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INTRODUCTION

This report summarizes GEOMET Tgchnologies, Incorporated
(GTI) findings fegarding indoor air contaminants in the energy-efficient
residence (EER) in Mt. Airy, Mary1aﬁd.r The objectives‘of the study were
to: ' '
() Collect relevant air quality samples (sbecifica11y
* radon and aldehydes), '

e Analyze aldehyde samples with GTI laboratory
facilities, and

° Characterize the indoor air quality with respect
to radon and aldehydes and develop relationships
between air infiltration rates and contaminant
levels. ' o

The radon samples were analyzed by the Lawrence Berkeley Laboratory and

operational characteristics of the test residence were secured by NAHB.



Section 1.0

FORMALDEHYDE

1.1 Measurement Techniques

Aldehyde sampling employed instrumentation and analytical techni-
ques developed by the Lawrence Berkeley Laboratory (LBL). The sampling
apparatus secured indoor/outdoor pairs of 24-hour samples of total aldehydes
and formaldehyde. Total aldehydes were sampled using impingers filled with
MBTH; formaldehyde wa§ sampled using impingers filled with disti]led water,
The impingers were kept cool inside a refrigerator that was an integral part
of the sampling system. Timing was automatically contro]1ed; The samples
were shipped to the GTI analytical facilityvvia overnight express freight
in chilled containers. The séhpIes were analyzed under,prptocol defined and
developed by LBL. Formaldehyde concentrations we}e,determined using the
pararosaniline technique (Miksch, 1980); total aldehyde concenfrations were

determined using the MBTH technique as modified by LBL (LBL, 1980a).°

1.2 Data Presentation

The data obtained in the course of the study are given in Table 1.1.
Clearly, 15 24-hour measdrements do not constitute a sufficiently large data
base for rigorous statistical ana1yses, yet a careful review of the data
reveals trends establishing cause and effect relationships.

The maximum formaldehyde (HCHO) concentration measured was
0.14 mg/m3, the average concentration was 0.06 mg/m3. A comparison with
existing indoor standards (see Table 1.2) indicates that 20 per cent of the

observed indoor HCHO concentrations are within the range that should cause

concern,

. -
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The history of monitoring for total aldehydes and formaldehyde
is illustrated in Figure 1.1.

The study evolved in two phases: Phase A when the heat'exchénger
was generally not operating, and Phase B when a heat exchanger was operating.

As indicated by the ratio variation (Figure 1.2), the formaldehyde
portions of total aldehydes varied considerably over the experimental
period. An effort to associate this variation with indoor smoking was not
fruitfu1; A relationship has been identified between HCHO concentrations
and the HCHO-to-RCHO ratib (see Figure 1.2). The resulting correlation
coefficient of 0.774 explains 60 percent of the variance. 4

A major source of formaldehyde is 1200_ft.2 of plywood, which
constitutes the subfloor of the structure. The area of kitchen cabinet

2 and should also be considered a

chipwood has been estimated at 200 ft.
major indoor source. The residence was built in 1977, thus the observed

elevated formaldehyde concentrations are attributed to a low emission rate
from the#e sources and indoor accumulation duefto éktreﬁe]y Tow air infiltra-
tion rates.

Variation of forma]dehydeAconcentrafidnﬁ in room air depends,
among other factors, on temperature, relative humidity and air infiltration
rates. (Andersen et al, 1975 and others). The experimental design of the
present study controlled only thé air 1nfi1trétion rate, it varied from a low
value of 0.04 to 0.1 air changes per hour (ACH'1) to as much as 0.8 ACH']
when augménted by mechanical ventilation through air to air heat exchangers.
SN Tempebature (1iving room) averaged 65°F, varying from a low of 55° to a high

of 70°F. Relative humidity varied over a much broader range, from 35% to

over 65%.

”
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.- Figure 1.2 qumaldehyde and Total Aldehydes
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As shown in Figure 1.3a, formaldehyde concentrations displayed
no obvious relationship with temperature. Formaldehyde response to varied
relative humidity was more apparent (see Figure 1.3b). The.rggression
equation relating HCHO concentrations (in mg-m'3) and relafive ﬁumidity is

given by:

HCHO = 0.012 ¢~0-33 RH

with a correlation coefficient of 0.750.
Thé‘relationship between air infiltration rate and relative humidity

is shown in Figure 1,3c. The corresponding regression equation is:
RH = -28.13 1 + 54,9

whqre}re]ative humidi;y, RH, is expresged-in percent and’air infiltration
r&éé;-l; is éxpfessediih air chéﬁges per hour., The correlation coefficient
is -0.447. WhiTe the trends are evident,  the r§1atiye1y low correlation
coefficient may be attributed to the small sample siié and the clustering

of the data points.

In the steady state, the HCHO concentration (C) is equal to the

emanation rate (E) divided by the air infiltration rate (I).:
c=£

1

The emanatfon:}ate, given in mém'3hr' R estimates the rate of release necessary

to achieve the measured concentration. The emanation rate is dependent

upon both relative humidity and air infiltration rate.
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Figure 1.4 indicates that the relationship between formaldehyde
levels and the ventilation rate can be approximated by the linear relation-

ship:
Log (HCHO) = -0.5 Log I - 1.62.

If the formaldehyde source was constant, the expected slope of this line

would be -1. The fact that the observed slope is -0.5 indicates that an
increased ventilation rate actually increases the rate of release of formaldehyde.
Nevertheless, increased ventilation-rates do lead consistently to lower
formaldehyde concentrations. Therefore, increased ventilation rates can be

an effective tool in reducing indoor formaldehyde levels,

1.00 -
Log (HCHO) = =0.5 Log I =1.62 -

™
lE ‘1'
o 0.10F ..\
= - ) ®
S ~ "~
- po ) . . .
- ON
- o
1 q |l||n’1J [ \: ' T
o‘010.01 0.10 1.0
I,Aafl

Figure 1,4 Variation of Formaldehyde Concentrations
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Section 2.0
RADON

- 2.1 MEASUREMENT TECHNIQUES

Radon concentrations were monitored over a variety of environmental
and operational settings from late August 1979 through April 1980. A coor-
dinated system of measurements addressed the etiology of radon in the indoor
environment through integrated, intermittant and continuous measurement of
radon levels in key locations indoors and outdoors as explained below,

Week-long integrated values were secured by siting passive environ-
mental radon monitors (PERMs) indoors on the main floor (living room) and in
the basement. A third PERM was sited outdoors (carport) to assess ambient
conditions. These thermoluminescent chip assemblies were shipped to LBL for
analysis at the end of each period of exposuré. |

| The integrated measurements were augmented by intermittant samp-
ling, pumping samp]e‘air into Tediar bags. These samples wére then shipped
ovefnight to LBL for analysis. Such grab samples were secured at the two indoor
PERM sites as well as from soil gasses (~2 meters depth), the fdundation wall
cavity, and the basement floor drain. Tap water samples were secured on 5
monthly basis and shipped to LBL for analysis.

VThe_Continuous Radon Monitor (CRM) developed by LBL was operating
throughout much of the study term. This fnstrument gave radon concentrations

Ce every 3 hours for room air. Such sampling was periodically rotated between

the basement and main floor.

-11-
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2.2 DATA PRESENTATION

Analysis of the resulting data product was performed in response

to two basic objectives:

0 Characterize radon in this indoor environment
) Determine the capabilities of increased ventilation

with air to air heat exchangers for reducing high
levels of radon.

Each data product (i.e., integrated, intermittant, continuous) was analyzed

-separately in the light of environmental and ventilation conditions that

prevailed., Conclusions were then drawn from each of these analysis products

as well as from the integrated ensemble. Radon monitoring history for PERMs

. and grab samples is displayed in Figure 2.1.

2.2.1 PERMs Data
. " The data from indoor (basement, main floor) PERM concentrations

are’presented in Table 2-1. Outdoor readings have not been included because

their v&ldes were consistently lower than corresponding indoor reédihgs; the

average outdoor Rn concentration was 0.4 nCim'3. Because of variations in

afr infiltration rate during many of the 1 to 3 week averaging periods, a
nominal air infiltration rate was developed by weighting each applicable air
infiltration rate by duration into an average for each sample period. In
some cases the air infiltration rate was inferred froh knowledge of the
operating state of the house and previous infiltration measuremeﬁfs_performed
under simi1ér circumatances.

Basement Rn concentrations are consistently higher than those

secured from the main (above ground) floor, indicating entry through (and

| -12- |
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Table 2.1. Integrated (PERM) Samples of House_Air‘

Average Concentration (nCim-3)

Nominal Air

s . : Exchang? Rate
ample Period Basement Main Floor (ACH=T)
1) 09/23-10/15 6.0 5.0 0.21
2) 10/22-10/29 7.0 4.0 0.40
3) 10/29-11/05 -- 6.0 0.47
4) 11/05-11/19 6.0 - 0.22
5) 11/19-12/03 4.6 - 2.5 0.45
6) 12/03-12/10 8.0 6.0 0.12
7) 12/10-12/17 2.3 1.6 0.60
8) 12/17-01/02 4.0 3.0 0.40
9) 01/02-01/14 9.0 5.0 0.30
10) 01/14-01/21 7.3 -- 0.30
11) 01/21-02/18 8.6 - 8.5 0.30
12) 02/18-03/10 6.3 5.5 0.10*
13) 03/27-04/10 19.0 8.1 0.10*

- 04/10-04/24 3.2 2.5 0.60*

14)

*

-14-

Infiltration rate inferred from operational state of house.



possibly from) the foundations of the house. This upstairs/downétairs con-
trast appears to be related to the ventilation/recirculation characteristics
that prevailed during each sample period. Unfortunately, these operating
characteristics were rarely constant within a given sample period. Most
readings were obtained under varying combinations of internal recirculation

of house air, mechanical ventilation and natural infiltration.

PERM sample set 12 coincided with operation of the internal recir-
culation fan only. Sample set 13 occurred with ihe ventilation/recirculation
systems idle. Sample set 14 occurred with the heat exchanger processing base-
ment air only. Sample set 7 was secured under conditions like those prevailing
in sample set 14. | : .

The value of introdué%ng (outdoor) dilution air to the house system
is obvious. The highest levels of radon concentrations--basement and main fioor
--gccurred when the house was ventilated by infiltration only (sample set 13).
This case also represented the highest upstairs/downstairs contrast. Recircu-
lating house air with the aid of the interior fan lowered both the contrast and
the concentrations éubstantial]yv(samp1e set 12). Increasing the dilution air
through the air-to-air heat exchangér in the basement further féduced the
Rn concentrations (sample set 14 and 7).

The value of introducing fresh air to the house system is displayed
in Figure 2-2. Depletion of radon concentration through increased air exchange

is consistent for both the main floor and basement air spaces. The basement

data yielded the regression equation:

" log [Rn] = -0.61 log(I) + 0.44

. =15
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-3

where radon, (Rn) is expressed in nCi m ~ and air infiltration rate (I)

is expressed in air changes per hour. A similar regression equation emerged

from the main floor data:

log[Rn] = -0.53 109(1).f 0.34.

Sample sets 12, 13 and 14 have been highlighted on the graph to i11ustra£e

the relationships explained above.

2.2.2 Grab Samples of Room Air

The raw data from grab sampling of basement and main floor house
air is presented in Table 2.2. The broad range of values registered here

may be indicative of the short term variability of radon concentrations in

the indoor environment. The air infiltration rates quoted here denote the
rate of the 24 hours preceeding each sample set. Five of'these sample sets
(2,3,4,5,6) were obtained on days whgn the air exchange rate was modified (by
altering the heat exchanger setting) in'the morning. This alteration
usually preceeded sampling by roughly 5§ hours. The five sample sets that
~ sustained changes in air infiltration were excluded from the computations.
As with the PERMs data, reduction of radon concentration was;

strongly correlated with air infiltration rate. Figure 2.3 illustrates the
relationships for the basement as well as the main floor, the cbrre1atjon
coefficients are -0.83 and -0.88 respectively. fywiﬁnu :;;”

1 .

The logarithm1c regression equations are simplif1ed to a common »

form,

Rn = 0.88 x I

-17-




Table 2.2. Radon Grab Samples of House Air
Ai:l-oggfamlnge Basement Main Floor
Sample No. Date Time (EST) | = (ACH-1) nCim=? . |  nCim-3
1 09/04/79 1300 0.04 54,0 27.0
2 10/29/79 1500 0.4,0.8% 6.3 -
3 11/05/79 1430 0.8, 0.3* 7.3 6.5
4 11/19/79 1500 0.13, 0.6+ 3.8 3.3
5 12/03/79 1600 0.3, 0.12* 4.2 2.2
6 12/10/79 1430 0.12, 0.6* 1.8 1.4
7. 12/17/79 1500 0.34 .70 e
8 01/02/80 1500 0.26 1.8 2.8
9 1 01/16/80 1100 - 0.30 2.5 4.8
10 | 02/18/80 1130 0.10%* 6.3 5.4
11 - | 03/10/80 1100 0.10%* 50" 5.0
12 04/02/80 1030 0.10%* 6.5 6.6
13 | 08/10/80 1000 0.10%* 21,1 16.3
R 04/19/80 0930 ©0.60% 2.2 1.9
15 ' 04/24/80 1100 0.60%% 3.5 1.6

* A;ir exchange rate altered @, ~1000 EST th‘at day.

bl -A'ir’eXchange ‘rate inferred from'operationﬂ state of house.

-]18-
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which may be applied to either air space. The difference between the regressions
fndicated for grab samples and for the PERMs data (Section 2.1.1) is attri-
butable to the different time scales involved with the measurements. The
multiday exposure interval for the PERMs allows "smoothing" of the short

term (i.e., turbulent) processes that may occur with grab sampling.

2.2,3 Grab Samples of Soil Gases, Foundation Cavities and Tap Water

Data from the grab sampling of soil gases (~2 meters depth)
and foundation wall cavity are presented in Table 2.3. Radon concentrations
in the soil gases were commonly ten times those in the foundation wall
cavity. The wall cavity readings were on the same order of magnitude as the

house air samples (see section 2.1.2).

Table 2.3. Radon Grab Samples - Soil, Gas, Wall Cavity

Time Soil Gas Wall Cavity
Date (EST) (nCim=3) (nCim=3)

1) 10/29 1500 918 --

2) 11719 1500 1340 16.5
3) 12/03 1600 1020 8.4
4) 12/10 1430 800 7.1
5) - 12/17 1500 1030 12.4
6) 1/02 1500 1260 17.3
7) 1/16 1100 980 17.0
8) 2/18 1130 760 5.6

«20-



As shown in Figure 2.4a, radon levels in the wall cavity were

closely related to levels in the soil gases. The regression equation:
K Log [w] = 1.87 log [s] - 4.6,

~ where w, the wall cavity radon concentration and s, the soil gas radon con-

centration are expressed in nCim™3

gave a correlation coefficient of 0.85,
denoting a 0.72 explained variance.

No correlations were found between this system and house air.
This is not surprising because the permeation/infiltration of radon through

the soil/foundation system should fluctuate over much slower time scales
than would house air (see Figure 2.4b).

The grab samples of tap water And air from the floor drain in the
basement were too few to support statistical analysis. Concentrations of
radon in tap water wereICOmmensurate with those found in soil gases
(‘\-103 nCim'3). The two floor drain samples were slightly higher than the

corresponding wall cavity samples.

2.2.4 Continuous Monitoring

| The Continuous Radon Monitorv(CRM), developed by LBL was in service
from early December until late April. Sampling was alternated between the
basement and main floor on a regular bésis. A small portion of this record
has been excerpted to i11ustréte the short term variability of indoor radon
AT alluded to earlier_(Secfion 2.1.2).
' Figure 2.5 shows the continuous record of radon levels measured

in the basement from 1/2/80 to 1/14/80. This éoincided with PERM sample

7 set 9 (section 2.1.1). During this period, the house was idle - the nominal
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air exchange rate of 0.3 ACHf]

was due primarily to natural infiltration.
Infiltration was augmented by operation of the heat exchanger on .the 2nd,
3rd and 4th of January, boosting the air exchange rate to 0.33 ACH'] on
those days. Barometric pressure (inches of mercury, corrected to sea level)
and temperature differential (living room minus basement, F°) are also
plotted. The occurrence of precipitation in the form of snow (*) and rain
(o) is included along with indications of snow depth at 1830 EST. The
pressure data was secured from the microbarograph operated by the University
of Maryland in College Park (~ 45 km SE of Mt. Airy). Weather data came

from a cooperative observer in Damascus, Maryland (~12 km SW of Mt. Airy)

and is courtesy of the state climatologist.

The PERM sample set corresponding to this‘portion (1/2/80 to 1/14/80)

3 3

of the CRM record indicated 9 nCim ~ average basement concentration, 5 nCim"

average main floor concentration. The CRM indicates excursions between

3 3

Towest values near 1,0 nCim ° and highest value in excess of 16.0 nCim™°.
The average of all CRM (3-hour) Rn concentrations during this period was
7.8 nC’im'3 which is in measurable agreement with the corresponding PERM
sample from the~basement.

The following points bear mentioning regarding an apparent broad
correspondence between Rn concentration barometric'pressure, precipitation
and indoor temperature differentiation.

) When the heat exchanger and recirculation systems are

not operating, radon growth and decline tends to be in

phase with barometric pressure trends when there is snow
on the ground. '



® Rapid growth/decline of radon concentration appear to

often coincide with variation in temperature difference
between main floor and basement. Should this premise
be operative intrastructure air movement due to
temperature differentiation is an important factor
affecting Rn concentrations.

Two mechanisms appear to be at work. Barometric pressure would
appear to have the lead role in moderating the potential magnitude of radon
‘infiltration from the soil matrix surrounding the foundation, and transport
of air between floors accounts for radon depletion that is too rapid for
air exchange dilution. Unfortunately, the CRM was confined to sample in
only one indoor location at a time. The expected symetry of growth/decline
as air is transfered between floors cannot be verified without paired measure-

ments.
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Section 3.0
CONCLUSIONS

One-fifth of the measured formaldehyde concentrations were in the
range that may cause health concerns. Although indoor temperature and
relative humidity affect indoor HCHO concentration, the elevated formaldehyde
concentrations were measured under very low air infi]tfation rates. The data
show that ventilation of the indoor air space is somewhat effective in
reducing high HCHO concentrations. The operation of the heat exchanger led
to an increase of the air infiltration rate which in turn resulted in sub-
stantial reduction of formaldehyde concentrations.

A considerable number of the collected samples of indoor air
_displgyed radon_cpncentrations at levels higher than 1.0 - 4.0 nCim'3
(assuming an equilibrium factor of 0.5, these radon levels would cofrespond
to working levels above the health gdidelihesKSUggested by the U.S. EPA for
nomes in Florida built on land reclaimed from phosphate mining). As in the
case of indoor formaldehyde concentrations, elevated indoor concentrations
are substantially reduced when the infiltration rate is increased. The
data base shows that the use of the air to air heat exchanger leads to
reduction of indoor radon concentration by increasing the residential venti-
lation rate. The effect of air infiltration rate and the relative position
of the EER observed radon concentrations (obtained by PERM measurements)

against measurements taken elsewhere (LBL, 1980b) is illustrated in the

figure below.
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It is apparent that at low infiltration levels, the Rn and HCHO

concentrations are above health recommendation levels, however. increasing

the mechanical ventilation brings those levels within the recommended range.
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