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INTROt)UCTION

This report surmarizes GEOMET Technologies, Incorporated

(GTI ) fi nd'ings regard'ing indoor ai r contami nants 'in the energy-effi ci ent

residence (een¡ in Mt. Airy, Maryland. The obiectives of the study were

to:

Co'llect relevant air qua'lìty sampìes (specifically
radon and al dehydes ) ,

Analyze al dehyde samp'les wi th GTI 'laboratory
facil'ities, and

Characteri¡e ihe jndoor air quality with respect
to radon anci aldehydes and develop relatìonships
between ai r i nfì I trati on rates and contami nant
levels.

The radon samp'les were analyzed by the Lawrence Berkeley Laboratory and

operational characteristics of the test residence were secured by NAHB.
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Secti on I .0

FORI'IALDEHYDE

'l .l I'teasurement Techniques

Aldehyde sampling employed instrurnentation and anaìyt'ica'l techn'i-

ques developed by the Lawrence Berkeley Laboratory (LBL). The sampl'ing

apparatus secured indoor/outdoor pairs of 24-hour samp'les of total aldehydes

and forrnaldehyde. Total aldehydes were sampled using impingers filled with

lßTH; formaldehyde was samp'led us'ing impìngers fil'led with disti'l'led water,

The impingers were kept cool insìde a refrigerator that was an integral part

of the samp'ìing system. T jming v/as automatical'ly control'led. The sampì es

were shipped to the GTI analytical facility via overnight express freight

in chilled containers. The sampìes were anaìyzed under protocoì defined and

developed by LBL. Formaldehyde concentrations were determined using the

pararosanìline technique (Miksch, '1980); tota'l aldehyde concentrations were

deterrnined using the lßTH technìque as mod'ified by LBL (LBL, ì980a).

1.2 Data Presentation

The data obtained in the course of the study are g'iven in Table l.'1.

Cìear1y, l5 24-hour rneasureinen'us do not constitute a su1'ficjent'Ìy ìarge Caia

base for r'ígorous stat'isticai analyses, y€t a carefu'l rev'iew of the data

reveals trends establishing cause and effect relationshìps.

The maximum formaldehyde (HCHO) concentration measured was

0.14 ng/m3, the average concenl:'at'ion was 0.05 irg/m3. A ccmcariscn wjin

existing indoor standards (see Table 1.2) jndicates that 20 per cent of the

observed indoor HCHO concentrations are within the range that should cause

conce rn .
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The hjstory of mon'itoring for total a'ldehydes and formaìdehyde

'is i ll ustrated j n Fi gure 1 . 
'l 

.

The study evolved ín truo phases: Phase A when the heat exchanger

was genera'lly not operating, and Phase B when a heat exchanger was operating.

As 'indicated by the rat'Ío variatjon [Figure '1.2), the forma]dehyde

portions of total a'ldehydes varied considerably over the experimental

period. An effort to associate this variation w'ith indoor smoking was not

fru'itful. A relat'ionship has been identified between HCH0 concenrrations

and the HCH0-to-RCHO ratio (see Figure 1.2). The result'ing corre'lation

coefficient of 0.774 explaìns 60 percent of the variance.

A major source of formaldehyde is 1200 ft.Z of ol.yr¡¡ood, which

constitutes the subfloor of the structure. The area of kitchen cabinet

chipwood has been estimated at 200 ft.2 and should also be considered a

major indoor source. The res'idence was built in L977, thus the observed

elevated fonnaldehyde concentrations are attributed to a low emission rate

from these sources and'indoor accumu'lation due to extreme'ly low air infiltra-
ti on rates.

Variation of formaldehyde concentratjons in room a'ir depends,

among other factors, on temperature, re'latjve hum'idity and ajr infil tration

rates. (Andersen et al, '1975 and others). The experjmental desìgn of the

present study contrcì'led cnly the air infiltration rate, it varied from a low

,¿a'lue of 0.0,1 tc 0.I aìr changes per hour (ACÌ.'--'l) to as much as 0.8 ACH-l

when augmented by mechanicaì ventjlation through a'ir to ajr heat exchangers.

Temperature (living room) averaged 65"F, varying from a low of 55" to a high

of 70"F. Re1ative humidity varied over a much broader range, from 35;i to

over 65%.

-5-
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As shown in Figure 1.3a, formaìdehyde concentrations dispìayed

no obvìous relationship w'ith tenperature. Forrnaldehyde response to varied

relative humidìty was ffi,y€ appar€nt (see Figure '1.3b). The regression

equation relating HCHO concentrations (in rng.m-3) and re'lative humid'ity is

given by:

HCHO = 0.012 e
-0.33 RH

wìth a correlation coefficìent of 0.750.

The relat'ionsh'ip between air ìnfi'ltrat'ion rate and relative hum'idity

is shown in F'igure ì.3c. The corresponding regression equation is:

RH=-28.]3 I+54.9

where relative hum'idity, RH, is expressed jn percent and ajr infi'ltration

rate, I, ìs expressed'in air changes per hour. The correìation coefficjent

is -0.447. þJhile the trends are ev'ident, the re'lat'iveìy low correlation

coefficient may be attributed to the small sample size and the clusterìng

of the data poìnts.

In the steady state , the HCH0 concentrati on (C) 'i s equa'l to the

emanation rate (E) ¿ivjded by the air infiltratjon rate (I).

-
-LL=T

The emanatjon rate, given in mgnl-3hr-1, estimates the rate of re'lease necessary

to achieve the neasured concentration. The emanation rate ìs dependent

upon both re'lat'ive humjd'ity and air infiltration rate.

-8- @
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Fìgure '1.4 lndlcates that the relat'ionship between formaldehyde

leve'ls and the ventilation rate can be approximated by the ljnear relat.ion-

shi p:

Log (FICHO) = -0.5 Los I - 1.62.

If the fonna'ldehyde source was constant, the expected s'lope of th'is I jne

would be -'1. The fact that the observed slope is -0.5 indicates that an

jncreased ventl'latlon rate actual'ly increases the rate of release of formaldehyde.

Nevertheless, jncreased ventilation rates do 'lead consistentìy to lower

formaldehyde concentrations. Therefore, lncreased ventilation rates can be

an effecti ve tool jn reduc'ing indoor fonna'ldehyde 'level s.
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Section 2.0

RAOON

2.I MEASUREMENT TECHNIQUES

Radon concentratjons 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 etÍoìogy of radon in the jndoor

envìronment through ìntegrated,'interm'ittant and continuous measurement of

radon levels ìn key'locatìons indoors and outdoors as expra'ined beiow.

Week-long integrated values were secured by sitìng pass'ive environ-

menta'Ì radon monitors (PERMs) jndoors on the ma'in floor (ììvìng room) and in

the basement" A third PERM was sited outdoors (carport) to assess ambient

cond'itions. These thennoluminescent chip assembl'ies were shipped to LBL for

ana'lys i s at the end of each perìod of exposure.

Ïhe 'integrated measurements were augmented by ìntermìttant samp-

Iing, pumping sample air into Tedlar bags. These samples were then sh'ipped

overnight to LBL for anaìysis. Such grab samp'les were secured at the two indoor

PERM sites as well as from soil gasses (-2 meters depth), the foundation wall

cav'ity, and the basement floor drain. lap water samples were secured on a

rnonth ly basìs and shipped 'uo LBL for analysi s.

The Continuous Radon Monitor (CRM) developed by LBL was operating

throughout much of the study term. This insirument gave raCon concentrations

every 3 hours for roo¡n aii'. Such simp l ing was per'ìoclìcaì ly rotated between

the b asement and majn f 'loor 
.

-'t1-



2.2 DATA PRESTNT AT ION

Analysfs of the resuìting data product was performed in response
to trryo bas i c object.ives :

Characterize radon in this indoor envÍronment
a

a Determine the ca
wlth air to air
leveJs of radon.

pabi'lities of increased ventilatjon
heat exchangers for reducr:;õ Åì;;"

Each data product (ì.e., integrated, intermittant, cont.inuous) was anaìyzed
separately in the light of environmental and ventilation conditions that
preva'i1ed' concjusions were then drawn from each of these analysis products
as well as from the integrated ensembìe. Radon monitorìng history for pERMs

and grab sampìes .is disp.layed in F.igure Z.l.

2.2.1 PERMs Data

ïhe data from jndoor (basement, main floor) pERM concentrations
are presented 1n Table 2-1. Outdoor readings have not been included because
their vaJues n.r. .on'istently rower than corresponding indoor readìngsi the
average outdoor Rn concentration was 0,4 nCim-3. Because of varjat.ions in
air infiltration rate during many of the l to 3 week averaging perìods, a

nom'ina'l air infi'ltration rate was developed by wer'ghting each appìicable ajr
infiltration rate by duration into an average for each sampre perr.od. in
some cases the air infi'ltration rate tvas inferreci frcm knowledge of che
o0eratlng state of the house anci, orevious l'nfj'ltration measurements performed
under similar circumatances.

Basement Rn concentrations are consistentìy higher than those
secured from the main (above ground) fioor, ìndicating entry through (and

-12-
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Average Concentrat.ion (nCínr3)
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Nominal Air
Exchange Rate

(ncH- t I

6.0

4.6

8.0

2.3

4.0

9.0

7,3

8.6

6.3
.l9. 

0

3.2

6.0

7.0

5.0

4.0

6.0

6.0

1.6

3.0

5.0

8.5

5.5

8.1

2q

0.21

0.40

0.47

0,22

0. 45

0.12

0. 60

0. 40

0. 30

0. 30

0.30

0. l0*

0. l0*

0. 60*

l)
2\

3)

4)

s)

6)

7)

8)

e)

't0 
)

l'l)

12)

i3)

l4)

Tab'le 2.1. Integrated (PERM) Samples of House Air

09/?3-10/15

10/22-10/29

10/?9-t l/os

l I /0s- 11 /19

11 /19-12/03

12/03-1?/10

1?/10-12/17

12/17-01 /02

01 /02-01 /14

01 /14-01 /21

01 /21-02/18

02/18-03/10

03/?7-04/10

04/10-04/24

Infiltration rate inferred from operationar state of house.
*

- 14-

@



possìbly from) the foundations of the house. Ihis upstairs/downstajrs con-

trast appears to be related to the ventjlatl'on/recircuìation characteristjcs

that prevailed during each sample period. Unfortunately, these operating

êharacteristics were rarely constant within a given sampìe perìod. Most

readings were obtained under varying comb'inations of interna'l recirculat.ion

of house aìr, mechanical ventilation and natural infiltration.
PERI''I sample set 12 coincided with operatjon of the internal recir-

culation fan onl¡r. Sample set 13 occurred with the ventilation/recirculation

systems idle. Sampìe set 14 occurred with the heat exchanger processing base-

ment a'ir onìy. Sample set 7 was secured under condjtions like those prevaìlìng

ìn sanp'le set 14.

The value of introducjng (outdoor) dÍlution air to the house system

is obvious. The highest levels of radon concentratjons--basement and main floor

--occuffed when the house was ventìlated by Ínf iltrat jon onìy (sample set 13).

Ïhis case also represented the highest upstaìrs/downstairs contrast. Recircu-

lat'ing house air with the aid of the interior fan lowered both the contrast and

the concentratjons substantial ly (sample set 12). Increas'ing the di lut ion air

through the air-to-a'ir heat exchanger in the basernent further reduced the

Rn concentrations (sample set l4 and 7).

The va'iue of introduc'ino fresh air to the house system is dispìayed

in Figure 2-2. Oepletjon of radon concentration through increased air exchange

js cons'istent for bcth the main tloor and basemen: a'ir spaces. The basement

data y jelded ihe re,-rression equat'ion:

log [Rn] = -0.61 1og(I) * O.qq

-t 5-
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where radon, (Rn) is expressed'in nci m-3 and a.ir infiltration rate (i)
1s expressed 'in air changes per hour.

from the main floor data:

A similar regression equation emerged

log[Rn] = -Q.53 log(I) + 0.34.

Sample sets 12,'¡3 and 14 have been high'lighted on the graph to i1'lustrate
the relatlonships expìained above.

2,2.? Grab Samoles of Room Air

The raw data from grab samp'ling of basement and main floor house

air js presented in Table ?.2. The broad range of values regìstered here

may be jndicative of the short term varjability of radon concentrations jn

the indoor env'lronrent. The air infi'ltration rates quoted here denote the

rate of the 24 hours preceeding each sampìe set. Five of these sampìe sets
(2,3,4,5,6) were obtained on days when the air exchange rate was mod.if.ied (by

altering the heat exchanger setting) in the morning. This a'lteration

usually preceeded sampling by roughly 5 hours. The five sanple sets that

sustained changes 'in air infiltratfon were excluded from the computations.

As with the PERMs data, reduction of radon concentratjon was

strongly corre'lateci with air infiltration rate. F'igure 2.3 j'llustrates the

relationshìps for the basement as well as the main floor, the correlatjon

coefficients are -0.83 and -0.88 respectiveìy.

The 'logarl thmi c regress'ion equati ons are s r'rnp 1 i fi ed to a cornmcn

form,

Rn=0.88xI-l

-17 -
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Table 2.2. Radon Grab Samples of House Air

l

2

3

4

o

7

I
9

10

1l

12

't3

'14

'15

1 300

I 500

1 430

1 500

I 600

I 430

I 500

I 500

1 100

I '130

I '100

I 030

'1000

0930

1 
.]00

54. 0

6.3

1''

3.8

4.2

'l .8

1.7

1.8

2q

6.3

5.0

6.5

21 ,1

?.2

1E

27.009/04/79

10/29/79

11/05/79

11/19 /79

12/03/79

12/10/7e

12/17 /79

01/02/80

0'r/'r6l80

0?/18/80

03/'r0/80

04/02/80

04/'10/80

04/19/80

04/?4/80

0. 04

0. 4 ,0. 8*

0. 8, 0. 3*

0.13, 0.6*

0.3, 0.'12*

0..l2, 0.6*

0. 34

0.26

0. 30

0. I 0**

0. 'l 0**

0. I 0**

0. l0#
0. 60**

0. 60**

6.5

2?

(.L

'l .4

t.¿

2.8

4.8

5.4

5.0

6.6

16.3

1.9

.l.6

*

**
Air exchange rate altered @ 4-1000 EST that day.

Air exchange rate infemed from operat'ional stat¿ of house.

Tr'me (EST)

Nomi nal
Ai r Exchanqe

(nor-l ) - Basement
nCim-3

Main F'loor
nCim-3Sample No. 0ate

I'l
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which may be appljed to either air space. The dìfference between the regressions

indicated for grab samples and for the PERI'ts data (Section 2.1.1) ìs attri-
butable to the different time scales ìnvolved w'ith the measurements. The

rrult'iday exposure interva'l for the PERt4s allows "smoothing" of the short

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

'2.?.2 Grab Sarno'les of Soi'l Gases Foundat'i on Cavities and Tao Water

Data from the grab sampling of soi'l gases (-2 meters depth)

and foundation wall cavity are presented in Table 2,3. Radon concentratjons

in the soil gases wey€ corrÍnonìy ten times those in the foundation wall

cavìty. The wal'l cavity read'ings weÌ€ on the same order of magnitude as the

house air samples (see section 2.1.2).

Tabl e 2. 3. Radon Grab Sampì es - Soi ì , Gas , l,lal'l Cavi ty

tyvi
3¡

501 I

( nCi
Gas

r-3 )

l.lal I Ca
(nCim-

9'18

I 340

I 020

800

'1030

I 260

980

760

't6.5

8.4

7.1

12. +

17 .3

17.0

T'ime
(esil0ate

'r)

2)

3)

4)

5)

6)

7)

8)

10/29

11/re

12/03

12/10

12/17

1/02

1/16

2/18

I 500

I 500

I 600

I 430

I 500

I 500

I 100

I 't30
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As shown in Fìgure 2.4a, radon levels in the wall cavity were

closely related to levels in the soi'l gases. The regression equat'ion:

Log [w] = 
.I.87 log [s] - 4.6,

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

centrat'lon are expressed in nCim-3 gave a correlat'lon coefficient of 0.85,

denotlng a 0,72 explained varìance.

No correlations were found between this system and house air.

This is not surprìslng because the permeation /tnfijtrat'ion of radon through

the soil/foundat'ion system shou'ld fluctuate over much slower time scales

than would house aìr (see Figure Z.4b).

The grab samples of tap water and air from the f'loor drajn in the

basement were too few to support statistical analysìs. Concentrations of

radon in tap water were con:¡mensurate w'ith those found jn soi'l gases

(olo3 nCim-3). The two floor dra'in sampìes were sì'ightly higher than the

corresponding wa'11 cavìty samples.

2.2.4 Contjnuous Monitorìng

The Continuous Radon Monitor (CRM), deve'loped by LBL was in service

from earìy DecenËer untiI 'late AoriI. Sampling was alternated between the

basement and main floor on a regular basjs. A smaìl portion of thjs record

has been e.rcerpted io 'i'llus¡r'lie tne shcrt tem 'rariabil ity of incioor rad.rn

al'ÌuCed to earl ier (Sectì on 2.1 .2) .

Figure 2.5 shows the continuous record of radon levels measured

in the basement from I /?/80 to l/l 4/80. this coìncìded with PERM samole

set 9 (sectjon ?.1.l). Durìng thìs per iod, the house was idle - the nom'inal

lt
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air exchange rate of 0.3 ACH-I was due prímarì1y to natural infiltratjon.
Infiltratlon 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-r on

those days. Barometric pressur€ (inches of mercury, corrected to sea level)
and temperature different'iar (ìÍving room minus basement, Fo) are a.rso

p'lotted. The occurrence of precip{tat'ion ìn the forrn of snow (*) and raìn
(o) 'is included along with indications of snow depth at,lg30 EST. The

pressure data was secured from the microbarograph operated by the unìversity
of Maryland in College park (^- +5 km SE of l,tt. A.iry). Weather data came

from a cooperative observer in Damascus, Mary.land (.-lZ km S1,l of Mt. A.iry)
and is courtesy of the state cljmatologist.

The pERM sample set correspond.ing to this portion (.1 /?/gO to 1/14/gO)
of the CRM record indjcated 9 nCim-3 average basement concentration, 5 nCjm-3

average main floor conceniration. The cRM indicates excursions between

lovest vaìues near .l.0 
ncim-3 and highest va]ue in excess of 16.0 ncim-3.

The average of aì1 cRl4 (3-hour) Rn concentratjons tJurìng thìs perìod was

7' g nCim-3 which is in measurab'le agreement with the comesponding pERM

sample from the basement.

The fol'lowìng po.ints bear nrentjonìng regarding an apparent brcad

c0rrespondence between Rn concentration barometric pressure, precìpìtatìon
and i ndoor tenper-ature dj fferentj ¡tjcn.

a when the hear excnanger and recircuratíon systems arenot operat'ing, radon growth and decrine tenãs io be inphase with barometric pressure trends when therã is sno*on the ground.

-24-

@



a Rapid growth/decline of radon concentration appear tooften coincide with variation in temperature d.ifference
betureen main f'loor and basement. shàur¿ i¡is-p".ñir.
be operat'fve Jntrastructure àir movement due to
temperature differentiation is an importani-raðtor
affect'ing Rn concentrations.

Two mechanisms appear to be at work. Barometric pressure would

appear to have the lead rtle in rpderating the potentiaì magnitude of radon

infi'ltration from the sol'l matrix surrounding the foundatjon, and transport
of air between floors accounts fon radon dep'letion that is too rapid for
air exchange dllution. unfortunate'ry, the cRM was confjned to sampre r.n

only one indoor location at a time. The expected symetry of growth/decline

as air is transfered between floors cannot be verifl'ed wìthout paired m€asurê-

ments.

ac

@



Sectl on 3.0

CONCLUS IONS

0ne-fifth of the measured formaìdehyde concentrations were in the

range that may cause health concerns. Although indoor temperature and

relative humidity affect indoor HCHO concentration, the elevated forrnaldehyde

ccncentratlons were measured under very low ajlinri'ltration rates. The data

show that vent'ilation of the indoor a'ir space'is somewhat effective in

reduc'ing hìgh HCHO concentratlons. The operation of the heat exchanger 'led

to an increase of the a'lr 'lnf'l'ltration rate which in turn resul ted in sub-

stant'lal reduction of formaldehyde concen¡rations.

A considerab'le number of the col lected samp'les of jndoor air

disp'layed radon concentrations at levels higher than 1.0 - 4.0 nCim-3

(assumìng an equilibrium factor of 0.5, these radon leveis would correspond

to working'leveìs above the health guìdeì'ines suggested by the U.S" EPA for

nomes 1n F'lorida built on land recla'imed from phosphate mining). As in the

case of lndoor forrnaldehyde concentrations, elevated indoor concentrations

are substantialìy reduced when the ìnf'ii tration rate 'is jncreased. The

data base shows that the use of the ajr to air heai exchanger leads to

reduction of indoor radon concentì'ai'jon b.y increasing the residential venti-

lation rate. The erfect of .:ir in:'Íl tr':t'ioiì ri*r3 ¡nC the relative posìtìon

of the EER obser'/ed i'adon concanti'ecicns (cii¿ jneC by FEi,l'1 measurements )

against measurements taken elsewhere (LBL, 'l98Cb) is i'll ustrated in the

fìgure beiow.
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It js apparent that at]ow jnfiltration leveJs, the Rn and HCHO

concentrations are above healih recon¡¡endation levels, however. increasinq
the mechanlca'l vent'ilation brlngs those level s within the recornmended range.

10
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