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EXPERIMENTAL

Thc Harva¡d wood-burning study was conducted from 29
January to I I March t9E2, in Watcrbury, Vcruontl'
Waterbury ís a rural comounity of about 20ü) peoplc located
along thc Winooski River in the northwestcrn s€ct¡on of thc
stata Approrimately 50'/" of the privatc rcsidenccs usc wood
fucl ¡s eithcr a primary or sccondary heating source (Sanborn
et ¿1., l9El; Sanborn et al" l9E2). Although the¡e are no
industrial emission sourccs in the vicinity, winteriime tem-
pcrz¡turc invcrsions frequently promote overnight pollution
buildup within thc vallcy. Ambient air qu^lity during the
study period has bcen describcd in a previous papcr (S€xton
et al., t984a|

and 19 ¡rg m- 3 at the Pool and ño statistical difference
was:rècorded based on a paired t-test. The average RSP

leyel at the mor€ remote Radio site ¡vas I I ¡rg m - I and a
statistical comparison with the valley ffoor stations
revealed a highly signiñcant (P < 0.0001) dissimilarity.

Respìrable particlc samples werc also collected
outside all. homes in the indoor monitoring program.
'[he location of each residence and the-Eldredge, Pool,
ãhd Radio sites is shown in Fig l. Twenty-two of the
24 homes studied were less than I km from either the
Eldredge or. Pool mbnitoring stations. Of the two
homes outside 'lMaterbury, one (residence P) was

lndoorloutdaornaaswenønts approximately l'6km north in a cluster of several

lnr-ormatron rron the vcrmont Agcncy of Environmental ' wood-br1118,hot"o while the other (residence X)

Conservarion wood-burning survcy w¿Lr uscd ro ¿r""'fopi was în isolated itructure in the midst of open ñelds

mailing list for tffaterbur!. Rcqucsts for volunteers'to about l.6km to the east of town. 
r

participatc in thc l9E2 Harvard Wooà-Burning Study Data for all outdoor RSP measurements are pre-
werc mailcd to residcnts of the community during sented in Tables I and 2. Values in paientheses are

i:äîififfiilH.:iill'Jl|l:i'r.:iä""å;|* p'..dj.:.d concentrations using the Generar Linear

voluntecrs foi inciusion in thc indoor/outaoor moåitoring Models (GLM) 
' 
OutPut option '. developed by

progr.rrr. No auempt was made to obtain a random sauipla Statisticai Analysis Systems (SAS; 1982). This pro-
Inste¿{ælectionwasbascdon (l)willingncssofoccupantsto cedure computes expected values in e¿ch cell of the
participatc in the pcrsonal sampling portion of the study.and matrix using a least-squares regression..technique,
(2) uso of wood fuel as a primary or secondary heating sourcr. . ':'::':- :---"
ònly homcs *ith nonsm'oking óccupants wc; includ-ed in,thc \ryhlch tÀkes account ol both day an6 nome eltects- ll ls

study in ordcr to oininize thõconfôunding efférs of tobacço clear that predicted RSP concentrations are in .excel-
smokc on indoo¡ RSP conccntntions . ' lent agreement with observed values-ì.

Monitoring opcrations were dividcd into two sainpli¡g As shown in Tables I and 2, there isrçlose agreement
pcriods, with 12 homcs studied from 29 January to ll .. -..-r--.
February and anorher 12 homcs invesrigated rroä ii Pong outdoor RSP measurements across both

February to ll March. Twenty-four hour ii.e. 0E0O{800) homes and days. The evidence suggests that ambient
RSP samplcs were collected insidc and outside each dwelling paÍicle con n
every other dzy lor 2 wecks. An additional residerìcä 1a new Wàtêrbury S
'encrgy elñcicnd all+lectric condominiuo) was included.in Studv- The i-
thcenergyconsumptionandventilationponionofthcstudy, :---'' ^"- . ^
but no indoor pollution measurcmcnrs werc obtaincdl---" dences Q and S are probably due to singular micro-

Respirablc parricle conccntrations were measured wirh r.neteorological conditions near the monitors. These
Bendix cyclonc prescparator3 attachcd to Harvard/EPRI data also indicate that outdoor respirable panicle
ponablc sanpling pumps (Turncr et al. 19191. Two RSP concentrations at the two homes outside the town (p

iff',ä"ii,ïJfry"iï*",fJio'if:ffi1":i:iä :.lo ilare not substantianv different rrom revers in

bor and connccrcd to an exteìnal cyclonc and ñlter. Èlow tffaterbury. Because outdoor values were similar, the
chccks were pcrformed with a calibratcd'rorõrnetcr on all. communityavçr'agei(meÍmambien¡.RSPlevelforall l2
units before and afier each run. residences on' A particular day) -was chosen as the

Onc-timc surycys were madc in each homc to p€tforn aoorooriate'me¿sltU ô¡ outdoor RSp at each home.
sulfer he¡a.duoride (SF6) ventilation mcasurements and
record important structural parâmetcn¡ (e.g ceiling height,

låil,å'"iJ,"î,.:ï'ååiåîråil"il"1"i;i',Ìliì:::$::: Indòo¡ RSP íi'leaçlrernents

complete information about homc charactcristics was'ob Two in-homê RSP samples werF collected O.n each
tainedbyhavingoccúpantscompleteaquestiorinaire.Energly samolinc dav in each.residence. One monitbr was
consumptionforeach'rcsidcncer+eicstimatcdflrominform¿- 

""J;:"-;hç 
same loom with the wood-tiurningtion about utility costs during'thc ScptemÞr t98l to.May '---.-- "'. ""i - - i.

1982 heating scason. A rnot.iiUlJ ¿-o"rip,i"" "iì¿"iú 
appliance (if applicable)and the sècond was placed in a

la¡ion and cnergy-u5€ mcasurcment! it available elsewheie sepátale room; but not,the kitche¡r. A comparison of
{Turncr ¿ al- 1983).

REsurrs 
i' 

,, i' lil'î¡,ili,îliJliïïff,y.;ni*;:lr',:ff*::
with, kerosene heaters ,(P and S) had signiñcantly

Ambient (outd,oorl,RS P,*orrrrr*nti,
particre measurèmenrs ar.rhe rhrè hxed-roiärio" il'rtilÍ"fïilå;:niiii:J;il'ii""-',ïi¿:ä:il;

r' monitoring sites havc becn discussèd in an eailier hàd higher values in the room without a wood-burning
paper (Scxton et ø1., l98rla). Findings indicate that there stove. This could result liom dilTerences in mortitor
was little spatial variation in particlc concentrations placèment. ellects of in-home mixing patterns. or
between the two in:iöwñ óiariöns (Ëldredge ariil'Pool). -- ¡lriiderrificd emissir¡n sourcesr -
MeanRSPconcentrationswere2l¡rgm-ratEldredge Although signrhtitrlt:töorn:torioôm drllèrences

t,

r
f.
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Tablc l. Outdoor RSP eonæntrdtidhs'(þgø- r'¡ durlüg monitoring pcriod ,À (29 Januarf-ll Fcbnn¡y t9t2)

.Or¡rdoqr RSP conccntrations (¡grn'
2¿þh valucs

ã¡)
':

Homc 29 Jan. ll Jan- ? FeÞ. ! Feb. 6Fcb. 'tF.cþ. t0 Fcb.
'r¿ I

i{vcragc.

: rJ ¡:'1ll:

K?,

B
c
F

ç
H

.L
a
T
U

v

4?i21.'
l'3(20). i.

-{29) .

l7(20)-'<ra
20(20¡:'i

22(ró)
r5(t4)
l3(14)
r l(14)r ro(lt)
l4(14)
e(14)

-{12)
-{17)'.' r0(il), lt(lÐ
l7(ró),

. r{t4)l
9-22I i,ìal ;

:. ì!,1'

:20 ,,:

l 5(rt)
l5(t6)
rE(r6) ,

! 5(r 5)
lrr(,1¡)
l r(ló)
lE(ró)
l4( r 3)
r r(19)

-{13)
-{lt)l7(ló)
t5(,|'ó)
rc-Ïs'

-{6)

'lt(t) 11 ,t3(17).

x6) ,,,, l7(¡4)
,-{6) re04)

6(5) ' l7(t4)
2(3) ll(12)
e(o - ló(.rÐ.

,¡:13)
-{e)

',,rdll) '{tz¡
-ir.7)<t2). '. Í2(r7)

,.,1,t(lÐ
:, , il(ll)

r?rle

lE(¡e)
tó0,-o.
rE(r6)
l6(tó) ,

l3(14)
16(1.7) "
le(lÐ
r6(r4)
24(r9)
r7(14)
r9(r9)
19(19)'.' -r
l7(17)
tt-24

'|

-{20)
2ó(2ó)

r(re)
25(25)
20(¡9)
2e(2Ð
26425t
z\Ul
lt-29

: 264221' I

",2l(20ù
I 1-2ó

20(20)
26/.2Ð

-{tt)
23(21)
tb-27'
rl

Community averagc.
Range¡,. r,,
Avera¡þ of Eldredge

andiÞool sitcs foí ''

cach day ¡ 9 ': l7:'l 19 i.ri, t4 , 33, 2t26

'Predictcd valuc uring lincar rcgressron proccdugcs.''

-..a¡fr9?5:'.-._*..îl-:r..EÃ.ì1.--l:lli..r-.!-..l4':l:î:-:
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Table Z Outdoor RSP conccnration¡ (¡grn-!)'during,monitoçing pcriod B (26 Febnrary-ll March t9t2)
i¡1,- l

Outdoor RSP concentrations (¡g m- r)

24-h valucs

Homc 26 Feb. 28 Feb. 2 Ma¡. 4 Mar. ó Mar. E Mar. l0 Mar. Ayçrage

t8(lE
l5(15)
l5(r5)
r5(15)
l6(rs)
lE(rE)
2r(16)
le(18)

A
D
E
I
M
o
P
R
S

w
x
Y

l7(tÐ'
l6(14)
r2(14)
l r(r5)
r6(r5)

-{lÐ_1r6)
r0(r8t
36(2ó)
l(re)
-{r5)20(lÐ
r7(r7) :
il-36

re(20)
l4(rÐ
rE(16)
lE(rÐ
l8(rÐ
20(20)

l0(10)
8 (7)

-(Ð6(Ð
z (7)

r2(r0)

- (e)
r0(10)
25(le)
l3(12)

- (E)
7(r0)

r l(r0)
2-25

r2(r2)
r l(r0)
lr( e)
r l(10)
l4(10)
r l(12)

-{t l)
l3(r3)
t4{22)
r6(r4)
8(r0)

l3(r2)
r3(12)
8-16

r3(19)
20( ló)
r6(16)
r5(ló)
l3(16)
r 5( 19)
r7(lÐ
20( r 9)
2s(28)
25(20)
24{t7)
l4(l 8)
r9(rE)
tf-25

1e(lÐ
l3(14)

-{14)
ló(14)

-{14)20(lÐ
r7(15)
-{17)
23(26)
l7(lE)
e(l 5)

19(ró)
l7( ró)
9-23

-{lE) ,

26420'
27(zel
l8(21)
-{17).
r7(le)
20(re)
t7-27

2s(2't)
re(re)
r4(r6)
l7(17)
1807)
t4-25

3l (31)
24(281

-{28)
30(28)
30(2E)
r l(3 l)
28(2e)
32(3r)
-{,10)
3l(32)
128)
32(30)
30(39)
24-t2

Community avcrage
Raagc
Avcrage of Eldrcdgc

and Pool sites for
each day l5 l8 lt l3 20 23 28 l8

(.,1

'Predictcd valuc using lincar rcgression procedures.

*.r" oUr"*"¿ for homes with unvenred k"ror"n"
heaters, respirable particles were relatively we[ mixed
inside both \yood- and nonwood-burning residences.
For the purposes of this paper, indoor RSP concen-
rrations are defined as the m€an of both in-home
m€f$urements. A line¿r relationship between the two
indoor monitors was used to predict missing values
when appropriate. lndoor RSP concentrations lor
each home by sampling day are given in Tables 3 and 4.

Comparisons

Summary statistics for indoor and outdoor RSP
measurements are presented in Table 5. Outdoor
ambient concentrations were uniformly low (mean

= l7 pg m- !) and exhibited slight variation (standard

deviation : 6pgm-r). Indoor values were signiñ-
cantly higher (mean:25¡gm-!) and displayed a

much broader distribution (standard deviation
: 13lgm-!). The difference is even more striking
when one considers that outdoor RSP varied from 6 to
3O¡rgm-r, while indoor levels ranged from 6 to
69pgm-3. The mean excess RSP indoors
(indoor-outdoor) across all 24 homes was Slgm-3
and the average indoorioutdoor ratio was l.ó.

These data clearly indicate that there are significant
particle emission sources in homes where occuPants

are nonsmokers. Among the potentially important
factors are discharges lrom combustion devices, such

as fireplaces, woodstoves, and kerosene-fired heaters.

To examine the impact of wood combustion on indoor

Table L lndoor RSF conccntrations (¡rg- , tj for each t orn" Uy sampling day and average indoor. indoor-{utdoor, and
indoor, outdoor valucs (29 January - I I February I 9E2) .

RSP concentratiohs (¡g m- !)
2¡l-h valucs Aveiages ;l

Homc 29 lan. 3l Jan. 2 Fcb. 4 Feb. ó Fcb. E Feb. l0 Feb.. Indoqr Indoor: ,Indoor/'' ou¡door oi¡tdoor
:

!4
2l

,,10

2t
17.

2l
t0
tó

?f,
,':í/ ¡l

?_

t.9' 
1.5
'1.7

t.3
0.9
¡.t.
r.9

B'c
F
G'
H.
t'
K
L.q
T.
U.
v.

2t
l3

9
2E

35
IE
ll
!4
26

7
tl
20

28
l9
+t
l9
t2
t4
il
2t
26
4t
20
l9

.{2
IE

ló
57
l3
il
l0
20
ll
19r
26
t2
l2
ló

, 1.7

'2.1

JO

IE
2.4,-- l.J

" 1.4'

6
l6

5

5

4
2

-4
:l

?
4
2
4

¡

'

)

f
,

20

' Wood-burning appliancc.

i

I
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Effccts of rcsidential wood combustion on indoor air quality: a casc study in Watcrbury t375

Tablc 4. Indobr RSP conccntrations (¡¡g m=3) for caôb home bf sampliri8 daY and averagc indoor,,indoor-outdoor and

indoor/outdoor valucs (2ó FebruarY--Il Märch r9E2) -

RSP conccntrations (¡gm- ¡)

2¿[.h values Avcragæ -

Indoor - Indoor-
l.¡ outdoorHomc

*76
28 FiÞ:. 2 Mar. 4 Mar. ó Mar. 8 Mar' l0 Mar' lndoori

outdoor

t
-5
-3

6
2
It
25
3t
n
3t

7

7

t.l
0.8
0.9
1.4
1.2
l.E
2.7
2.9
t.7
3.0
1.5
t.5

t8
l3
ló
24
20
29
43:
49
29
49
24
26

27
2l
2.5

2E

2l
28
50
60
25
49
3E

27

t9

2t
l4
32
52
45
45
33
69
28
29

t9
12
20
t7
3l
29
42
59
45

-45
26
t9

l4
u

E

tó
l5
22
39
Ø
25
58
3E

30

ll
l0
ll
It
t0
30
38
23
24
4l
21

20
t3
t6
24
24
22

ó3
27
34

:

A.
D
E.
t
M
d
Pr
R
sr
w.
x'
Y'

l9
t2
6

63t
9

t9

3l
24
48

6
27

' Wood-burning appliance.
+ Both wpod- and keroscne'ñred appliances.

t Elcvated valuc due to cooking firc'

Tablc 5. summary sratistics for all indoor and outdoor RSP oeasurcments

Parameter N7 s.E. s.D. Min. MaL

Outdoor RSP conccntration
(¡gm-t)
lndoor RSP conc€ntration
(¡rgm-')
lndoor-outdoor RSP,con'
ccntration (¡rgm-t)
Indoorloutdoor RSP'
concentration

l4

r6l

lól

l6l

t?r (16)t

25 (22)

gf

1.6

1.6 (r.l)

1.0 (1.0)

l.l

0.09

6 (t.Ð

13 (1.Ð

l4

t.2

6

6

-14
, 0.3

30

69

52

7.J

'Arithmetic.
t Gcometric.
S.E- Standard error, i'ì1

S.D., Standard dêviation.

RSP, the sample population was divided into two 0.3-1.7 air changes h-t), other tight homes did not

caregories: wood--buining and nonwood-burning exhibit similarly elevated levels. Efforts to identify the

resid-ences. : ,!, '. . sourcerof thesc,consistently high values were unsuë-

Mean respirable.particle concentrêtions. for the l{:.-cessful (e.g occupants werc¡ nonsmokers' cooking

wood-burning and 5 nonwood-burning homes arç, stovc wírs electric, oil was used as the space'heating

compared gruptri"tty in Fig.2. Mean values of indoor, tuel). rilhile other potential,.indoor sources' such as

indoor<utdoor and;indoor/ourdoor RSP'concen- . cooking emissions, vacuurning discharges, and pet

rrations for the 2 grouþt weretnoi st¡tistically ditTerent-t' dander, could not'bc ruled out, no s¡ieèiñc c¿lus€ wÍls

Hfl,î:.1;lîiilåilÌr'l"";i!:1;ïåI-îfi:î'.',i "î:iï'i"en in rabre 6 provide a comparison or
*ere virtually idenricäl in both sits of residences. homet by heating-fuel categories. Removing Home

Although average 
lvalues were alike, nonwood- ' R from consideràtion reduces the mean indoor

burning homes exhibited substantially higher vari'
a¡ion. The causc o[ this disparity was Home R

tnonwood category.), which had the highest mean

¡ndoor RSP concerttrâtion (49.3 !g m - r) in the entire '

umple population. Elevated particle conbentrations';

ùre at l+st partially cxplicable: in terms o[ the 'tight-
ness'of Home R. since estlmated seasonal air'exchange
rare was 0.4 air ch:iitges h-r, While-this is one of the residcnces (i.e. nonwood, except Home R: all non'

lowest ventilation rates among rhe 24 homes (range wood: wood without kerosene: and wood with ker-

_ .:..-::r.:j
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oscnc) is præcntd graphically in Fig 3. Neithci the
wood-burning nor wood-burning plus keroscnc
houscs werc sigrificantly diffcrcnt (p < 0.05) from the
aggregatd nonwood-burning homes (including Home
RI However, when Home R is removcd from consider-
ation, both g¡oups are statistically dissimilar from the
4 remaining nonwood dwellings. [t is imþortant to
notc that even if thc wood-burning residence (Home
W) with the highest averagc indoor concentrarion
(49.0¡gm-r) is excluded, rhe four nonwood homes
(Home R dcleted) are still iignificantly diftërent hroo
the remaining 16 wood-burning homes.' :''

The evidencc sumr¡arizcd in Table 6 andrFig. 3
indicates rhat mean indoor RSP concentrations tend to

Ker Sexrox e¡ ¿l

RSP CONCEI{TRATIONS (¡r9lm3 )

be elevated in homes with wood-burning applianccs,
and even mors so when unvented kerosenc heaters are
also used. Average values increased from I 8 pg m - 3 in
four nonwood dwellings (Home R deleted) to
24 pgm-t in l7 wood-burning homes (no kerosene) to
34 ¡rgm-t in two residences using both wood and
kerosene fuels. Because the mean increase in homes
with woodstoves is small in absolute terms (ó ¡rg m - 3),

it is difficult to detect given the small sample sÞe (2a
homes) and high variability of indoor RSp values.
I¡ldeed, if Home R is included in the calcularions rhen
no significant differencc is apparent.

The problem is illusrrared by thq fact rhat the three
dwellings with highest mean indoor concentrations

INÍXx)R rNo@f,-ouTDooR rN000R/ouT000R

+t30.

-l

v--

Fig 2 Conparison of indoor, indoor<utdoor and indoorþutdoor RSP conccnrrations (¡go-t) for wood-
burning and nonwood-burning homes
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Tablc 6. Comparison óf indoor and outdoor RSP by hcating-fuel typc

/Yl
RSP concentrarions (¡! m - r)

Indoor lndoor€utdoor
s.D. S.E. ¡t I S.D. S.E. M

lndoor/Ou¡doo'r'¡ s.D.,-, s.E. ,

(l) All noo-wood burain¡
home (5) )

(2) Nonwood-burnin¡
homcr
erccpt R (4)

(3) All wood-burnin¡
homcs (19)

(a) Wood-buning homcs
without keroscne (17)

(5) Wood.buraing hom6
with kcroscne (2)

35 24r(19)t 17.6(t.9)

2t

tilt

iló

t2

r8(tó)

2s(23)

24<22'

34(3t)

l r.0(r.6)

r r.ó(1.6)

l r.4(r.6)

e.6(t.3)

2. r(r. I )

r.0( t.0)

r.r(t.0i

2,r(r. t)

280

r28 8

iló1

t2 t7

10.9

t2.5

12.4

2.1

l.¡

1.2

3.0

t.t

t,7

1.7

2.1

0.6

r.2

t.2

0.8t04

2t

r28

ltó

12

0.t

0.t

0.t

0.2

'Arith¡nctÈ
t GcomctrÈ
S.D., St¡nd¿¡d dcviarion.
S.E., St¡nd¡rd error.
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RSP CONCENTRATIONS (¡¡glm5)

rN000R tNoooR-ouroooR tNDooR/ouTo,ooR
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rs 0.

Fig 3. Comparison of indoor, indoor-outdoor and indoor/outdoor RSP conccntrations (¡.g m- t) lor four
hcating-fuel categorics

came lrom three different categories: Home R (ñon- modelwasusedtorelatetheseexplanatoryvariablesto
wood) 49.3 ¡rg m - r, Home W (wood only) 49.0 ¡rg m - r, measured indoor RSP conçentrations.
and Home P (wood + kerosene¡ +Z.ei¡i6-t O"to on home cha'rác{eristics and in-home fuel use

Similarly, one of the three lowest 2-uteek ä"erages ..a
( 15.3 pg m - r) was measured '';in the wood-burning a

residence (Home E) which had the highest reported
wood consumption. Data on air-exch¡ihge rate for S

Home E (l air change h - t) suglest, inat Uot'tr the high
wood consumption and low inìlooi RSP levels may F
due to the'leakiness'of the strüctuie. ' t

Etaluoting potentially importont dëterminants oJ'tnOoo: 
. , -,RSP

The preceding discussion highlighted ttre ¡aðí'tir:¿rt ffi:i1iü. w¿rs con flor AER, housc
within this set of 24 homes, iniorma.tion aUout tyiå of volume, and luel . Outdoor RSP
space-heating luel 1e.g. wood, wobd and kerosene, concentrations we the monitoring
other) is not sufficient to characterize most of the period,withvaluesrangingbetween6and30¡rgm-1.
variance associated with in-home RSP concentrations. Average indoor RSP concentrations were consistently
Given that tobacro use. the susþectid m¡ijor lnåqör'- higheiand varid lrom llaglgm-1. Mean indoor
source of particles. had been largely eliminated.by particlevalues(2-weekaverages)exceededcorrespond-
selecting only homes with nonsmokers. this,raises ing outdoor levels in 2l of.the 24 homes studied.
questions about *hich other factors are critical for The correlation matriÍ lor model variables is dis-
estimating indoor values. To ihvestìgate this issuE played in Table 9. Resùlts of pâiiwisc.correlations
further. a modeling approach was used to evaluate the indicate that covariance among independent variables
predictive capability of potentially signiñcant (i.e. wood. oil. kerosene. gas, electricity. house volume, '

variables. AER. outdoor concentration) is not a problem. Only 2

Intuitively, one would erpect several parameterE to sets olcomparisons. oil use vs wood use (r : -0.óJ) , r¡.
be important determinants o[ indoor þarticle levels: air- and outdcoiconcentrations vs kerosene usc (r = 0.ó2). ¡ : i
exchange rate: outdoor concentralion: indoor source had,correlation coefficients (absolute values) gre.rler
strength: removal rate: and mixing volume (National than 0.50. The negative relationship between wood ariil
Acadeniyofscience. lg8ll.Whileitwasnolleasiblctb oil use is reasonablè, since 55"; of the homés iJl

estim¡te removal rales. direct measurements we¡e.. Waterbury, were heated primarily with oil and only
available tor oui-tt'oõr iSP 'concentrationì. air- 28". were heated entirely with wood (sanborn et al.,

¡.

q
i¡
*

exchange ratcs (AER) and house volumes. Fucl usc in
BTU (e g. wood. oil. keroscne. gas. electricityl served as

a surrogate for source strength. A lincar regression

l98l: Sanborn e¡ ¿1.. 19821. Therelbre. iI homeowners
did not usc wood. they were likely ro rely on oil fgr+:
space-hcating tuel. The apparent positive correlation'

:'rç-_r---'
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Tablc ?. summary of homc characteristics and in-home fucl usc by rcsidence

lo-homc fucl usct

Propanc Elcc.

Gal) (10óBTU) (sal) (10öBTU)(CCF)(10óBTU)(kwh) (10ôDTU)(10óBTU) BTUdd-

Homc charactcristic¡

ToølKcroscneoilAir
crchangcf

fatc
(AcH)

I m-¡
Woo¡l

l" hcating' 2" heating'Cooking' -----------
sourcc fuel fuel (co¡ds) (10ô BTU)

Housc
Homc vol.

,i.d. (mrL

^FIz
CA
dx
oz
G

Ê

0
0
0
0
0
0
0
0

-0

2t
0

l8
t08

0
0
0
I
0
3

0
0

t4
3

2t
28

0
0
0
0
0
0
0
0
0

228
0

2ü
t78

0
0
0

30
0

30
0
0

t4'l
l0

224
309

t47
180
t17
180

¡ 52,

t5t
224
¡89
92'

l,l4
2t,
l2l
¡55
53

195

2ú
t42
9t

tó4
t43
207
r28
t77
207
t57

l,f)
t70
t93
tE3
242
r06
t39
225
t32
t8t
27J
t03
u9
35

244
r5ó
t59
t27
t9t
IEó
208
t34
t50
\25
t12

3ó
45
92
t3
42
24
27
t9
27
27
52

9

t¡
35
2t
22
27

9
35
24
33
9

¡8
l9
7

t0.t40
I 3210
270t6
' 3810
t2tû
7080
7?80
5470
7960
6ó40

I 5320
2ó80
32Æ

,10329

ó8ó0
Ø4
8030
2750

t0250
óE70
9ó30
2520
5240
55m
1940

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
9
0
0

t4
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

ó5
0
0

100

t4
50
0

t70
34
7

t7
45

t05
0

220
0
0
0

72
0

2t
ilE

0
109
t00
l4
0
0

ltó

r02
3ór

0
t24i
250

50
210
330
764

0
ró0f)

0
0
0

s25
0

r55
8ór

0
791
731
r08

0
0

843

90
75

l0r
0

t72
75
15

tól
0

138
0

15
0
0

t4E
t25
r08

0
140
54
75
97

129
8ó

2

4.2
3.5
4.7
0.0
E.0
3.5
3.5
7.5
0.0
6.4
0.0
3.5
0.0
0.0
6.9
5.E

5.0
0.0
ó.5
2.5
3.5
4.5
ó.0
4.0
t.0

oil c!cc.
oil clec.
clç. elcc.
oil clec.
oil ,. e!ec.
.oil clec.
oil elcc.
oil elec.
oil elcc.
wood elec.
oil clcc.
gas clcc.

tas 8as

oil clcc.
Lcro. clec.
oil gas

oil clcc.
oil clec..

,oil. clcc.-
wood elec.

oil gas

clec'
gas

oil wood

-0.8

r.0
0.ó
0.7
¡.û
0.5
1.0
0.4
0.3

-0.9
t.?
¡.2
0.7

0.6
0.9
l.t
0.4
t. í'
0.ó
0.9
0.5
0.9
0.ó
0.9

326
309
548
dó?
50?
¡t7
¡E7
3s9
692
404
197
2U
227
290
.t02

303
323
424
,ti I
5ûr
3il
303
120
229
]40

wood slovc
wood s¡ovc
wood slove
oil furnace
woo¡l stove
wood slove
woo¡l s¡ovc
wood housc
oil furnacc
wood furnace
oil furnacc
wood slovc
gas fumacc
c¡cc. hcalcrs
wood slovc
wood slovc
wood s¡ovc
orl furnacc
wood stôvc
wood s¡ovc
oil furnacc
wood stove
wood slove
wood stove
oil furnacc

A
B
c
D
E
F
G
H
!
J

K
L
M
N
o
P

a
R
s
T

.U
v
w
X
Y

I

!

'l
t

t
!

I
I
I

i
I

! lnfornr¿tion obtaincd by licld pcrsonnel during in'home survcy.
i P¡cdiclctl s¿¿sonal AER lio¡n ùlowcr door'mcasuremcntr (ACH : air change h- 1).

gÊsrimatcd s¿asonai fi¡el usc lÌóm utility bills.
8T-U dd- ¡ m- 

j'= 
BTU degree dayl I ¡s1g¡-2.
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Effects of rcsidcntial wood combustion on indoor air qualit¡ a casc study in Watcrbury

Tablc 8. Mcasurcs of ccntral tcudcrrcy and variability for modcl para.Ectcr3

Variablc N f S.Ê Mitr. Mar.

1379

,

Air<rcbangc rate (ACt{) 24
¡¡ors vs¡r'ms (ml) 24
Wood usc (10ó BTU) 19
oil usc (10ó BTU) 16
Kcroscnc usc (106 BTU) 2
Gas usc (10ó BTU) 9
Electricity us€ (10ó BTU) 24
Outdoor RSP conc. (¡rgo-t) 24
Indoor RSP conc. (¡rgo-r) 24

0.t
368
l0l
77
u
24
27
17
25

0.0ó
24.6
9.5

15.2
L4

r0.9
3.7
0.6
LO

. 1.7
692
172
220

t4
r08
92
30
49

0.3
187

2
7
9
t
7

6
l3

S. E- Standard enor.
ACH = air changc h-r

Tablc 9. Correlátiou matrix for modcl paramcten

Oit Keroscne Gas
Hor¡sc

Elcctricity volumc AER
Outdoor

Conc
Indoor
Conc-

\tood

oit

Keroscnc

Gas

Elcctricity

Housc
volumc

AER
Outdoor
Conc"

-0.63r
(0.m1)t

0.29
(0.tÐ

-o.25
(0.24)

-0.3f
(0.r4)

-o.24
(0.26)

-0.10 -

(0.6Ð

0.20
(0.34)

-0.02
(0.e3)

0.05
(0.r3)

-0.32
(0.13)

0.30

(0.8Ð
0.15

(0.48)

0.21
(0.33)

-0.0¡l
(O.EÐ

0.24
(0.2q

-0.24
(0.2Ð

0.30
(0.1Ð

-0.28
(0.re)

0.62
(0.001)

-0.t4
(0.51)

0.05
(0.E3)

-0.08
(0.72)
0.12

(0.s6)

0.09
(0.68)

-0.19
(0.37)

0.25
(0.re)

-0.15
(0.4e)

-0.0!,
(0.6e)

0.07
(0.74)

-0.27
(0.20)
0.27

(0.20)

-0.04
(0.6Ð

0.41
(0.0Ð

0.0t
(0.e6)

-033
(or2)

0Jt
(0.07)

' Pearson correla¡ion cocfficicnt.
t Probability.
AER = air-exchangc rate.

between outdoor RSP and kerosene use is an artifact numhr of explanatory variables (Kmenta, l97l). The
of the relatively high ambient levels measured outside lower adjusted ¡2 observed for the 3 and 4 variable
Home S, one o[the 2 residenc€s using kerosene heaters. models suggests that the loss o[ additional degrees of

The last column in Table 9 shows the coÉrelation of freedom is not worth thc marginal gain in unadjusted
indoorRSPwitheachofthcexplanatoryvariables. Itis ¡2. Thus air-exchange r¿rte and kerosenc us€ are the
obvious that no single parameter exhibits a strong._ bestpredictorsofindoorRSP.concentrationsincluded
relationshíp with measured- indoor values. Highest in the model. The most striking feature o[ thcse data,
coirelations were observed fòr'outdoor RSPconccn- however, is thc fact that it was possible to account
trations (r =O.21l,air+rchange rate (r = -0.27)an,q for only about.2O)i o1 thc variation in indoor
kerosene use (r = 0.25). .Indoor,particlê levêls *-ere- concentrations. ', :

found to bc unrelated to amounro[ wood burned.and,-- Althôugh the predictive capability of thê model is
house volume. As expected, homes using'primarily. oil,, low, computed regression coeffieients provide somc
gas, or electricily for spaçc-heating had negative clues conccrning the influence of underlying physicel
correlation coefñcients. su8g€sting that they tended to processes. For instance, these data indicate that an
havc^ lower in-home RSP values. :' \ : r' increasc in thc air exchange ràtc is associated with

Leást-squares regression models relating indoor reduced indoor RSP concentrations, while the use o[
RSP to home characteristics,''fuel usc, and outdoor kcrosene as a heating.fuel is associated with increased
RSP are listed in Table 10. Best l-4 variable inùels " 'indoor 

RSpl Cont.ràry to.exp€ctations, outdòor par-
were selected using a srepwise regression procedure ricle values werc not lound to be a strong determinant
(SAS, l98l). Thc adjusted r¡ lcoirected coefficicnt of of indoorconcentrations. This is probably due to thc
determination) valucs provide a meañs bf'èomparing ''fact'ihat ambient RSP levels 12,1-h äverages) èxhibired
regression cqualions *hich vary with respect to the relatively little variation during the study. The con-

Al ll: l-l
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Table 10. Bcst-ñtting lcast-squares rcgrcssion modcls for indoor RSp concentnrtions û.gm-t)

rì.: r::-,-t ::ìi

Model Term¡ coefficicnts Std.crror F p>F 12 
Adjustcd

Bcst I variablc modcl

Bcst 2 variable model.

Bcst 3 va¡iable modcl

Bcst 4 variablc modcl

Interccpt
Keroscne usc

lntercept
Air+rchange rate

Ec ratc

24
0.8

33

-ll
I

33

-ll
t

-0.0ó
25

-ll
0.8
0.5

-0.05

L93
L97

0.t0
0.10

0.lt
0.t2
0.53

0.6

6.4
0.ó

6.5
0.6
0.t

6.6
0.E

0.9
0.1

1.80 0.2
0.08 0.04

Ke¡oscnc usc

Intercept
Air-crchange rate
Keroscnc usc
Gas usc

Inrercept
Air<rchan 0.1I

0.36
0.59
0.58

2.88
2.67
0.41

ztl
0.89
0.30
0.32

0.t9 o.lt

0.21 0.09

0.22 0.06

Kerosenc use
Outdoor RSP conc.
Gas usc

'Bcst model bascd on adjusted 12 value.

sistently large intercept term (25-35lgm-3) suggesrs
that one gr more important indoor emissions ,ourcæ
are not accounted lor in the model, thougþ some
portion o[this a¡nount is certainly due to measurement
efïor.

those ourdoors. These data highlight the ubiquitous
nature of indoor RSP sou¡ces, even in homes wherE
occupants are noilsmokers.

Substantial variability in indoor RSp levels was
observed among homes within each of the heating-fuel
categories (i.e. nonwood, wood, wood and kerosene).
Concenrrations of respirable particles tended to be
higher in wood-burning, as opposed to n<¡nwood-
burning residences. However, observed differences
were not sratistically significant unless I nonwood
home, with elevated indoor concentrations of un-
known origin, was deleted lrom the analysis. Indoor
values were significantly higher in rooms with kerosene
heaters.

Several investiga!ors have shown that tobacco
smoke is a major contributor to indoor particle .

concentrations (Spengler er al., lgse Dockery and
Spengler, lgEl; Spengle¡ et a!., l98l: Spengler and
Tosteson, l98l; Kinney et al., l9B2 Spengler er ol.,
1982). To eliminate rhis source, only homes with
nonsmoking occupants were included in the study.
Measured RSP concentrations inside Waterbury resi-
dences were comparable to indoor levels reported for
other nonsmoking homes in Topeka" KA (Spengler
et al., 1980; Spengler and Tosreson, lgEl). Kingston-
Harriman, TN (Spengler et al., 19821. Boston, MA (Ju
and Spengler, l98l). and six cities in the Harvard Air
QualityTLung Health Srudy lDockery and Spengler,
l98l; Spengler et ul., t98l; Kinney et at., lggl¡.

The fact that indoor RSp concenrrations in non_
smoking homes consistently exöeed outdoor levels
suggests the presence ofothcr indoor einission sourc€s.
Data prcsented hcre indicate that wood- and kerosene-
fired upplianccs can contribute to elevated indoor
values. bur are not the only source of RSp inside the 24
residences in rhis study. Because particles can bc
generated by combustion. condensalion. abrasion, and
resuspension, there ure many potentially signiñcant
indoor cmission sources. Among the more obvious are

DISCUSSION

Previous studics

Information concerning effects of residenrial wood
combustion on indoor air quality is limited due ro a
lack of measurements. Studies conducted to date have
been designed to provide evidence about general air
pollution levels in a lew wood-burning homes, selected
mainly for their proximity and accessibility. Because
no systematic examination of this issue has been
attempted. available evidence is fragmented, uneven in
quality. and ofren contradictory. Findings from pub.
lished studies are summarized in Table I l.

These data suggest that indoor concentrations of
particles, benzo(a)pyrene (BAp), hydrocarbons,
carbon monoxide (CO), nitric oxide (NO), nitrogen
dioxide (NOz), and sulfur dioxide (SO2) can increase
during op€ration of wood-burning -appliances.
However, elevated indoor levels of air pollurion were
not a consistent finding across all wood-burning
homes. This is not surprising given the smal! sample
sizes (N ( 8) and the expeced home-to-home vari_
ation in wood use, operating and maintenance pro_
cedures. air+xchange rates and mixing volumes.

H a¡¿'ard, 1982 indoor I outdoor monir oring st ul y
Indoor RSP coneentrations were relatively well mixed
within homes, although higher values *.r. oUr.*.¿ ¡n
roorns with unventd kerosene heaters. Indoor con-
centratto
reùels for 

ng outdoor

rwenry.r ;:ff[:11
onc l,l-h ls excecded
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cffcc{5 of rcsidc¡ti¡l wood coobus¡ioo oo iodoo¡ air qulity
Trblc t L Dcscriptioo ol prcvious s¡udic¡ which c¡¡ni¡c

" Numbcr
of

Lsúo¡ homcs

Bostoo, MA

Typc of
wood-burnio3

dcvice(s) Mcssurcncoas FiodingÊ
lfI

8'
h
o

1'
èo
=
b

to
L
oo
B
crc

ô
ã
o

='Êoô
Þ
E.¡
q

Þ
I
lß

cÀ
å
{
Þ
o
ac
i¡

Rcfcrcocc(s)

Moscha¡drcas
et al.
lleE0) :

3 Woodstovc and NO, NO,' CO¡',' tucphçp , ffial¡aÌl;;.tï.,
:. - BaP, TsP, RsP'

Colomc àod
Spcnglcr
I reE2)

Colooc ¿l --

- 
st. (lgEl)

Bcoto¡ ci
¿1. (1981)

Nculicht and
Corc (l9t'2)

Traynor er al.
(ret2)

McGill ¡od
Millcr (1982}

S¡ei¡vcovillc, OH
aod Portagc, lVl

Flint lliþ
KS,

Portla¡d, OR

"ì
Bcrkclcy, CA

TopcLe'KS

sÉlcltÈd elcmcnls'
. . ,airinñltratión

lO .- Woodstovcs SOT,NO¡, SO.'
(¡wo with 

-' ; 
'RSP, selocled ,

woo{srovcs) Glcrtrcnls

5 Woodstovcs, ôicP HYdrocarbons,
hcc, wood<ookiog RSP

stovc, aid a sood
furn¡ct

5 Woodstovcs PNAs' Psrt¡cuhtc

" : mase' Pb

,,
3 Woodstovcs a¡d CO, NO, NO¡,

wood furo¡cc¡ SO¡, air+xchangc
ratcs

t Woodstovc¡ ¡nd Volatilc and scmi'
" ôrcplaccr volatilc organics

¡lonc.
inãär Aap coocc¡lrations during woodstovc usc averagcd 5

i¡-.t r¡ã* mcasurod during nonwood-burning ryti+"
Outdoo¡ mcasurerr¡cnts wcrc consis¡cot witb Pror¡D¡¡y lo

outdoof sou¡ccs.
hJoor lcvcls of SOr, SO., Mn and V werc lower than thosc

mcasu¡cd ou¡doofs.
NO. concentratioos wcrc elc

homlcs, RSP levels werc higb
Elevated indoor lcvcls of Al' ow

a¡v disccrnible Dat¡crn.
õ;.;;;*ith a woods¡ovc and a gas+ooking stovc had tbc

highcst NO, coûccotrst¡oo ¡eco¡dcd in Portagc'

flã'od.U*oíog dcviæs causod indoor RSP lcvcls lo bc bighcr

than ¡o oonwood'burning homcs'

Chromarograns for cach home h¿d uniquc fcaturcs lhat wcrc

consis¡ent froo week to wcck.

Mosr:bydrocarbon peats wc¡c unidcntiôod; howcvcr. thc prc'

*oo oi U".tìr.o., toiu.o., p-rylcng cu&coc i¡oocrs and

cymcnc Ísobcrs w¿s rccordcd
Ño simiicanl incrcasc in lhc cooccntration of particulatc

m¡ttci a¡d PNAs i¡ I of 5 homcs cvs¡ustcd durin¡ wood-

burning'áctivilicc'
A sigoiñcant i¡c¡casc in both particulalc q!-¡l.cr a¡d PNA¡
wasiæo¡dod durio¡ wood-burnin¡ b I of 5 hooc¡
mooitorcd,
Lcvels of CO, NO, NO¡ aud SO, ¡ocrcasd duriog wood'

burnirg pcriods, slthough conæotrations wcrc gencrdly

bcbw õccupationsl ¡od outdoo¡ ¡¡¡ qua-l¡tl ¡o-odards

Thcrmograms wcrc rcasooably chsrsctcrist¡c of individr¡¡l

wood-burniog aPPlianccs .
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cooking vacuum cleaning sweeping, duStidg aerosol
snray products, pcts, and other activities within a
house.

One potential source of enor which deserves further
consideration is the uncertainty associated with AER
determination. Scasonal air-exchange rates were de:
vcloped from one-time blower door measurenents
Because ventilation rates Íue influenced by diurnal,
seasonal, and regional factors as well as local meteore
logical conditions, there is obviously a wide margin for
error. In addition, continuous Eeasurements of inñlt-
ration rates have shown that opening doors, particu-
larly for extended perioô¡ can cause short-tcrm AER
to increase lrom less than t ACH to m'ore than 3 ACH
([amb et al., 19821. Homes in Waterbury are expected
to be re latively 'tight' during winter nonths, but;
ocrupant actiyities might have considerable effect on
short-term AER. This in turn could have a substantial
impact on measured indoor RSP concentrations.
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coNcLUsroNS r nil5åtl'åïiåiHi:,T å. oi*, Rcsidentiar indoor
' and matched outdoor pollutant measure¡tcnts with spæial

Measuiements inside and outside 24 homes in considera¡ions of woo¿-burning hoocs ln Residemial
Waterbury, Vermont, indicate that RSP'çongen- ' Solid,Fuek:Enuirounentallmpactsandsolutíoru(cditcdby

trarions are lrequently elevated indoors, even iñ the trtrj"|, à*and 
Malck D'| oregon Gradr¡a¡c ttn:î

absenceoftobaccosmoke.Nostatisticaldifferencewas Coìoo¿ S. ö., ü"C-r¡y:S M.,and Spcnglcr J. D. (l9Bl) \)

observed between indoor particle values in homes that Residcntial indoor anã anbicnr outåooi comparisb¡ oi
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