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INDOOR AIR QUALITY IN THE KARNS RESEARCll HOUSES: 
BASEINE MEASUREMENTS AND IMPACT OF 

INDOOR PNVIRONMENTAL PARAMETERS ON FORMALDEHYDE (IONCENTRATIONS 

T. G. Matthews, K. W. Fang, B. ,J. Tromberg, and A. R. Hawthorne 

ABSTRACT 

Base1 ine indoor a i r  q u a l i t y  measurement 8 ,  a nine-month radon study, and 

a n  environmental parameters study examining the  impact of indoor temperature 

(TI and r e l a t i v e  humidity (RH) l e v e l s  on formaldehyde (CH20) concent ra t ions  

have been performed i n  t h r e e  unoccupied research  homes loca ted  i n  Karns, 

Tennessee. Inter-house comparison measurements of (1) CH20 concentrat ion,  

( 2 )  CH20 emission r a t e s  from primary CE20 emission sources, ( 3 )  radon and 
radon daughter concentrat ions,  and (4 )  a i r  exchange r a t e s  i nd ica t e  t h a t  t he  

t h r e e  homes a r e  s imi la r .  The r e s u l t s  of the  nine-month radon study ind ica t e  

indoor concent ra t ions  c o n s i s t e n t l y  below the EPA recommended l e v e l  of 4 pCi/L. 

Evidence was found t h a t  crawl-space concent ra t ions  may be reduced using hea t  

pump systems whose outdoor u n i t s  c i r c u l a t e  f r e s h  a i r  through the crawl-space. 

The modeled r e s u l t s  of t he  environmental parameters study ind ica t e  approximate 

fou r fo ld  inc reases  i n  c820 concent ra t ions  from 0.07 t o  0.27 ppm f o r  seasonal T 

and RE condi t ions  of 20OC, 3oW RE and 29OC, 80% RE, respec t ive ly .  Evaluat ion 

of these emrirormiental parameters study da ta  wi th  steady-state c820 

concent ra t ion  models developed from l abora to ry  s tud ie s  of the environmental 

dependence of CE20 emissions from pa r t i c l eboa rd  underlayment ind ica t e  good 

c o r r e l a t i o n s  between t h e  labora tory  and f i e l d  s tud ie s .  

1. INTRODUCTION 

The impact of va r ious  energy conservat ion and cont ro l  measures on indoor 

a i r  q u a l i t y  i s  being s tud ied  i n  t h r e e  unoccupied r e sea rch  homes loca ted  near 

Oak Ridge National Laboratory i n  Karns, Tennessee. The th ree  bedroom homes 

a r e  i d e n t i c a l l y  cons t ruc ted  according t o  Eas t  Tennessee bui ld ing  codes. The 

homes provide a unique opportuni ty  t o  study the  i n t e r a c t i o n  between energy 

conservat ion measures and indoor a i r  q u a l i t y  a s  a func t ion  of the  heat ing,  
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conserva t ion  measures and indoor a i r  q u a l i t y  a s  a func t ion  of the  hea t ing ,  

v e n t i l a t i o n ,  and a i r  condi t ioning (WAC) system design, indoor temperature (TI 

and r e l a t i v e  humidity (RE) c o n t r o l ,  and home-use parameters. I n  addi t ion ,  

m i t i g a t i o n  measures f o r  improved indoor a i r  q u a l i t y  can be inves t iga t ed .  

These measures may compensate f o r  any adverse impact of energy conserva t ion  

measures. 

\ 

I n  t h i s  r epor t ,  the  r e s u l t s  of base l ine  indoor a i r  q u a l i t y  measurements, 

a nine month radon s tudy,  and a n  environmental parameters study examining the  

impact of indoor T and RB l e v e l s  on formaldehyde ( ( 8 2 0 )  concent ra t ions  a r e  

presented. I n i t i a l  ( i . e . ,  b a s e l i n e )  indoor a i r  q u a l i t y  measurements were 

performed t o  evaluated the  inter-house v a r i a b i l i t y  i n  (1) (820 vapor 

concent ra t ions ,  ( 2 )  (E20 emission r a t e s  from primary a 2 0  sources ,  ( 3 )  radon 

and radon daughter concent ra t ions ,  and (4 )  a i r  exchange r a t e s .  The nine month 

radon study was performed t o  measure seasonal radon l e v e l s  i n  crawl-space and 

indoor l o c a t i o n s  and t o  eva lua te  the  p o t e n t i a l  e f f e c t s  of var ious  HVAC des igns  

t h a t  may inf luence crawl-space v e n t i l a t i o n .  The environmental parameters 

study f o r  (820  was performed t o  (1) provide a model t o  a s ses s  t h e  impact of 

p o t e n t i a l  energy conservat ion measures t h a t  a f f e c t  T and RH con t ro l  on indoor 

(820  concent ra t ions ,  ( 2 )  es t imate  p o t e n t i a l  seasonal v a r i a t i o n  i n  indoor a 2 0  

concent ra t ions ,  and ( 3 )  compare these  r e s u l t s  wi th  environmental-dependent 

(820  concent ra t ion  models developed f rm labora tory  environmental chamber 
s t u d i e s  of pressed-wood products .  

2. ANACYTICAL ME’IBODS 

Temperature: . Temperature measurements were made with mercury bulb 

thermometers and/or thermocouples c a l i b r a t e d  t o  thermometers. 

Re la t ive  Eumidity : R e l a t i v e  humidity measurements were made wi th  e l e c t r o n i c ,  

ion-exchange measurement an i  t s  and/or hygrometers c a l i b r a t e d  t o  w e t  bulb, 

dry bulb measurement devices.  

Formaldehyde Concentration: Most (820  vapor concent ra t ion  measurements were 

performed by pumping 30 t o  60 L of a i r  a t  a 1 L/min a i r  flow r a t e  through 

10 g 13X molecular  s i eve  t raps .  Col lected (820 was then  desorbed wi th  an 

aqueous r i n s e  and analyzed using a pa ra rosan i l ine  co lo r ime t r i c  

a n a l y s i s  (1). 
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Formaldehyde Emission Rate:  On-site measurements of t he  (820 emission r a t e  

from var ious  f l o o r  and wal l  su r f aces  were performed using formaldehyde 

surf  ace emission monitors (2 ) .  Ten gram 13X molecular s i eve  samples were 

used a s  the  (820 sorbent .  The sorbent  was analyzed using an aqueous r i n s e  

and par a r  osani 1 i ne col or ime tr i c anal  y s i s . 
Radon Concentration: Most measurements were performed wi th  pass ive  Track Etch 

d e t e c t o r s  using exposure per iods  of approximately th ree  months. I n i t i a l  

radon and radon daughter measurements were taken with t e n  minute grab 

samples and analyzed using alpha counting techniques ( 3 ) .  

A i r  Exchange Rate:  S ing le  l o c a t i o n  a i r  exchange r a t e  measurements were 

performed i n  t h e  center  of t he  l i v i n g  roan by monitoring t h e  dec l ine  i n  

Freon concent ra t ion  using a Miran in f r a red  spectrometer ( 4 ) .  Several 20- 

inch c i r c u l a t i o n  f ans  were used t o  mix t h e  a i r  i n s ide  the  homes during a i r  

exchange measurements. 

3. RESULTS AND DISaJSSION 

3 .l. Base1 ine Indoor A i r  Q u a l i t y  Measurements 

The primary ob jec t ive  of i n i t i a l  indoor a i r  q u a l i t y  measurements i n  the  

Karns houses was t o  eva lua te  inter-house v a r i a t i o n  i n  a i r  exchange r a t e s  and 

i n  (820 and radon concentrat ions.  Formaldehyde emission r a t e  measurements 

were a l s o  performed predominantly on the  carpet-covered pa r t i c l eboa rd  

nnderlayment; t h i s  i s  t he  primary emission source f o r  (820 i n  these  hanes. To 

minimize the  impact of temporal f l u c t u a t i o n s  i n  radon, c820, and a i r  exchange 

1 ev e l  s dur i ng i n t  er-house compar i son measurement s, de term ina ti ons w e r  e 

t y p i c a l l y  performed i n  overlapping o r  adjacent  time periods.  The r e s u l t s  a r e  

shown i n  Tables  1-4. 

The a i r  exchange r a t e  da ta  (see  Table 1) a r e  very s imi l a r  f o r  each home. 

B o - f o l d  inc reases  a r e  cons i s t en t ly  observed when the  EVAC i s  operat ing.  This 

i s  presumably due t o  EVAC duct leakage and/or house p r e s s u r i z a t i o n  phenomena 
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Table 1. Comparative A i r  Exchange Rate (h-1) Measurements 
i n  the  Karns Houses. a 

Date Time W A C  House 1 House 2 House 3 

12/21/83 11 :50-12:SO OFF 0.23 2 0.01 - - 
12/ 211 83 13 : 50-14 : 40 OFF - 0.24 20.01 - 
12/ 21/ 83 15 : 10-15 : 50 OFF - - 0.25 20.01 

02/21/84 1o:oo-11:oo QN 0.54 20.03 - - 
' 02/21/84 11:oo-12:oo OFF 0.27 + 0.02 - - 

02/ 21 / 84 1 2 : 20-13 : 20 ON - 0.58 20.02 - 
02/ 21/ 84 13 : 30-14: 30 OFF - 
02/ 22/ 84 11 : 20-1 2 : 20 ON - - 0.53 50.02 
02/ 22/ 84 10 : 00-11 : 00 OFF - - 0.26 kO.01 

aMeasurement s' a1 1 performed i n  the  g r e a t  room. 

- 0.28 2 0.01 

Table 2. Comparative Radon, Radon Daughter Concentrat ion Measurements 
Taken 12/20/83 i n  t he  Karns Houses 1, 2, and 3. 

Radon (pCi/L) Radon Daughters (WL) 
Locat ion 

1 2 3 1 2 3 

0.0015 0.0027 
Living Roan (0.2.0.6 (0.2 (0.2 0.0022 0.0012 0.0026 

0.2 0.7 0.0022 Master Bedroom - 

Table 3. Comparative Formaldehyde Concentrat ion Measurements i n  
Karns Houses 1, 2, and 3, Taken Concurrently with 

A i r  Exchange Rate Measurements on 12/21/ 83. 

Formaldehyde Concentr a t i o n  (ppm 1 Locat ion 
1" 2p 3c 

Master Bedroan 0.15 20.01 0.08 50 .01  0.10 5 0.01 

Great  Roam 0.08 20.01 0.12 20.01 0.10 20.01 
House Average 0.13 20.04 0.10 20.02 0.10 20.01 

Center Bedroom 0.16 20.01 0.10 20.01 0.09 20.01 

. 

Temp. = 23.3OC. RH = 23%; bTemp. = 23.3OC, RE = 23%; a 

'Temp. = 23.3OC, RH = 24% 



5 

A 

Table 4. Comparative Formaldehyde Emission Rate Measurements 
i n  Karns Houses 1, 2, and 3, Taken Concurrently with 

A i r  Exchange Rate Measurements on 12/21/83. 

Formaldehyde Emission Rates  (mg/dh)  
1 2 3 

Locat ion Surface 

Ma st e r  Carpeted Floor  0.11 5 0.01 0.13 2 0.01 0.13 f- 0.01 
Bedr oom 0.15 f- 0.01 0.11 5 0.01 0.12 5 0.01 

Bare 0.10 5 0.01 - - 
Par t i c l eboa rd  0.12 5 0.01 - - - - 0.14 -f 0.01 

Center Carpeted Floor  0.12 f- 0.01 0.12 5 0.01 0.14 f- 0.01 
Bedroom 0.14 -f 0.01 0.09 2 0.01 0.13 2 0.01 
Great  Carpeted Floor  0.13 5 0.01 0.12 f- 0.01 0.11 2 0.01 
Room 0.14 f- 0.01 0.11 f- 0.01 0.10 f- 0.01 
Kitchen T i l e  Floor  0.03 2 0.01 - 

- 0.02 f- 0.01 

House Average Carpeted Floor  0.13 f- 0.01 0.11 5 0.01 0.12 f- 0.01 

and not due t o  i n t e r n a l  mixing s ince  several  20 inch c i r c u l a t i o n .  f ans  were 

operated ins ide  the  house s during a l l  a i r  exchange measurements. S imi la r  

observa t ions  were made i n  31 East Tennessee homes containing W A C  systems w i t h  

c e n t r a l  c i r c u l a t i o n  f ans  and ductwork ( 5 ) .  Such v a r i a t i o n  i n  a i r  exchange 

r a t e s  could impact energy conservat ion and cont ro l  s t r a t e g i e s  a s  wel l  a s  t h e  

indoor a i r  q u a l i t y  i n  homes. 

The radon and radon daughter concent ra t ions  ( see  Table 2) a r e  l o w  i n  

comparison t o  the  EPA indoor a i r  q u a l i t y  guidel ine (6) and l e v e l s  measured i n  

homes i n  the  Oak Ridge, Tennessee, area ( 7 ) .  However, the generic  ranking of 

Houses 3, 1, and 2 i n  order  of decreasing radon and radon daughter 

concent ra t ions  i s  cons i s t en t  wi th  the  r e l a t i v e  crawl-space v e n t i l a t i o n  

a n t i c i p a t e d  due t o  inter-house v a r i a t i o n  i n  WAC design ( see  Sec t ion  3.2). 

The a 2 0  concent ra t ion  da ta  ( see  Table 3)  and a 2 0  emission r a t e  data  

( s e e  Table 4) a r e  q u i t e  s imi l a r  among t he  th ree  houses. The cB20 concent ra t ion  

da ta  average about 0.11 5 0.03 ppm a t  -23OC and 225% RE. The dependence of the 
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dependence of the  c82Q concent ra t ion  on indoor T and RH parameters i s  t h e  

sub jec t  of the  envirormental  parameters study ( s e e  Sec t ion  3.3). House 1 

appears t o  have s l i g h t l y  higher  a 2 0  concent ra t ions  and c820 emission r a t e s  

than  houses 2 and 3. Nevertheless,  cons t ruc t ion  m a t e r i a l s  w i th  s i m i l a r  a 2 0  

emission s t r eng th  have been incorporated i n  a l l  th ree  homes. 

The grea te r  a820 permeation r e s i s t a n c e  of t i l e  f l o o r i n g  i n  comparison t o  

carpe t ing  i s  ind ica t ed  i n  t h e  (820 emission r a t e  da t a  taken i n  house 1 f o r  

bare ,  carpet-covered and t i le-covered pa r t i c l eboa rd  underlayment. The use of 

permeation b a r r i e r s  a s  a m i t i g a t i o n  measure f o r  indoor a i r  q u a l i t y  i s  t h e  

sub jec t  of f u r t h e r  research  €or FY85 i n  t h e  Karas houses. 

3.2. Radon S tudy 

A nine month radon study was performed t o  measure seasonal  radon 

concent ra t ions  a t  var ious  s i t e s  i n s i d e  the  homes and crawl-spaces and t o  

i n v e s t i g a t e  the  p o t e n t i a l  impact of d i f f e r e n t  HVAC designs on indoor radon 

l eve l s .  Assuming t h e  primary source of indoor radon t o  be t h e  s o i l  beneath 

the h m e s ,  indoor radon concent ra t ions  a r e  a n t i c i p a t e d  t o  be inverse ly  r e l a t e d  

t o  the  l eve l  of crawl-space v e n t i l a t i o n .  During t h e  win te r  and most of t h e  

spr ing  measurements i n  1984, each research home was operated w i t h  a d i f f e r e n t  

phys ica l  des ign  f o r  t he  ex te rna l  u n i t  of t he  h e a t  pump, which could inf luence  

crawl-space v e n t i l a t i o n  during HVAC operat ion.  House 1 had a conventional 

h e a t  pump design t h a t  d id  not c i r c u l a t e  a i r  through the crawl-space. House 2 

had a v e n t i l a t e d  crawl-space where outdoor a i r  was passed i n  a s i n g l e ,  

c i r c u l a r  loop through the  crawl-space t o  t h e  h e a t  pump. House 3 had a sea led  

crawlspace where a i r  was r e c i r c u l a t e d  i n  a c i r c u l a r  loop during HVAC 

operat ion.  As a r e s u l t ,  houses 1 and 3 were expected t o  have lower crawl- 

space v e n t i l a t i o n  than  house 2 during t h e  win ter  and sp r ing  measurement 

per iods.  For the  summer measurement pe r iod  a l l  t h ree  homes were operated 

convent ional ly  with no an t i c ipa t ed  d i f f e r e n t i a l  impact on crawl-space 

v e n t i l  a t ion .  

A summary of the  seasonal radon concent ra t ion  da ta  taken a t  a l l  of t he  

ind iv idua l  measurement s i t e s  and average indoor and crawl-space concent ra t ions  

a r e  given i n  Tables  5 and 6 ,  r e spec t ive ly .  Indoor radon concent ra t ions  a r e  
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c o n s i s t e n t l y  below the  EPA guide l ine  l e v e l  of 4 pCi/L f o r  indoor a i r  ( 6 ) .  

However, s t rong  seasonal  f l u c t u a t i o n s  a r e  observed f o r  each house, 

p a r t i c u l a r l y  between t h e  win ter  and the  spring-summer measurement periods.  

Average win ter  concent ra t ions  a r e  2 t o  4 f o l d  lower indoors and 4 t o  10 f o l d  

lower i n  the  crawl-space than corresponding spr ing  and summer l eve l s .  Several  

flow inducing/ re ta rd ing  mechanisms have been r epor t ed  f o r  radon t r a n s p o r t  from 

s o i l  i n t o  homes t h a t  may a f f e c t  t he  radon concent ra t ions  i n  the  Karns Houses 

on a seasonal b a s i s  ( 8 ) .  Radon t r a n s p o r t  from the  crawl-space t o  indoor and 

t o  outdoor l o c a t i o n s  can be enhanced by crawl-space-indoor and crawl-space- 

outdoor T gradien ts ,  respec t ive ly .  Wind can increase  crawl-space and indoor 

v e n t i l a t i o n  r a t e s .  Soi l  permeabi l i ty  t o  radon may be a f f e c t e d  by 

environmental condi t ions.  Thus, i n  w in te r  cold and windy outdoor condi t ions  

presumably increase crawl-space-outdoor T grad ien t s  and v e n t i l a t i o n  p lus  

indoor-outdoor v e n t i l a t i o n ,  r e su l  t i n g  i n  reduced radon concentrat ions.  

There i s  evidence t h a t  inter-house v a r i a t i o n  i n  HVAC design during the  

win te r  and spr ing  measurement per iods may have inf luenced the  measured radon 

l e v e l s ,  p a r t i c u l a r l y  i n  the  crawl-space. Crawl-space and indoor radon data  

taken during t h e  win ter  p lus  crawl-space data  taken during t h e  spr ing i n d i c a t e  

cons i s t en t ly  higher  radon concent ra t ions  f o r  houses 1 and 3 than  f o r  house 2. 

This  i s  cons i s t en t  w i th  the expected ranking of crawl-space v e n t i l a t i o n  a s  a 

func t ion  of HVAC design during the  win te r  and spr ing  periods.  In con t ra s t ,  no 

cons i s t en t  inter-house ranking of the  crawl-space and indoor radon da ta  i s  

observed during t h e  summer measurement period, when conventional HVAC designs 

were used i n  a l l  t h ree  houses. Less i n t e r h o u s e  v a r i a t i o n  i s  observed i n  both 

the crawl-space and indoor radon da ta  taken during summer per iods than  f o r  

da t a  taken during spring. Such i n t e r p r e t a t i o n s  of the radon data  should be 

taken caut iously,  however, because of the  l a r g e  s tandard dev ia t ions  i n  t h e  

average indoor and crawl-space concent ra t ions  i n  a l l  t h ree  homes. 
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Table 5. Summary of Radon Track Etch Measurements (pCi/L) i n  Karns Houses. 

Housea Locat ion (12/ 83-03/ 84) (03-06/ 84) (06-09/ 84) Average 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

3 

3 

3 

3 

3 

3 

- 
- 

Crawl Space P t l  

Crawl Space P t2  

Crawl Space P t3  

Closet ,  CBR 

Desk, MBR 

Kitchen Counter 

Crawl Space P t l  

Crawl Space P t2  

C r a w l  Space P t3  

Closet ,  CBR 

Desk, MBR 

Kitchen Counter 

Crawl Space P t l  

Crawl Space Pt2 
Crawl Space P t3  

Close t ,  CBR 

Desk, MBR 
Kitchen Counter 

Outside P t l  

Outside Pt2 

0.87 + 0.30 2.51 f 0.31 5.95 5 0 . 8 0  

0.71 + 0.28 4.31 t O . 4 0  9.91 f 1.03 

1.57 + 0.40 7.56 +_ 0.53 2.96 t 0.57 

0.71 5 0 . 2 6  1.22 2 0 . 2 2  1.36 5 0 . 2 7  

1.27 + 0.35 3.43 5 0 . 3 6  1.89 2 0 . 3 4  

1.27 + 0.35 3.92 5 0.65 2.3 5 1.4 

0.77 f 0.28 4.09 2 0 . 3 9  6.06 + 0.81 

0.77 + 0.28 5.20 2 0 . 4 4  11.3 f. 1.10 

1.07 + 0.33 2.25 2 0 . 2 9  6.38 2 0 . 8 3  

0.62 5 0 . 2 5  1.29 2 0 . 2 2  1.03 2 0 . 3 4  

0.43 + 0.21 2.66 f 0.32 1.36 + - 0.39 

0.90 2 0.29 4.43 2 0.41 4.88 5 0.72 

5.20 2 0.44 8.63 5. 0.95 

- 9.14 2 0.58 5.63 +_ 0.79 

- 8.15 +, 0.55 5.42 +, 0.76 

- 

1.36 2 0 . 3 6  2.66 5 0.32 2.32 + - 0.50 

0.90 2 0 . 2 9  2.29 2 0 . 2 9  1.57 + 0.41 

1.27 + 0.35 1.44 LO.22 4.46 + 0.69 

0.43 5 0 . 2 1  0.85 k 0 . 3 1  1.25 5 0.37 
- 0.16 +, 0.07 0.15 5 0 . 0 7  

3.1 +_ 2.6 

5.0 + 4.6 

4.0 + 3.1 

1.1 5 0 . 3  

2.2 +_ 1.1 

3.6 5 2 . 7  

5.8 2 5 . 3  

3.2 5 2 . 8  

1.0 5 0 . 3  

1.5 21.1 
3.4 5 2.2 

6.9 5 2 . 4  

7.4 5 2.5 

6.8 5 1 . 9  

2.1 t 0.7 

1.6 f. 0.7 

2.4 21.8 

0.8 t O . 4  

0.16 2 0 . 0 7  

lh 

. 

. 

aEouse 1 had s tandard  h e a t  pump and crawl-space design €or  a l l  measurements. 
House 2 had an  a c t i v e l y  v e n t i l a t e d  crawl-space during win te r  and spr ing  
measurements and a s tandard h e a t  pump des ign  during summer measurements. 
House 3 had a c losed,  r e c i r c u l a t e d  crawl-space during win te r  and spr ing  
measurements and a s tandard h e a t  pump design during summer measurements. . 
CBR = Center Bedroom; MBR = Master Bedroom 
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Table 6 .  Average Radon Levels' (pCi/L) i n  Karns Houses. 

Summer Winter Spring House No. C r a w l  Space House C r a w l  Space Hous e Crawl Space House 

1 1.1 2 0 . 4  1.1 2 0 . 3  4.8 t 2 . 6  2.1 2 1 . 2  6.3 k 3 . 5  2.4 5 1 . 4  
Standard Heat 

Pump Design 

V e n t i l l a t a d  
Crawl Space 

Closed, 
Re c i rcul a t  ad 

C r a w l  Space 

2 0.9 2 0 . 2  0.7 2 0 . 2  3.8 "1 .5  2.8 t 1 . 6  7.9 t 2 . 9  2.4 2 2 . 1  

3 - 1.2 5 0 . 2  7.5 2 2.0 2.1 5 0.6 6.6 2 1 . 8  2.8 21.5 

4 pCi/L i s  the  EPA indoor a i r  gu ide l ine  (6 ) .  a 
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3.3. Envi romenta l  Parameters Study f o r  Formaldehyde 

The T and RH dependence of (920 concent ra t ions  i n s i d e  t h e  Karns houses 

have been inves t iga ted .  There were two primary objec t ives .  The f i r s t  goal 

was t o  model t he  impact of changes i n  indoor T and RE l e v e l s  on indoor (820 

concentrat ions.  Changes i n  indoor env i romen ta l  condi t ions  due t o  seasonal  

f l u c t u a t i o n s  i n  outdoor T and RE, r e t r o f i t  energy conserva t ion  measures, and 

varying l e v e l s  of indoor c l imate  cont ro l  could u l t ima te ly  be considered. To 
accomplish t h i s  ob jec t ive ,  the  environmental parameters study da ta  were f i t  t o  

a simple s teady-s ta te  model t o  descr ibe  t h e  T and RE dependence of (920 

concent ra t ions  i n s i d e  the  Karns Eouses. The second goal was t o  compare t h e  

U r n s  Eouses da t a  aga ins t  more complex (920 concent ra t ion  models developed 

f r a n  labora tory  s t u d i e s  of the  environmental dependence of (820 emissions from 

pa r t i c l eboa rd  underlayment, These models account f o r  compartment v e n t i l a t i o n  

r a t e s  and use l e s s  r e s t r i c t i v e  physical  assumptions concerning t h e  T and RE 

dependence of (920  t r a n s p o r t  f r a n  t h e  pressed-wood product  i n t o  t h e  

surrounding atmosphere. The comparison of the  Karns house and l abora to ry  

s t u d i e s  provides  (1) a f i e l d  eva lua t ion  of the  l i m i t a t i o n s  and a p p l i c a b i l i t y  

of the  l abora tory  models and (2)  p o t e n t i a l  v a l i d a t i o n  of c820 t r a n s p o r t  theory 

underlying both the  simple Karns house and more complex l abora to ry  models. 

3.3 .l. Experimental Procedures and Resul ts  

The experimental t e s t  procedure involved a th ree  t o  f i v e  day condi t ion ing  

and measurement per iod a t  approximately 16  d i f f e r e n t  environmental condi t ions.  

S t a b l e  T and RE condi t ions  were maintained f o r  two t o  four  days p r i o r  t o  (E20 

concent ra t ion  measurements t o  e s t a b l i s h  a quasi-s teady-state  condi t ion  i n s i d e  

the  homes. Temperature and RE were con t ro l l ed  using t h e  i n t e r n a l  W A C  and 

humidi f ie rs  and/or dehumidif i e r s ,  respec t ive ly .  Continuous ope ra t ion  of the 

W A C  tended t o  s t a b i l i z e  the  measured T, RH, and a i r  exchange r a t e s  of t he  

homes a t  l e v e l s  t y p i c a l l y  +0.SoC, 23% RE, and *.OS h-1, r e spec t ive ly .  The 

W A C  a l s o  provided i n t e r n a l  mixing f o r  a i r  exchange r a t e  measurements using 

t r a c e r  gas decay techniques.  

4 
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The sampling p o i n t s  and da ta  a c q u i s i t i o n  per iods  v a r i e d  f o r  measurements 

of T, RE, a i r  exchange r a t e ,  and (820 concent ra t ion  ( see  F igure  1). When 

s t a b l e  env i romen ta l  condi t ions  were e s t ab l i shed ,  continuous T and RE 

measurements were performed during t h e  e n t i r e  condi t ioning and (820 

measurement period. A l l  T and RH sensors  were loca t ed  a t  s i n g l e  p o s i t i o n s  i n  

t h e  center  hallway of the  homes. Temperature measurements were taken a t  room, 

carpe t ,  and sub-floor p o s i t i o n s  t o  t e s t  f o r  T gradien ts  across  the  

pa r t i c l eboa rd  underlayment. S ingle  a i r  exchange r a t e  measurements were 

performed f o r  one-to-two hours i n  the  g rea t  room t y p i c a l l y  on t h e  f i n a l  day of 

t he  three-to-five day t e s t  cycle.  Thi r ty  minute (820  samples were taken 

simultaneously i n  the  center  of the  g rea t  roam, center  bedroom, and master 

bedroom a t  end of each t e s t  cycle. 

The experimental r e s u l t s  f o r  t he  env i romen ta l  parameters study a r e  

l i s t e d  i n  Tables 7 and 8 f o r  Karns Houses 1 and 3, respec t ive ly .  The measured 

T, RE, a i r  exchange r a t e ,  and (820 concent ra t ion  l e v e l s  ranged from 

approximately 17 t o  29OC, 0.36 t o  0.54 h-1 and 0.07 t o  0.26 ppm, 

r e spec t ive ly .  I n  con t r a s t  t o  t h e  T, m, and (820 concent ra t ion  parameters,  

the  measured a i r  exchange r a t e  (which was s t rongly  influenced by the  opera t ion  

of the  i n t e r n a l  WAC f a n )  va r i ed  l i t t l e  during t h e  env i rowen ta l  parameters 

study. The a i r  exchange r a t e  averaged 0.43 +, 0.04 and 0.47 + 0.03 i n  houses 1 

and 3, respec t ive ly .  L i t t l e  v a r i a t i o n  was a l s o  observed between the  measured 

a i r ,  carpe t ,  and subfloor  Ts i n  e i t h e r  house. The carpe t  Ts averaged 

0.5 t 0 . 4  and 0.7 +, 0.7OC lower than the  a i r  T i n  houses 1 and 3, 

respec t ive ly .  The subfloor  Ts averaged 1.2 +_0.9OC and 1.4 + , l . O ° C  lower than  

t h e  a i r  Ts i n  houses 1 and 3, respec t ive ly .  This i n d i c a t e s  t h a t  t he  a i r  T was 

a good measure of the  T of the pa r t i c l eboa rd  underlayment i n  the  Karns houses 

during t h e  env i romen ta l  parameters study. 

41 t o  83W, 
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Table 7.  Environnental Parameters Mean Data for  Karns House 1. 

17.1 
17.4 
17.5 
17.8 
19.9 
21.8 
22.7 
22.7 
22.9 
23 .O 
24.0 
24.2 
26.1 
26.3 
29.4 

17.8 
16.7 
17.4 
18.7 
19.1 
21.4 
21.7 
21.8 
22.7 
22.7 
22.3 
23.8 
25.4 
25.9 
28.8 

17.9 
16.4 
17.4 
18.2 
18.6 
20.8 
20.8 
21.3 
21.8 
22.3 
21.4 
22.2 
24.9 
24.8 
27.4 

7 8  
50 
72 
80 
53 
60  
53 
51 
64 
72 
42 
75 
72 
74 
77 

0.46 
0.44 
0.50 
0.43 
0.44 
0.42 
0.47 
0.51 
0.53 
0.47 
0.44 
0.47 
0.51 
0.47 
0.50 

0.11.0.12.0.13 
0.0 8.0.07 . 0.0 8 
0.13 ,O .12,0.12 
0.11#0.12,0.11 
0.10#0.10,0.11 
0.15.0.14.0.15 
0.14.0.14.0.16 
0.15.0.12.0.17 
0.14,0.15,0.13 
0.1 8.0.18.0.19 
0.13.0.11.0.10 
0.20.0.1 9.0.20 
0.1 9.0 .21,0.21 
0.19.0.20.0.19 
0.27.0.26.0.26 

a Individual c820 concentration data taken f ram three separate measurement 
s i t e s .  

Table 8. Environnental Parameters Mean Data for  Karns House 3.  

17.2 
17.3 
18.1 
20.7 
20.7 
21 .o 
22.1 
22.1 
22.3 
22.3 
23 .O 
24.2 
26.5 
26.9 
28.2 
29.0 

18.1 
16.4 
17.6 
20.4 
20.2 
20.8 
22.6 
21.7 
21.5 
22.4 
22.1 
23.8 
24.9 
26.4 
26.9 
26.9 

18.8 
16.2 
17.4 
19.4 
19.6 
20.3 
21.6 
21.1 
20.7 
21.9 
21.3 
22.9 
23.4 
26 .O 
25.6 
25 .o 

83 
77 
52 
76 
52 
54 
50 
52 
41 
83 
53 
68  
58  
67 
43 
44 

0.47 
0.45 
0.43 
0.47 
0.40 
0.36 
0.38 
0.3 8 
0.46 
0.41 
0.40 
0.49 
0.45 
0.46 
0.40 
0.44 

0.10.0 .O 8,O .14 
0.12.0.12.0.14 
0.0 9.0. 0 8.0 .O 9 
0.15,0.15.0.14 
0.14~0.11,0.14 
0.11.0.12.0.11 
0.16.0.16.0.17 
0.14.0.13.0.14 
0.11#0.10,0.09 
0.22,O .19,0.19 
0.14.0.14.0.14 
0.19.0.18.0.18 
0.1 8.0.17.0.16 
0.2 8,O .23 .O. 22 
0.14,0.16,0.14 
0.18,0.20,0.18 

a Individual (E20 concentration data taken from three separate measurement 
s i t e s .  
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3 3 2 U f l p s  Bouse 4odel ing 

A simple, s teady-state  a 2 0  concent ra t ion  model i s  developed t o  descr ibe  

the T and RE dependence of t h e  CE20 concent ra t ion  in s ide  the Karns houses. 

This  model i s  der ived  from (1) a s teady-s ta te  indoor p o l l u t a n t  concen t r a t ion  

model f o r  a s i n g l e  compartment and (2 )  a simple physical theory of the  T and 

RE dependence of cB20 t r a n s p o r t  ac ross  t h e  bulk-vapor in te rphase  a t  the  

surf ace of pressed-wood product 8.  

A t  steady s t a t e ,  the CE20 concen t r a t ion  in s ide  the Karns houses may be 

expressed a s  t h e  fol lowing equat ion (see re ference  9 f o r  d e t a i l e d  d e r i v a t i o n ) :  

where : 

= t he  s teady-s ta te  a820 vapor concent ra t ion  

( m g / d )  i n s ide  the  Karns houses a t  a given 

indoor T and RE l e v e l ,  

= the  average Qi20 emission r a t e  ( m g l d h )  of 

the  carpet-covered p a r t i c l e b o a r d  nnderlayment 

i n s i d e  the research  houses, 

AREA 

A c 8  

VQ 

= the  t o t a l  area ( d )  of t h e  carpet-covered 

under1 ayment , 

= the  e f f e c t i v e  indoor-outdoor a i r  exchange 

r a t e  (h-1) f o r  CE20, and 

= the  indoor volume (d) of the  Karns houses. 

. 
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The s implifying assmnptions a r e  

[ll a steady s t a t e  condi t ion,  

(21 each Karns house can be modeled a s  a s i n g l e  compartment with uniform 

mixing of a i r  throughout t he  e n t i r e  house, 

131 t h e  carpe t  covered pa r t i c l eboa rd  underlayment i s  the  s o l e  CB20 

source in s ide  the  research  houses, 

m i s s i o n  

[41 t h e  CB20 concent ra t ion  outdoors i s  zero,  and 

[SI t he  s o l e  cB20 l o s s  mechanism i s  a i r  exchange t o  t h e  outdoors. 

Formaldehyde s inks  and f i l t r a t i o n  systems a r e  not considered i n  the  

model. 

The T and RE dependent a 2 0  emission r a t e  model (Equation 2) is based on a 

simple mass t r anspor t  theory of cB20 from a porous bulk phase (s imulat ing 

pa r t i c l eboa rd  underlayment) i n t o  an adjoining,  uniformly mixed vapor phase 

( s e e  re ference  10 f o r  d e t a i l e d  d iscuss ions) .  

= KB I f  (T) f (RE) % - CvI 
(820paT,RE,C, 53 53 s t d  

where: 

= t he  ( 8 2 0  mass t r anspor t  c o e f f i c i e n t  (m/h) f o r  t he  
par  t i c 1  eboard under1 ayment, 

53 

= the  concent ra t ion  of CY20 gas (mglm3) i n  t he  bulk 

phase a t  s tandard T and RE condi t ions  of 23OC and 
s t d  53 

509bm, 
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f (T) 5 the  T dependent f u n c t i o n  f o r  %, and E 

5 f (RE) = t he  RE dependent func t ion  f o r  5. 

Several assumptions a r e  made t o  s implify the  mathematical t reatment  of t he  

bul k-vapor interphase.  

111 A s teady-s ta te  condi t ion  e x i s t s .  The model does not 

consider  time-dependent parameters such as  the  aging of 

t he  pa r t i c l eboa rd  underlayment i n s i d e  the  Karns houses. 

[21 The Ca20W frm t he  bulk  phase i s  propor t iona l  t o  t h e  

d i f f e rence  between % and % a t  a given T and RE 
condi t ion.  The model does not consider t he  impact of 

decora t ive  b a r r i e r s  over t he  (820 emi t t i ng  bulk  phase. 

The c820W i s  r e s t r i c t e d  t o  va lues  g r e a t e r  than o r  

equal t o  zero. 

131 No (820 concent ra t ion  g rad ien t s  e x i s t  i n  t he  bulk  o r  

vapor phases. Gaseous (820 i n  each phase may be 

descr ibed by a s i n g l e  (820, concentrat ion.  

141 C (mg/m3) is t he  presrrmed concent ra t ion  of (E20 gas 

d ispersed  throughout t h e  porous s t r u c t u r e  of t he  

pa r t i c l eboa rd  underlayment. The 0320 r e s i n  content  of 

t he  underlayment and (820  genera t ion  mechanism a r e  not  

considered by the  model. 

B 

. t 5 l  CB is dependent on T and RE. This environmental 

dependence may be expressed a s  independent, 

m u l t i p l i c a t i v e  funct ions.  g8 i s  constant  over t he  T, 
RE condi t ions  used i n  the  Karns house study. Both % 
and pB a r e  independent of C,,. % is i n d i r e c t l y  

a f f ec t ed  by changes i n  T and RE through changes i n  %. 

. 
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. 

Combining Equations 1 and 2, 

where : 

N/L = the  ACB t o  source loading r a t i o  (m/h) in s ide  the  Karns 

houses ca l cu la t ed  a s  (Am VOL)/AREA. 

A t  s tandard T and RE condi t ions  of 23OC and 50% RE, 

Dividing Equation 3 by Equation 4 and rearranging,  

= 
T,RB,N/L cv (5 + N/L) 

A f i n a l  s impl i fy ing  assumption of constant  N/L is based on t h e  f i x e d  loading 

of pa r t i c l eboa rd  underlayment, t he  f ixed  v o l m e  of t he  homes, and t h e  small 

v a r i a t i o n  i n  t h e  measured ACB l e v e l s  during t h e  envirormental  parameters 

study. The c o e f f i c i e n t  of v a r i a t i o n  i n  t h e  Am va lues  f o r  Karns Houses 1 

and 3 were 6% and 9%, respec t ive ly .  Given t h i s  assumption, I -  

'std 
C =i f (T)f  (RH) 

'T,RB % % 
(6 )  

The T and RH dependent func t ions  f o r  5 a r e  developed from chemical 

k i n e t i c  r a t i o n a l e  (10). An Arrhenius temperature dependence i s  chosen i n  

accordance wi th  Berge e t  a l .  (11). 
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'* 

.' 
where : 

C = an empir ica l ly  determined c o e f f i c i e n t ,  and 

T = absolu te  temperature. 

A simple power func t ion  is chosen f o r  t he  RE dependence of % i n  accordance 

with Freundl ich 's  theory ( 8 )  of water  adsorpt ion on s o l i d  su r faces  (6 ) .  

where A is an  empir ica l ly  determined c o e f f i c i e n t .  

S u b s t i t u t i n g  Equations 7 and 8 i n t o  Equation 6, including s tandard T and 

RE condi t ions,  t he  f i n a l  expression f o r  t he  T and RE dependence of t he  Ql20 

concent ra t ion  in s ide  the  Karns houses i s  

Model c o e f f i c i e n t s  include the  T c o e f f i c i e n t  C, t he  RE Coeff ic ien t  A, and 

5 . These c o e f f i c i e n t s  a r e  empir ica l ly  determined by f i t t i n g  the  Karns 

house da ta  t o  Equation 9 using a mn- l inear  r eg res s ion  a n a l y s i s  package (NLIN) 

of the  SAS I n s t i t u t e  (12 ) .  The NLIN program produces l e a s t  squares  e s t ima tes  

of unknown model c o e f f i c i e n t s  i n  a non-linear model. A Marquardt method i s  

used f o r  f i n a l  i t e r a t i o n s  of t h e  model coe f f i c i en t s .  

s t d  

. 
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. -. 

n 

The r e s u l t s  of t h e  NLM r eg res s ion  ana lyses  of t he  ind iv idua l  and 

combined d a t a  sets  f o r  t he  Karns research houses a r e  given i n  Table 9. The 

model c o e f f i c i e n t s  and t h e i r  95% confidence i n t e r v a l s  ( i . e . ,  5 2 a) a r e  

spec i f ied .  The roo t  m'ean square e r r o r  (rms) and uncorrected c o r r e l a t i o n  

def ined i n  Table 9) a r e  a l s o  repor ted  t o  descr ibe  t h e  

va lues  of 

0.015 t o  0.021 ppm and 0.98 t o  0.99, r e spec t ive ly ,  i n d i c a t e  the good p r e c i s i o n  

wi th  which the  model desc r ibes  t h e  experimental da ta .  The model c o e f f i c i e n t s  

f o r  house 3 i nd ica t e  a somewhat s t ronger  dependence of t he  indoor (820 

concent ra t ions  on changes i n  T and RH. However, the  model c o e f f i c i e n t s  f o r  

a l l  t h ree  da t a  s e t s  s t rong ly  over lap  w i t h i n  t h e i r  95% confidence i n t e r v a l s .  

c o e f f i c i e n t s  (runcorr, 2 

f i t  of the  experimental da t a  s e t s  t o  t h e  model. The rms and rmCOrr 2 

The r e s u l t s  of t he  modeling a r e  evaluated by s u b s t i t u t i n g  va r ious  T and 

RE condi t ions  i n t o  t h e  Karns house models and c a l c u l a t i n g  t h e  r e l a t i v e  change 

i n  ( ! V T , ~  a s  compared t o  CVstd. Separate  v a r i a t i o n  i n  T and RE p lus  p o t e n t i a l  
seasonal f l u c t u a t i o n s  i n  both T and RE condi t ions  a r e  considered ( see  

Table 10). The a i r  exchange r a t e  and a 2 0  source loading a r e  he ld  cons tan t  i n  

t h i s  a n a l y s i s  due t o  t h e  mathematical form of the  model. The r e s u l t s  c l e a r l y  

demonstrate the b e n e f i t s  i n  maintaining both cool and dry environments t o  

reduce indoor (820 concent ra t ion  l eve l s .  Although t h i s  may be a na tu ra l  

consequence of outdoor env i rowen ta l  condi t ions  during win te r  per iods , indoor 

c l imate  cont ro l  during t h e  r e s t  of the  year ,  p a r t i c u l a r l y  summer per iods,  

could r e q u i r e  s u b s t a n t i a l  increases  i n  energy use. F ivefo ld  t o  t en fo ld  

inc reases  i n  (820 concent ra t ions  a r e  pred ic ted  between 18OC, 20% RE and 32OC, 

$O% RH, p o t e n t i a l l y  represent ing  indoor environments with minimal c l imate  

cont ro l  d u r i n g  summer per iods.  I n  comparison, only twofold t o  th ree fo ld  

v a r i a t i o n  i n  (820 i s  pred ic ted  between 2OoC, 30% RE and 26OC, 60% RE, 

represent ing  indoor e m i r o n n e n t s  wi th  s u b s t a n t i a l  c l imate  cont ro l .  The 

absolu te  (820 concent ra t ions  w i l l  depend on severa l  f a c t o r s  such a s  t h e  

loading and age of the  pressed-wood emission sources ,  t he  v e n t i l a t i o n  of the  

indoor environnent and the  presence of e f f e c t i v e  permeation b a r r i e r s .  The use 

of permeation b a r r i e r s  over pa r t i c l eboa rd  underlayment t o  reduce (820 

emissions i s  being inves t iga t ed  i n  Karns house 3 ( i n  pP85) a s  a cost-  

e f f e c t i v e  a l t e r n a t i v e  t o  energy-expensive c l  imate cont ro l  measures. 



Table 9. Results of Enviromental Parameters Modeling 
for  Kerns Research Houses. 

~ ~ ~ - ~~~~ ~~~~~ ~ ~~ ~~ 

95% Conf. A 95% Conf. 95% Conf. 2 *L 

Interval Interval cV 
Root Mean 

Interval Square Error MCOCC s t d  
Date S e t  

House 1 5700 4900-6400 0.68 0.50-0.86 0.13 0.12-0.14 0.015 0.99 
House 3 6700 5500-7800 0.86 0.66-1.06 0.13 0.12-0.14 0.021 0.96 
Houses 1,3 5900 5300-6500 0.70 0.58-0.82 0.13 0.13-0.14 0.019 0.99 

= (Uncorrected Sum of Squares for Regression)/(Total Uncorrected Smn of Squares) uncorr H 
0 

. r 
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Table 10. Analysis of Karns Eouse Modeling. Comparison of C+ /c, 

f o r  Indiv idua l  Eouse 1, Eouse 3, and Combined House 1 and 3 Models 
a s  a Funct ion of Temperature and RE Conditions. 

T,RE s t d  

A. Iso-RE Analysis 

Temper a tar e ( O C  1 17 20. 23 26 29 32 35 
RH (9b) 50 50 50 50 50 50 50 

Eouse 1 0.67 0.82 1 .o 1.2 1.5 1.8 2.1 
House 3 0.63 0.79 1.0 1.3 1.6 1.9 2.4 
House 1,3 0.66 0.82 1 .o 1.2 1.5 1.8 2.2 

B . Iso-Temper a tar e Anal y s i s 
~~ ~~~~~ ~~ 

Temperature (OC)  23 23 23 23 23 23 23 
RE (%I 20 30 40 50 60 70 80 

House 1 0.54 0.71 0.86 1.0 1.1 1.3 1.4 
House 3 0.46 0.65 0.83 1.0 1.2 1.3 1.5 
Eouse 1,3 0.53 0.70 0.86 1.0 1.1 . .1.3 1.4 

C. Po ten t i a l  Seasonal Analysis 

Temperature ( O C )  18 20 23 26 29 32 
RE (%) 20 30 50 60 70 80 

Bouse 1 0.39 0.58 1.0 1.4 1.8 2.4 
House 3 0.31 0.51 1 .o 1.5 2.1 2.9 
House 1.3 0.37 0.57 1.0 1.4 1.9 2.5 

3.3.3. Comparison of Karns House Data With Laboratory Models For 

Pa r t i c l eboa rd  Under1 ayment 

J Extensive environmental chamber s t u d i e s  have been performed t o  

i n v e s t i g a t e  the  environmental dependence of (820 emissions f r m  pressed-wood 

i '  products  (10,14), The following model was developed t o  descr ibe  the  v a r i a t i o n  

i n  a 2 0  concent ra t ion  in s ide  a s i n g l e  compartment conta in ing  a s i n g l e  CY20 
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W i t t c r :  (without penpeat ion b a r r i e r s )  as  a func t ion  of  l', m, source losdio& 
and v e n t i l a t i o n  parameters.  

, 

where : 

T = temperature (degrees  Kelvin) ,  

RE = r e l a t i v e  humidity ( % I ,  

N/L = a i r  exchange t o  loading r a t i o  (m/h), 

C+ = c820 vapor concent ra t ion  ( p p ) ,  

pB = modeled (320 t r a n s p o r t  c o e f f i c i e n t  f o r  the  bulk  phase (m/h), 

s t d  = standard t e s t  condi t ions  (2.0.. 23OC, 509b RE. N/L = 0.5 m/h). and 

A , B , C , E  = model c o e f f i c i e n t s  f o r  T and RE terms. 

This  model uses  t h e  same physical  theory of t he  enviromnental dependence 

Of a 2 0  t r a n s p o r t  ac ross  t h e  bulk-vapor in te rphase  a t  t he  su r face  of pressed- 

wood products  a s  tho  Karns House model (i.e.,  Equation 9 )  with a l e s s  

r e s t r i c t i v e  s e t  of assumptions. Equation 10 cons iders  t h e  T and RH dependence 

of 5 and t h e  impact of v a r i a b l e  source loading and compartment v e n t i l a t i o n  

r a t e s .  

To evalua te  the  s t a t i s t i c a l  f i t  of t h e  Karns House da ta  t o  t h e  labora tory  

l e v e l s  i n  t h e  research  houses are  compared aga ins t  
T, BB e N/L cv model , measured 
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l e v e l s  p red ic t ed  using Equation 10. To so lve  Equation 10 f o r  
T,m,N/L cy 

t h e  model c o e f f i c i e n t s  A, B, C, E and gB from labora tory  
T,RE,N/L' s t d  cv 

s t u d i e s  of pa r t i c l eboa rd  anderlayment and T, RE, N/L, N/Lstd and Cv va lues  

f r a n  t h e  Karns study a r e  s u b s t i t u t e d  i n t o  the  model. The model c o e f f i c i e n t s  

f o r  a s e l ec t ed  pa r t i c l eboa rd  underlayment f r m  the  labora tory  study whose 

emisqions c lose ly  s imula te  t h e  T and RH dependence of the  Karns Houses p lus  

t h e  model c o e f f i c i e n t s  f o r  a combined da ta  s e t  of four  d i f f e r e n t  underlayments 

a r e  considered. The values  f o r  t he  Karns houses a r e  determined f r a n  the  

r e s u l t s  of the  Karns House modeling (Table 9 ) .  The N/Lstd va lues  a r e  

ca l cu la t ed  a s  t h e  average N/L f o r  the  da t a  s e t .  '@e model c o e f f i c i e n t s  and 

Karns s tandard cond i t ions  va lues  f o r  these  c a l c u l a t i o n s  a r e  summarized i n  

Table 11. 

r t d  

s t d  

Table 11. Summary of Laboratory Model Coef f i c i en t s  
and Karns House Standard Conditions Values 

Used f o r  Comparison of Karns Data Against Laboratory Models. 

A. Labor a to ry  Model Coef f i c i en t s  

Data S e t  A B 
s t d  C &s E 

Underl ayment 1 0.121 0.029 86 50 0.755 0.0143 
A 1  1 Underl ayment 0.648 0.074 7 240 0.655 0.0150 

B. Karns Eouse Standard Conditions 

Data S e t  

House 1 
House 3 
House 1,3 

1.60 0.130 
1.45 0.134 
1.52 0.132 
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The r e s u l t s  of the  comparison between t h e  labora tory  models and t h e  Karns data  

d iv ided  by the  s e t s  a r e  repor ted  a s  t h e  mean r a t i o  of t he  modeled 

( s e e  Table 12). A mean r a t i o  of un i ty  r e p r e s e n t s  measured 

agreement between t h e  Karns da ta  and the  l a b o r a t o r y  model. The mean r a t i o s  

given i n  Table 12 a r e  f o r  both the  complete Karns data  s e t s  and s u b s e t s  of the  

Karns data  separated a s  a func t ion  of t he  measured CH20 concentrat ion.  The 

subset  a n a l y s i s  i s  provided t o  eva lua te  t h e  f i t  of t h e  Xarns da ta  t o  t h e  

labora tory  models a t  environmental condi t ions r e s u l t i n g  i n  measured CB20 

concent ra t ions  t h a t  a r e  below, s i m i l a r  to, and above s tandard condi t ions  

( i . e . ,  0.13 ppm). Mean r a t i o s  of approximately u n i t y  a r e  c o n s i s t e n t l y  found 

f o r  the Karns da ta  s e t s  and the  s e l e c t e d  underlayment model over the  e n t i r e  

m 2 0  concent ra t ion  range of the  Karns data .  Thus, the  environmentally 

dependent cB20 concent ra t ion  data  taken i n  t h e  Karns houses can be a c c u r a t e l y  

descr ibed by a a 2 0  concent ra t ion  model developed from labora tory  s t u d i e s  of a 
s e l e c t e d  underlayment. In con t ra s t ,  the  mean r a t i o s  f o r  the  Karns da ta  s e t s  

and t h e  combined underlayment model a r e  l e s s  cons i s t en t ,  increas ing  from 0.9 

f o r  measured concent ra t ions  of 0.05-0.1 ppm t o  1.2-1.5 f o r  concent ra t ions  

>0.2 ppm. The combined underlayment model Overpredicts  t he  i n c r e a s e s  and 

decreases  i n  a 2 0  concentrat ion a s  a func t ion  of changes i n  indoor 

environmental parameters from standard condi t ions.  This  e f f e c t  i s  

exascerbated f o r  the  extreme T and RH condi t ions  of the  Karns data  s e t  because 

of the exponential  and power f u n c t i o n s  f o r  T and RH, respec t ive ly ,  i n  

Equation 10. This  i s  evidenced i n  t h e  mean r a t i o s  f o r  a subset  of t he  Karns 

da ta  spanning 19-29OC and 40-705 RE, which a r e  c o n s i s t e n t l y  c l o s e r  t o  uni ty .  

Thus, the l a b o r a t o r y  model f o r  the combination of four  underlayment products  

descr ibes  the  environmentally dependent C320 concent ra t ion  data  taken i n  the  

Karns Houses Over a l i m i t e d  range of T and RE condi t ions.  

T, RH, N/L cv 
T, BH, N/L ct’ 

.Y n 

. 
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Table 12. Summary of Mean Ra t ios  of W T , ~ ~ , N / L  Measured i n  the  Karns Houses 

Divided W W T , ~ ~ , N / L  Predic ted  from Laboratory Models 
f o r  Indiv idua l  and Combined Pa r t i c l eboa rd  Underlayment Data Se ts .  

A, Individual  Underlayment Model 

Karns House A 1  1 Subsets  of Measured c82O Concentrations (ppm) 
Data S e t  Data 0 .OS-0.1 0 0.10-0.1 5 0.15-0.20 >0.20 

1 1.0 t 0 . 2  1.1 5 0 . 3  0 .9  t 0 . 2  1.0 t 0 , 2  1.2 20.1 
3 1.0 5 0 . 2  1.0 5 0 . 2  1.0 2 0 . 3  1.1 t 0.2 0.9 t 0 . l  
1 s3 1.0 5 0 . 2  1.0 t 0 . 2  0 . 9  t 0 . 2  1.0 t o . 2  1.1 5 0 . 2  

B. Combined Under1 ayment Model 

Karns Eouse A1 1 Subsets  of Measured a 2 0  Concentrations (ppm) 
Data S e t  Data 0 .OS-0 .l 0 0.1 0-0.1 5 0.1 5-0.20 >0.20 

J 

Subset of Karns da t a  spanning 19-27OC, 4 0 - 7 a  RE. a 

4. CONCLUSIONS 

Several conclusions can be drawn concerning t h e  opera t iona l  

c h a r a c t e r i s t i c s  and indoor a i r  q u a l i t y  of the  Karns Houses. Many of these  

concepts po in t  t o  t he  need f o r  f u r t h e r  research  i n  these  f i e l d  l a b o r a t o r i e s  on 

the  i n t e r a c t i o n  of va r ious  energy conservat ion measures and indoor a i r  

q u a l i t y .  
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1. Measurements of radon, (820, and a i r  exchange r a t e s  

i n d i c a t e  t h a t  the t h r e e  research  houses a r e  wel l  

matched. 

2. Elevated l e v e l s  of cB20 were found i n  a l l  t h ree  houses, 

r e l a t i v e  t o  t h e  ASHRAE comfort gu ide l ine  of 0.1 ppm f o r  

indoor a i r .  

3. Indoor radon l e v e l s  were below the  EPA indoor a i r  

gu ide l ine  of 4 pCi/L. 

4.  WAC designs t h a t  flow f r e s h  a i r  through the  crawl- 

space f o r  purposes of hea t  recovery a l s o  appear t o  

reduce radon concent ra t ions  i n  t h e  crawl-space. 

5 .  The a i r  exchange r a t e s  of t he  houses appear t o  be low,  

but  s t rongly  a f f e c t e d  by the  opera t ion  of the  WAC. 

Leakage i n  t h e  duotwork t h a t  extends beyond t h e  

i n t e r n a l  envelope of t he  home i n t o  the  crawl-space 

should be inves t iga ted .  This  leakage could be a 

confounding f a c t o r  i n  s t u d i e s  of both energy 

conserva t ion  and indoor a i r  q u a l i t y .  

6 .  Measured CH20 concent ra t ions  in s ide  t h e  Karns Houses 
a r e  s t rong ly  dependent on indoor T and RE l eve l s .  

Simp1 e, s teady-state ,  cB20 concent ra t ion  models have 

been developed t h a t  descr ibe  the impact of v a r i a t i o n  i n  

environmental parameters on indoor concentrat ions.  

These models should prove usefu l  f o r  es t imat ing  t h e  

e f f e c t  of va r ious  energy conserva t ion  r e t r o f i t  and 

indoor c l imate  con t ro l  measures on indoor (820 

concentra t i ons. 

h 

Y 

. .. 
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7.  Good agreement i s  observed betneen t h e  Ca2O v s  

e n v i r o m e n t a l  parameters da ta  taken i n  t h e  Karns Houses 

and a 2 0  concent ra t ion  models developed f ran labora tory  

s t u d i e s  of t h e  env i romen ta l  dependence of a 2 0  

emissions from US-manuf a c t  ur ed pa r t i c l eboa rd  

underlayment. This i s  suppor t ive  evidence f o r  t h e  

phys ica l  theory underlying t h e  modeling of a 2 0  

concent ra t ion  dependence on env i r o w e n t a l  parameters. 

8. Inves t iga t ions  a r e  cont inuing i n  the  Karns Eouses. The 
ef f ec t i v  one s s perm ea ti on 

b a r r i e r s  over t h e  par t i c l eboa rd  underlayment i s  being 

s tudied  a s  a p o t e n t i a l  c o r r e c t i v e  measure t o  reduce 

a 2 0  and o the r  organic  emissions i n  energy e f f i c i e n t  

homes with  low a i r  exchange r a t e s .  

of non-ener gy-consump t i v  e 
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