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ABSTRACT 

Tests are currently being conducted on new and existing homes in 

the Pacific Northwest to study the effects of weatherization on 

indoor air quality. One hundred and sixteen existing homes were 

tested and screened for formaldehyde (HCHO), nitrogen dioxide 

(N02), water vapor (H20), and radon (Rn) using mailed passive 

samplers. Concentrations ranged up to 136 ppb HCHO, 28 ppb N0 2 , 
- 1 - 1 9.28 gkg H20 (60% relative humidity at 68°F), and 85 pCil 

Rn. Forty eight homes with measurable levels of N0 2 , HCHO, or 

Rn were selected for more intensive monitoring to evaluate the 

effects of staged weatherization on pollutant concentrations. 

Pollutants sampled include: HCHO, N02, H20, carbon monoxide 

(CO), respirable suspended particles (RSP), and Rn. 

Meteorological monitoring occured concurrent with leakage area 

measurements using blower doors and ventilation rate 

measurements using perfluorocarbon tracers (PFT). A separate, 4-

week, controlled study evaluated the interactive effects of air 

leakage reduction and conductive heat loss reduction on the 

pollutant levels generated by an unvented combustion heating 

source. Pollutant concentrations increased after reducing 

infiltration with house tightening retrofits. Subsequent 

conductive retrofits reduced heating loads, thereby reducing 

pollutant generation, and indoor air pollution levels. The 

resulting C02 concentrations are consistent with a proposed 

indoor air quality model. In addition to the study of existing 

homes, indoor air pollutant screening (Phase I) of Model 

Conservation Standards (MCS) New Homes and 'typical' New Homes 

began in January, 1985. Passive samplers for HCHO, N02, H20, 

and Rn as well as for ventilation measurements have been 

deployed. Among other results, the data will assist in a 

preliminary understanding of the interzone transport of radon. 

Both new and existing homes with elevated pollutant levels are 

eligible for a mitigation retrofit study during the 1985-1986 

heating season. 
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INTRODUCTION 

The Pacific Northwest Electric Power Planning Act authorized the 

Bonneville Power Administration (BPA) to undertake cost 

effective energy conservation programs to help meet electric 

load obligations. BPA's methods for meeting these objectives 

involve: a) a region-wide house tightening program which 

includes caulking, wea the rstripping, and storm windows, and b) 

proposed codes for the construction of energy-efficient new 

homes. 

Although house tightening effectively reduces infiltration, it 

also can result in an increased concentration of those indoor 

air pollutants which originate within the building. 

Acknowledging the potential for adverse health effects, BPA 
1 

developed an Environmental Impact Statement (EIS). However, 

knowledge gaps were identified and studies were approved to 

quantify the effects of reduced ventilation on indoor air 

quality. Results from these studies will assist BPA in planning 

future conservation programs. 

This paper reviews the goals, objectives, and status of two 

projects studying indoor air quality in Pacific Northwest 

residences. One, the Existing Home Study, is an investigation 

of the effects of house tightening infiltration retrofits on the 

buildup of a variety of indoor pollutants. Various mitigation 

strategies will also be tested on homes with pollutant concentra

tions above levels of concern. A separate experiment, the Com

bustion Study, is also discussed. The second project, New 

Energy Efficient Homes IAQ Study, is evaluating indoor pollutant 

levels in newly constructed homes, some built to the Model 

Conservation Standards (MCS) code. New homes with elevated 

pollutant. levels will also be studied with alternative 

mitigation retrofits. A third project, not discussed here, has 

involved the measurement of ventilation rates and pollutant 

concentrations in forty (40) commercial and institutional 

buildings. 
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Since the measurements began in November 1984, only preliminary 

data from the Existing Home Study is presented. 

EXISTING HOME STUDY 

The primary objective of this study of residences built prior to 

1980 is to correlate changes in pollutant levels to altered 

infiltration rates. 

phases. 

The work is being implemented in three 

Phase I - Local utility companies and BPA offices provided the 

names of one hundred and sixteen (116) occupied residences that 

had received a BPA energy audit. The occupants were contacted 

requesting their participation in a preliminary screening of 

indoor pollutants. The primary goal of the screening was to 

identify homes that had high pollutant levels relative to other 

homes and select them for more intensive monitoring in Phase II. 

Forty-five (45) houses were located east of the Cascade 

Mountains in the Spokane, Washington/Coeur D'Alene, Idaho area 

and seventy-one (71) were located along the northwest coast in 

the Vancouver, Washington vicinity. With the exception of seven 

(7) residences, all houses were owner-occupied, single family 

detached, and electrically heated. Seventeen of the homes 

belonged to BPA employees and were considered for use as control 

structures. One hundred (100) of the homes were mailed a box 

containing pollutant passive samplers for Rn, HCHO, N02, and H20 
2 3 

(Figure 1). ' 

After seven (7) days, the occupants returned the H20, N02, and 

HCHO samplers to Lawrence Berkeley Laboratory (LBL) for 

analysis. The radon samplers remained for another 14 to 28 

days. Less than 3% of all samplers were lost, damaged, or other

wise rendered useless. The cost of the sampler package 

(including analysis), shipping, and phone contacts is estimated 

at approximately $150 per box. 

2 
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Sixteen of the homes were screened for radon only by a 

technician using a continuous radon monitor (CRM) to take a 

"snapshot" of the homes' radon concentration. 

Frequency distributions of the time- weighted average pollutant 

concentrations are shown in Figures 2 (a, b, and c), and Figures 

3 (a and b). The majority of homes have pollutant levels well 

below most currently recommended guidelines and standards. N02 

concentrations are low because most homes did not have 

combustion appliances. Only one home had HCHO concentrations 

above 100 ppb, the ASHRAE Standard 62-1981 
4 

guideline. 

Average relative humidity was estimated assuming an average 

indoor temperature of 68°F (20°C) for all homes. High humidity 

levels could be a potential problem in approximately 10% of all 

homes monitored. With one exception, relative humidity levels 

above 50% were found only in the Vancouver homes. 

While radon concentrations in Vancouver homes (Figure 3b) 
5 

closely resemble the regional radon distribution found by Thor 

(Figure 3c), it was surprising to find widespread high radon 

levels in the Spokane - Coeur D'Alene area. Approximately half 

(49%) of 
1 

5 pCil-

all homes surveyed in this area have radon levels above 
3 

(185 Bqm- ), which is the current BPA mitigation action 
1 

level. Observed average concentrations were above 18 pCil- (670 
- 3 - 1 Bqm ) in four homes and ranged up to an average of 152 pCil 

_3 
(5620 Bqm ) in one home. Preliminary data from continuous 

monitoring in a subset of these homes (see Phase II) 

corroborates the initial screening measurements. Since high 

radon levels are so widespread and domestic water is from public 

systems, soil is suspected as the dominant source. However, 

testing of local water and building materials is being 

conducted. The geographical extent of the high radon source and 

the corresponding number of affected homes is unknown. 

Phase II Forty-eight (48) homes were selected from the 

screening sample for a detailed study of the sensitivity of 
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indoor pollutant concentrations to house tightening (weatheriza

tion). Forty of the homes (twenty each in Vancouver and Spokane

Coeur D'Alene) received weatherization recommended by a standard 

BPA audit. The remaining eight homes served as unweatherized 

controls. Selection into Phase II was based on an attempt to 

represent various substructures (slab, crawl- space, basement), 

and various structure ages (pre- and post-1974) as well as homes 

having a relatively high level of at least one pollutant: HCHO, 

N02, or Rn. In practice, only Rn and HCHO levels were high 

enough to qualify homes for Phase II. 

Sixteen of the weatherized homes had insulation blown into 

exterior walls and eight of the homes will also receive "house 
8 

doctor" house tightening retrofits. Both retrofits are being 

monitored to determine their effect on infiltration rates. 

Monitoring during this phase is for seven to ten days. HCHO, 

N02, and H20 are passively monitored, as in Phase I; Rn, 

meteorological conditions, and inside temperatures are 

continuously monitored and recorded by a data logger; carbon 

monoxide (CO) is collected as a time-averaged bag sample; and 

respirable suspended particles (RSP) (3.0 microns) are collected 

as a time averaged sample on a teflon filter. A passive 

perfluorocarbon tracer (PFT) system is employed to measure time-
T 

weighted average ventilation rates. 

Multiple fan depressurization tests have been performed on each 

of the buildings. Fifteen of these tests were repeated on 

separate days without deliberate changes to the building's 

leakage area. A fan depressurization technique measurement pre

cision of ± 10.5% was determined from these replicates. There

fore, any individual reduction in leakage area less than 10% 

could not be confidently measured. Both a T-test and a nonpara

metric signed rank test run at the 5% significance level showed 

specific leakage area values before and after the addition of 

wall insulation for thirteen homes not to be significantly 
8 

different. Specific leakage areas prior to and following 
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recommended BPA weatherization (not including wall insulation) 

were also compared. Wilcoxson test results indicate that the 

difference in the means (7%) is significant at the 5% 

significance level . 

Preliminary summaries of the radon concentrations in 3 homes are 

shown in Figures 4 (a, b, c, and d) as continuous seven day time 

plots. Wind speed and inside-outside temperature difference 

(AT) are also plotted for comparison. Visual examination 

suggests that in some houses a correspondence exists between 

wind speed, AT, and radon concentration. This is supported by 

field measurements performed by other researchers indicating 

that pressure differences developed by wind and stack effect can 
9 

drive radon-laden soil gas into a structure. However, the 

relationships are complex, depending on soil permeability and 

composition, building substructure type, available pathways for 

soil gas entry, building ventilation rate, and other factors not 

yet identified. 

Figure 4a shows a plot of the highest radon concentrations 

encountered in this study. Three days of concurrent radon 

monitoring in this basement are also plotted (Figure 4b). The 

lower concentrations in the basement have not been explained. 

Phase III - In the Fall of 1985, field evaluation of economical 

and effective indoor pollutant mitigation retrofits will begin. 

Homes from Phase II that typically contained pollutant levels of 
- 1 concern will be selected. Radon levels greater than 5 pCil 

_3 
(185 Bqm ), HCHO greater than 100 ppb, or N0 2 levels greater 

than 50 ppb will be considered mitigation trigger points. Based 

upon our observations to this point, mitigation will be 

performed in up to 25 homes (with the emphasis on reducing 

excess radon concentrations). A variety of techniques will be 

examined, including mechanical ventilation with air-to-air heat 

exchangers, substructure sealing, and sub-surface 
1 0 11 

ventilation. 
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Combustion Study - As part of the Existing Home Study, a 

separate experiment was conducted to study the interactive 

effects of: 1) reduced infiltration (from house tightening), and 

2) reduced conductive heat losses (from insulation, etc.) on 

indoor pollutant levels generated by unvented combustion heating 

appliances. A model proposed by G. Traynor predicts that as 

infiltration is reduced, pollutants generated by the combustion 
12 

heating appliances will increase in concentration. It also 

predicts that these combustion-produced pollutant levels will 

decrease as the R-value of the building shell is increased. By 

reducing the building's conductive heat loss, the heating load 

placed on the space heater is reduced, therefore reducing 

pollutant generation. 

Preliminary results from a four week study of both units of a 

duplex in Oregon agree with the model predictions (Figure 5). 

The two identical units were heated with unvented propane-fired 

and electric space heaters. One unit received staged weatheriza

tion of: house-tightening followed by insulation, while the 

other unit was an unweatherized control. Overall R-values for 

each structure were determined from night co-heating 
13 

measurements. In Figure 5, ~C0 2 concentrations 

(representative of the other combustion-generated pollutants) 

are presented to show the impact of the two stages of 

weather(zation on concentration. The solid lines in Figure 5 

are reciprocals of the air exchange rate fit to the data from 

the test unit. 

NEW ENERGY-EFFICIENT HOMES 

The objectives of this project are similar to those of the 

Existing Home Study: 1) evaluate the effect of very low infil

tration rates in new energy-efficient homes on indoor pollutant 

levels, 2) investigate the efficacy of several indoor air 

pollutant mitigation strategies. Work will be conducted in two 

phases. 
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Phase I - State agencies from Idaho, Oregon, and Washington 

furnished names of new home owners potentially interested in 

participating in this screening phase of the project. Ninety

four (94) homeowners were contacted and sixty-four (64) agreed 

to participate. Thirty-two (32) homes were built according to 

the Model Conservation Standards (MCS), while the balance were 

standard construction new homes built since 1982. Twenty-eight 

(28) were located in the Spokane, Washington and Coeur D'Alene, 

Idaho areas and thirty-six (36) in the Salem/Portland, Oregon 

and Vancouver, Washington vicinity. 

Technicians began testing in February of 1985, using seven-day 

passive monitoring of HCHO, N02, and H20 in each house. Radon 

passive samplers were also deployed to remain for up to two and 

one-half months. Passive PFT samplers were placed to measure 

ventilation rates during both the seven day and twc. month 

sampling periods. Up to five monitoring locations were chosen 

in each house with additional radon and PFT sampling l•"Jcations 

in basements and crawlspaces. 

also being conducted. 

Fan depressurization tests are 

An analysis of interzone transport of radon is also being made. 

By labeling zones suspected of high radon source strength with 

different PFT tracer types, air flow rates between zones can be 

estimated. With the addition of radon samplers, radon transport 

rates into the occupied spaces via the flow of air from other 

zones (e.g., basement) can be quantified. 

Phase II - Up to twenty-five of the homes screened in Phase I 

will be selected for mitigation and retesting. Selection 

criteria will be the same as for existing homes. The study will 

begin in Fall, 1985. 

CONCLUSIONS 

Passive samplers for a variety of pollutants can be packaged 
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together to p~ovide an economical and efficient method for 

testing a large number of buildings. Structures with pollutant 

levels of concern can be quickly identified for-further study. 

The majority of homes in this study had levels of HCHO and N02 

far below recommended guidelines. Humidity levels could be a 

concern in approximately 10% of all homes monitored. 

49% of the homes monitored in the Spokane-Coeur D'Alene area had 
1 

radon levels above 5 pCil- . A campaign to monitor radon in 

many more homes in this area using passive samplers should be 

initiated. The resulting data would define the extent of high 

radon occurrence and the number of dwellings (or commercial 

buildings) affected. Research regarding radon source mechanisms 

and effective mitigation techniques are part of the projects 

described here and will begin during the Summer of 1985. 

Preliminary results from fan depressurization tests indicate 

that reduction in specific leakage area due to wall insulation 

and standard BPA weatherization is less than 10%. Further 

analysis will attempt to resolve changes ~n pollutant 

concentrations due to weatherization. 
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MAILED PASSIVE SAMPLER PACKAGE 

Figure 1: Sketch of passive 

Pacific Northwest residences. 

the box. From left to right: 

TER VAPOR PASSIVE SAr1PLER 

NITROGEN DIOXIDE PASSIVE SAMPLER 

~ 

TRACK ETCH TYPE SF 
--- RADON DETECTORS 

--,?'----FOIL RETURN MAILING POUCH 
WITH DATA LABEL 

sampler package mailed to 100 

Tubes were deployed upright in 
HCHO, H2 0, N0 2 , HCHO, 2 radon 

detectors deployed separately. In addition to the written 

directions enclosed with the mailing, the occupants received 

telephone instructions as to the proper deployment and exposure 

procedures. 
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Figure 4: Radon.. tempera.ture difference. and wind speed vs .. time for three houses: a) Home 
with. full basement. measured on first floor - Spokane area,. b) Concurrent b·asement: radon 
measurement in house in a). c) Home with crawlspace - Spokane. d) Home with slab -Vancouver. 
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Figure 5: Increase in t.C0 2 vs. air exchange rates in two 
dwellings with unvented propane-fired space heaters. Concentra
tion is approximately proportional to the reciprocal of the 
ventilation rate (C ~ 1/ACHR) for a constant building shell 
thermal resistance (R). Pollutant concentrations in the test 
house increased after house tightening (solid triangle). After 
conductive retrofits (attic, wall, and crawlspace insulation), 
the test house R-value increased from 3.4 to 10.6 and reduced 
the heating load on the propane heater, thereby reducing 
pollutant generation, resulting in a lower pollutant 
concentration (solid circle). The control dwelling (open 
symbols) did not receive any energy conservation retrofits. 
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