leakage (ACH50)
Includingbasement 16.2 £1.4 16.2 £1.3 16.2 £1.7 -
Excluding basement 19.8 19.9 1.6 19.8 £2.0 -
Heating system fuel

I+
=
\l

Natural gas 55% +7 54% +8 55% +8 54% +2
Propane 10% +3 9% +3 11% 5 11% 1
Fuel oil 17% 6 18% 6 16% 16 12% +1
Electricity 16% +4 17% 5 14% +5 19% 1
Other 3% %2 2% =1 3% =3 3% £1
Heating system type
Forcedair 75% +6 72% +7 80% =6 72% +1
Boiler 12% +5 13% 7 8% 4 9% =1
Other 13% 4 14% 4 12% 5 19% +1
Water heater fuel
Natural gas 45% +6 46% +7 42% +8 48% +2
Propane 4% +2 2% 1% 9% 4 7% 1
Electric 46% +5 45% +5 46% +6 42% +2
Other 5% +4 7% 5 2% +2 3% 1
Range/oven fuel
Natural gas or propar 43% +7 44% +6 41% +9 -
Electric 57% 16 56% 16 59% +8 -

“Estimated from other (DR) evaluation data for singtmily homes (sitebuilt and manufacturedExcludes AK and HI.

A fominant foundation type here means any foundation type making up more than 50 percent of the total foundation
(x values are approximate 90% confideirdervals)

* Air Changes per Hour at 50 Pascals

12



Table 2. Selected demographic characteristics, study sample (weighted) and WAP population

Pooled groups Treatment group  Control group PY08 SF
(n=514) (n=325) (n=189) population”
Number of householdmembers
1 35% x4 33% 6 40% =6 40% +1
2 25% x4 24% x4 26% %7 23% +1
3 13% 3 16% +4 8% %3 14% +1
4 13% %3 14% +4 10% +4 11% 1
5+ 14% +3 13% %3 15% 5 12% 1
% of households with
Child in home 37% %3 38% +4 34% 16 33% +1
Senior (®+) in home 48% +5 47% +5 50% 6 50% +1
All seniors (®+) 3% 4 31% +5 35% 5
Respondent race
(multiple responses allowed)
White 76% £7 78% £6 T74% £7 69% =3
Black/African Americar 16% 6 15% 6 1% 6 22% +3
Other 10% +3 10% 4 9% 4 3% 1
Hispanic? 10% 4 10% 4 11% 4 7% £1
Years lived in current home 15 +1 15 +1 16 +3
(mean)
% of households where someone g, o 850% +4 89% +5 i
is typically home on a weekday
Tenure
Own 92% 2 93% 2 91% %4 88% +1
Rent 8% 2 7% +2 8% 4 11% 1
Other <1% 0% 1% =1 <1%
Smoking
Rules in home
Not allowed 71% +5 73% +6 67% +7 -
Some times/place 14% £3 13% %4 17% 15 -
Permitted 15% +3 14% 4 16% 5 -
Respondent smok
éever 23% =3 20% =5 27% +7 -
€ s ome 5% 2 6% =3 4% +3 -
énot 72% 14 74% 16 69% £7 -
Respondent ds hi
education
None 2% £1 2% £1 2% +2 -
K-12, no degre: 20% *4 20% 15 22% 16 -
High school diplomz 35% 4 35% +4 34% +7 -
Some college, no degri 21% +3 20% z4 23% £7 -
Associ at 10% +3 10% +3 9% +4 -
Bachel or 11% 3 12% +3 8% x4 -
Master o 2% £1 1% +1 2% £3 -
Professional degre <1% 0% <1% -
Doctorate degre <1% 0% 1% +1 -

AEstimated from other (DR) evaluation data for singtamily homes (sitébuilt and manufacturedExcludes AK and Hl.
(x values are approximate 90% confidence intervals)
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Table 3. Selected weatherization characteristic, study sample (weighted) and WAP population

Treatment
Pooled groups group Control group PY08 SF
(n=514) (n=325) (n=189) population®

Air Leakage (CFM50)
Preweatherizatior 3,227 +267 3,306 +316 3,096 +356 3,533 +61

Postweatherizatior 2,200 149 2,291 +£180 2,314 45
Insulation
Attic 67% +7 67% +7 58% +2
wall 19% +6 19% +6 7% +1
Other 47% =8 47% +7 23% *1
Heating system replacemen
For energy saving 19% +5 19% 5 12% +1
For health and safe! 9% +4 9% *4 12% +1
Water heater replacement
For energy saving 6% +3 6% £3 3% £1
For health and safe! 3% +2 3% £2 6% +1
Setback thermostat 11% +5 11% 5 10% +1
Ventilation
Exhaust far 29% +8 29% +8 13% +1
Whole house ventilatio 2% 2 2% +2 <1%
Health & safety
CO detectol 70% *9 70% %9 56% +2
Smoke alarn 50% %10 50% %10 46% +2
Mean weatherization COSt ¢/ agy 1430 458 +490 $3,30 +100

(All funding sources)

AEstimated from other (DR) evaluation data for singflamily homes (sitébuilt and manufacturedExcludes AK
and HI.
(+ values are approximate 90% confidence intervals)
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4. FINDINGS

In this sectionresults for the five key 18 parameters for the studye presented

Carbon monoxide
Radon
Formaldehyde
Temperature
Humidity

=A =4 =8 =8 =9

For eachthe treatment and control groug®e pooledo describe preveatherization aoditions in
program homes, and thehanges associated with weatherizatiomlooked aseparately across the
groups.

4.1 CARBON MONOXIDE

Carbon monoxide (CO) is a colorlesslorless, and poisonous ghs.toxicity stems from the fact that it
readily binds with hemoglobin in blood, which reduces the amount of oxygen available to Qayduus
monoxide in buildings is most commonly associated with incomplete combuatitanial sources

including unvented combustion appliances (including space heaters and kitchen ranges), vented
combustion appliances (furnaces, boilers, water heatersstireding stoves, fireplaces etc.) under
conditions in which some of the combustionpratlt s Aspi |l 1 6 (are released
engines (including automobiles started or operated in attached garages, angengiator sets

operated indoors), charcoal grills operated indoors, and smbking.

Carbon monoxidevas measureih study homes using several methods. Where primary space heating
and/or water heating appliances were vented atmospherically and included a draft hood or barometric
damper (features that can allow significant spillage of combustion products into a hoché&cfiaicians
performed a worst case depressurization test and observed any Spiketeicians measured carbon
monoxide concentration in appliance vent systems either at the conclusion of the worst case
depressurization test or later during a stedale ®fficiency test, and in room air near the appliances
during this testingln the case of gas cookstoves, carbon monoxide and oxygen concenwatiens
measure@bove each operating stove top burner, and in the oven vent. Where unvented space heaters
were found, technicians measured oxygen and CO in or just beyond the vent.

Because CO spillage in the home represamisimediate safety hazarthe study protocol called for
notifying occupants (and the local weatherization agencies) whenever mea@yreatdGcedoy an
appliance exceededdOppm.

In addition to this ossite testing of CO production by appliances, a carbon monoxide monitoring device
was placedn each home. These monitors were placed on the lowest main living level, almost always near
theradon canister. One of two different models of monitoring device was used in each home, with one
recording CO at oneinute intervals, the other at farginute intervals?® Both types included an alarm,

set to trigger ah CO concentration of 200 ppifhelogged data indicate that there were no instances in
which this alarm was triggered during the course of the study.

8 See http://www.cpsc.gov/cpsdppubs/466.html.

® Under this protocol, vent fans, doors, and blowers are operated so as to create the most negative possible pressure in the
appliance area.

19The CO loggers employed were Lascar USE00 (fiveminute) and BW GasAlert Extreme CO loggesadéminute).

15



4.1.1 Heating Systems

Most fuel fired appliances used for residential space heating and water heating include a venting system
to remove combustioproducts from the homEailure of venting systems, i.e. the spillage of combustion
products into the home, can represent a health and safety hazard, in particular if significant levels of
carbon monoxide are present in the combustion gagses. (but rot all) common vented combustion
appliances depend on the natural buoyancy of warm combustion products for proper venting operation.
Heating gstems with a draft hood (or barometric damper, typical fireitl systems) i@ classified here
asnaturatdraft appliancesThis categoryexcludesnduceddraft applianceswhichi though relying on

natural buoyancy foproper venting lack draft divertes, andare less susceptible to spillagde focus

here is on combustion products spillage among appliamitesiraft diverters and barometric dampers

One commonly used metric of proper venting operation is draft pressure, the pressure induced in the vent
system when lovdensity combustion products flow up the vébBraft pressure is measured in the vent
relative to the room air around the appliance, and thus generally reported as a negative value.) Draft
pressure in any building depends on chimney height and diameter, heating system sizing, and other
factors, and is also variable with operating conditionkiiting outdoor temperaturBuilding

Performance InstitutéBPI), for examplesuggestacceptable draft pressures ranging frémd Pa tc2.5

Pa as a function of tempéuee (BPI, 2012. The BPI criteria are used heas acutoff for identifying

systemswith low draft pressure.

On a weighted basis, thall study sample comprised 72 percent cenfuafired primary heating
systems20 percent electric systems and 8 percentagortral (or no) heating systenf$e pre
weatherization ventintypes forthe central, fuefired systems weras follows:

9 38percent atmospheric
1 39 percent inducedraft
1 23 percent powevented

Thefocus herds on the atmospheric systems thatsent the greatest risk for spillage

Figure 2 shows the distribution of measured draft pressure for the 114 sites with naturally vented heating
systems and draft pressure test redulad] but two of the systems passed the BRtiecia for acceptable

draft. No significant relationship was observed between draft pressure and outdoor temperature or number
of stories.

In terms of CO productiotthe BPI protocol calls fammediateactionwhenCO levelsarein the range of
100400 ppm andthe appliance fails a draft tests well as whe@O levelsareabove 400 ppm regardless
of system draftAmong thell1 tested systenis the study sampleseven sygms tested at more than 400
ppm; these rangefdom just over 40@pmto more than 500 ppm of CQFig. 3. When tvo additional
systems that were replaced on an emergency @ghsgtohigh CO measured by the local weatherization
agency)prior to the initial site visit are includethis suggesta weightedincidence of high CO among
program homes with atmospheric heating systiemastimated at 10 +5ercent

Weatherization resulted in just under half of tizéurally ventedystems being replacéishcludingsix of
the seven treatmegtroup sites with meased CO exceeding 400 ppm prior to weatherizatiaith 75
percent of the replacements for energy savihgpercent for health & safety reasons and 8 perfoent
reasons thatould not be determinddom the datgrovided by the local weatherization aggn

" The drafttest results presented here omit four sites that received heating system service work prior to the initial study site visit,
as well as three systems that were replaced prior to the study.
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Percent of heating systems
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(for 114 tested heating systems)
Weighted to reflect all PY2008 homes.

Fig. 2. Pre weatherization heating system draft.
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(for 111 tested heating systems)
Weighted to reflectall PY2008 homes.

Fig. 3. Pre-weatherization heating system CO.
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Following weatherization, all of the measured remaining atmospheric systems in the treatment group
(n=48)hadacceptable @ft pressur@er the BPI proteol, with a comparable distribution to the pre
weatherization valuedlaturalventsystems in the control group (n=39) showed a similar distribution.

Only one of the remainingaturalventheating systems had measured CO above 400 ppm following
weatherizationand that test result is suspiciottse heating system in question had tested at only 1 ppm
prior to weatherization, no work was performed on the systath{he local weatherizatiogency was
unable to replicate the test reading after being notified gidkeweatherizationiest resultThe heating
system (in a Pennsylvania home) was receiving gas directly from a natural gas well, which may have
affected the readinig question

4.1.2 Water Heaters

Water heater ventingias categorizeth a manner similar to that for space heating systems, using a
classification ohaturatdraftfor systems that include a draft hood and are susceptible to combustion
products spillageThe study sample indites thabetween 40 and 50 perceritweatherizatiomhomes
have standlone, fueffired, naturalventwater heaterfocated indoorsprior to weatherization.

Draft measurements made 200 such systems shadthat(on a weighted basisbout85 percenthad

draft pressurethatmet orexceeédthe BPI standardvhile the remainindl5 percent @ not pass the

BPI requirements for adequate dridig. 4)." (As an estimate of the proportions in the larger population
of weatherization homes, these figunese an estimated uncertainty of +4 percentage points at a 90
percent confidence levellensystemsn the samplavere recorded as showing positive draft pressure
under the conditions tested, indicating either persistent combustion products spillagerror a testing
or recording of data.

None of the water heaters included in the analysis data set showed carbon monoxideationsantthe
vent greater thah00 ppm(Fig. 5."°

About 12 percent of the atmospheric water heaters in the treatmentggmipeplaced during
weatherizationFollowing weatherization, all remaining natukant water heaters with test results (85
treatmenigroup sites and 50 contrgtoup sites) pasddahe BPI draft test protocdahcluding 9 systems
that were not replacechd had failed the preveatherization draft testhe latter result is not entirely
unexpectedit is possible for a water heater with marginal draft to fail under one set of conditions and
pass under another.

Post weatherization testing revealed no wheaters in either group that produced CO in excess of 100
ppm.

12 This analysis excludes 6 water heatbet tvere servicetl and one water heater that was replécedor to the first site visit.

13 However, one water heater at a congmup site was measured as having a carbon monoxide concentration of 1,650 ppm
during the preweatherization site visit. @@munication of this potentially hazardous situation to the local agency resulted in
early weatherization, and the site was ultimately dropped for unrelated reasons.
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Fig. 4. Pre-weatherization water heater draft.
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Fig. 5. Preweatherization water heater CO production.
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4.1.3 Ranges and Ovens

Because they are not directly vented to the outdearbon monoxid@roduced by ranges and ovens is
directlyintroduced to the indoor environmeirt contrast to vented systems likater heaters and space
heating system®ecause of this, many weatherization agencies include range and oven CO testing as part
of their heath and safety diagnostic protocBlata from he Sampled Agencies Detailed Program

Information Surveyndicates thaabout 40 percent of local weatherization agencies measured cooking
stove CO as part of their diagnostic procedures in PR6gedies focarbon monoxide produced by

ranges andwens includecleaning burners, adjusting oven air shutters and outright replacehergh

the last is not an allowable expense with DOE funds.

The study datauggesthat slightly less than half (43 + 7 percentyariges and ovens in singmily
homes treated by the program are natural gas or propane nfgdelsy these, natural gas ranges and
ovens outnumber propane models by about tthbughamong mobile homes, there are about the
same number of natural gasd propane units.

As part of the site visit protocgbre- and postveatherization measurememisre madef carbon

monoxide produced by fuéired rangesaind ovensFor range burners, technicians set all burners to high,
allowed them to warm up for threeinutes, and then recordedrbon monoxidandoxygenlevels six

inches above the center of each burker.ovens, technicians measured CO and O2 in the oven vent after
a five-minute warrup period.

Carbon monoxideeadingdrom appliances like rangesdovensoftenvary due todifferences in how
much the combustion products have been diluted at the point of measurBonaeitount for thisgarbon
monoxide readings atgpically adjusted o a-h r #asisg which removes the effects of dilution, and
provides aconsistent measuremeftAir-freevalues are reported hers a reference point, current
federal standards require new ranges and ovens to produce no more than 80Q;pR CO

Ranges

Range CO measements were obtained 215 of the 25 fuel-fired ranges in the study, of whicl6@
had both preand postweatherization measuremen®seweatherizatiorCO,;.qecreadingsaveraged
about B0 ppm,but spanned from zero to more than 3,ppth (Fig. 6. The data suggest thamong
fuel-fired rangesabouttwo percent of burners (involving abdour percent of ranges) producrore
than 800 ppm aifree CO™

On average hiere wereonly minorchangesn burner CO following weatherizatiomeasured CQevels
wereslightly lower in both the treatment and control groupth@postweatherization period, with no
significancedifference between the two groups.

Howeve, the substantiakcatterfor pre- andpostweatherizatioomeasurements on the samener

(Fig. 7) suggestthatthe reliability of measurements made in this walpw. In the control grouphe
median ange burner had@ostweatherization C@neasurement thaliffered from thepre-

weatherization readinigy about 33 percenoreover, the data show thisie differences were somewhat
larger when different technicians made the pred postwveatherization measurementss likely that
small differences in wher@nd hovy the measurementgere made led to substantial differences in

4 The adjustment to afree CO is: CQy.free = 20.9/(20.902)*CO,,, Where O2 is expressén percent. Because of the
unreliability associated with this calculation when O2 readings are close to the ambient level of 20,9%, &3 calculated
only for cases where the 02 was O 20%.

15 This figure drops to less than one percent of all sifegteily homes when the more than half of homes with electric ranges is
factored in.
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recorded aifree CO.Procedures that better control for these differences have been devidepgd
2001) but were too time intensive for the field protocol here.

20

federal limit for new ranges
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Range burner CO (air-free), ppm

Results based on 641 tested burners for 185 ranges, weighted to reflect all PY08 single-family homes.
Treatment and control groups are pooled.

Fig. 6. Pre-weatherization carbon monoxide production by range burners.
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Fig. 7. Pre- versus postweatherization range burner carbon monoxide.
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Ovens

Carbon monoxide concentrations produced by avemsere measurements were made on 162 of 225
fuel-fired unit® weresomewhat higheiThe data suggest thatior to weatherizatiorl2 + 5 percent of
fuel-fired ovens prodce moe than 800 ppm afree CQ with theaverageoven producing about halfis
level (Fig. 8.

As with range burners, thevees considerable scatter between-aned postweatherization measured
oven CO levels, suggesting that the reliability of the simple test protocol used loerérgy. 9. In
addition, a few tested ovens showed very large changes in COdealyebne of hese (with a reading of
about 80(ppm preweatherization and 20 pestatherization) was traceable to an oven W replaced
at the time ofveatherizationData from the local weatherization agencies indicated only two oven
replacements and two rangeéovcleanings among the treatment group.
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Results from 162 tested ovens, weighted to reflect all PY08 single-family homes.
Treatment and control groups are pooled.

Fig. 8. Pre-weatherization carbon monoxide production by ovens.
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Fig. 9. Pre- versus postweatherization oven carbon monoxide.
4.1.4 Indoor Ambient Carbon Monoxide Levels

The preweatherization data indicateatindoorambient CO levels rematdbelow 5 ppnall or most of
the timefor the majority ofthe studyhomes Table 4. About one in ten homesxperienceepisodic CO
fievent® that peakdat 20 ppm or higher (the highest level recorded was 90 gprah amonghese
homessuch events are relatively uncommtime median homsawone such evergboutevery two
weeks.

A few homeshadpersistent (but low) levels of indoor COn a weighted basithe study data suggest
thatabout one in 25 homdsas an indoor CQevelthatexceeded ppm for ten percent of the time or
more (Table 4, butthe data suggest thamly about one in one hundredogram homesxceeds this
threshold regularlyThe highesbverallaverage CO level recorded in thejareatherization periodias
19 ppm, in a home that was one of two in which ambient CO remaine® &lgpm for the entire pre
weatheriation monitoring period®

The treatment and ctmol groups exhibited similar proportions, and there were no significant changes in
these parameite following weatherizationTable 5.

The data for all homes with either episodic or persistently elevated recordedr€@eviewed in detail
A detailed accounting of this investigation is included in Appendix B. Summarizing hefidings
suggesthat attached garages may be the cause of indivilndedr ambienCO eventsbut arerarely

18 Spot measurements ofitdoorCO levels were also made during the first and third site visit. These measuremoeres sero
outdoor CO for all but six homes in the preatherization period and three homes in the-pesttherization period. All of the
non-zero readings were in the range e ppm, and were not associated with sites where persistently elevatedQ@iaas
observed.
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related to longerm low levels of CO in these hom&as ranges and furnaces were the most likely
causes of persistent elevated CO levelavo examples of caseghere elevated indoor CO could be
clearly tied to a causativiactor are presented belotm. both cases, weatherization wajpeared to
resolvethe CO issue.

Table 4. Pre-weatherization peakindoor ambient CO and CO persistence

Percent of

homes

PeakobservedCO level (ppm)
<5 59% +5
59 20% +3
1019  12% +2
20+ 9% =3

Percent of time > 5 ppm

0 64% 16

1-9%  33% 5
10-49% 2% *1
50+% 1% %1

Results are weighted to reflect the population of sifiegeily homes
treated by the program in PY08.

Treatment and control groups are pooled496

+ valuesare approximate 90% confidence intervals

Table 5. Pre- and postweatherization peakindoor ambient CO and CO persistence, by group

Treatment Group Control Group
Pre Post Pre Post
(n=310) (n=269) (n=186) (n=161)
Peak observed CO level (ppm)
<5 58% +6 57% =6 60% +6 62% =6
59 21% 15 24% +5 18% 4 20% =6
1019 13% %3 13% +3 11% %5 11% %5
20+ 8% +3 6% =3 11% +6 7% 4
Percent of time > 5 ppm
0 65% 6 64% =6 64% +7 69% =7
1-9% 33% *6 31% =6 33% +8 27% +7
10-49% 2% *1 3% £2 3% +2 2% +2
50+% <1% +1 1% #1 <1% +1 2% +1

Results are weighted to reflect the population of sifgheily homes treated by the program in PY08.
+ valuesare approximate 90% confidence intervals

Example of CO from armAttached Garage
The CO logger data from orstudy homen PennsylvanigSite 9626120 in Appendix C) showed

periodic spikes in indoor ambient CO prior to weatherizafifég. 10. Further investigation showed that
the home in questiomad a tuckunder grage Fig. 11), andthat thee was no door separating the garage

17 Oven operation was tracked for some sites, but these did not generally overlap with homes with elevated ambient indoor CO.
Also, it was beyond the scope of the study to track operation of range hoods.
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space from the remainder of the basem&mtew doorway was constructed as part of the weatherization
work for the home, and the pestatherization C@atashowed an appeantreduction in indoor ambient
CO eventsSince the hombad electric heat armb other combusbn appliances, it seems likellyat the
source of the CO was amobile exhaust that wamitigated following weatherization.

]
90 * ool
¥ 80
80 n - 704
£ 60
704 . 50
+ 40+
60 £
+ 20
+ 10
50 n + 0+
+ 1‘8 2‘0 Hour of the day 2‘2 2‘4
40+ * T
+=
+ c
30+ § e}
e}
+ ®
+
20 =
; S
* % =
10 @©
0

T T
Jan 7 Jan 18 Jan 30 Feb 10 Feb 22 Mar 6

Fig. 10.Five-minute indoor ambient CO data for Site 9626120, with expanded view of January 16th event.

Fig. 11.Tuck-under garage at Site 962620.
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Example of CO from a Furnace

The CO logger data fromsite inOhio (Site 5431105 in Appendix C) showed psistent indoor ambient

CO with a periodic cycle to it at about the same frequency as a typical furnace cgiggg. 12. The
pre-weatherization combustion test for thaturatdraft gasfurnace had to be terminated eadrcause
operation of the furnace raised the CO lémghe ambient area around the unit beyond the 35ppm safety
thresholdlndoor CO levels dropped to near zero when the furnace was replaced by weathevigagon
sealedcombustion unifFig. 13.
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Fig. 12.Indoor ambient CO at Site 5431105 on January 25, 2011.
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4.2 RADON

Radon is an odorlesadioactivegas that is a hatural decay product of uranidadon in most homes
originates in natural rock and soil formations and enters haes soil gas infiltrates througinacks
and holes ibuilding foundationsThe US. Environmental Protection AgenciERA) ard the World
Health Organization\HO) both recognize radon as the second leading cause of lung cancer after
cigarettesmoking(EPA 2011 WHO 2009).

Much research regarding radon in homes has been conducted since thé&h3R@sview of the
literature on this topits provided in AppendixX.

In the context of weatherization, radon is a potential concern becawssakiing work cameduce air
exchange rates and thereby increase radon levels in halpesatural draft combustion appliances in
basements provide some effective ventilation of theses spaces from the constant chimney effect they
induce:radon levels may increase when tinregization replaces these devices with sealed combustion
appliances that do not use house air for combusflarthe other hand, belegrade sealing work by
weatherization may reduce the entry of radon into homes, and duct sealing work couldmeduce
undesirable distribution of radon in belegrade spaces to the remainder of the home
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In the US, radon is typically measured in pico Curies per liter (pC¥The EPA(2009)recommends
action if alongterm testi or the average of two shetdrm test$ shows a radon levebf 4 pCi/L or
higher,but EPA also notes that any radon exposure carries some risk for lung cancer.

Many homewners do not know the raddavel of their home, which can vary significantly from one
home to another within the same neigtitmmd.Moreover,radon remediation typically costs about
$1,000, and thus represents a potential affordability issue ftowhiecome househdk served by the
program.

TheEPA has classified all USounties into three radon zones according to their atiipotential for
indoor radonTable 6showns the estimated national proportions of sinddemily weatherizatiorhomes by
zone and type of housingnd is derived from information about local weatherization agency service
territories, county populatiotiata and data on PY08 program production. The data suggest that most
homes in the program PYO08arein EPA Zonel (high radon potentia@nd Zone2 (moderate radon
potential)counties but about one in five homésin a Zone3 (low radon potentialfourty. It is also
noteworthy that about one indrhomes treated by the prograsma mobile home: thesge thought to be
less susceptible to radon intrusion due to their typically-wesitilated foundation spaces.

Table 6. Estimated PYO08 singlefamily WAP housing-unit proportions by radon zone and housing type

Housing type

EPA Radon Zone site-built mobile home Total
High (Zone 1) 32% 9% 41%
Moderate (Zone 2 28% 10% 38%
Low (Zone 3) 16% 5% 21%

Total 76% 24% 100%

The samplalesign for the study included an oxsampleof homesn high radon areas in order to better
measure the impact of weatherizat@mmradon levels in these areaswever, overall averages that
follow are weighted to reflect the actual distribution of hoingke program in PYQ8

42.1 Pre-Weatherization RadonLevels

The study protocol called for measuring radon lewalshe first floor of each home, as wellias
basements and crawlspaéefhough measurements were not madhe foundation spacé®low mdile
homes.The iadon level for each honwveas characterizellased on the test result for the lonestupied
level of the homedatagathered on homes that were sampled for the stulilyate that aboutdaif of
singlefamily homes in the program have basemants$ about thirdof these are occupield Thus,
basemenradon levelswhich generally had higher measured radon leais relevant for abowine in
six homes

Study technicianssere trained to deplogndretrieve7-day, activated charcoal radon teahisterswvith
diffusion barriersbefore and after weatherizati@hThe canisters were provid@dand analyzedl by the
EPARadiation and Indoor Environments Laboratory in Las Vegas, Nedadaquality control check,

18 The international unit for radi@n concentrations is Becquesgler meter cubed (Bg/m3pne pCi/l equals 37 Bgfin

19 For the study, we defined an occupied basement to be one reported by the household to be occupied for 8 or more hours per

week.

20 Actual test periods ranged from 4 tal8ys, and were within exposure limits provided to us by EPA. Canisters were analyzed

by the EPA&6s Radiation and I ndoor Environments Ldatdoratory in
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duplicate canisters were also deployedbout 6 percent of cases, and a blank (sealed) canister was
deployed in about 3 percent of cadeBhesechecks revealed no issues with the tegtiragedures

It should be noted that radon levels are known to vary significantly over short periods @.4.,Chia
yu Lin, 1999 also see Appendix)CWhile thismakescomparingshorttermpre- and post
weatherizationest resultancertainfor anyindividual home, thegoal of thestudywas to assess the
average impact of weatherization on indoor radeelts and thesample was designed to include a
enoughhomes to be able tavercome the variability inherent in shoéerm testing and thudetectfairly
smalleffects from weatherization

Moreover, theandom assignment of homes into treatment and cagrvaps that were geographically
balanced and testedncurrentlyprovides the ability to remove the influenceeatraneous (e.g., weather
induced)influenceson radon concdrations that tend to affect all homes between thegré post
weatherizationdst periodswithout this aspect of the study design, it would be diffitmiteparate
seasonal andeather effects from the effect of weatherization.

Onelimitation of the study is thahe testing was conducted entirelyder closedhome conditionsluring

the heating season, and therefaeasured radon levels from the stwdyinot be taken as reflectioé

annual indoor radon levedsnong program homesince radon haskanown seasonalitin heating

dominated climate@Nero, 1996 also see Appendix)G* However, the study can provide a useful

indicator of the relative change in radon levels associated with weatherization during the heating season.

Figure 14shows the weightedistribution of the praveatherization test results, ahdble 7summarizes

the dataThe resultsonfirm that he highest averadeeatingseasonradon levels occur amorsjte-built
homesin EPA Zone 1 counties, atkde lowestveragdevels are found among mobile homes and homes
in EPA Zone3 countiesNo significant differencewere seen in average radon levels between homes
with selfreported smokers and nemokers.

2L Results for 97 duplicate canisters agreed withptiveary canister to within 0.5 pCi/l in 88 percent of cases, and agreed to
within 1.0 pCi/l in 95 percent of cases. All but one of the 56 blanks deployed came back with a radon result belowitime detect
limit of 0.5 pCi/l; the remaining blank canisteelded a reading of 1.0 pCi/l.

22 As noted previously, 23 homes (16 treatment, 7 control) located in EPAZane Zone3 counties in three southern states
were tested during the summer of 2011. These are excluded from the analydiedarse there was not good assurance that
closedhome conditions was maintained during the testing periods. In brief, the highest test resoittfipséweatherization)

for these sites was 1.7 pCi/L, and about half fell below the test detectionfliong pCi/L.
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Pre-weatherization radon level (pCi/L)
Results from 493 homes, weighted to reflect all PYO08 single-family homes.

For lowest occupied level of home, based on 7-day test under closed-home conditions during the heating season.
Treatment and control groups are pooled.

Fig. 14.Pre-weatherization radon level

Table 7. Pre-weatherization radon level (lowest occupied level of home)

;/0 belqw Arithmetic Geometric  Geometric
etection it rf td.
N limit mea mea sta. A
(0.5 pCilL) (pCi/L) (pCilL) deviation
Overall 479 22% 45 1.9 +0.3 1.1 +0.1 2.8
By EPA radon zone
high (Zone 1) 250 10% %5 2.5 0.3 1.6 £0.2 2.9
moderate (Zone z 182 20% +6 1.8 +0.4 1.0 0.2 2.7
low (Zone 3) 47 56% 14 0.6 +0.2 0.5 +0.1 1.7
By housing type
site built 387 14% +5 2.3 £0.3 1.3 +0.2 2.9
mobile home 92 46% 14 0.7 £0.1 0.5 £0.1 1.9
Sitebu_ilt homes in counties with high 205 1% +1 30 +04 21 +0.3 26
potential (Zone 1)
Smoking (occupantsurvey)
Smoking rules in home
No smoking inside home (719 317 24% +7 1.9 +0.3 1.0 £0.2 2.8
Allowed some places/times (14¢ 76 18% 8 1.7 +0.3 1.1 0.2 2.7
Permitted anywhere (159 73 18% 9 2.3 0.6 1.2 +0.3 3.0
Haveyou smoked at least 100 cigarett
in your entire life?
Yes (58%) 275 20% +5 2.0 £0.3 1.1 +0.2 2.9
No (42%) 192 25% +8 1.8 +0.4 1.0 £0.2 2.9
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Table 7. (continued)

0,
dA) belc_)w Arithmetic  Geometric  Geometric
etection
N imit mearf* mearf* std. \
(0.5 pCilL) (pCilL) (pCilL) deviation
Do you now smoke

éeveryda' 109 24% 8 1.7 £0.3 1.0 £0.2 2.7

ésome da) 27 3% +3 2.2 x0.5 15 0.4 2.3

énot at 330 23% 7 2.0 0.4 1.1 £0.2 2.9

In-home smokirtf{20%) 98 18% +7 1.8 +0.4 1.1 +0.2 2.7

Results are for the lowest occupied level of the home under dhmsed conditions, and are weighted to reflect the
population of singldamily homes treated by program in PY08.

Results belovdetection limit (0.5 pCLL) set to 0.25 for calculation purposes.

Treatment and control groups are pooled.

+ values are approximate 90% confidence intervals.

AThe arithmetic mean is the sum of the observations divided by the number of observagogmmetric mean is theth
root of the product ofi observationsand isequivalent to exp(mean(In(x)lgss influenced by a small number of large
values.The geometric standard deviation is equivalent to exp(stddev(In(x))).

ABased on the combination of smoking permitted in home and respeegented smoking on some days or everyday.

Abovegrade and foundatiorlevel rmdonconcentrations

Figure 15plots the measured pieeatherization radon level for the first floor ab@rade against that
measured inrawlspaces and basemefussite-built homes with these foundation typdgove-grade

radon levels are wetlorrelated with foundation levels, and generally lower in magnitude, as one would
expect if the primary source adon in homes is entry through foundatiofise datandicate that on
averageabovegrade radon levelreabout 70 percent that foundation space
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Fig. 15.Above-grade versus foundationlevel radon level (preweatherization).
Factors affecting radorlevek
Factors affecting observed pnesatherization radon levels in study homese exploredvith regression
modeling.Theanalysis looked at how thraturallogarithm of observed abovgrade radon concentration
varied acrosfomes with the following w#ables

1 Thenaturallogarithm of thepredictedgeometric meamdoorradon concentratiofor the county in
which the home was locatefiom a countylevel model of radon in homes developedBNL %

1 Measured air leakader the home prior to weatherization , expressetth@seciprocalof air changes
per hour at 50 Pascals of depressurization

An indicator for whether the home was a mobile home
An indicator for whether the home was sinfdenily attached housing type
The number of household members

The number of storigfer the home

= = =4 =4 =9

An indicator for the presence of a basement

2 The LBNL model takes into account local geology as well as a large database of radon test results in actual homes. See
http://eetd.lbl.gov/IEP/higtiadon/hr.html

% The inverse of ailteakage is used because (all other factors being equal) the impact of increased ventilation should be a
decrease in indoor radon concentration.
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1 An indicator for the presence of a crawlspace

1 Average outdoor temperature during the test period

1 Average barometric pressure during the test period

The results of thianalysis Table § show thaseverabf these factors afgighly statistically significant
predictors of observed radon levels in the study hofiredgng thosethat are statistically significant at a

95 percent confidence level or heghthe model indicates that:

9 radon levels arbigherin homes that
0 é a rlazated in counties withigherpredictedradonlevels from the LBNL model

1 radon levels arbwerin homes¢ h at é
o € havehighermeasuredir leakageand therefore likely receiveore natural ventilation.

s

o0 éar e mo b iwhieh typicaltydhave welventilated foundations
o éhave more stories, wihivénadtural ventilatiena s es t emper at ur
o éhave more household members, which maeyal be ass

ventilation, but may also be because larger households are more likely to live istomylti
homes and less likely to live in a mobile hoimand the model is not fully able to disentangle
these factors.

o éare attached housing.

Table 8. Model of (log) pre-weatherization radon.

Statistical d9gnificance level*-

significant at a 90% conf. level

** - significant at a 95% conf.
level

*** _ significant at a 99% conf.
level

Parameter Coefficient t-statistic

Dependent variable:In(radon level)i abovegrade result, prgveatherization
Independent variables:

Ln(LBNL county predictec 0.628 7.24 ***
geometric mean radon), pCi
1/ACH@50 3.83 3.31 ***
Mobile home -0.884 -5.04 ***
Attached, sitébuilt home -0.569 -2.45 **
Stories abovgrade -0.219 -2.20 **
Presence of a basemémta sitebuilt home 0.154 1.05
Presence of a crawlspaicea sitebuilt home 0.0413 0.15
Number of household membe -0.0801 -2.87 ***
Mean outdoor temperatu 0.00273 0.66
during test period (F
Mean barometric pressu 0.0151 175 *
during test period (mk
Presence of a sump pur 0.112 1.04
Presence of dirt foundation flo 0.0140 0.05
model ®nstant -15.05 -1.72

Regression statistica=322; adjusted ¥= 0.355; F statistic =15.75
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4.2.2 Change in Radon Levels

Postweatherization radon test results were generally correlated kgiligatherization test results
(Fig. 16), and for most homes, the observed change in radon level was less than FigCID (

Overall, radon levels increasbyg an average of 0.14 + 0.13 pCi/L in the treatment group after
weatherization and decreased by 0.29 + 0.18 pCi/L in the control group (Table 9). This leads to an
average net (treatment minus control) increase of 0.44 +0.22 pCi/L in home raelsbdse on

arithmetic meandHowever, this average is affected by a small number of sites with high pre
weatherization radon levels and commensurately large changes in radon levels. When nine (of 447) sites
with measured preveatherization radon levels aboved@i/L are excluded from the analysis, the

average net change is reduced to 0.28 £+ 0.14 pCil/L.

As Table 9shows, he average increase is largest amongtsitk homes in EPA higladon counties

and, conversely, is smalhd statistically insignificant amg homes in EPA lowadon counties.
Interestingly, the study suggests a weatherizatteted decrease in radon levels in mobile homes that is
statistically significant at about a 90 percent confidence level.

Studies dating to the late 1980s have lookdti@impact of weatherization on radon concentrations in

homes, with mixed conclusions: se¢ he Ef f ect s oonf RWedaotnhoe riinz aAtpipoem d i X
details. While these studies often involved more detailed radon measurements and air exchiamge testi

than the study described here, the current effort is notable in terms of its geographic diversity, large

sample size and the use of randomization to control fopnogram factors that affect radon levels.

Control Treatment
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Pre-weatherization radon level, pCi/l (log scale)

O result from 1st floor A result from occupied basement

For lowest occupied level of home
<DL = below detection limit (0.5 pCi/l)

Fig. 16.Post vs. preweatherization radon.
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Fig. 17.Distribution of change in radon level.

Table 9. Net change in radon level, by EPA zone and housing type (arithmetic means)

Pre-weatherization, pCi/L Change (Posti Pre), pCi/L

Treatment Control Net
Group Group Treatment Control (treatment 1
n (n=285) (n=162) Group group control)
Overall
allcases 447 2.0 +0.3 1.9 +0.3 +0.14 +0.13  -0.29 +0.18 +0.44 +0.18
prewx rad%%;i( 438 1.6 0.2 17 +0.3 +0.11 +0.12  -016 +0.12 +028 +0.14
By EPA radon
zone
high o34 24404 2.7 0.5 +0.29 +0.18  -0.50 +0.33  +0.79 +0.31
(Zone 1)
moderate ;.5 53 406 1.4 +0.3 +0.10 +0.26  -0.11 +0.25  +0.23 +0.28
(Zone 2)
low
Zone3) 43 0602 0.8 +0.3 0.10 +0.14  -0.11 +0.13  +0.01 +0.20
By housing type
sitebuilt 362 2.4 0.3 2.3 +0.3 +0.24 +0.16  -0.44 +0.21  +0.68 +0.24
mobile home 85 0.8 0.2 0.6 +0.1 0.13 +0.16  +0.20 +0.24  -0.33 +0.29
Site-built homes
in counties with 192 2.8 +0.4 3.3 0.6 +0.46 +0.21  -0.62 +0.45 +1.08 +0.42

high potential
(Zone 1)

Resultsare for the lowest occupied level of the home under clbseae conditions, and are weighted to reflect the populatio
singlefamily homes treated by WAP in PY08.

Results below detection limit (0.5 pCi/L) set to 0.25 for calculation purposes.

+ values & approximate 90% confidence intervals.
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To test whether thobservedwverage increase in radon levigland herenolds true across a range of pre
weatherization radon levels, homes with-meatherization radolevelsbetween 1 and 10 pCiivere
dividedinto quintiles, and contreadjusted changes in radon levels within each quiweie examined®

The results of this analysis show statistically significant net increases in radon levels for all but the lowest
quintile (Table 10. This lendsfurthercredence to the notion thidie averages presentedTiable 9are
notdrivensolelyby large changes in a few homesit reflect a general increase in radon levels in homes
associated with weatherization

Table 10suggests that the effect of weatherizatiemds to be at least roughdyoportional to pre
weatherization radon levelie upper four quintiles show point estimates for the net change in radon
level that are in the range of 20 to 30 percent of theveaherization levebr therespectiveguirtile.

The results suggest that one can generally expect to see a relatively small absolute impact on radon in
homes with low existing levels, and a larger absolute impact in homes with high existing levels.

Table 10. Net change in radon level for homesvith pre-weatherization radon between 1 and 1@Ci/L, by pre-
weatherization quintile.

Pre-weatherization Change (Posti Pre)
Pre-weatherization Net
quintile Control Treatment Control (treatment i
(pCi/L range) Treatment Group Group Group group control)
1* (1.007 1.30) 1.1 £0.0 1.1 £0.0 -0.13 £0.12 -0.10 £+0.11  -0.03 +0.16
2" (2.317 1.70) 1.4 £0.0 1.5 £0.1 0.04 +0.17 -0.27 +0.13 0.31 +0.22
3 (1.717 2.40) 2.1 0.0 2.0 0.1 0.42 +0.30 -0.24 +0.29 0.66 +0.42
4" (2.417 3.70) 3.1 10.1 2.8 0.2 0.24 +0.30 -0.35 #0.35 0.59 +0.46
5 (3.711 10.0) 5.7 +0.4 5.8 +0.6 0.45 +0.84 -0.74 +0.49 1.18 +0.98

Results are for the lowest occupied level of the home under dhased conditions, and are weighted to reflect the populatiol
singlefamily homesdreated by the program in PY08.
+ values are approximate 90% confidence intervals.

The observedecrease in radon levetsthe control groumlsobeas additional scrutinyRadon levels in
homes are known to be a complex intergéyadon migration through sails, soil gas intrusion into
living spaces, and ventilation of those livisgacesWeather plays a role in all of these aspects through
impacts of rainfrozen or snowcoveredground on soil gas moveamt, as well as tempexae (and wind)
impacts on basement pressure aatliral ventilation rates

Theobserved changes in radon levels in the control gnarne found to beelated to outdoor

temperature in a statisticalgignificant and meaningful wagites that experiencetkecreases outdoor
temperaturdetween the twtestperiodswere associated witincreasesn radon levels, anaonversely,
increasesn outdoor temperature were associated wibreasei radon levelsKig. 18. This result is
consistent with the nimin tha colder weather increases the statfiectdepressurization of foundation
spaces, which in turn increases the intrusiiosod gas into living spaced.is true that the ventilation

rate of buildings also increasscold weather due to the irased stack effect, and that this should tend
to reduce radon levels through dilution, but the data here suggest that the increased intrathbon of
bearing soil gassésr other factors that are correlated with outdoor tempeiidsuttee more dominant

2 0n a weighted basis, about half of the study homes hadgatherization radon test results that were irréinge of 1 to 10
pCi/L, with nearly all of the remaining sites falling into the <1 pCi/L category. Sites witlvgatherization radon below 1 pCi/L
were excluded for this particular analysis in order to focus on cases with readily detectalxistprgradon levels. At the other
end of the distribution, less than three percent of study homes haeatieerization radon levels above 10 pCi/L: these were
removed to mitigate the influence of large outliers for this analysis.

36



factor. Others (e.g., Arvela, 199Krewski et al., 2006see Appendix C) have similarly positad inverse
relationship between outdoor temperature and radon levels within the heating season.

+0.4

- .

0.0
]
-0.2+

-0.4

Based on above-grade radon results where pre/post readings were both at or above the detection limit (0.5 pCi/L)

30+ F colder
20-29F colder
10-19F colder
1-9F colder
1-9F warmer
10-19F warmer
20+ F warmer

Change in outdoor temperature, F

Fig. 18.Median change in control group radon level vs. change outdoor temperature.

One might ask why outdoor temperature is a significant predictor chémggein radon levehere but it

was not a good predictor the priormodel of preweatherizatin radon levelsThe answelikely lies in

the factthat the pe-weatherization model was a cresstional analysis of radon levels, that it sought

to address factors that result in a higher radon test result in one home and a lower test result ilnanother.
that context, temperature is probably much less impbthan other factors in predicting radon levis.
contrast, an analysis of tkbangen radon level removeamost of what makes radon levels different from
home to home, and leaves weather as the most significant factor, especially among the oaptrol gr
homes where there was no intervening weatherization activity.

The staggered field deployment for the study meant that some sites tveelpinerization tests
performed in the fall and pesteatherization testing in deep winter, while other sites hed pr
weatherization testing in winter and pegtatherization tests in late winterdegarly springWhile this
made for a wide range in outdoor temperature differences across the study sample (fred0&ttout
+30F), on a weighted average basis, outdaoptratures were 3karmerduring postweatherization
testing, and hendbe overallaverage radon levels in the control group were slightly lower in the post
weatherization period.

Factors affecting changes in radon level

In a fashion similar to our exanation of factors that are predictive of ppeatherizabn radon levels in
homesanassesment was also made fi#ctors that predict pre/post changes in radon ledslsvith the
prior model, a nober of factorsvere consideredn two general groups
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1 Weaher changes
o Barometric pressure
o Fraction of days with rain
0 Indoor/outdoor temperature difference
0 Snow cover

1 Changes in house characteristics from weatherization
0 Air leakage and estimated natural ventilation
Replacement of a natural or induced dfafhace with a sealed combustion model
Addition of a ground cover
Sealing of foundation cracks
Addition of mechanicatentilation(continuous or nofcontinuous)

O O 0O

As noted above, radon entry into homes is an extremely complicated pRamsand frozen grmnd
affectthe migration of radon through sofllhis has the potential to force more radon into homes since the
soil beneath homes is typically not saturated or fro&@rpressure is also a potentially important
parameter, because changes in air pressure@esult in differential pressures across foundation structures
and affect entry of soil gas into the haribere is also the consideration of stack efféct.the one hand,

the greater stack effect during colder weather decreases-bedde air pressa, which then sucmore

soil gas intahe homeHowever,colder weathealsoincreases the natural ventilation rate of a home,
which tends to dilute pollutants such as radon

Weatherization activities can affect radon levels by altedhegability of ralonbearing soil gas to enter

the home, changintpe rate at which radon gas is ventilated from the haméoth.Covering dirt

foundation spaces and sealing foundation cracks can reduce the pathways by which radon enters the home
in the first place andagtentially reduce radon levelSeneral & sealingthat tightens the home and

reduces natural ventilation can potentially increase radon, litev grade air sealirigor air sealing

that decreases air movement from foundation spaces to livingiateakl reduce radon in occupied
spacesSimilarly, the addition of mechanical ventilatiomay increase ventilation rates and poteltial
reduce radon concentratiormit may also further depressurize foundation spaces and increagessolil
migration into thehome.Replacing an atmospheric heating system in a basement with a sealed
combustion unit may also impact ventilation sateecause an atmospheric appliance like a furnace
effectively acts like a small, continuousiynning exhaust fan in the space iniethit is located which,

in the case of heating systems located in basenethispart of the home where radon concentrations are
typically highest.

Theoverallventilation rate of the home is undoubtedly an important factor in assessing changes in rad
levels.While the study protocol did not provide for measurememictifial air change rates during the

radon test periods (by means of tracer gas testing), measured air ldakagere availablior most

homes in the studyrhe artificial conditionsinder which air leakage is measured with a blower door

makes it a relatively crude proxy for actual vent
somewhat with a model that takiaeto account actual indoor and outdoor temperatures andlstoemn

factors about theome, such as heigl@hanges in radon levelere evaluateds a function of predicted

changes in natural infiltratiomsing theenhanced modeif natural ventilatiorin the American Society of

Heating, Refrigerating and Air Conditiing EngineerASHRAE) Handbook of Fundamentals

(ASHRAE 2009)

For some variables, it is appropriate to compare the change in radon level before and after weatherization
with thearithmeticchange in the parametéfowever, for air leakage and infiltrah, basic dilution

principles would suggest that radon levels would move inivelaroportionwith the reciprocal of

natural ventilationOther house characteristics, which are binary (yes/no) variables, can be included in
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either type of analysig\fter exploring a number gfossible modelsa hybrid approachvas useda

model in which the dependent variable was Ragd@Radon,. 1 to modelrelative changes in radon levels
to relative changes in estimated air change iiateg that also includedthervariables that are more
related to change

The analysisvas confinedo cases witlboth pre and postwveatherization radon levels that were above
the test detection limit of 0.5 pCi/The analysisvas also conductagsingonly the abovegrade radon
testresult, so as not to confound the analysis with a mix of abmagte and belowrade tests.

The results of ttmodel are shown ifable 11for two runs:the first using all available data; and the
second screened to remove cases wheneasigpre ratio i¢ess than 0.8r more than . The latter run
helps guard againsutliers having a substantianpact on the results of the bulk of the samg@laly 8
homes were excluded from the analysis using the screened results.

Table 11. Model of post/pre radon level.

Dependent variable:Radon.s{Radon. (pCi/L, abovegrade test result)

Run 1: all cases included

Coefficient t-statistic

ACHnat,JACHNa}st 0.188 2.34 **

Change in outdoor temperature -0.00877 -3.52 *x*

Change in fraction of days witiain during test perio -0.422 -2.71 ***
Mobile home (binary -0.0864 -0.85
Ground cover added to sibaiilt home (binary’ 0.114 1.16
Below grade sealing for sieuilt home (binary’ -0.00982 -0.13

Continuous mechanical ventilation added (bin: -0.254 -2.12 **

Non-continuous mechanical ventilation or dryer venting added (bir 0.189 2.12 **
Heating system replaced w/ sealed combustion model (bi 0.283 -0.85

model constan 0.774 7.31 ***

Regression statistics: n=236; adjusted 0.135; F statistic = 5.06
Run 2: restricted to 0.3 < Radgr/Radon,. < 3.0 (8 cases dropped)

Coefficient t-statistic

ACHnat,ACHNapost 0.220 3.44 ***

Change in outdoor temperature -0.009 -4.66 ***
Change in fraction of days with ragluring test perioc -0.192 -1.51

Mobile home (binary -0.193 -2.33 **
Ground cover added to sitmiilt home (binary’ 0.0676 0.86
Below grade sealing for sieuilt home (binary’ 0.0141 0.23

Continuous mechanical ventilation added (bin: -0.224 -2.36 **
Noncontinuous mechanical ventilation or dryer venting added (bit 0.0188 0.26
Heating system replaced w/ sealed combustion model (bi 0.0307 0.36

model constan 0.788 Q.32 ***

Regression statistics: n=228; adjusted 0.114; F statistic = 4.25

**Statistically significant at a 95% confidence level
***Statistically significant at a 99% confidence level

In both runs, the change in estimateduralinfiltration and the change in outdoor temperature are
statisticallysignificantand have the expected sigm increasé radonis associated with tighter homes
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andlower outdoor temperaturdhe installation of continuous mechanical ventilation is also statistically
significant (at a 95% confidence level) in both rumg] auggests that radon levels are reduced when such
ventilation is installedThe addition of nortontinuous ventilation and dryer venting was not associated
with a statistically significant change in radon leWir the addition of continuous ventilatioaution is

in order, since the data set contains onlyt2imes that received suntechanical ventilatiorinally,

both runs suggest that radon levels are reduced in mobile homes following weathg(tizatigh this

result is also based on only 25 molsitemes in the sample

Of the other parameters, while some are statistically significant fange@eenedun, none are

significant when the data are screened to remove very large changes in radosieselthat the

second run screens out only eighses, these parametars not consideret be particularly well
determined from this data s&milar instabilitywas observeth these (and other) parameters in a variety
of models that we considered.

That measuredhanges irair tightnesavere fourl to be a statistically significant predictor@fanges in
radon levels in addition to air leakage being a good predictgprefweatherization radon levelsrass
homes’ speaks to its likely primacy in affecting indoor radevels This is not to saghat all air sealing
activity by weatherization necessaiihcreases radon levels in homas:noted above, belegrade
sealingi and airsealing that isolates living spaces from foundation spacesld serve tseduceradon
intrusion.However, the dat suggest that on average, the overall effect of air sealing is a reduction in
natural ventilation that results &nproportionatelyigher indoor radon concentratidn the majority of
program homes with low preeatherization radon levels, this will tdsin only a slight increase in
absolute radon levels, but in a minority of homes with elevatedxisting radon, aisealing will have a
more significant impact on absolute radon level.

The failure of tle analysis to identifyground covers and belegrade sealing as statisticallignificant
weatherizatiorrelated factors that af€t radon may speak to the fact that these are not typically
implemented with radon mitigation in mificand may also speak toe limited nature of the data at hand.
For exampe, while datavere availablen whether there were attempts to isolate the foundation from the
ground (either by adding a ground cover over bare earth or caulking ctheksjlatadid not provide
detaik on exactly how much exposure there was or heell the measures were installiedm a radon
mitigation perspective (ground covers are typically employed by weatherization for moisture control)
The variability of radon results due to reeatherization factors, suels soil condition, also reduces the
ability of the analysis to tease out statistical significance of weatherization me&$ithes.oneweek
sample it is plausible that radon changes due to environmental factors for whialedatacking(such

as soil saturation and frost depth) may beater than the potential impacttbéseweatherization
measures.

4.3 FORMALDEHYDE

Formaldehyde is a common indoor contaminkns. emitted by building materials and furnishings,

especially those made of composite wood matealsvell as cigarettes anther forms of combustion

It is both an irritant and a carcinogéviost existingstandards and guidelines for formaldehyde are based

oneye or respiratory tract irritaticgffects. A wide range of exposure limits have been proposed or

adopted for formaldsfue. Current guidelines include 40 ppb on amo8r average basis and 100 ppb for

1-hour exposure in residential settings (Health Canada 2006), while the state of California has established
fRef erence EXpiorstuared dd vted sp e mdiveluals fromladversabeslth s ensi t i
effects, of 7 ppb for either ant®ur average or chronic exposure, and 44 ppb-fayut exposure

(OEHHA 2008).Permissible levels are substantially higher in workplace environreegtdshe OSHA

workplace 8hr time weidnted average is set at 750 ppb. (OSHA 2011).
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Indoor formaldehyde levels were measured in approximately one in four study homes, based on a
protocol of deploying a sampler in the first treatment and control group horeash sampled

geographic area aix to eightsites?® The samplers were deployed on the lowest main living level of the
home alongside the radon canistexposure times ranged frdiiwe to 11 days, with a median aight
days.Ninety percenbf thetests were based orsaven to nine-dayexposure period.

4.3.1 Pre-Weatherization Formaldehyde

Formaldehyde levels measured prior to weatherizatiogeth from less thaoneto 72 parts per billion
(ppb), withresults fomost homegalling below30 ppb Fig. 19. The populationweightedestimate of
theaverage indoor formaldehydencentrationn WAP singlefamily homess 14 +1 ppb, with mobile
homes showing a somewhat highgerageconcentation than sitéuilt homesthough the difference is
not statistically significanfTable 12. These reultsare comparable to what others have found in older
U.S. homes (e.g., Hun et al., 201@) contrastOffermann(2009)reported a median indoor
formaldehyde concentratiaf 30 ppb forl05new California homeswith a range ofour to 113 ppb.

Though cigarette smoke iskaownsource of formaldehydep statistically significant relationshipas
foundbetween praveatherization formaldehyde levels ahd presence of a smoker in the household.
However the relativédy small sample of homes witlbimaldehyde resultsieant there were only 29
households with reported indoor smoking by the respondent for the apaly&is translates into low
statistical power for detecting differencédso, the occupant survey did not query about smoking habits
of all household members.

30

25

0 10 20 30 40 50 60 70 80 90 100

Pre-weatherization formaldehyde level (main living level), ppb
n=131
Weighted to reflect PY08 single-family housing units
Pooled treatment and control groups

Fig. 19.Distribution of pre -weatherization formaldehyde level

% Assay Technology 57Aldehyce passive samplers were used, with analysis and results reporting by Galson Laboratories.
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Table 12. Pre-weatherization formaldehyde level

Percent below

n detection limit Mean (ppb)
(0.5 ppb)
Overall 131 0% 15 +£1
Site-built homes 105 0% 14 £1
Mobile homes 26 0% 20 £3

Results are for the firdtoor of the home under closétbme conditions.

Results are weighted to reflect the population of sHfegheily homes treated by the program in
PYO08.

Treatment and control groups are pooled.

* values arepproximate 90% confidence intervals.

4.3.2 Change inFormaldehydelevels

Table 13summarizes the weightextverage change in formaldehyde levels associated with weatherization
for the 119 homes with prand postweatherization test resultandFig. 20shows sctéer plots of pre

versus postweatherization measured levdimrmaldehyde concentratioimereased in both the treatment
and control grouptllowing weatherizationthoughby somewhat more in the formémis leads to an
estimated net impacotf 1.6+ 1.1 ppb following weatherization.

The estimated 4.2 + 5.2 ppb change in formaldehyde concentration in mobile homes is not statistically
significant, but the wide confidence interval leaves open the possibility that a larger sample of mobile
homesmight reveal a statistically and perhaps meaningfudlysignificant impact of weatherization on
formaldehyde in this housing typeHowever, note that the small number of mobile homes in this
analysis was not well balanced geographically, leaving open ity that the results below could be
confounded by weather and other oogram differences between the treatment and control groups.

Table 13.Change in formaldehyde level

Mean Pre-Wx

formaldehyde
level (ppb) Mean change in formaldehyde level (pb)
Trt Cntrl Net
(n=63) (n=56) Treatment Control (treatment i
N Group Group control)
Overall 119 15 16 +35 +1.6 +1.9 £15 +1.6 1.1
Site-built homes 96 13 16 +31 18 +23 +15 +0.8 +2.2
Mobile homes 23 22 17 +4.8 £30 +0.6 4.0 +4.2 5.1

Resultsare for the firstfloor of the home under closétbme conditiongor sites with both preand postweatherization test
results and are weighted to reflect the population of siigtaily homes treated hiyre progranin PY08.
* valuesare approximate 90%oafidence intervals

2" There were only 10 treatment mobile homes and 13 control mobile homes in this analysis. At these sample sizes, one would
only expect to be able to reliably detectaubling in formaldehyde level (power = 0.85).
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Fig. 20.Pre- versus postweatherization indoor formaldehyde level.

Formaldehyde levels are known to vary with temperature and huntidibyer temperatures and higher
humidity increase formaldehyde emissioRata from the temperature and humidity data loggers in the
study homes confirms a fairtrong relationship between changes in formaldehyde levels and changes
indoor humidity, ag-ig. 21shows. The relationship with temperature changes is nwehker

When averaged across the sites in the formaldehydsauple, the treatment and control groups had
comparable indoor conditions priorweeatherization (Table 14frollowing weatherization, relative
humidity increased more in the treatment group than isdahgarison goup, though the difference was
not statistically significant.

As documented later in this report, the study data show that weatherization is generally associated with a
small increase in relative humidity. It is thus plausible that the obderst increase in formaldehyde

levels is due to a combination of lower-akchange rates and increased formaldehyde emission rates

from slightly higher indoor humidity.
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Fig. 21.Change in formaldehyde level vs. change in relative humidity

Table 14.1ndoor temperature and relative humidity for formaldehyde subsample

Pre- Post Change
Weatherization = Weatherization (Posti Pre)
Temperature (F) Treatment 71.0+0.7 70.6 £0.8 -0.3+04
Control 71.4+0.9 71.7+£1.0 0.3+0.3
Relative humidity Treatment 345126 36.7+26 +2.2+24
(%) Control ~ 32.6+25 33.6 £2.7 +0.9+2.5

For sites with both preand postweatherization formaldehyde test results: treatment n=63; control n=5
Weighted to reflect the population of sindéemily homedreated by the program in PY08.
+ values are approximate 90% confidence intervals.

4.4 TEMPERATURE

Indoor temperature is arguably the single most important driver of perceived cdtfartigh

ASHRAE has defined heating seasocomfort range from abo@8Fto 77F (ASHRAE 201@), this is
geared for building and mechanical system design purposesdividual preferences vary widely.

Indoor temperaturis of interesfor weatherizatiorbecause increased insulation and reduced air leakage
may warm spaces thpreviously could not be maintained at the desired tesyner by occupanttn a
related vein, it is likely that some Ieivcome households deliberately maintain a lethandesired

indoor temperature in order to reduce heating billsas thus beerrag u e d

backo s ome

of

t he

energy

savi

ngs

t hat occupants
f r-pomt. weat heri zat

To study indoor temperatyreechnicians hung a temperat@@ad relative humiditydata logger from the
main thermostat ttake a sapshobf indoor conditions every 10 minuteser the duration of the study
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period?® For the small number of homes without a functional central thermostat, the logger was deployed

in a comparable central locatiohechnicians also recorded whether the adrad a programmable

t her mostat, and if so, whether the thermostat was
the time ofeachsite visit. The analysis presented here focuses on results for the majority of sites that were
instrumented during the heating season, and omits the small number of sites in southern states that were
monitored during the summer.

To analyze théemperaturelata, theitme trace for each sitgas visually scanned firth identifyand
remove anomalous periods such as prolonged (and deep) temperature setbacks suggestive of a period
when the home was unoccupidthis step affectetess than onpercent of the data.

Datawere also droppedor days where the daily average outdoor temperature (from nearby weather
statiors) was 55F or higheilhe purposef this stepwhich removed about three percent of the deites,
to restrict the analysis tiime periods when the home waeely to be in a closed, spaheating
condition.In addition, dataveredroppedrom the first week following completion of weatherization
work.

Finally, to minimize the impact of weather on pre/post weatherization differences, daily indoor
temperaturevas regresse@gainst outdoor temperature for each site (separately for thenuar@ost
weatherization periods), and indoor temperaturese adjustetb typical wintertime conditions?®

Overall, these adjustments were not large, but some sites hademhlytistrong relationship between the
two. And although preand postwveatherization outdoor temperatures averaged out to the sarae valu
(29F) across the study sample, outdoor temperavargsd by as much as 30F in the two perifmts

some sites.

After dropping sites with less than a week of temperature thaiee wasisable preand post
weatherization temperature data f@84and 42 sites, respectively, with 460 sites having both gnel
postweatherization datdote that the analysis presented hdwes not include the small number of
homes in the South that were monitored in the summer.

4.4.1 Pre-Weatherization Indoor Temperature

The data indicate that the averaggegram home has a wintedoor temperature of 78+ 04F prior to
weatherizationthoughthe distribution ranges from le#san 60Ro more than 80FHig. 22.

The data reveal clear evidence of routine temperature setback among someBasetetsn an algorithm
that examines average hourly temperatlitagas estimated tha4 + 5 perent of homes practice some
form of setbaclkduring the heating seasdhndoor temperaturie these homes averag@0 + 0.7F less
than in homes that do not exhibit evidence of regular setback.

2 Hobo U-10-003 loggers were used. These have a listed temperature accuracy of about 1F under typical indoor conditions.
2 gpecifically, indoor temperatures were normalized to thgekd average DecembEetruary temperature for the weather
station associated with each site.

%0 The algorithm flagged a site as practicing thermostat setbackaf/érageemperature for any hour of the day (across all
days) differed from the overall average temperature by thare2F.
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Results from 478 homes, weighted to reflect all PY08 single-family homes.
Normalized to typical Dec-Feb outdoor temperature.
Treatment and control groups are pooled.

Fig. 22.Pre-weatherization indoor temperature (winter).
Homes with existing programmable thermostats are significantly more likely to show empirical evidence
of temperature setbackhese homes als@be indoor temperatures that average 105%Flower than
homes witha manual (or no) thernstat Table 15.

Table 15.1ndoor temperature and temperature setbackby type of thermostat

Evidence of setback Mean indoor
(% of homes) temperature (F)
Overall 24 5 70.3 +0.5
Manual (or no) thermostat 444%) 19 +4 70.8 +04
Programmable thermostgi6 +4%) 34 +9 69.2 +0.5

Weighted to reflect all singleamily homes in PY08.

Evidence of setback based on O2F deviation in a\
Mean indoor temperature normalized to Bah average outdoor temperature.

+ valuesare approximate 90% confidence intervals

Also, alinear regression analysis explanatoryfactorsfor indoor temperaturevas undertakeunsingsite
dataandthe occupant survey éble 16.

The results reveal several factors thatsigeificantly correlated with higher or lower indoor
temperatures prior to weatherizati@m roughly descending order of effect size and statistical

significance)

1 Households witlBlack/African Americanrespondentaverage about 4F higher indoor tempeedu
than do other households
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9 Each decade of ador the oldest household membér associated with about a B.crease in
indoor temperature.

1 Temperatures in mobile homes are about 2F higher than {busitdhvomes.
1 Respondents with a high schatploma or college degree average 1 to 2F lower indoor temperatures.
1 Homes with children average about 1F higher than other homes.
1 Homes with basements average about 1F warmer than other homes.
1 Homes with oil heat average about 1F cooler than other homes.
Table 16. M odel of preweatherization indoor temperature (pooled treatment and control groups)
Dependent variable:pre-weatherization indoor . Welghteq Temperature . Signifi -
A incidencein t-statistic cance
temperature effect
sample level
Renter 7% +0.60 081
RespondenBlack/African American 15% +3.87 6.28 rxk
Respondent Hispanic 10% -0.52 -0.81
g)ecades of age for oldest household member (rang +0.45 335 -
Child in home 38% +1.37 4.00 ok
High school diploma 35% -1z -2.18 *x
Some colleger college degree 42% -1.86 -353 i
Mobile home 26% +1.86 2.60 *kx
Site-built attached home 6% +1.06 227 i
Multi-story home 28% -0.79 -1.72 *
Home has a 250+*basement 43% +1.16 234 *x
Home has a 250+*fcrawlspace 30% +0.322 0.67
Home has a 250+tlab 11% +1.05 165
Electric heat 19% +0.16 0.24
Oil heat 15% -1.27 -2.17 o
Wood/other heat 3% +0.22 0.20
Model constant 67.23 61.40

Regression statistice=438; adjusted’= 0200, F statistic = 4.79
Normalized taDecFeb typical outdoor temperature for site.
*Statistically significant at a 90 percent confidence level
**Statistically significant at a 95 percent confidence level

*** Statistically significant at a 99 percent confidence level

4.4.2 Change in Indoor Temperature

On the whole, indoor tempetaes in the weeks following weatherization trackedwweatherization
temperatures fairly closelyig. 23. Temperatures in the treatment group averaged 0.14F higher
following weatherizationandtemperatures in ghcontrol group declined by 0.13F. The net difference
between the two (8+0.2F) is small but statistically significagt about a 90 percent confidence leyel)
and suggests an average temperature increase among weatherized latnoe®) & or less.
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Fig. 23. Pre versus postweatherization indoor temperature.

As Fig. 24shows,herei s some evi dence of effectwithiedgar terspsratwen
that is, indoor temperature tended to increase among households on the lowrenwdesitherization
tenmperature, and decrease among households on the highhénduggestthat the more extreme
recorded temperatures in both grotgrsded tdoetemporary phenomena

About one in ten treatmegroup homes received a setback thermostaat of weatherizatiom

proportion that matches the national incidence aaieng singldamily homedor this measurin PY08.

Compared to other households in the stulderetwas naignificantdifference in the proportion dfiese
households thdiegan to practice thermostsgtback following weatheration(Table 17, thoughthe
small number of homes involved makes the comparison imprecise.
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Results from 460 homes, weighted to reflect all PY08 single-family homes.

Normalized to typical Dec-Feb outdoor temperature.
Quintiles based on pooled treatment and control groups.

Fig. 24.Change in indoor temperature by preweatherization temperature quintile.

Table 17. Pre- and post-weatherization evidence of temperature setback, by group and (for treatment homes)
whether a new programmable thermostat was installed

Treatment group

Evidence of setback? - Control
Thermostat not Received new group
Pre-Weatherization =~ PostWeatherization rgﬂggg? programm(itz)lzcgast)hermostat (n=168)
No No 68% 75% 69%
No Yes 7% 9% 7%
Yes No 4% 1% 3%
Yes Yes 21% 15% 21%
100% 100% 100%

Weighted to reflect all singleamily homes in PY08. ]
Evi dence of s e tebiaienkn alemge dalrlyempefattre compared to average over all hours.

4.5 INDOOR HUMIDITY AND MOISTURE

Indoor humidity is an important consideration for comfort, health and building preserntatwomelative
humidity tends to dry mucous membrarieads to dry skin and can create respiratory irritation and static
electricity problemsASHRAE (ASHRAE 201@) recommends an upper limit of ab@@percentelative
humidity at 708 which is rarely achieved in indoor environmentsut generarelative humiity above
even 50 percent promotes the growth of allergens such as dust mites, and may lead to moid growth
areas of the home where the temperature is cooler
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Humidity can be expressed in different ways, and each is useful in its owrThghdtudyfocusis on:

1 Relative humidity the amount of moisture in the air relative to the maximum that can be held in the
air at a given temperatur€old air can lold less moisture than warm air, and relative humidity will
be higher at a cooler temperature companatie same air at a warmer temperature.

1 Dewpoint temperatur® the temperature at which moisture begins to condense frofrhaihigher
the humidity, the higher the demoint temperatureDew-point temperature is most relevant for
assessing the poteaitfor condensation on cold surfaces, primarily windows.

1 Humidity ratiod a measure of the absolute amount of moisture in a given amountefmessed
asthe ratio of the mass of moisture in a given mass of dry air.

The data loggersusedtorecordiado humi dity for the study (descri be
Temperatureo) directl y swhansanbirsed with theeconourrehtlydoggedat i v e
indoor temperature, depoint temperature and humidity ratio can be readily calcul&edmnporiant

limitation of the datas thatthe data loggers that were deployed hale\er measurement limit of 15

percent relative humidityoverall,about 10 percent of the data cotkd was at or below this limit, but for

some sites, this affected thejority of the data collected.

Indoor humidity istypically correlated with outdoor humiditynd outdoor humidity is strongly
dependent on outdoor temperatilBecause cold outdoor air can hold far less moisture than warm air,
indoor humidity tends tdecreasén cold weather anthcreasan warmer weathefTo controlfor this,
measured indoor humidityas normalizedo typical DecenberFebruary outdoor conditiorisr each
site® Note that the analysis presented here omits the small number of sitesréaaenitored in
southern states during the summer.

45.1 Pre-Weatherization Indoor Humidity

The study data suggest that the average program home has a winter indoor relative hun3idi?y of 3
percent, though this estimate is likely somewhat high due to thinactome homes in tistudy had
measured relative humidity at or below the 15 percent lower limit for the data loBger2g. On the
whole, weatherization homes tend to be on the dry 4#ie5 percent of homes have relative humidity
below 30 percenbut only6 £4 percent have relative humidity over 50 percent.

Dew-point temperature averages 39 = 1F in program homes (subject to the same potential bias issue noted
above) Winter dewpoint temperatures were highest among study homes in the watimege

(California), but for homes in climates with an average Decefrblruary outdoor temperature of less

than 40F, there is a wide range of indoor gmint temperatured={g. 26.

31 Specifically, the indoor humidity ratio was regressed against the outdoor humidity ratio, and then the observed average indoo
humidity ratio was adjusted to the-$8ar average DecembEebruary outdoor humidity ratio for each location.
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Results from 479 homes, weighted to reflect all PY08 single-family homes.
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Fig. 25.Pre-weatherization indoor relative humidity (winter).
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Fig. 26.Pre-weatherization indoor dew-point versus average winter outdoor temperature.
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4.5.2 Change in indoor humidity

Postweatherization indoor humidity tended to track-peatherization humidityHig. 27), but there were
somesmall but statistically significaraveragechanges, asable 18shows.Both groups showed slight
declines in indoor humidity from the pr postweatherization periogignalinga general drying trend
over the course of the heating sea®ut.the control group declined mmothan the gatment group, @h
the net effect suggesasslight (11+0.6%) increase in relative humidity associated with weatherization.
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Pre-weatherization relative humidity, %
Normalized to typical Dec-Feb outdoor conditions.
Fig. 27. Pre versus postweatherization indoor relative humidity.
Table 18. Change in indoor humidity from pre- to postweatherization.
Treatment Group Control Group Net Effect

(n=295) (n=175) (Treatment i Control)
Relative humidity (%) -0.3 +0.9 -14 +0.9 +1.1 +0.6
Dew-point temperature (F) +0.1 +0.7 -11 05 +13 04
Humidity ratio (grains/Ib.) +0.1 +0.7 -11 +0.6 +1.3 04

Weighted to reflect all singleamily homes in PY08.
Normalized to average Ddeeb outdoor conditions.
+ valuesare approximate 90% confidence intervals
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4.5.3 Moisture Observations

In addition to the quantitative humidity measurememisisture was evaluated qualitatively through
visual observatiorin both foundations and abageound portions of the homechnicianavere asked to
identify observed musty smells, water stains, and nholthundation spacetechniciansvere also asked
to record standing water, and in abayreund spacesechniciansvere asked to record observed window
condensation-or water stains and molgichniciansvere asked to specify whether the damaged area
was less thatwo square feet, betwedawo and 32 square feet, or greater than 32 squareFeethe

other moisture problemgechniciansvere asked only to identify whether the problem was evident.

Because these data are subjectivere are limits to how much the results can be extrapolatie t

entire weatherization populatiofor example, somechniciangeported substantially more problems

than others, with sontechniciansither not looking for moisture problems as thoroughly or choosing to
not record very minor occurrencdss a restt, the reporting here does not include estimates of how many
locationseach type of moisture issue was fouvithin a homeHowever, estimates of how many homes
had each type of issue are reported, as well as estimates of the severity of water sthimiolg.an

Identified Moisture Problems

Figure 28shows identified moisture problems pasd postweatherization for foundations (left panel)
and above grade (right panélhe categories identifying a specific moisture issue refer to cases where
that was tk only issue identifiedlhese are weighted to reflect all PY2008 homes.

Unlike other AQ issues in this report, moisture problems were not recorded based on measurement but

rather observatiorAs such, the results ar eectogihejheneandthewr t ec hni
decisions as to whether or .07hletefore recomeddnoisturedssuesgu al i f
may not accurately reflect the actual incidence of each ibstleese graphs, no attempt was made to

adjust for technicianigor in identifying moisture issue$he figures are intended instead to illustrate

which types of problems were more common than otlBersause no attempt was made to adjust for

technician, differences between pamd postwveatherization should not iee focus but rather how the

different issues compare.

I Pre-Weatherization QA I rre-Weatherization
I Post-Weatherization I Post-Weatherization

Fig. 28.Frequency of recorded moisture problems for foundations (left) and above grade (right).

These graphs show that about&5percent of foundations and 60 percent of algyaele sections did
not have any moisture issues identified by technicians. AbeR0X&ercent of foundations had multiple
issues identified, whereas about a quarter of algoade sections had multiple issues. In both foundation
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and abovegrade spaces, water stains were the most prevalent issue when only one problem was noted.
Musty smells were rarely noted as the only issue in agoade spaces.

Figures 29 and 38how obserations of moisture problems for homes where the same technician

evaluated the home both pend postveatherizationThis screening should mitigate the ramiformity

of technician observation¥he results are weighted to reflect all PY2008 hormas.first figure shows

foundation moisture problems, separated by control and treatment homes, and the second figure shows the
corresponding graphs for abegeade moisture problems.

For foundations, there was an apparent increase in moisture problem obssrfeditiaving

weatherization except for musty smells, which remained about constant, and mold, which showed a
decrease in treatment hom€&ampared to control homes, there appears to be a net increase in standing
water and a net reduction in mold in treatineomesHowever, these increases are not statistically
significant.In foundations, water stains were the most commonly observed prattemoisture

problems were observed in more thamp8@centof foundations.

Problems were observed more frequentlgtiovegrade spacesll problems were observed less

frequently after weatherization than before weatherization for both control and treatment Gheups.

were no statistically significant net changes when comparing control homes to treatmenttiataes.

stains were again the most frequently observed moisture problem ingiaolespacedVindow

condensation was next highest in abgvade spaces, and was observed at a similar rate as water stains in
control homesMusty smells were the least frequertlyserved probleniNo moisture problems were
observed in more than 3#rcentof abovegrade spaces.

Finally, Fig. 31shows the searity of water staining and mold problems recordedvpeatherization for
foundations and abovground spaces for those homésere such problems were identifidthe values
shown are for the largest problem area of the hdbtkeer than water stains in foundation spaces, the
majority of homes with identified moisture problems had lesstilvarsquare feet of moisture damage in
the largest identified problem ardsr foundations, the majority of homes with identified moisture
problems had betwedwo and 32 square feet of water stainiRgw homes had more than 32 square feet
of either water stains or mold above gradeld of greater thartwo square feet was found abegeade

in only about 2%ercentof the homes with identified aboygade mold.

Foundation Moisture Problems, Control Homes Foundation Moisture Problems, Treatment Homes
I Pre-wx Post-wx | I Pre-wx Post-Wx

2l L o |

T T T T T T T T
stand. water musty smell water stain mold stand. water musty smell water stain mold

Fig. 29.Incidence of recorded foundation moisture problems for sites with the same technician prand
postweatherization (with 90% confidence intervals).
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Above-Grade Moisture Problems, Control Homes Above-Grade Moisture Problems, Treatment Homes

[ Pre-wx [ Pre-wx
< 4 [ ] Post-wx < | [ Post-Wx
™ — ™ =
N4 N4
- 4 - 4

T T T T T T T T
win. cond. musty smell water stain mold win. cond. musty smell water stain mold

Fig. 30.Incidence of recorded abovegrade moisture problems for sites with the same technician prend
postweatherization (with 90% confidence intervals).

Severity of Water Stains and Mold, Pre-Wx Severity of Water Stains and Mold, Pre-Wx
QA I W ater stains @ A I W ater stains
I Vvold I Vold
o
<2s.f. 2-32s.f. >32 s.f. <2s.f. 2-32s.f. >32s.f.

Foundation, weighted for all PY2008 homes Above-ground, weighted for all PY2008 homes

Fig. 31.Pre-weatherization recorded severity of water stainend mold for foundation spaces (left) and
above grade (right)
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5. DISCUSSION

Following is agqualitativediscussion okome of the key findings and limitations of the study.
Carbon Monoxide

The testing revealed a small proportion of homeh imidoor combustion devices that produce carbon
monoxide at significant levels, and an even smaller proportion of homes with measurable CO in the
ambient indoor airln some cases, elevated indoor CO could be traced to a likely source, such as CO
producedoy a heating systemmigration from an attached garagieuse of a gas oveim other cases,

there was no obvious explanatidttowever, given the potential deadly nature of carbon monoxide, the
incidence of C@elated problems found in the study homessdmggest maintaining tr@mbustion
safety testing procedures under the program.

It is very challenging for both statistical and ethical reasons to properly document the impact that
weatherization has on indoor CStatistically rare events, such as severe CO problems, are sandyo

T for exampleif CO poisoning occurs in 1 in every 1000 homes, thercanaotexpect to measure the
change in frequency of such events based on studying 500 Hdoresimportantlythough, the

significant safety concern related to CO meantttimasstudycould not passively observe what happened
when, for example, a study technician measured high CO in a heating siiséehazard notifications
that the study itself generated hadmpact on the outcomes of the homes in the study, including
immediate action in some homes in the control group.

Radon

The data from the study indicate that weatherization increases radon levels in homes on average, and that
themagnitude of the impact generally proportional to theeduction in natural ventilation that results

from air-sealing work This is not to say that all agealing work necessarily serves to increase radon
concentrations in homebelowgrade sealing and sealing between livingcegaand unoccupied

foundation spaces may wélklpreduce radon levels in living spacééso, the study was implemented

prior to implementation of the ASHRAE 62.2 standard for witnaase ventilation (ASHRAE 2010b)

that DOEis currently phasing into theggram Further research is needed to understand the impact of
implementation ofhis standaranindoorradon levelgand other indoor contaminants), but the results

from the 21 homes in the study known to have received such ventilation is at leastisigfies

beneficial impact of this measure.

No correlationwas foundbetween changes in radon levels and the installation of ground covers over dirt
floors and lelow-gradesealing,but this finding should not be taken as an indictment of the potential for
these measures help reduce radon levelSince radon was likely not the primary purpose for installing
these measures in the study homes, they may have been applied in ways that were ineffective in the
context of radoni-or example, to be an effectivedon barrier, ground covers need to be tightly sealed to
foundation wallsg a detail that is less critical in the primary application of ground covers for mitigating
moisture migrationThough most experts agree that an active soil depressurization syshenpreferred
approach to remediating indoor radon, more research is needed to gauge the potentiattmskower
measuresuch as ground covers and belgmde sealingp helpoffset weatherizationelated increases in
radon.

Formaldehyde
This study neasured formaldehyde levels in weatherization homes that are comparable to those found in

other studies of existing hon@&snd far less than the levels that raised alarms about temporary housing
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units provided by FEMA following hurricane Katrina, which aged more than four timéiselevels

found hereHowever, the lack of a generally accepted standard for indoor residential formaldehyde does
make interpretation of these data difficéltso, the relatively small sample of sites tested for

formaldehyde irthis study limits the conclusions that can be draite data from (the even more

limited) sample of mobile homes in the study suggests that formaldehyde levels in mobile homes may be
higher, and that weatherization may have a larger impact in this hatsgigBut additional testing on a

larger sample of mobile homes would be needed to reach a firm conclusion on this.

Temperature

While the indoor temperature data from the study reveal a wide range of indoor temperatures across
weatherization homegemperaturgenerally changed little immediately following weatherizatibime

small (0.3°F) but statistically significant observed change in indoor temperature in the data could be the
result of some households choosing a higher thermostat setpoint fglaxeatherization, but could also
easily simply reflect improved thermal integrity from weatherizatimr.example, temperatures decay

more slowly during thermostat setback periods in bétrlated homegkither way, the observed

change is very smalNote, however, that the studgthered data faan average of only about four weeks
preceding and following weatherization, ahds the results hedo not reflect any longegerm effects

that may be associated with weatherization.

Humidity and Moisture

The study provides evidence of a small increase in indoor humidity during the heating season following
weatherization, which is a benefit, because the majority of program homes in heating climates were very
dry prior to weatherizatiof.he observed humiditynpact is somewhat smaller than a simple moisture
balance calculation would suggest, and bears additional investigation.

The moistureobservation data gathered during the fieldwork is useful in roughly characterizing the
general incidence of moisturelaed issues in program homes, but the subjective nature of the
observationd and the relative rarity in the sample of active moisture issues around the time of
weatherizatio makes it difficult to draw substantive conclusions about the impact of weath@ripati
indoor moisture issues.
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APPENDIX A. SAMPLING, WEIGHTING AND UNCERTAINTY ESTIMATION
PROCEDURES

This appendix describes the sampling and sample weighting procedures used in the study, along with the
methods usetb calculate samplingrror based confidence intervals.

SAMPLING

Sampling for the study was implemented in two stafiess; a primary sample of geographic areas was
sampled; second individual households were sampled and recruited for the study fiarthest
sampled geographic areas.

The primary sampling unit (PSU) for the study was a Census BureauPuptk. SuperPUMAS are
contiguous, withirstate geographic areas defined by the US Census Bureau containing a minimum of
400,000 persons and desigrieduse with Public Use Microdata Sample (PUMS) data disseminated by
the BureauSuperPUMASs are aggregations of smaller Public Use Microdata Areas (PUMAS).

We selected Sup€tUMAs as the geographic PSU for the study for two reasons: (1) when considering
tradeoffs between geographic diversity versus cost and logistical considerationsP&IMAs represent

a reasonable geographic size for the study (smaller than states but larger than counties); and, (2) the
PUMS data associated with each s"pEIMA can [ used to estimate the WAgHgible population in

the region, which is useful for the sampling procedure we will describe shortly.

We drew a stratified, probabiligroportionalto-size (PPS) sample of Census 2000 siidiAs for the
study, as described the following sections.

Measure of Size

The geographic sampling for the study was probakiligportionaito-size; that is, the probability of
selectingagivensupFUMA i s proportional t-BUMAhwherdisizéighere of t
definedas the total weatherization funding for weatherizing sigheily homes in PY08.

To develop a measure of size for all lowl@& supetPUMAS, we first used househelevel data from the
20062008 American Community Survey (ACS) to estimate the total ptipnlof weatherization
eligible households in each sug&MA (both single and multifamily).

Next, we estimated the total PY08 weatherization funding in each PSU as follows:

1 We allocated published staivel PYO08 funding allocations to local weatherization agencies
proportionally to agency funding levels reported to us by states hlltBeates Agencies Information
Surveyimplemented as part of the overall PY08 programueatadn effort.For a few states where
these data were not available, we used prior planned agency allocations reported to DOE.

1 We allocated these PY08 local agency funding estimates to counties (proportionally to Census 2000
population) based on the semiterritory for each local agendyhere more than one agency served
a county, we assumed an equal division of county population among agencies.

1 We rolled the countjevel estimates of PY08 weatherization funding up to the PSU level using the
Census 2000PMA equivalency files to map counties to suBMASs. Where a county contained
more than one PSU, we allocated funding proportionally according to Census 2000 population.

We then calcul ated our measure of fisi zeo for each
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1 PYO08 funding * (singldamily, weatherizatioreligible households)/(all weatherizatieligible
households)

Stratification by Radon zone

In order to obtain the desired ox&mple of homes in high radon areas, it was necessary to classify each
PSU by radon potentidtPA classifiegeach US county into one of three zones, based on predicted
average radon screening levéls

1 EPA Zone 16 >4 pCill
1 EPA Zone 2 2-4 pCi/l
1 EPA Zone 3 <2 pCill

Similarly, Lawrence Berkeley National Laboratory (LBNL) has modeled average radon levels at the
countylevel** We used the LBNL estimates of the percentage of homes in each county with an expected
long-term radon concentration at or above 4 pCi/l to define three LBNL categories:

f LBNL-based Categoryd >20%0f homes O 4 pCi /|
1 LBNL-based Category@ 5-20%
1 LBNL-based Category@ < 5%

To roll the countylevel data up to the PSU level, we calculated the copopglation weighted average
EPA and LBL zone for each supelUMA, rounding to the nearest zone designatie.then divided all
lower-48 US supePUMAs into four radon strata as showriliable A1. Radon strata for sampling

Table A.1. Radon strata for sampling

LBNL -based Category

1 2 3
1 veryhigh high high
ZE(E’[Q 2 high mid mid
3 high mid low

Figure A.1shows how the supd&tUMAs are classified under this stratification scheme.

32 hitp://www.epa.gov/radon/zonemap.html
33 hitp://eetd.lbl.gov/IEP/highadon/hr.html
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Fig. A.1. Super-PUMA classification by radon stratum.

We divided the target sample of 80 PSUs (later reducdulitget reasons to 77) into two halvEke

first half served as a nationally representative sample, and was allocated to each stratum in proportion to
the stratum total measure of siZtne second half was used to formulate an oversample of ity

area. For this, we omitted the lowest radon stratum, and allocated PSUs to the remaining strata in
proportion to the estimated number of homes in each stratum with radon levels exceeding 4 pCi/l (using
the LBNL county data and aggregating counties to sBpMASs as described abovdjable A2. PSU
(superPUMA) allocations to radon sttashows these stratum allocations.

Table A.2. PSU (superPUMA) allocations to radon strata.

Radon Stratum Representative Sample Radon Oversample  Total

Low 9 0 9

Mid 14 9 23

High 12 16 28
Very high 5 15 20
Total 40 40 80

PPS Sampling

PSUs (supePUMAS) were sampled systematically within radon strafeon.each of the four radon
stratawe:

1. calculated the sampling interval as the total stratum measure of size (MOS) divided by the number of
PSUs to be sampled;

2. sorted the list of PSUs in the following order:
a. Census division

b. climate regiof’
c. staté®

34 Climate zones were defined as follows: Zode ID, ME, MI, MN, MT, ND, NH, NY, SD, VT, WI, WYd Zone 2:CO, CT,
IA, IL, IN, MA, NE, NJ, NV, OH, PA, RI, UT Zone 36 AR, DC, DE, KS, KY, MD, MO, NC, OK, TN, VA, WY Zone 40
AL, FL, GA, LA, MS, SC, TX Zone 5:AZ, CA, NM, OR, WA
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d. average January temperatdite;

3. created aunning sum of MOS across the sorted list of PSUs, such that each PSU was indexed to the
running sum and represented by a portion of the index equal to that PSUs MOS;

4. selected a random starting value within the first sampling interval; and,

5. sampled PSUsatting with the PSU represented by the random starting point of the index and then
continuing through the list at equal sampling intervals calculated in Step 1 above.

Note that this approach allows for a PSU to be sampled more than once if its MOS ithkmdhe
sampling intervalTwo such PSUs were sampled twice because ofdhéin Minnesota and one in
South DakotaT hese two areas were allocated twice the number of sites as other PSUs.

We later made one ad hoc substitutiasampled supd?UMA in Delaware was determined to have no
local weatherization agencies that could assist with the project: we therefore randomly selected one of the
PSUs on either side of the originally sampled one.

Also, for budgetary reasons, three sampled sBREVAS in the south that were selected for cooling
season data collection were later dropped from the study.

WEIGHTING

The analysis of the study data incorporates case weights to appropriately represent the population of
singlefamily homes treated by the programPK08.In particular, for inferences about the program
population as a whole, it is important to account for the fact that homes in high radon areas are more
heavily represented in the study sample than they are in the overall population of homes tribated by
program.A case weight represents the number of homes in the population represented by each home in
the study sample.

In general, case weights for probability samples like this one are given by the inverse of the probability of
selectionFor the samiing approach used here, the probability of selecting a particular home in the study
is the product of the probability of selecting the PSU (s#adi1A) in which the home resides and the
probability of selecting the home among all homes treated by theapndyg that PSU.

The probability of selecting a given sampled stP&MA can be readily calculated from the PPS
sampling procedure described abddewever, the probability of selecting a home within a stfieéMA
is not readily known, because sites fa #tudy were recruited from lists of nearm candidate sites
rather than complete lists of all homes to be treated by the program.

We therefore estimated a psevmtobability of selection at the individual house level, derived from the
ratio of the numbreof study sites in each supRlUMA to the estimated total population of PY08 single
family completions in the sup&UMA. Here, it is noteworthy th&twhile the original supePUMA

sampling had to rely on estimates of weatherizagiigible households fasampling purposésby the

time fieldwork for the study was completed, better estimates of actual weatherization completions at the
agency level were availabl€hese came from the All Agencies Program Information Survey and the
compilation of lists of conlpted housing units obtained from a subset of sampled ageWenapped

these locahgencylevel data to the sup&UMA level using the procedures described above.

35 For this procedure, the following states were aggregated into a singlessaeeAZ, CA, NM, OR and WA.
% Based on aggregating cousgvel average temperatures (frditp://eetd.Ibl.gov/iep/highadon/files.html) to the super
PUMA level using countpopulation proportions.
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We created two sets of probability case weights for analyzing data from theT®&tedirst pooled the
treatment and control groups, and was used for inferringvpegherization characteristics of program
homes (where the random treatment/control assignment is immatEn&lyecond treated the two groups
as separate samples, each to be ltedyto the population levelhese weights were used for inferring
changes associated with weatherizatitatistics on the range of these weights are provid@dbie

A.3.

Table A.3. Probability case weights

Pooled Treatment Group  Control Group
Cases 505 322 183
Mean weight 151.1 237.0 417.0
Median weight 118.6 191.0 343.3
Minimum weight 26.1 41.8 69.7
Maximum weight 530.6 849.0 1,415.0

In addition, wepoststratified and weighted the sample in two dimensi&®A radon zone and mobile
home versus sitbuilt housing to ensure that the sample weighted up to thexbaikable estimate of
total PY08 singldamily housing unit completion&or EPA radon zampopulation estimates, we used
the agencylevel completion data on singfamily homes and agendg-county mapping procedures
described above to estimate the population of program homes by EPA radoweaiso used these
data along with DOE stadevd tracking system data as the population estimate for sfagidy, site
built and mobile home completions in PYJ®e population estimates used for pstsatification and
weighting are shown iffable A4. PY08 Population estimates used for pesighting

Table A.4.PY08 Population estimates used for posteighting.

Site-built Mobile home Total
EPA Zone 1 25,705 6,621 32,326
EPA Zone 2 23,619 7,315 30,934
EPA Zone 3 13,204 3,673 16,877
Total 62,528 17,609 80,137

STATISTICAL PRECISION CALCULATIONS

Statistical confidence intervals reported in this report are at a 90 percent confidence interval, and
incorporate sampling error at the primary (sdpedMA) and secondary (site) sampling levels.

Specifically, confidence intervals are based on the 8bfvimand in the Stata (Version 12) statistics
software package, set as follows:

stratificationd superPUMA

probability weightd either pooled or separate treatment/control probability weights described above;
variance estimatiod Taylor linearized,;

handling of strata with single PS& scaled;

finite-population correctiod applied at supePUMA level

poststratification and weighting poststrata and posttratification population weights as described
above

= =4 =8 -8 -8 -9
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APPENDIX B. ANALYSIS OF SITES WITH ELEVATED AMBIENT CARBON MONOXIDE

This appendix provides additional detail regarding sites in the study with logged elevated @O, eith
persistently or episodically.

Carbon monoxide issues were not noted in many homes. We identified four types of CO results as worthy
of further investigationOnly 34 homes were noted to have one or more of these conditioese four
types are:

1. Averageover the sample period of more than 3 ppm (4 homeS\pe7 postWx)

2. Five or more events over the sample period with a reading over 20 ppm (11 homes)
3. Any event of 35 ppm or more (18 pveéx, 7 postWx)

4. An change in average CO level from & to postWx of more than 1 ppm (16 homes)

These are shown ihable B.1
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Table B.1 Carbon monoxide issues not noted in many homes

Site

At least one event over 35 5 or more events

ppm

over 20 ppm

Average over 3 ppm

Pre-Wx

PostWx

Pre-Wx

PostWx

Changeof 1
ppm or more

2323122
2348111
2348123
2713105
2713117
2899101
2899115
2967102
33706107
3824103
3832102
3863101
5313120
5333105
5423111
5431105
5654101
5654106
5680106
5680112
6946104
7654104
7654112
7692105
7996115
8184105
8325108
838106
8388115
8398101
9262107
9289121
9626120
9795103

X

X X X X

X X X X x

X X

X X X X X

X

X X X X

X X X

X X X X

X X
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Average values over 3 ppm for sampling period:

Table B.2shows the sites that had over 3 ppmi@@he preWx period, the posiVx period, or both.

Table B.2 Sites over 3 ppm CO in préNx period, postWx period, or both.

Site ID Control/Treatment Pre-Wx CO (avg. ppm) PostWx CO (avg. ppm)
2348123 Treatment 0.0 3.7
2713105 Treatment 0.4 5.4
3824103 Control 0.8 6.4
3832102 Control 2.2 6.2
5313120 Control 10.7 11.8
5431-105 Treatment 18.8 0.0
7654104 Treatment 0.0 4.2
8325108 Treatment 7.7 0.3
9262107 Treatment 55 12.5

Of these 9 homes, 6 had substantial increases betweengdrpostWx, one had a modest increase (but
was very high both prend postWx, and two had large drops.

The two that had large drops (5486 and 832808) may be related to furnace replacement performed
at these sites.

Three of the homes (38283, 5313-120, and 765404) all had unvented space heatés of the time of

this study unvented space heaters were allowed to remain in homes if they were used for supplemental
heat as opposed to being the primary heat soGitanges in prpost ambient CO lals may have been
driven by changes in space heater usage in any of these homes. Two of the three homes were control
homes, so air tightening is a likely factor in only one of the three cases. CO In the caseloB382:}
unvented heater was a kerosené and the homeowner did not always have fuel for the heater, and
changes in fuel availability may be a factor.

Site 2348123 is an aHlelectric mobile home and the occupants indicate that people are not allowed to
smoke inside. Site 271B5also lacks clear explanatiorlhis home had a natural gas furnace and water
heater but an electric range and clothes diiytee. furnace was induced draft, combustion safety tests did
not indicate a problem in this home, and the CO in the water heater flue wdsppmhi certainly not
enough to explain an ambient average of 5.4 ppm. We suspect that poor performance of monitoring
devices may explain these observations.

Site 3832102 had noticeable levels both pend postWx, though preNx the average was below Bip.
This home had a propane ran§@ce this home was also a control home the changes are not related to
weatherization.

Site 9262107 had an oven that showed high CO emissions, and these emissions increased greatly in the

postWx period.At the preWx visit the oven was measured to have 1442 ppnirge) CO and this
increased to 3740 ppm (diee) after weatherization.
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Five or more events over 20 ppm:

There were 11 homes with 5 or more events of 20 ppm or fibese are shown ifable B.3
Table B.3 Homes with 5 or more events of 20 ppm of CO or more

Site ID Control/Treatment # events
2899115 Control 7
2967102 Treatment 45
5333105 Control 15
5423111 Control 12
5431:105 Treatment 352
5654101 Control 6
5680112 Control 13
8325108 Treatment 10
8388115 Treatment 5
9262107 Treatment 54
9795103 Treatment 40

Of the eleven homes with five or more events over 20 ppm, three have already been discuss@fl: 5431
(which had 352 events over 20 ppm) and 8BE5(10 events) had tHarnace replaced, and 92827 (54
events) with the increase in oven emissidiee other 8 homes did not have average CO levels above 3
ppm despite having several events above 20 ppm.

Site 2899115 had 7 eventsS his home had an unvented healdris wasa control home, so the heater
remained in place throughout the study.

Site 2967102 had 45 event#t this home the podivx test of the oven measured 2883 ppmfaie) CO.
There was no oven test pvéx.

Site 5333I05 had 15 event#it this home there iro indication of the caus&he range was electric and

there was no garag€here was also no evidence of combustion safety problems with the furnace or water
heater, and the occupants stated that smoking was not permitted in thélbomef the eventsaséted for

more than several minutes.

Site 5423111 had 12 eventdo indication of cause could be identified, though some of these events were
for extended periods of tim&here was no attached garage, CO readings for the range top burners and
oven weredw, the water heater was electric, and the furnace was induced\drafswers about

smoking habits were provided.

Site 5654101 had 6 eventd his was a control hom&he combustion safety testing did not suggest a
problem with the furnace, and the owolher combustion appliance in the home was a range with low
emissionsThere was no garagk.is not clear what caused the CO spikes at this home.

Site 5680112 had 13 eventdo indication of cause could be identified, though some of these events were
for extended periods of tim&here was no attached garage, CO readings for the range top burners and
oven were low, the water heater was electric, and the furnace was inducetihdrafitcupants said that

no smoking was allowed in the home.

Site 8388I15 had 5 events, all of which were barely over 20 pphis home had a natural gas furnace
and water heatelhe furnace was replaced during weatherizafltrere were no other combustion
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appliances in the hom&here was an attached garaljés most likelythat the spikes were from the
garage since the combustion safety testing showed strong drafts, but this is not certain.

Site 9795103 had 40 event3.his home was using a wood stove due to the oil furnace having a cracked
heat exchangemlhere were no otfr combustion appliances in the home and no attached garege.

wood furnace was the most likely cause of the events, probably during tending of the wood.

Any event over 35 ppm

There were 21 homes with 1 or more events of 35 ppm or fibese are shown ifable B.4 A level of

35 ppm was chosen for this evaluation since that is the ambient level at which it is common for assessors
to stop combustion testing.

Table B.4 Homes with 1 or more events of 35 ppm CO or more

Site ID Control/Treat ment Max Pre-Wx CO (ppm) Max PostWx CO (ppm)
2323122 Control 5.0 78.0
2348123 Treatment 37.5 9.0
2713117 Treatment 35.0 25.0
2899101 Treatment 36.5 0.0
2899105 Control 63.0 13.0
2967102 Treatment 79.0 No reading
3863101 Treatment 42.0 0.0
5333105 Control 67.5 59.5
5423111 Control 445 36.0
5431105 Treatment 18.8 0.0
5654101 Control 54.0 0.0
5680106 Control 57.0 0.0
5680112 Control 45.0 5.0
6946104 Treatment 0.0 48.0
8184105 Treatment 10.5 44.5
8325108 Treatment 7.7 0.3
8398101 Treatment 65.0 11.0
9262107 Treatment 67.0 67.5
9289121 Treatment 49.5 30.5
9626120 Treatment 89.5 0.0
9795103 Treatment 39.0 52.0

Of these 21 homes, ten have been discussed above and the other 11 did not have as many as 5 spikes
throughout the test period.

Of these 11, seven had attached garages {2222348I11, 2713117, 5680106, 8398101, 9289I21,

9626120). Of those seven, only three homes (2823, 2713117, 9289121) had any spikes over 20 ppm

in the postwWx period.One of these, 23282, only had an elevated event in the past period, and this

was a control hom@&hese results suggest that there was enough leakage between the garages and homes
to have elevated CO on an occasional basis, most likely when the cstavted in the garag@nly two

of the homes that have been discussed previously {8534dnd 568d12) also had attached garages.

In one home, 96280, the home had no door between the home and the garage in-We& pegiod and
there were several s@& with much lower CO level$his was corrected by weatherization.
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Of the remaining 4 homes, 28931 received a new furnace and there was no evidence of anything else
that could contribute to the high spike.

Site 3863101 was an atklectric home and tihe was no evidence of why there would be a high CO spike.
Site 6946104 had an oven with exceptionally high emissions (25470 pprfréa)) postwx, but was
otherwise an alélectric home. The project team arranged for repairs and testing of this craheaft

field technician reported these results. High CO production was due to a improper burner orifice.

Site 8184105 is an aHlelectric mobile home, and the occupants said that no smoking was allowed in the
home.The cause of high CO spikes in unclear.

Homes with a change of at least 1 ppm:

There were 16 homes with changes of 1 ppm or more between tHxm@ed postWx periods.These
are shown irmable B.5

Table B.5 Homes with changes of 1 ppm or more between the pvéx and postWx periods.

Site ID Control/Treatment Pre-Wx CO (avg. ppm) PostWx CO (avg. ppm)
2348123 Treatment 0.0 3.7
2713105 Treatment 0.4 54
2899115 Control 15 0.1
33706107 Control 0.5 1.7
3824103 Control 0.8 6.4
3832102 Control 2.2 6.2
5313120 Control 10.7 11.8
5431105 Treatment 18.8 0.0
5654106 Treatment 2.0 0.0
7654104 Treatment 0.0 4.2
7654112 Treatment 0.0 1.9
7692105 Treatment 1.9 0.3
7996115 Treatment 0.2 1.3
8325108 Treatment 7.7 0.3
8387106 Treatment 0.4 2.4
9262107 Treatment 55 12.5

All but 6 of these homes (337107, 5654106, 7654112, 7692105, 7996115, 8387106) have been
discussed previouslyror the remaining 6 homes the average readings were low and there were few
elevated events, so even these changes of 1 ppm or more were of Igvoi€v@.

Two of these homes, 568@6 and 7697205, received new furnaces as a part of weatherization.

Sites 337007 and 765412 each had two events that exceeded 20 ppm and had natural gasTiamges.
events of more than 20 ppm occurred in the genélity of dinnertime.Changes in oven may explain
the difference in CO level&ite 33760107 was a control home so the changes were not due to
weatherizationSite 7654112 was a treatment home.

Site 7996115 had an oil furnacdt is not clear what mayave caused the slightly elevated pdst
average CO level.
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Site 8387106 did not have a specific finding pointing to the elevated CO levelWasbut the home had
many natural gas appliances so usage patterns are Tikehair leakage of the home chadgnly 19%
between préVx and postvx.

Summary:
Taken together, these findings suggest that attached garages may be the cause of individual events but are
rarely related to longerm low levels of CO in these hom&as ranges and furnaces were the ikesy

causes of persistent elevated CO levdfgage patterns of ranges can have a significant impact on CO
levels in homes.
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APPENDIX C. RADON LITERATURE REVIEW

Radon

Radon.; par iite 3.8 daysS @ Naturally occurringsolorless, odorless, ingradioactive gas. It is part of the
radioactive decay chain that originates with uranidus ite4 .5 bilion yearsy Radon $ formed by the

radioactive decay of radiums (arriite 1602 yearsy RAAiUM 26 iS frequently found as a trace element bound in

soils and rock.Although radium may be found in some building materials radon entering a building from
below grade is the rath source for the vastajority of problem buildingsWhen radiurg,s undergoes
radioactive decay it releases radon, which as an inert gas can migrate through the air in the pores of soils
and fissures in bedrock. Radon decays into a ser&wd liveddecay productspoloniundig ar ite 3.1

minyy DISMUR14 (harf ite 20 mim@Nd POIUNIUMNLL (harf iite 163 us) @Nd finally relatively stable 1ead (ar ie22.3 years)

The combination of radonés 3. 8 thkhigmuthandt goloniumf e and
isotopes allows radon to enter buildings from surrounding soil and rock where the short lived decay
products are likely to decay vid still inside the buildingDepending on the radon concentration in the

pore space of surroundisgil and rock and how much of the infiltrating air passing through a building
enters from below grade, radon levels inside building may be high enough to deliver a significant
radiation @se to the lungs of occupantsis is the heart of the conceshout indoor radon.

Radon laden soil gas enteribgildings through below gradwacks and holes in structural foundations is

the most frequentogirce of elevated indoor raddn.a small fraction of cases radon outgassing from well
water or emitted fromuilding materials is the primary source in buildings with elevated radon levels.

Radon dissolved in water readily outgasses to the atmosphere, so the only water sources at risk are those
with deep wells in bedrock in which the water is not exposed tatthesphere until it emerges in the

shower, sink, toiletflishwasher or clothes washktost public water supplies are exposed tarair

reservoirs or aquiferg\ggregate used to manufacture concrete and concrete products may contain enough
radium,gto regilt in elevatel indoor radon concentratioriBhe original cases of houses with elevated

radon levels were in locations where uranium mine tailing were used to make concrete and concrete
products (Angell, 2008).

Health Impacts of Radon

The EnvironmentdProtection Agency (EPA) and World Health Organization (WHO) both recognize

radon, and its decay products, as the second leading cause of lung cancer after cigarette smoking (EPA
2011, WHO 2009). The number of homes in the U.S. that exceeds the 4 p€stuolldris one in fifteen
(PEPPSY. When radon levels were measured by tenure status on homes in nonmetropolitan areas of New
York City (Table C.1)it was found that a higher proportion of rental units and lower priced ewner

occupied homes were in the highk categories for radofChi & Laquatra, 1990)

37 Program For Environmental Policy And Planning SystéR&EPPS)http://www.pepps.fsu.edu/segip/states/NC/radon.html
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Table C.1Radon levels by tenure status and housing value245 households in nonmetropolitan counties of
New York (Chi and Laquatra 1990).

Tenure and Value of Low (<4 pCi/L) | High (>4 pCi/L)
Households

Rental Units 33.86 66.14

Owner occupied units valued | 58.77 41.23

less than $40,000

Owner occupied units valued | 63.77 36.23
less than $40,000

Exposure to radon and the short lived decay products has been linked to inlcnegeaahcer risk in
uranium minersiace the 1920s (Akerblom 199%ince that time many studies have been conducted to
examine health effectgsulting from radon exposurgeveral literature reviews by cognizant bodies have
been performed during that tinperiod Committee on the Biological Effects of lonizing Radiation
(BEIR) IV 1988, BEIR VI 1999, WHO 2009). Based on the BEIR IV literature review, the International
Agency for Research on Cancer classified radon as a human carcinogen (IARC 1988).

In 1999 theEPA asked the National Academies of Science to conduct a review of the medical literature to
determine what the potential health risk to the population exposed to radon concentrations at the generally
lower concentrations found in dwellings.& National Research Council convened the Biological Effects

of lonizing Radiation VI committee (BEIR VI 1999). To develop a dose risks model the BIER VI
committee:

reviewed the genomic mechanism that induce cancer in lung tissue

reviewed animal studies

reviewed residential casmntrol studies

pooled the data from 11 miner studies and developegtlaoaiology for metanalysis;
collectively the studies included 68,000 me,700 of whom died from lung cancer.

=A =4 =4 =4

The committee findings include:

1 sufficient laloratory evidence to identify biological mechanisms for radon and decay product
related damage genomic damage that could lead to development of lung cancer

1 residential case control studies reviewed were not sufficient to derive a valid risk estimate

1 miner dudies supplemented by laboratory studies on the development of radon related lung
cancer were sufficient to derive valid risk estimates. The committee central risk estimates
were 15,400 to 21,800 radon related lung cancer deaths per year. Uncertirsig aesults
in estimates that could be as low as 3,000 lung cancer deaths per year and as high as 33,000
lung cancer deaths per year.

1 Many of the radon related lung cancer deaths occur in tobacco smokers
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In 2009 the World Health Organization publishkd YWho Handbook on Indoor Radon (WHO 2009).
The Handbook was developed by the WHO Department of Public Health and Environment within the
framework of the WID International Radon Projedthe WHO Handbook reviews the BEIR VI report
plus studies completeihse the BEIR VI report was completed. Additional studies included analysis of
residential caseontrol studies and follow up work with German min@eeTable C.2) The WHO

analysis depends heavily on pooled analysis of residentiatoase| studiesn the US (Krewski 2005,
2006), China (Lubin 20048nd Europe (Darby 2005, 2008yHO concludes that:

1 Epidemiological studies confirm that radon in homes increases the risk of lung cancer in the
general population.

9 Other health effects of radon have not consistently been demonstrated.

9 The proportion of all lung cancers linked to radon is estimated to lie between 3% and 14%,
depending on the average radon concentration in the country and on the method of calculation.

1 Radon is the second most important cause of lung cancer after smoking in many countries.

1 Radon is much more likely to cause lung cancer in people who smoke, or who have smoked in
the past, than in lifelong nesmokers. However, it is the primary causduoiy cancer among
people who have never smoked.

1 There is no known threshold concentration below which radon exposure presents no risk. Even
low concentrations of radon can result in a small increase in the risk of lung cancer.

1 The majority of radofinducel lung cancers are caused by low and moderate radon
concentrations rather than by high radon concentrations, because in general less people are
exposed to high indoor radon concentrations.



Table C.2WHO Handbook compares estimated excess lung cancer et reported fromexisting studies(Zeeb
2009)

Nbr. of Nbr. of Nbr. of  Exposure Percentage increase in risk of

studies lung controls Window lung cancer per 100 Bqg/m?
included cancers (years)* increase in radon concentration
Based on Based on long-
measured radon  term average
radon®

Pooled analyses of studies of indoor radon in the home

European 13 7 148 14 208 5-35 8(3,16) 16 (5, 31)
(Darby et al.

2005, 2006)

North American 7 3662 4 966 5-30 11 (0, 28) -
(Krewski et al.

2005, 2006)

Chinese 2 1050 1995 5-30 13(1, 36) -
(Lubin et al. 2004)

Weighted average 10 ~20r
of above results

of pooling studies

Studies of radon exposed miners®

BEIR VI analysis 11 2787 5-35 All miners: 5

(BEIR VI 1999; Miners exposed to <50 WLM only:

Lubin et al. 1997) 14 Miners exposed to <50 WLM and
at <0.5 WL only: 30

German uranium 1 2 388 5-35 All miners: 3

miners study Miners with low exposures incurred

(Grosche et al. 2006) at low dose rates: 18°

French and Czech 2 574 5+ 5-35 All miners (mean exposure

uranium miners rate 4.5 WLM/year): 32

(Tomasek et al. 2008)

* i.e. considering radon concentrations during the period starting 35 years before and ending 5 years before the
date of diagnosis for cases of lung cancer, or a comparable date for controls.

® i.e. adjusting for year-to-year random variability in indoor radon concentration

° Informal estimate, indicating the likely effect of removing the bias induced by random year-to-year variation in
radon concentration.

9 Risks per WLM have been converted to risks per 100 Bg/m?* by assuming that 1 Bg/m? at equilibrium is
equivalent to 0.00027 WL, that the “equilibrium factor” in dwellings is 0.40, that subjects spend 70% of the time
at home, that there are 365.25 x 24 / 170 = 51.6 *Working Months’ in one year, and that the ratio of the dose
to lung cells for exposures in homes to that for similar exposures in mines (sometimes referred to as the K-
factor) is unity.

© Only one study has specifically addressed the effect of measurement error in the estimates of radon-related lung
cancer risk in miners (Stram et al. 1999). This concluded that for miners exposed at concentrations below
15 WL measurement error was of little consequence.

f Informal estimate, obtained by multiplying the estimate for all miners in the German cohort by 6, i.e. the ratio
of the estimates for all miners and for miners exposed to <50 WLM and <0.5 WL from the BEIR VI analysis.




Radon Policy

Primarye PA r adon policy is contained in two documents
Buyerdés and Sellerds Guide to Radon. mehtsie basis f
found in The EPA Radon Reference Manual (EPA 1987).

The Citizenbs guide contains the following key me

9 Radon is a naturally occurring radioactive gas

9 Itis sometimes found in houses at levels that present an significant increased risk) dfaiyi
lung cancer

1 The EPA recommends testing all houses for radon

1 The EPA recommends mitigating any building with an annual average radon concentration
greater than 4 pCi/L

1 Long term radon tests (>90 days) better reflect the annual average concebatiéipthan short
term tests (2 to 90 days)

1 Recommends three step testing:

o Conduct short term screening test. If the short term screening test is less than 4 pCi/L,
the house is considered to be below the EP/

o0 Decide whetheto conduct follow up testing:

A if the test is greater than or equal to 4 pCi/L conduct a follow up test to confirm
the finding;

9 along term test better represents the annual average

9 ashort term follow up test adds more certainty to a short term screening
test

1 the higher the result of the screening test the more likely the annual
average is to exceed 4 pCi/L. If the screening test is > 8 pCi/L, conduct a
short term follow up test.
o Decide whether to mitigate:

A If along term follow up test result is greatean or equal to 4 pCi/L fix it

A If the average of a short term follow up test and the screening test is greater than
or equal to 4 pCi/L consider fixing the house.

1 Radon in homes can be fixed using soil depressurization techniques.

91 Preferred test setuptest on the lowest liveth level, closed house conditions, heating and
cooling systems on, ventilation fans off, do not test during severe storms or windy periods
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The Home Buyerés and Sellerbds Guide to Radon cont

Test a louse for radon at the time of sale

Fix it if the testing results are greater than or equal to 4 pCi/L

Ask for radon resistant new house features if buying a newly constructed home
Take steps to prevent tampering with tests

=A =4 =4 =4

The suggested threshold for rademediation proposed by EPA is 4 pCi/L was established during the
agencyds first uranium mine tailings remediati on
efforts for uraniurrcontaminated buildings would reduce average indoor radon mivatiens below this

level (Angell, 2008) The threshold that is still used as a reference level today is based upon technology
used forty years ago. Recommended threshold levels for radon remediation vary by Toevitgrld

Health Organization recommends that governments create radon programs and establish a national
reference level of 100 Bgf2.7 pCi/L). Wherever this is not possible, the chosen level should not

exceed 300 Bg/f(8.1 pCi/L) (WHO 2009). Many European countries already have recommended

reference levels or enforceable reference levieigure C.1llists those in effect in 2005 (Synnott 2005).

Canada recommending action at 20 pGThiayu Lin, 1999)
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Fig. C.1 Recommended radorreferencelevels by country.

A number of US states have enacted statutes that cover a range of radon related activities. The most
common statutes cover testing and disclosure at the time of real estate vassaui qualifications for
those measuring or remediating radon.



The primary defining moment of US radon policy came with the enactment of the Indoor Radon
Remediation Act (IRRA) of 198Angell, 2008) This Act authorized EPA torovide 14 million

annually to states to provide radon programs, testing/surveys, radon mitigation, technical assistance,
research and public education. Under IRRA, Congress delegated all regulatory action to be left to the
states. Since then less thaiff lo&the states have enacted regulations to license radon remediation/testing
professionals. As of 2008, in the U.S., there were 6000 radon testing professionals and 2000 radon
mitigation providers.

Indoor Radon Dynamics

Geographical distribution: Radon contamination shares several characteristics with other environmental
hazards:

9 the risks are geographically dispersed but have strong spatial patterns

9 techniques for identification of risky areas already exist, butiffisult to identify high risk
households

91 localized measurements can be done to identify the risks of individual households

In order for radon to be an indoor problem there must be a source of radium nearby or in the house itself.
Studies have been camted that combine indoor radon surveys and surfical uranium data to produce

radon risk maps (EPA 1993). The maps identify areas that are more prone to indoor radon problems than
other areas. However indoor radon levels can vary significantly from ane twoanother within the

same neighborhood. Chi and Laquatra (1990) pronounced that an accurate prediction of radon levels to a
particular area is without any sciTadlywayto f oundat
determine the concentratimf radon or its decay products in a specific building is to measure for radon or

its decay products in the particular building.

Radon in buildings:

Radon concentration in individual buildings varies by location within the building and over timeheFor t

vast majority of buildings the source of radon is radon laden air entering from the soil. It is not surprising

that many studies have found that radon levels in spaces with the greatest contact with the earth have the
highest radon concentratioh®.g basements and the first floor of slab on grade buildings (RBatista

1990). The ratio of radon concentration in basements to first floor is typically a factor of two, but ranges

from 17 4. For this reason it is important to define where a radoplsdmeing used to compare to the

EPA guideline of 4 pCi/L annual average should be taken so it reflects radon levels to which occupants

are |likely to be exposed. The EPA Citizenbés guid
level.

Radon conentration over time varies directly with the rate at which it enters a building and inversely
with rate at which the contamintis removed by ventilatiof.he source term for indoor radon largely
depends on the radon concentration and amount of infigratr that passes through the surrounding soil
or air permeable bedrock before entering a building. Infiltrating air enters a building from above grade
and below grade air leaks. Outdoor air enters a building when the indoor air is lower presdhee than
outdoor air. The pressure differences drive air infiltration are most frequently induced by stack effect,
wind, the operation of ventilation fans and the operation of air distribution systems.

The fraction of the infiltrating air that enters fronldae grade depends on the air flow characteristics of
the above and below grade leaks and the ind@atdoor pressure differences experienced by the above
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and below grade air leaks. Typically a few percent of the total infiltration air enters fromdyaldev A
research project in houses in the Spokane River Valley found that in buildings situated on highly
permeable material (e.g. glacial till, river run gravel, shattered shale or limestone) larger fiaaons
high as 25%of the infiltrating air cones from below grade (Turk 1988). The indoakdoor pressure
difference is affected by outdoor air temperature, wind, and the operation of mechanical systems and
appliances that exhaust air from houses and whether windows are open or closed (Turlirka3389).

Radon concentrations in soil air vary from a few hundred pCi/L to tens of thousands of pCi/L (Turk 1988,
Dudley 1989). For most US houses radon levels will be between 1 and 3 pCi/l. Soil gas radon
concentrations 100 to 200 pCi/L in combiwatiwith below grade infiltration of less than 1% of total air
infiltration would result in radon concentrations in this range. For indoor radon to be elevated above the 4
pCi/L guideline the soil air concentration, the below grade infiltration rate arrbost be higher. For

example, a 5% below grade infiltration rate at 100 to 200 pCi/L soil air concentration would result in
indoor levels between 5 and 10 pCi/L; while a half percent below grade infiltration rate in combination
with 10,000 pCi/L resultgr something closer to 50 pCi/L.

As the magnitude of negative pressure in a building increases, air is drawn in from outside. Air drawn in
from above grade dilutes the indoor radon concentration. Air drawn in from below grade may increase,
decrease ordve no net effect on the rate at which radon enters the building. Whether indoor radon levels
increase or not depends on whether increased soil air entry compensates for above grade dilution.
Whether the radon source term increases or not depends dremtet increased flow through the soil
collects radon from radium deposits that were just a bit too far from the building to be participating at
smaller pressure differences. So if no new radon sources are added to the air flowing through the saill,
thenthe soil air concentration will be reduced by dilution with outdoor air and the source term goes down.
If enough new radon sources are added to balance the dilution rate then the radon source term remains the
same, but at higher flow rates and lower comedion. If significant new radon sources are included in

the increased soil air flow then radon source term increases. It may increase enough to overwhelm the
increased leakage from above grade leaks. The source term and the ventilation ratedeperdent
variables.

Ventilation rates in single family residences are dominated by open windows and by pressure differences
accidentally induced by stack effect, wind pressures and the operation of air distribution systems. As
indooroutdoor pressurdifferences vary the amount of radon entering the building varies and the amount
of dilution air entering the building varies. It is easy to see that radon levels in houses will vary over time
and from floor to floor within the building.

Radon fluctuatesver the course of hours, days, weeks and seasons (Scott 1993, EPAFI@&@C.2
presentan illustration of radon variation over time. It shows hourly radon measurements made by
Arthur Scott in a basement in New York State from Novembet 2% toFebruary 13, 1993 (Scott

1993). Radon concentrations vary from a low of around 1 pCi/L to a high of 15 pCi/L, with a mean of 4
6 pCi/L. Itis clear radon concentrations vary on a daily basis. Typical daily variations are on the order of
3-5 pCi/L, bu in some instances they range as high as 10 pCi/L. Notice that there are also periods of
relative stability lasting several daiy®.g. December 5hrough December 37and January 15

through the 2B are fairly stable at around 4 pCi/L and Decen#&through the 14 and January'

through January 10are more variable periods with higher concentrations. These cycles are most likely
driven by weather systems passing through the area. Last, notice that the mean radon concentration
trends down er the entire period. This is a seasonal trend.
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Fig. C.2Hourly radon measurements made by Arthur Scott in a basement in New York State from
November 25,1992 to February 13, 1993 (Scott 1993).

Indoor radon concentrations can sometimes be radically affected by occupant behavior or the operation of
mechanical systems. A typical residence has an effective total leakage area of something less than 2
square feet. Opening one window doubles thedigalarea. Opening five increases the leakage area by a
factor of ten. Opening windows during mild weather is a seasonal effect that has been seen in numerous
radon studies (EPA 1986, Arvela, 1995, Belanger 1990, Bierma 1989, Borak 1989, Hull 1989 Krewsk
2005, Lin 1998, Roessler 1987, RofRatista 1988, 1990). This produces a wintertime peak

concentration and a summertime low concentration. Soil air radon concentrations may also peak in the
winter and contribute to this effect. In other studiesttieisd is less pronounced. Roessler (1987) reports
finding summer peaking, winter peaking and 1p&aking radon concentrations in a set of 37 houses with

12 monthly charcoal canister tegfsg. C.3).Steck (1990) reports normal distribution of monthly

chacoal canister measurements for most houses in an 84 house study with 15% showing a strong
difference between summer and winter concentrations. At least one of these houses exhibited a summer

radon peak.
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Fig. C.3Normalized radon concentrations for the20 houses in the EPA seasonal variation study in Montana
(EPA 1986). 17 of the houses showed winter peaking radon concentrations.

In a small fraction of houses with elevated radon the fluctuations over short time periods may vary by a
factor of ten, sontemes reaching very high levels. Some of these houses have low radon concentrations
for days followed by high radon concentrations for days. Houses exhibiting erratic levels most often have
binary radon source terriighey are either on or off. Some exales are:

91 High radon in well water results in spikes that occur during and immediately after water use
showers, washing machines and baths (Scott 1988).

9 Furnace or air conditioning ductwork that either pressurizes or depressurizes the soil beneath the
slab produces radon spikes (Scott 1988).

9 During times when the barometric pressure is dropping and there is heavy rainfall there is more
resistance for the mass of air in the soil to equilibrate through the saturated soil surface and the
amount soil aipassing through the foundation of homes temporarily increase. This results in
rain spikes of radon concentrations that have been reported in the literature. Rain spikes are
infrequent enough that they probably do not have a significant impact on ocexpastire but
they can have a significant impact on radon measurements made over the course of a few days.

1 Houses that are situated on highly permeable soils, gravels or bedrock may allow wide variation
in the concentration of entering soil air, depegdin the geometry of the foundation, the nearby
radium deposits and the direction of airflow through the soil. The best documented of these
buildings are in Huntsville and Oak Ridge (Dudney 19%igure C.4below shows the radon
concentration in the bament of a house one third of the way up a ridge that rests on fractured
limestone containing some caverns. The investigators suspect that differences in air density in
the underground cavern and fissure network and outdoor air drive airflow throughek®he
away from the house or toward the house.
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Fig. C.4Wide variation in radon concentrations over short time periods (Dudney 1992)

Radon Testing
A variety of residential radon testing methods are utilized, some can be performed by homeowners
themselves and others need to be performed by a radon testing professional. Radon measurement methods
can be characterized by:
1 how long they can be deployed (duration of sampling)
1 whether the result will be a time integrated average radon concentraticih@gampling time or
whether the device can distinguish radon fluctuations over short time intervals as well as provide
the average over the entire sampling time

1 method of sample collection and analysis

9 precision and bias errors
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Detector Type Passive/Active Typical Uncertainty® Typical Sampling Cost
(Abbreviation) %] Period

Alpha-track Detector Passive 10- 25 1 - 12 months low
(ATD)

Activated Charcoal Passive 10- 30 2 -7 days low
Detector (ACD)

Electret lon Chamber Passive 8-15 5 days - 1 year medium
(EIC)

Electronic Integrating Active ~ 25 2 days - year(s) medium
Device (EID)

Continuous Radon Active ~10 1 hour - year(s) high
Monitor (CRM)

* Uncertainty expressed for optimal exposure durations and for exposures ~ 200 Bg/m® .
Fig. C.5Most commonly used radon measurement devices and their characteristics (WHO 2009).

The uncertainty listed in the table refers to precision error inherent in the devices and optimal exposure
durations. Fluctuating radon concentrations are likely to be the largest esbaroar in measuring

indoor radon to determine whether a building is greater than or equal to the EPA annual average action
level of 4 pCilL.

As a consequence the effect of sampling duration requires special consideration. If the radon
concentrationn houses remained constant then a five minute grab sample would characterize the annual
concentration. Cyclic changes in concentration require sampling over at least an entire and sampling over
several would be better. Since there are diurnal cyclessttd 24 hour sample must be made. Because
there are weekly fluctuations it is better to sample over the course of at least a week. Because there are
seasonal variations it is better to measure over at least two seasons. Because the annual beerage is t
desired outcome a yearlong radon measurement would provide the most confidence in the result.

If an annual average radon measurement is made there are three possible outcomes to the test:
9 the building is clearly less than 4 pC/L annual average
9 the buildng is clearly greater than 4 pCi/L annual average or

1 it cannot be said whether the building is greater than or equal to or less than 4 pCi/L annual
average because the result is within the uncertainty of the measurement.

Because it is an annual average timcertainty due to fluctuating radon concentrations over time has been
largely removed (reduced to year to year variation) and the confidence interval will be the smallest
possible, thus minimizing the frfeaiulesa@ yowtfcdrmhe. il

For a number of reasons many people do not want to take the time to measure for a year to find out
whether or not they have a problem. They may be nervous that the house has very high concentrations of
radon and want to find out quicklyrhey may be selling or buying a house and find it is impractical to

delay closing or put money in escrow. So they settle for a shorter test that has greater uncertainty in the
result.

A number of studies have examined the effect of sample duration oadfiieient of variation of the

measurement (Rond2atista 1988, Steck 2000)FigureC.6 below graphs the coefficient of variation for
a grab sample plus continuous radon monitors used to sample for varying durations in 20 houses in
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Montana (Roncdatista 1988). Seventeen of these houses had winter peaking radon concentrations,
largely due to opened windows. It is likely that during mild weather the houses had open windows
because few houses in Montana were air conditioned before 1988. Three houssthbadummer nor
winter peaking radon concentrations (EPA 1986). The test protocol did not require closed house
conditions. The authors knew that one of the 3peaking houses did not open windows during the
summer but did not know the window statasthe other two. The first data points are for five minute
grab samples. Moving to one day measurements eliminates a great deal of variation. The top line
includes hourly data for 12 months. The bottom line includes only closed house coriditiengnter
months. Two things stand out:

1 As duration of sample increases variation decreases.

1 The coefficient ofvariation for winter months iground one third that for the annual average.
Closed house conditions significantly reduce variability.

A 1to4 day sample duration may useful as a screening measurement, but has a great deal of uncertainty
when comparing to an annual average that includes uncontrolled window opening during mild weather.
For example, if the result comes back 2 pCi/L chancesam thhat the building has a low enough
concentration that a long term follayp measurement could be completed without significant additional
exposure. It the result comes back greater than 8 or 10 pCi/L chances are good that it exceeds the annual
4 pCi/L guideline.

@ Annual average coefficient of variation (%)

M 4 winter months coefficient of variation (%)

60

———]|

50

40

Coefficient of Variation
w
o
B

10 _45.--—.--.-—---_-------
---------'

0 10 20 30 40 50 60 70 80 90 100
Sampling Duration (days)

Fig. C.6 Coefficient of variation (%) for varying duration of continuous radon monitor measurements
compared to annual average and four winter months in MontangRoncaBatista 1989.
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The 4 pCi/L action level may lie within thencertainty of the measurement. For example a short term

result of 3 pCi/L may be obtained in a building with a 5 pCi/L annual average or a 5 pCi/L result may be
returned for a building with an annual average of 3 pCi/L.

Figure C.7llustrates radon varfality in a house with an average annual living space concentration of 2.7
pCi/L (Lewis 1999) but could easily have short term sample results that are close enough to 4 pCi/L to be
within the uncertainty of the measurement. If short term measuremems@eeon the first floor in

closed house conditions the result is likely to be near 4 pCi/L and within the uncertainty of the
measurement. In this particular house the basement is radon level does not show a seasonal cycle.

Radon Varlability
R40VDB, 7 Day DIff, Charcoal

Horizortal colored lines represent basement and bedroom annual averages.

Oésmt
W Bedroom

Radon, pClL

Fig. C.7Monthly charcoal canister results for a single house in Pennsylvania (Lewis 1999).

Several studies have been conducted to determine the effect of sample duration on the coefficient of
variation or likelihood of false negatiand false positive results (Bierma 1989, Krewski 2005, Mose
1986, Roessler 1987, RonrBatista 1990, Steck 1988, Steck 2000, White 1990). Average winter to
summer ratios for these studies ranged from 0.98 to 2.3 with most results in the 1.3 to 1.8 range.
Reported values of false positive and false negative results are presented in the table below.
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Table C.2False negative and positive when estimating annual averages based on 1 screening measurement

Bierma Screening methods alone (no followup measuresydotind 30% 36% results
were false negative at 4 pCi/L

Krewski 2005 Screening measurements found 10% false positive and false negative comb
4 pCi/L

RoncaBatista 1990 | Screening measurements found 9% false negatives for basement screening
location; 35% false negatives for first floor screening location (NOTE: this is
product of higher basement than first floor levels)

Steck 1988 Screening measurements found 20% false negatives; 30% false positives

Steck 1990 78% of true positives ideffited by screening test (95% CI70%- 85%);

93% of true negative identified as negative by screening test (95% Cl 83%)

White 1990 In 528 houses 354 screening measurements were <4 pCi/L, 11 were false
negatives and 174 wepositive@ 4 pCi /L,

Steck (1988) presents the datdrig. C.8from a study of 80 houses in Minnesota in a graphical form
making it easier to visualize false positives and false negatives.

SCREEN INTERPRETATION
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Fig. C.8 Screening measurements vs. annual average living space rademdls in78 Minnesota housegSteck
1990)
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Fig. C.9 Markers at 4 pCi/L for screening and annual average measurementsr 528 housegWhite 1990).

Figure C.9aboveshows markers at 4 pCi/L for screening and annual average measurements from a much
larger data set (528 housé#yhite 1990).The upper and lower lines afee 95% confidence interval.

Subsets of the houses had additional screening measusaweraged wh the first(See Fig. C.10 on

next page)measurements adenoted by the lettdd for two, C for 3, D for 4, etdt is clear that

additional measurements significantly reduce the scatter in theTtiéas one of the few studies that
examines the EPArotocol of screening measurement with a followup measurement if the screening
measurement is greater than 4 pCi/L. The datapoints farthest from the best fit line are all from single
screening measurements. The datapoints with multiple screening nmeaisuagerages are shown in the
figure below. All of the averaged screening results are closer to the line of best fit than the single tests.
The datapoints that are an average of 4 or 5 short term tests are very close to the line.
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Fig. C.10Subsetsof homes (in Figure C.9) with aditional screening measurements averaged witfirst -
measurements are denoted by the letter B for two, C for 3, D for 4, etc.

Multiple averaged short term tests greatly improve the statistiesfionating annual average from
averaged shorter term tests. No false negatives occur while a significant number of false positives
remain. This is a result of the slope of the line relating short term tests to annual average. Roesller
(1987) reports siitar improvements in confidence intervals when averaging multiple short term
measurements.

It is clear that a sampling protocol must minimize the uncertainty due to duration of measurement. To
address the fluctuations in radon measurements over timdsanallaw for the use of quick screening
measurements tHePA (2005) recommends

9 Testing in closed house conditions on the lowest lived in level

1 Making a short term screening measurement (between 2 and 90 days).

1 The result of the screening measuremsnisied to determine whether to conduct a followup
measurement or not.

o0 If the screening measurement is less than 4 pCi/L followup measurement is not
recommended.

0 If a screening measurement is greater than or equal to 4 pCi/L but less than 8 pCi/L the
EPA recommends a long term measurement to better estimate the annual average.

o If a screening measurement is greater than 8 pCi/L make a second short term
measurement.

1 Deciding whether to mitigate the radon in the house:
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o If along term followup measuremestgreater than or equal to 4 pCi/L mitigate the
house

o If the average of a screening and short term followup measurement is greater than or
equal to 4pCi/L mitigate the house.

Unfortunately only a few of the studies include screening and followup measuseméhe datasets.

A national sample odnnual living area average radon concentrgfdrAA ) measurements was

collected in the National Residential Radon Survey (NRRS) in-1989. This survey found the average
ALAA level in U.S. homes to be 1.25 (8.12) pCi/L, although 6% of these homes (5.8 million) had
radon levels greater than 4 pC{lMarcinowski1994) Because of existing physical processes interacting
in so many different ways, the extent of the relationship between radon concentratitrestagidening

of a building envelope is ambiguo(3yess1994) To establish a true relationship, a multivariate model
where these physical processes are statistically controlled dtwuatthsidered (Chi and Laquati@90).

Effects of Weatherization onRadon Levels

Studies of the impact of weatherization and energy efficient construction radon levedsdigiadd into
two categories(l) studies involving prepostweatherization measurements of radon levels; and, (2)
crosssectional studies that commearadon levels between weatherizetiothe case of newly
constructed homésfficient homes and neweatherized (or inefficient) homes.

Pre/Post Studies

In 1979, the Bonneville Power Administration assigned the task of measuring the effective lee&kage ar

in 12 houses in Richmond, WA to researchers ftamrence Berkeley National LaboratdityBNL )

(Offermann1981) This research was to assess the effectiveness of house tightening in reducing air

leakage and also assist in a comparative evaluation ofjeb@mindoor air quality prend postretrofit

work. The study examined the impact of additional air sealing-elediric homes that had already

received insulation and storm windows and doors. The average reduction in air leakage of 32% was
accompaied by a 42% increaseinshorte r m r adon concentrations. The r e
moderate increases in radonéconcentrations obseryv
the estimated average decrease ieathange rate," but alsmted that uncertainties remained and that a

definitive conclusion could not be made that the observed increase in radon levels was due to the retrofits.

A 1981 report from LBNL on the impact of retrofits on indoor air quality on nireleditric house the

Medford, Oregorarea concluded that the impact of the retrofits installed in the homes on air quality
appeared to be minimal, but noted that impacts depend heavily on the retrofit measures completed and the
type of heating and cooling system in timme. However, detailed measurements of pollutants, including
radon, were made in only two homes, both of which hagkpisting radon levels at or near the detectable

limit.

In 1988, LBNL reported on a study involving 40 treatment and 8 control homesiar& Washington

and Northern Idaho. Thirtfive homes received a standard weatherization package, and five received
Ahouse doctoringd. The standard package resulted
while house doctoring resultedareduction in leakage of 26%. Rueatherization, the mean radon

levels in one area was 2.6 pCi/L, which was due to the local hgitipeable, gravelly soils, and the

other study area measured a mean radon level of 1.1 pCi/L. Of these two areas, Z0ekqCi/L.
Postweatherization, among the homes that had crawlspaces, an average decrease of 33% in radon
concentrations was observed, which was attributed to the installation of mechanical ventilation within the
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crawlspaces. Reductions were seen imé® with other types of substructure but at a statistically
insignificant level (Grimsrud 1988).

In 1994, EPA reported on a 199Q project with the Maryland Weatherization Assigte Program in
which 4 to 6-week radon measurements were made beforeftardigeatherization work was completed

(Dyess

t hat recei

ved

1994). The study
fadvancedo

nvol ved 32 homes that
weat heri zation and 16

study period.The homes receiving the standard weatherization package had air leakage reductions on the
order of 10 to 15 percent, while those receiving the advanced package had 35 to 40 percent reductions.
Postweatherization data showed that the indoor radon contiensalecreased with statistical

significance for the group of homes that received the less rigorous treatment astiveitantrol group

(See Fig. C.11 For the group of homes receiving the more rigorous treatment, the radon levels rose
slightly but wee not considered statistically significant compared to the level of reduction in air leakage.
However, these interpretations were somewhat clouded due to inconsistencies in the existing weather
conditions present between all three groups. For the cantop, outdoor temperature and precipitation

levels changed significantly between the two measurement phases. For the rigorously treated group, only
outdoor temperature varied, while the other group receiving lesser air reduction measures experienced no
significant change in either.

Measurement
Parameter

Difference (Ave.)
Pre- Post- Values

Advanced Weatherization
Indoor Radon, pCi/L
Precipitation

Outdoor Temperature
Airtightness, ACH @ 50 Pa

Lesser Weatherization
Indoor Radon, pCi/L
Precipitation

Outdoor Temperature
Airtightness, ACH @ 50 Pa

No weatherization (Control)

Precipitation
Outdoor Temperature
Airtightness, ACH @ 50 Pa

0.4
-0.8
-6.7
-9:1

-0.3
-0.4
-3.8
2.8

-0.3

2.9
-5.6
0.5

Fig. C.11 Summary of Monitoring Results by Type of Weatherization ProcedurgDyess 1994)
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Cross-Sectional Studies

Fleischer reported on a cressctional study of annual radon levels in 27 homes in New York (Fleischer

1982), of which 14 were categorized as efficient and 13 were described as inefficient based on the
ownersod descriptions. FIl ei scher concludes that "
chief reason is that airtight homes retain ralboiger than weliventilated ones and hencéoal buildup

to higher levels.However, a later crossectional study of 245 homes in New York (Chi and Laquatra

1990) found no relationship between skerim radon levels and degree of weatherization. Bothesk

studies relied on survey safports of weatherization activities (such as caulking and weatherstripping,

the installation of insulation and the installation of storm windows and doors), did not involve direct
measurements of air leakage, and ditlexamine radon levels before and after installation of

weatherization measures in homes.

Turk et al. (1987) report on a cressctional study of new homes in the Pacific Northwest involving 29
homes built to model conservation standards (MCS) and 3#tbnimes that did not adhere to these
standards. The MCS homes exhibited nearly 50 percent less air leakagejmmito the installation of
heatrecovery ventilation equipmérgxhibited similar actual air exchange rates (based on tracer gas tests)
as he control homes. The study found that geographic location was the most important determinant of
radon levels, and did not find any significant differences in radon levels associated with construction
practice.

The table below summarizes the relevant studiesxketatradon and weatherization.
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Table C.3. Summary ofrelevant studies related to radon and weatherization

Study Year | Studied | Approach | Geographic | Sample size Radon WX air Key conclusion Notes
WAP scope measurement leakage
homes? length and reduction
season
"The moderate increases in Study was of fche
. impact of additional
radoneconcenttihtenin of homes
14 days in observed are consistent with| .2 9
. November what would beexpected from that had glready
Offerman | 1981 No pre/post Washington 12 32% : received insulation
(pre) and the estimated average and storm
January (post) decrease in aiexchange .
. windows/doors.
rateseUncerta
o Homes were all
remain... .
electric.
Study involved 9
AThe | mpact ofhomes,butradon
guality of the energy measurementsere
conserving r el madeintwo.

Berk 1981 No pre/post Oregon 2 14 days 20-40% to be mini mal|Homeswereall
hand, the potential for electric. Pre
reducing air leakage has not| treatment radon
been fully r e|levelswere<lpCi/L

in both homes.

"The causes of the elevated . .
; ) Delineation of
radon are diverse; however, eneravefficient
. the chief reason is that tght 9y _
Fleischer Cross . homes (n=14) veus
1982 No : New York 27 one year unknown | homes retain radon longer A N

et al. sectional non-efficient (n=13)

than weltventilated ones and
hence allow buildup to highe
levels."

based on owner's
description.
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Study Year | Studied | Approach | Geographic | Sample size Radon WX air Key conclusion Notes
WAP scope measurement leakage
homes? length and reduction
season
Aln general,
concentrations of
MCS homes radonéexhi bi t| Studyof new homes
averaged L
29 new dependence on the region in| rather than
: 46% lower . L
. homes built to ) | which a house was located | weatherization of
Turk et Cross Washington, model ar Igakage, than on the constructions existing homes
1987 No ; Oregon, . 55-70 days | no difference . oo :
al. sectional conservation . practices by which it was MCS homes had
Idaho . in measured . : .
(MCS) stds.; actual built. Differences in radon | heat recovery
32 controls - levels between MCS and ventilation
ventilation . X
Control houses by region or | equipment.
rate
for all houses are not
considered si
12.5% for std Radon concentrations Observed radon
40 treatment wx (n=35); decreased in crawlspa(_:e . | concentration
. 5570 days, " | houses due to weatherizatio o
. pre/post Washington, (three 38% for . . . reduction in
Grimsrud | 1988 No . season not 8 Reductions in house with
w/ control Idaho groups); 8 o house . crawlspace homes
specified -~ . | other foundation types were ;
control doctoring . was attributed to
® _.| seen but were not statisticall o
homes (n=5)| ~." " .. N added ventilation.
significant.
Study relied on
survey seHlreports
. s . of a limited checklist
éthere is no o
Chi and Cross 3-7 days under relation between the degree of weatherization
1990 No ; New York 245 closedhouse unknown o activities (caulking
Laquatra sectional " weatherization and radon
conditions : and
l evel s in the .
weaherstripping,
storm windows and
doors, insulation).
10-15% std
wx homes | "Weatherizatioractivities did
re/nost 60 treatment 4-6 weeks (n=32); 35 | not adversely affect radon
Dyess 1990 Yes pre/p Maryland | (two-groups); during the 40% for levels. However,
w/ control : " w :
16 control | heating seasor| "advanced" | interpretations are clouded b
wx homes | weather factors..."
(n=28)
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Radon Remediation

The first remediation efforts by EPA beganintheear§ 706 s i n Grand Junction, C
uranium mine tailings had been used as fill under new construction and/or an aggregate material for

concrete or masonry. Removal of contaminated materials was the preferred method of addressing radon
contaminatiorat that time, but due to economic considerations soil remediation became the new approach
(Angell 2008) Seamless epoxy coatings were used as barriers due to the thought that radon diffusion

through these materials was the primary method of exposure Inthat e 197006s, due to f
investigation, an active soil depressurization technigue was developed. Experts found that interior drain

tiles*® and sump pumps were the primary source of entry rather than diffusion from soil or building

materials; thereforthey stated that attention needed to be on methods of reducing soil gas infiltration

rather than barrier coatings (Angell 2008).

Over the years, several radon control techniques have been developed, tested and implemented. However,
insufficient amounts dfargescale randomized studies have been yet to be completed on the impact of
remediation on radon | evel s ( He n sredocdonbetan®tBe . | n t
recommended mitigation method. Then by 1994, the conventional and moeboaemediation method
wasthe active sulslab depressurizatighSD) (Henschel 1993). With ASD, soil gas is exhausted to the
outside through pipes running through the slab floor with the use of electric fans. Laying gravel under the
slab floor increaseASD efficacy (Fisk 1994). Numerous studies have shown that ASD is very

successful. LBNL conducted detailed systematic studies of radon mitigation using a number of methods
in the Spokane River Valley in the late 1980s (Turk 1987). The @fée of Reseech and

DevelopmentORD) conducted demonstration projects in New Jersey, Pennsylvania, Tennessee and
Florida. New York State Energy Research and Development Authority (NYSERBAdJucted a

number of weldesigned studies in New York State that includedmaber of mitigation techniques in

addition to ASD. ASD works in almost all houses tested. The two only major barriers was when the
substrate consisted of highly air permeable materialg. glacial till, shattered shale, karst or limestone.

The depessurizing fans could draw air through these substrates so easily that they operated at the full
flow-low pressure end of the fan curve and only weak low pressure was induced beneath the slab.
Connecting more suction points to a single fan or pressufigngath the slab provided effective control

in these cases. Although, the installation cost run from $$0600 and uses a substantial amount of

energy from the electric fans. ASD systems also increase heating and cooling costs due to increased
ventilaion; the net present value of this system is about $2000. There is a slightly different mitigation
measure called the active sub slab pressurization (ASP), which pulls pressurized air into the sub slab area
reversing the air flow which forces the radon dawn into the soil. An electric fan is used in this case as

well and again results in increased ventilation rates that could increase heating and cooling cests. Long
term reliability of these two types of systems is a concern due to failed fans andrdasduming off

fans from noise disruption and energy use (E&84).

In 1994, Fisk evaluated two mitigation methods referred to as the membrane aruirshibtechnique

(MASC) and the efficient active sub slab pressurization technique (EASP). ABE Mntails a
combination of installation of a diffusion Amembr
bel ow the sub sl ab gravel, awxwdrsectioops pes ithatul &
sub slab gravel and outdoors.d paper by Bonnefous et al. (1993), it was stated that the membrane
significantly reduces the rate of diffusion as well as pressure driven radon flow from soil into gravel

(cited in Fisk). Depending on soil permeability, these layers of plastic shpkioeyl beneath stddab

gravel will reduce radon entry rat@deischer, MogreCampero, & Turner, 1982y 0-50%. As part of

this evaluation, a lab experiment was completed to measure the amount of radon that would diffuse

%8 Drain tiles are perforated, corrugated plastic pipes laid at the bottofowd@ation wall used tadrain excessvateraway
from thefoundation
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through these plastic membran@ke diffusion rate through a 14&membrane, with the radon

concentration within the soil being 1000pCi/L was approximately at 2.7 pCi per second. If the house had
a ventilation rate of .4 ACHa{r changes per hourthe resulting indoor radon conceitwa would be

0.05 pCi/L (Fisk 1994). These methods are not useful for existing buildings. Placing water and water
vapor impermeable beneath a drainage layer that includes fines in the gravel or consists entirely of sand
has been implicated in slab moistyproblems in the forensic literature.

In 2009, the most effective strategies still focused on sealing the radon entry routes along with ASD
method (WHQ2009. A combination of strategies is recommended for increased effizaefp 2009)
Radon levels aabe mitigated by several means but the lowest cost measure is the diffusion barrier.
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APPENDIX D. FIELDWOR K TRAINING AND PROTO COL

This appendix provides a more detailed description of the training that field techmeziangd and the
protocols that they followed in conducting the stude distinguish here between two project staff
functions for the fieldworkField techniciandiad existing skills related to home performance testing, and
implemented the main field pantol for the studyPick-up technicianwisited homes about a week after
each field technician visiTheir primary responsibility was to retrieve the ameek radon and
formaldehyde samplers that had been deployed; however, they also provided addiistaice as
described below.

Field techniciansi

1 deployed samplers and data loggers;

1 completed combustion safety, air leakage and othaiteriest; and,

1 completed a detailed data form regarding various characteristics of the sites

Pick-up techniciansi
9 verified that radon and formaldehyde samplers had been properly deployed, then sealed, retrieved and
shipped samplers to the test labs;

=

verified the operation of installed data loggers;

9 retrieved refrigerator electricity loggers (which were deploye@iounrelated aspect of the overall
evaluation)

1 recorded additional site information regarding secondary refrigerators and freezers in the home; and,
1 assisted households in completing the occupant survey.

Each site received four visits: a Phase A {peatherization) visit by a field technician and a pigk
technician, and a Phase B (postatherization) visit by each.

Field Technicians
Training Sessions

All field technicians were provided with a tvaay training prior to deployment in the fieBachtraining
session involved a maximum of 8 trainees provided by two trainers. The first day of the training was
conducted in a classroom, and covered all aspects of the field equipment, protocols ahbdd@®eond
day involved practicing the protocolsame or more test home&dditionally, field technicians were
monitored by a member of the study technical team during their first week of deplogtmiseptovided

an opportunity to correct errors, as well as for the technician to ask questions andasditimeal one
ornone training.

The classroom component consisted of several gartgtroduction to the overall project was provided,
including the chain of command and the roles of the various entities invéhlisdntroduction also

included a briefliscussion of the intent of the overall project and the other studies within the project, such
as energy evaluation and process evaluation.

Two screens were used simultaneously during the classroom p@tiane a PowerPoint slideshow was
presentedOn the other was the data collection form to be used in the Tiakel slideshow included
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information on the IAQ samplers that were to be deployed, the methods for evaluating combustion
appliances, and the methods for additional diagnostics of parametecdecempotentially relevant to

IAQ such as house airtightness, duct leakage, and pressurization due to air handler operation.
Additionally, samples of each type of IAQ measurement device were passed around when the device was
introduced Instructions for illing out IAQ sampler forms for submission to labs were also provided, with
photos showing the forms filled odthis was pertinent for radon and formaldehyde.

Pictures of IAQ sampler deployments, both from a distance and up close, were shown to provide a
context in which to locate samplefide attendees were instructed to take similar photos to allow for
pickup field staff to easily find the samplers and for pesatherization field technicians to locate the
postweatherization samplers in the same tiores.

Following the classroom portion of the training, the attendees were taken to a home on which to perform
the protocolThe home was recruited by the instructors, sometimes in cooperation with a local
weatherization agency, and was selected to prahdeacteristics amenable to performing the required
tests in the protocolll IAQ samplers were deployed and all forms were filled @iscussions of how

to address various conditions were had to ensure understanding by the att&héadime alloweda

short visit to a second home with different characteristics (e.g. different type of heating appliance) was
made.

Field technicians were also provided with a binder that included all background information, copies of the
client leavebehind (explaininghe purposes of the study, what was expected of them, and what they
would receive), an equipment list, and an incentive payment receipt that was to be signed by the client.

Field Data Collection Protocol

The first portion of the data collection form inded several sections regarding basic characteristics of

the homeThese included basic occupant information, house characteristics (e.g. house type, and area and
volume for foundations and main living levelsit water temperature at the kitchen sinke(aft

temperature stabilizes, 3 minutes max), detailed characteristics of foundations (e.g. wall type, floor type,
ducts in space, exposed dirt), and sections for a qualitative moisture assessment of foundations-and above
grade areas.

For the moisture assessnt sections, the following issues were targeted:

Window condensation in aboxggade spaces (Y/N)

Standing water in foundations (Y/N)

Water stains in foundations and ab@yade spaces {® scale depending on size of affected area)
Mold in foundations andbovegrade spaces {® scale depending on size of affected area)
Musty smell in foundations and abegeade spaces (Y/N)

=A =4 =8 -8 =9

Following this section was the section on IAQ samplEngse samplers included

radon canisters, deployed for 1 week (each home)

formddehyde badges, deployed for 1 week (2 homes per area)

passive carbon monoxide loggers, deployed for 1 week (each home)

temperature/relative humidity loggers, deployed for study duration (each home)

temperature loggers (for unvented combustion appliandegloyed for 1 week (2 homes per area)
refrigerator temperature, in place during site visit

refrigerator energy loggers, deployed for 1 week (each home as accessible)

= =4 =8 =8 -8 a1
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The location of the sampler deployment was a major focus of the training and prietocaldon,
formaldehyde, and carbon monoxide, the samplers were located in an open area so as not to impede air
circulation from reaching the samplers, but also away from exterior windows and walls, not in kitchens or
bathrooms, approximately at breathirgidiht (not on the floor or at the ceiling), and where they were
unlikely to be disturbed by people or pdadon canisters were deployed both on the first floor and in

any accessible crawl space or baseniargeneral, canisters were not placed underil@dlomes,

though field technicians were given discretion to place canisters beneath mobile homes when the crawl
space perimeter was unusually tight.

Temperature/relative humidity loggers were placed on the central thermostat whenever possiéle.

event that this location was on an exterior wall or was likely to be disturbed then a different central
location within the home was select@@mperature loggers (with thermocouple probes) for unvented
combustion appliances were deployed when there waspaetation of frequent appliance uSbese

loggers were intended to be indicators of appliance use; the actual temperature was not of substantial
interest.The priority for these temperature loggers was devices that might produce carbon monoxide; i.e.,
unvented heating appliances and ovens that were used freqrReftigerator temperature loggers were
placed in the refrigerator at the beginning of each house visit and removed upon ddpeftigerator

energy loggers were installed whenever the outleldcbe accessed readily and when the placement of

the logger would not make recovery difficult.

The next section of the protocol related to space conditioning and water heating appliances, with a special
focus on combustion applianc&asic characterigts of heating, air conditioning, and hot water systems

were recorded (e.g. type of venting, fuel type, locati@oynbustion testing was performed on all

applicable appliances as follows:

9 basic investigation for significant gas leaks

1 measurement of CO invens (after 5 minutes) and 6 inches over each range top burner (after 3
minutes)

measurement of CO in unvented heating appliances (after 3 minutes)
determination of worstase depressurization conditions (for natural draft appliances)

spillage testing in wrstcase conditions (natural draft heating appliances and water heaters)

= = =4 =4

draft testing (natural draft heating appliances and water heaters ircasestonditions; induced
draft heating appliances and water heaters)

1 steadystate efficiency measurementah heating appliances and water heaters

Field technicians recorded oven CO as atfrai value if possible and recorded oxygen if affreie
value was not available (this feature is instrurdaendent), and recorded both CO and oxygen level for
rangetop burners and unvented heating appliances so as to allow foffeaeaialculation.

For natural draft combustion appliances, spillage was evaluated at the draft diverter, draft was measured
in the flue, and steaestate efficiency was measured befdiletion by ambient airlf there were multiple

ports relating to multiple burners a steadgte efficiency test was done in each pgéot. induced draft
appliances spillage testing was not required and all measurements were taken in floe dhredensing
appliances with PVC flues only steashate efficiency was measured, and this was done at the outlet of
the flue on the exterior of the honMeasurements for the steashate efficiency testing included
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oxygen, CO, Cq stack temperature, anffieiency. For oil systems the smoke number was also
recorded.

Throughout combustion appliance testing field technicians monitored ambieiftt@®ambient CO
level exceeded 35 ppm the field technician turned off the appliance and ceased testing.

The nex section of the protocol related to building diagnosfitgese included:

blower door testing

series leakage zone pressure testing
pressure pan testing for duct leakage
blower door subtraction test for duct leakage
air handler induced pressures

=A =4 =8 =8 =9

For thesdests, outdoor conditions (including a qualitative assessment of wind) were reQiegsu/-

step instructions were provided on the protocol form for eachBasements were generally considered

to be inside for the blower door tests unless they wahgautside the thermal envelope (e.g. they were
only accessible from outsidejeries leakage tests were done with the zone closed from the house and
then with an opening added (e.g. an attic hatch, garage door, etc.) to allow for a quantitative estimatio
leakage pathway between the house and that Saemies leakage tests were done with a priority on zones
that had contact to the ground (e.g. crawl spaces) or gafdtjes.were a lower priority, and the zene
opened test was not done for attics whpaning the hatch would result in insulation being pulled into
the homeFor air handler induced pressures only one duct zone was assessed, with priority given to
foundation zonesMeasurements were taken between the house and the zone, the housadmdandts

the zone and outside, with three readings taken of each pressure difference to help average out noise due
to wind. These readings were taken with the air handler on and then off.

At the conclusion of the data collection form was a checklist rangrfield technicians of all necessary
steps prior to leaving the home, including required photos.

Field technicians were also trained on conditions that would trigger the issuance of a potentially
hazardous condition occupant notification foimthe evat of the issuance of this form the field

technician indicated the nature and location of the problem and had the homeowner sign two copies, one
for themselves and one for the fi@onditions that resulted in issuance of these notification forms

included:

1 any appliance with a measured CO level above 100 ppm
1 ambient CO level exceeded 35 ppm
1 Identified gas leaks

Field technicians were provided a tbike callin number for any field questions, including conditions
that were present that warranted discusségiarding how to approach the situatidny time a
potentially hazardous condition form was issued the field technician called in and reported the condition.

Whenever a field technician was going to the field for the first time he or she was accorbyamfeld
monitor for the first 23 homesThis monitor was a member of the project team with detailed experience
with the study componentEhe monitor was there to answer any questions and to provide any additional
onsite training required to ensuraattthe technician was comfortable with the full protocol.

A conference call was held to go over important information for the Phase B round of post weatherization
monitor deployment with the technicia$e training covered adjustments to the field proltdo
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include refrigerator monitoring, using the Phase A data sheet, dealing with return visit issue sheet,
logging new monitor locations for piakp technician

Pick-Up Technicians
Training Sessions

Each pickup technician received a day of trainingcheler two days prior to deployment into the field.
The first day of training was held in a classroom and covered an overview of the program, scheduling
approach, device recovery, long term equipment operation verification, and timeictdview.The

second day was spent at a site visit to go on a walkthrough of a typical visit, with a return to the
classroom for the final logistics around the visits.

There were two trainings with one trainer from APPRISE, the Energy Center of Wisconsin (ECW), and
Mathematica Policy Research (MPR) conducting th€he first had 1articipants and the second
had14.

An overview of the Weatherization Program, the Indoor Air Quality Study, the sampling and client
selection approach, scheduling and prior visits were r@daw highlight the importance of the current
work. The importance of proper preparation prior to visits was the key to keeping to the schedule and
knowing what to expect when arriving at a hoidist of equipment and supplies was provided so
techniciansvere prepared to deal with most problems encountered.

The pickup technician was given a catl number if they ran into any difficultie$he pickup

technicians were provided with a training binder that included all of the pertinent formpseseatation,

scripts, client survey and important shipping addre§destechnician also received an Assignment

Completion Checklist that was completed and kept on record for eacligisittechnician also was

given a second, smaller binder containimdy basic instructions and suggested scripts specifically for use

in the homeAfter the first couple days of field work following each training the field techs were

debriefedusinga conferencecall o make sure they .didndét have any qu

All Field Techs were required to participate in a-bioeir process update on the revised protocol for
Phase B data collection before working on those assignniéelis.Techs were updated in one of two
conference call€Eleven participated in the first call, whil@ participated in the second calhe calls

were hosted by staff from APPRISE, Energy Center of Wisconsin, and Mathematica Policy Research.

Field Protocols

The goals of each visit were:

First Visit (about one week after the Field Technician visit)
Pickup equipment

radon canisters

formaldehyde badges (2 homes per area)

refrigerator energy loggers, deployed for 1 week (each home as accessible)
Verify operation of long term equipment

0 passive carbon monoxide loggers, (each home)

0 temperature/relative humiglitoggers, deployed for study duration (each home)
o thermocouple loggers (for unvented combustion appliangzhpmes per area)

=a =4 =4 =4
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1 Inventory secondary refrigerators and freezers
1 Facilitate the client making the catl interview
9 Presenting the incentive atie

Second Visit (about one week after the field tech

Pick up equipment

radon canisters

formaldehyde badges (2 homes per area)

refrigerator energy loggers, deployed for 1 week (each home as accessible)
passive carbon monoxide loggemsag¢h home)

temperature/relative humidity loggers, deployed for study duration (each home)
thermocouple loggers (for unvented combustion applian@hpmes per area)

E R

Presenthe incentive check

Emphasis was placed on the chain of custody that muaihered to when picking up the test equipment.
Care is needed when sealing the radon and formaldehyde canisters, recording date and time of retrieval
and shipping to make sure the paperwork stays aligned with the correct c&aispting was used to

show how to use the photos and the client to locate installed equipment for retrieval or verification.
Completing the documents was part of the field training.

Each of the long term equipment has a visual output that verifies correct opdtathbrpiece of
equipment was demonstrated and details given concerning proper opdfratigrproblem was
discovered, the technician would call in to report the problem and possibly work out a sdluise.
devices are then recovered during the second visit.

The pck-up technician was required to complete a survey concerning the presence of secondary
refrigerators and staralone freezers to be completed at the firstpipkvisit. Each appliance needed to
be described by location and type, whether it is in usdfahne space was conditioned.

The technician was to help the client occupant survey while oAsit800 number was used so there
was no cost to the clienthe technician was encouraged to be near the client during the interview
process, but to not answthe questions for the cliefithe time was also a good time to verify that all the
paper work was complete, all retrievable equipment collected and long term equipment has been
identified.
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APPENDIX E. FIELD TECHNICIAN DAT A COLLECTION FORM

WAP Evaluation IAQ Data Collection Form
For questions while on site visits, call Tech Hotline 877-297-2797

Keep original of this form, return to Energy Center of Wisconsin per instructions.
Agency Information: Agency ID (4-digit number):

Agency Name: City: State: Zip:

Site Information:

Study ID: Address:

City: State: Zip:

Occupant 1 Name:

Phone: Type: Best times:
(homef/cell/work)

Occupant 2 Name:

Phone: Type: Best times:
(homef/cellfwork)

Directions (if house was difficult to find):

(provide directions for subsequent technicians if house was difficult to locate based on address alone.)

All applicable blanks/boxes must be completed

Take photos of unusual conditions

Pre-WX: Post-WX:
Eval Tech:
Agency Tech:
Date: (MM/DD/YY) (MM/DD/YY)
Arrival time: (hh:mm am/pm) (hh:mm am/pm)

Introduction:
Greet owner/occupants, explain project (see talking points)
Explain work to be done, timeline, someone will return next week, then in 1-2 months
Provide Household Info piece

IAQ_DataForm_26.xIs 1 of 26
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House - Exterior

check all that apply)
Single Family Detached DSingIe Family Attached
D1 story DSplit—Ievel D‘M 12 story DQ story DMore than 2 story
DSingIe-wide MH DDoubIe—wide MH DAttaohed garage w/ DAttached garage

living space above no living space above
Foundation Space Type Codes:
BS basement (4+ ft) UC  unvented crawl (<4 ft) VC ventedcrawl(<4ft) SL slab GS garageslab PR  pier
Foundation level Conditioned floors above
(record all distinct foundation areas, regardiess of whether conditioned or unconditioned) foundation level
Foot- | Foundation
print space type | Floor Area Floor Area
section |  (code) (ft?) Volume (ft%) D) Volume (ft)
A 1st fir
B 2nd fir
c 3rd flr
D
E
Bedrooms:
F (as designed)
Take photos from opposite corners to show all sides in 2 or more shots D

Sketch Footprint; label sections above; indicate approximate North

Notes:

IAQ_DataForm_26.xls 2 of 26



Walk Through Home

Close windows and prep for blower door testing

Identify zones, HVAC systems, exhaust fans, attic access

Observe moisture issues

ldentify combustion equipment, especially unvented appliances
Carry combustible gas detector
Note registers: Possible to access? Possible to mask?

Living Space Temperature/RH Logger Installation / Thermostat Settings

Hang logger from primary thermostat (describe alfternate location in Notes)

U10-003 temp/RH logger serial number:

LED flashes approx every 4 sec:

Thermostat (as-found settings)

Photo of installed logger:

Type (Manual / Programmable):

Mode (Heat / Cool / Auto / Off):

Program status (Program running 7 Hold /):
(leave blank if thermostat is not programmable, or mode is Off)

Current temperature setting (degF):

Fan (Auto / On / No fan switch ).

Closeup photo of thermostat, showing as-found settings:

(open cover if needed to show all switch settings)

Misc Appliance Information

Fuel Codes:
EL electric

NG natural gas

LP  propane
OT other
(Describe in Notes)

Notes:

IAQ_DataForm_26.xls

Kitchen cooktop fuel:

Kitchen oven fuel:

Hot water temperature at kitchen sink (F):

(run water until temperature stabilizes; 3 minutes max.)

Number of room or portable A/Cs:

Total number of air handlers:

E-5
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]
1

Post-WX

]
1
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Primary Refrigerator

For return visit, implement this section ONLY if primary refrigerator has changed since initial visit.
Install U12-001 logger in center of food compartment of primary refrigerator for duration of site visit.

Install WattsUp? meter on primary refrigerator, if able.

If primary refrigerator is not in the kitchen, record location in Notes.

Type Codes:
T top freezer S side-by-side

B bottom-freezer (o}

other (describe in Notes)

Type Code:
Manufacturer:
Model #:

Year manufactured:
(if listed on unit)

Size:
(food + freezer compartment; if listed on unit)

Rated energy use:
(if yellow Energy Guide label present)
Defrost Type:

Ice maker:

Water dispenser:

Anti-sweat switch:

Energy Saver (or Power Saver) switch:
(Describe setting in notes if not "On" or "Off")

U12-001 temperature logger serial number:
(Install in center of food compart.; verify 4-sec. flashing LED)

WattsUp Meter ID:
(3-digit # on white Energy Center of Wisconsin label)
Time WattsUp Meter installed:

(to nearest minute)

Photos of nameplate and unit w/ doors open:
Notes:

IAQ_DataForm_26.xls

Present? (On/ Off)

Pre-Wx Post-Wx
(if different than pre-Wx)
Same unit
as Pre-Wx?
Y/N
ft* ft*
KWhiyr KWhtyr

(Auto / Manual / ?)

]
]

(Auto 7 Manual / ?)
1
]

Present? (On/Off)

(YIN/?) (YIN/?)

Press logger button for 1 sec. just before placing)

(hh:mm am/pm)

-

(hh:mm am/pm)

(3
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Additional Refrigerators

Install WattsUp meters on up to two additional refrigerators per instructions included in meter shipment
Do not install WattsUp meters on refrig in garages, on unheated porches or in other unconditioned spaces.
Only record unit information below if a meter is deployed on unit.

*No U12 loggers are launched for addl refrigerators.

Type Codes:

T top freezer S side-by-side

B bottom-freezer (o] other (describe in Notes)

Type Code:
Manufacturer:
Model #:

Year manufactured:
(if listed on unit)

Size:
(food + freezer compartment; if listed on unit)

Rated energy use:
(if yellow Energy Guide label present)
Defrost Type:

Ice maker:

Water dispenser:

Anti-sweat switch:

Energy Saver (or Power Saver) switch:
(Describe setting in notes if not "On" or "Off")

Location of additional refrigerator:

(e.g. 'basement’)

WattsUp Meter ID:
(3-digit # on white Energy Center of Wisconsin label)
Time WattsUp Meter installed:

(to nearest minute)

Photos of nameplate and unit w/ doors open:
Notes:

IAQ_DataForm_26.xls

Additional
Refrigerator
#1

Additional
Refrigerator
#2

ft‘é
KWhiyr

(Auto / Manual / ?)

]
1

Present? (On/ Off)

(YIN/?)

(hh:mm am/pm)

(3
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KWhtyr
(Auto / Manual / ?)
Present? (On/Off)

(YIN/?)

(hh:mm am/pm)

-
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Main living level IAQ sampling
Place samplers in open living area, away from windows, where unlikely to be disturbed
Always place a radon canister and CO logger
Place formaldehyde sampler based on schedule instructions (2 per 8 homes; 1st treatment and controi)

Describe location in detail (fo assist recovery):
(separately for each device if not placed together)
Pre-\Wx:

Post-\\x:

Pre-WX Post-WX
Radon canister number (printed in red on canister) :
Second radon canister also deployed?
Dup/Blank/None Dup/Biank/None
Second radon canister number (printed in red):
Formaldehyde sampler ID:
(record last 6 chars - 2 letters, 4 numbers)
Date/time recorded on all lids and all data sheets:
Y/N Y/N
Photo of placement (from across room): D D
Leave data sheet (folded) and lid inside box, put box under canister for use at pickup
CO logger ID:
Lascar (EL) ID is handwritten CO-xxx, BW is pre-printed serial number (use last 6 digits)
Verify that CO logger is operational D D
(BW logger --- shows display; Lascar logger --- LED blinks every 10 seconds)
Notes:

IAQ_DataForm_26.xls
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Above Grade Moisture Observations

Check here if no signs of moisture

Or...

Pre-WX

]

Record up to six areas with evidence of current or past moisture below.
Describe location sufficiently to allow post-Wx observation.

Make note of decayed drywall, structural wood, etc.

Post-WX

Signs of window condensation include severe paint peeling and rotted sash or sill

Photograph all visible evidence of moisture.

Water stain and mold severity codes: 0 none 1 <2 2-32 ft2 3 33+t
Signs of Signs of
window window
condens | Musty Water condens| Musty | Water
ation? | smell? stain Mold ation? | smell? stain Mold
(Y/N) (Y/N) code Code (Y/N) (Y/N) code Code
AG Area 1:
AG Area 2:
AG Area 3:
AG Area 4:
AG Area 5:
AG Area 6:
Notes:
IAQ_DataForm_26.xls 7 of 26



Foundation Details

Photograph significant cracking. sumps. dirt floors. and visible evidence of moisture.

Foundation Wall Codes: CN poured concr. BL  block ST stone/rubble OT Other (describe)
Foundation Floor Codes: PC poured concr. DT dirt OT Other (describe in Notes)
Fdn Space Conditioning Codes: IC  intentionally conditioned UN unconditioned
UC unintentionally conditioned NA not applicable (slab)
i Significant Changes from pre- to
&l _ . cracks (below post-Wx? (Y/N)
ection Fdn Condi- | Ductsin | grade wall / Percent (f Y, describe on Page 10
(from |[FdnWall|FdnWall| Floor tioning | space? floor)? exposed dirt | ynder "Below Grade Sealing
ftprint) | Code |height (ft)] Code Code (Y/N) (Y/N/NA) or porous floor and Ground Cover")
A
B
C
D
E
F
Foundation Level Moisture Observations
Pre-WX Post-WX
Check here if no signs of moisture D D
Or...
Record up to four areas with evidence of current or past moisture below.
Describe location sufficiently to allow post-Wx observation (relate to Areas A-F above).
Make note of decayed structural wood
Water stain and mold severity codes: 0 none 1 <2t 2 2321t 3 33+# |
Stnding | Musty | Water Stnding | Musty | Water
water | smell stain Mold water | smell stain Mold
(YIN) (Y/N) code code (Y/N) (Y/N) code code
Fdn Area 1:
Fdn Area 2:
Fdn Area 3:
Fdn Area 4:
Notes:
IAQ_DataForm_26.xls 8 of 26
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Foundation-Level Radon Canister
Always place in an accessible basement or crawlspace
Do not deploy underneath a mobile home on a pier foundation
Describe location in detail (to assist recovery):

Pre-\Wx:

Post-WWx:

Pre-WX
Foundation area (A, B, C, etc from table above):
Radon canister number (printed in red on canister) :
Second radon canister also deployed?
Dup/Blank/None
Second radon canister number (printed in red):
Date/time recorded on lid(s) and data sheet(s):
YN
Photo of placement (from across room): D

Leave data sheet (folded) and lid inside box, put box under canister for use at pickup

Notes:

IAQ_DataForm_26.xls
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Post-WX

Dup/Blank/None

YN
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