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ABSTRACT

Air quality neasurements along wiFh Efrflov rate Feosurenento of aír-conditfoning system were
,-..r,.conduc¡ed in an office building occupied by workare wtth cleftcal lctivitlet, Contamlnants mea-
\.i;;.çured were C0,, SPM (suspended parliculaEe notters)r NOx and efrborne bacterfg.

Indoor CO¿ and SPM levels vere found to be qultg high, 1,ó00 ppm (COr) and 0,25 ng/n'
(SPM), respectively, at their naxinu¡¡ and exgeeded Japanese $tandards.

The cause of the high concentration was found to be airleakage in the ouÈdoor air fntake
ducç. The airleakage rate was çstineted applying nass-balance nOdel of C0'. Results lndicaEed
ghat Èhe actual outdoor alr lntake fate vas less than half of Èhat expected. The applicability
of the nodeL,rvas exanined and lt r,rag considered to be practically satisfactory.

INTRODUCTION

Durfng recent years, with strong demand for lnprovement fn efrttghtnest of buflding envelopgs p¡
an eßerg)¡ conservaÈion neasure, there has been increased awêreness of the health effec¡s Fhat
nay result fron prolonged exposure to fndoor alr contaninanÈs :.n offlce bulldings; Nuuerogs re-
ports on these prÇblems, so-called rrsick-building syndrome,ttttbullding fllnesç,tt or efnply
"sick buildingrrf were presented t,o nany conferenÇes and journals, Conprehensfve revler.re rvere
nade Þy WHO (1983) and Stowfjk (1984).

In Japan we have a "Law for Maintenance of Sanitaeion 1n Buildinggr' (1983) ' nhlcb lç u¡ed
( Èo esÈablish and which defines fndoor air quality levels in bulldings having Èotal floor area of,

Eore than 3,000 n' and equiped wfth â cenÈiaI air-conditlonfng systen. For instancg C0, and SPM

(suspended particulate mãttãrs) levels are !o be less than 1,000'ppur and 0.15 ng/nt, rêspêc-
tivel.y, and nonlhly neasuremenÈ by buildtng nalntenance engfneers and annual inspection by r9-
gional health centers nust be perforned. But wlth the few exceptÍons made by Muramatsu (1984)
Eost neasurenents have not been publlshed because the najor concern is wheLher the indpor afr
qualiÈy 1eveI of each bullding meets Èhe law or not. We have been conducting on-the-spot Deasure-
Eents since before Èhe oll crisis and have published the reports (Yoshlzawa L967 t L976 , 1978 ,
1980 and Sugawara 1967 ). There are several papers besldes ours, but the data are not enough.

This paper presents the results of our air quaLit,y Eeaeurenents fn an office building-to
learn the actual sÈaEus of the Índoor alr quality and to find the problens related to ft, Mea-
surenents of NOx and alrborne bacteria as well as C0¿ and SPlt were urade. Not many data are
availabLe ín the literature on NOx and bacÈeria levels. C0¡ and SPM levels exceeded the Japanese
sÈandards in many cases, and fndoor NOx levels were higher Èhan outdoors depend{ng on the case.

Airleakage in the outdoor air intake duct, which was the najor cauae of thç elevated C0¡
and SPM, was found. Such undesigned airleakage often exisÈs because of defects in consÈruction
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prcicedures and improper use of the buildinl.'Althobgh airleäkage iä the building enveÌope may
somet,imes inprove indoor air quallty, airleakage in partitioris, especially in those dividing á
roon and an òutdoor air intaké duct, deteriorates the air qúaiity. Since airleakage is not a
desirable factor ln terms of energy conservat,ion and accurate prediction of air quality levetr,
we tried to esÈimate the airleakage usig a COr mass -balance model. The applicabillty of the
nodel nas also examined.

OUTLINE OF THE MEASURE}'fENTS

Buildine Measured

the. object building was an office building constructed in downtown Tokyo ín L974 rcith'ten
floors above grouird and a basenenÈ of two floors. The structure was of Steel-franed reinforced
concrete and its total floor area ùas about 6,4OOn'. Figûre I shows a plan of the forth floor
r¡here air quality neasurenenÈs were ¡oade and where windows were all clósed during the neasure-
Eents. Its floor area was 470rn' and designed capacity vas 86 persons.

Dat,e Surveyed

The neasurenents were cônducÈed on 9 and 10 Decenber 1980.

Aii-Conditioning Svstèn

The buildlng was air-condiÈioned wiÈh an air-handling unit set on eaih f1oor. The ôuÈdoor
air intake was located on the ninth floór and supplied a single-duct systén. The air-handling
u¡it of the neasured floor had a roughing filter not cap¿tble of ellninating tobacco smoke.

A tlow visualization test with smoke showed leakagé of return air from the officê roo¡o into
thè outdoor air intake duct, as showri in Figure 2. Thia decreased Èhe effective outdoor air in-
take rat,e to ievels less thai expected.

Measuriñß Procedures

Factors measuied and instruments used are listed in Table 1; Fluctuation patt,erns of Con-
taninant levels were nonitored at a control polnt in the office foon in questión, as shor+¡ in
Figure 1. Gas sanpling for airborne bacEeria !¡as nade continuously, while saropling for other
conÈ,aminants was done on hourly basis using the grab sampling nethod. Samples were taken in poly-
ethylene bags with nanual punps and analyzed as quickly às possible r¿ith gas analyzer set. on the
other floor of the building. Sone loss of contaninanÈs, therefore, would be expexted but an al-
nost negligible amount becauSe of the imnediate analysis.

HorizonÈal concentration distributiôns of conÈaninants, except for airborne bacÈeria, were
nade at 14 poinÈs in the roon, âs shown in Figure 4, once a day at 4 p.n. Airflow rate in each
duct was neasured only once because operating conditions were kepÈ unchanged over the rneasere-
nent period. A supplemental ducE was used for neasurerrent of volurne fron the diffusers. Density
of the occupants and person srnoking were counted hourly by Èhe survey tean.

RESTJLTS

Fluctuation PaEterns in DensiÈy of Occupants and Person Si¡oking

Densit.ies of occupants and person smoking are shown in Figure 3. About 70 peisons, aþploxi-
rnately 80it of. designed capacity of the roomr were occupying the space during the work period (9
a.n. to 5 p.m.) of both day, 9 and 10 December. Five to six persons, on Èhe average, out, of the
occupants were smoking all the tine. Percentage of Èhe persons smoking was abouÈ 77.. the occu-
pant, nunber deceased to 30 during lunch break.

Operatins PaE,t,ern of Air-Handlfne Unit

Air-handling unit was normally turned on at 8:30 and off at 17:00. But it was accidentally
turned off from 12:05 to 13:00 of the 10 December, as shown in Figure 3.

Airflow Rates

Airflow rates from diffusers of the room are shown in Figure 1. Total of these values
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amounts to approximately 6,650 m'/h, while the airflow rat,e obtained
supply air duct was 7 ,092 n'/h. Difference between them is less than

the airflovr raÈe measured at the outdoor air intake duct of the
mt/h. It was no!, however, an acEual outdoor air intake rate because
before. Actua1 outdoor air intake rate will be estinated later.

from the neasurement at the
77..

alr-handling unlt was 4,972
of the airleakage mentioned

Fluctuations in Contaminant Levels

Concentration
density.

c0,
NO

NO,
SPM
Airborne BacÈeria

1,600 ppn
170 ppb
40 ppb

250 cpro [0.25 ng/n']
0.4 cfu*

flucÈuations of contaninant,s are shown in Figure 3 along with the occupant

The naxinuu indoor levels are as follows;

(18
(e
(ls
(18
(r7

:00, Decenber 10)
:00, Decenber 10)
:00, Decenber 9)
:00, Decenber 9)
:30, Decenber I0)

[.:,i:

* cfu:' colony forning unit

The values, 1,600 ppu of C0: and 0.25 ng/n'of SPM, far exceeded the allowable 1evels of the
Lav for Maitenance of Sanitation in Buildings (1983), This high concentration was considered to
be the result of the airleakage.

Fluctuation patterns of C0, and SPM seem to depend on the occupant, density and the opera-
Êional pattern of air-handling unit rather than on the outdoor level. That is, levels of two
conÈaminants increased when the occupanÈ densit,y increased or r¿hen the air-handling unit was
turn off and looked alnos! independenÈ of outdoor concentration fluctuation. The effects of
turning the unit on and off were clearly seen from 9:00 to 10:00 and after 17:00 of both days.
An interesting evenÈ happened during lunch break of December 10 vhen two contradictory things

- 
one a decrease in occupant number and other an accidental breakdown of the unit 

- 
occured

sinaltanously. The leve1s of C0, and SPM renained unchanged or slightly increased on December 10,
while they decreased during lunch break of December 9 when the unit operated normally.

The fluctuations in N0 and N0,, on the other hand, seened noÈ to be affected by occupant
density and unit operational patÈern.

Because of the low concenÈration, no significant trend can be seen in the airborne bacteria
level curves excepÈ for one case where one can recognizç a sharp rise in the curve after 17:00 of
December 10. This is consÍdered t,o be the result of turningoff the air.handling unit.

i*,¿' renarkable evidence of the influence of snoking on the indoor contani.nant levels because the
nunber of persons smoking was sua1l.

It nay be considered that the high N0 concentraÈion at beginning of Decenber 10 cane fron
the influence of outdoor air. The increasing 1evels of SPM at the end of Decenber 9 and 10 nay
be the influence of activities of the overEine workers and Èhe cleanlng workers in addition to
shutdown of the air-handling unit.

Horizontal Concentrat,ion Distributions

FÍgure 4 shows Èhe horizontal di.stributions of each contaninant concentration measured at
4 P.t. Figure 5 shows cumulati.ve frequency distribution curves of each conta¡ninanÈ concentration
obtained from the hori.zontal dist,ribuÈion measurenents.

All of the C0, and some of the SPM data exceeded Èhe Japanese standards, I,000 ppn for COr
and 0.15 nglm' for SPM.

Horizontal distribuÈions of NOx were relatively uniform throughout the roon and absolut,e
values of Èheir concentrations are different depending on the date. Concentrations of C0¡ and
SPM, on the contrary, were distributed nonuniformly. Their absolute values measured on both days
are quite similar each other. These trends are also seen in the curves of cumulalive frequency
of which shapes and absolute values of C0, and SPM data from boÈh days are quite similar Èo each
oÈher while those of NOx are not.
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DISCUSSION

Grouoins of Contaminants Accordinc to Their Orieins

As nentioned before, the contaninants neasured in the survey vere divided into two SrouPes
fror¡ their flucÈuation patterns and horizontal distributions. One,.was a S,rouPe of C0, and SPM

and other was groupe of N0 and NOr.

The difference is explained by their origins. Sources of C0, and SPM are nainly human acÈi-
vit,ies, including smoking, which are repeated in a sinilar manner every day. That is the reason
the absolute values, fluètuatlon patterns, and horizontal distributions of COz and SPM concen-
traÈions were indepenÈent of date but dependent, on occuPant density.

Sources of NOx are, on the other hand, exhaust gases fron conbusÈlon appliances, auÈonobile,
and snoking. l.lithin the rooo in question, no appliances were used and not ¡Dany Persons were

snoking; tñe najor source of NOx rras, therefore, autonobile exhaust gas from outdoors. As outdoor
conceniration levels of exhausÈ gas were different on each day, the indoor:NOx-lêvels:fluctuated
and distributed differently depending on the daÈe and were alnost insensitive to occuPant density.

Àlthough airborne bacteria should have follor+ed the C0: and SPM paÈterns Judging fron their
origins, thã tendencies sinilar to those of C0''and SPM were not observed clearly' probably be-
cause of the 1ow absolute leve1s of airborne bacte¡ia.

Estination of the Actual Outdoor Air Intake Rate {:)

C0¡ and SPM concentraEions in the roon
airleakage into the outdoor air inÈake duct
levels considerablly lower than exPected.

significantly high and it was susPected that the
t, have reduced the outdoor air intake raÈe to

were
nigh

A nass-balance trodel was used Èo estinate the actual outdoor air inÈake rate using C0¿ as a

tracer. Table 3 shows that Èhe raEios of C0' through the air-handling unit obtained fron the
Eeasure¡nents. Taking account of neasurenent errors, C0. passing ratio is alnosÈ 1002, which neans
C0¡ was practically not absorbed by Èhe unit.

The following hypotheses were assumed for Èhe esÈination.

I. C0, distribut.es uniformly and instantaneously throughout the space in question;

2. The najor source of C0, is only hunan netabolism and generation fron other
sources, such as tobacco, is snall enough to be ignored.

An airflow rate, Q, neasured at the intake of the air-handling unit would be the actual
outdoor air intake rate, Qf, plus any leakage, QL¿ exPressed as

Q=QL+Qf (1) (:'

If Co is ouÈdoor CO: concenÈratj-on, Ci the indoor COz concenÈratj.on' and C Èhe C0, concenÈration
of the nixÈure of outdoor air and leaked air fron the room' the nass-balance of C0, would be ex-
pressed as

QxC=QLxCi+Qf xCo Q)

Since Q, Co, G, and Ci in Equation (1) and (2) are measurable, unknown valuables, QL and Qf, can

be sloved.

Results are shown in Table 2. Data used for the caliculation were taken quasi-steady data
over the sampling period. The actual outdoor air intake rate was lower than 30 n'/h/Person' the
sr,andard value autirorized by SHASB (The Society of Heating, Air-Conditioning and Sanitary !ngi-
neers Japan, 1973). It can be concluded that the majour reason for hi.gh indoor C0¡ and SPM

levels was the leakage of the roorn air into the outdoor air inÈake ducE.

Estimation of CO, Generation Rat.e from the Occuoants

To determine Ehe accuracy of the estimaÈion, we calculate the COr generation rate from the
occupan¡s using same nass-balance model and conpare it to sEandard value widely used anong

designers.
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Taking m as a COu generation rat,e from one occupanE, N as an occuPanÈ number, Qs as a total
airflow raÈe supplied, Cs as a concentration of the supplied air, Qr as a total airflow raEe ex-
huast,ed, and Ci as an indoor C0z concentration, the mass-balance equat,ion is

CixQr=Nxm+CsxQs \

If natural ventilation rates are very smal1 compared to Qs and Qr,

Qs=Qr

Therefore the nass-balance equation is expressed as

n=Qs(Ci-Cs)/N (3)

ResulÈs, as shown in Table 3, indicate that Cou generation rate averaged over four cases is
0,024 n'/h/person, vhich is sinilar to Èhe standard value, 0.022 n'/h/person, in the case of
"light, desk work" at wnich hunan relaÈive netabolic raEe is rated as 1.0 (AIJ 1978). As Èhe

difierence betr¿een then is about 97,, the accuracy of the nodel is considered to be satisfacÈory'
Èaking inÈo account, the complexity of factors related to the nodel and neasurenent.

rÍËconct usron
'.ifj-

1. CO, levels in the office room considerablly high, 1,600 ppn at their naximun, and exceeded a

Japanese sÈandard 1evel, 1'000 ppm, in most cases.

2. SPM (suspended particulate natters) levels were also high, 0.25 ng/m' a! their maximum, and
exceeded a standard level, 0.15 ng/n', depending on the case.

3. The maximun concenlration of airborne bacteri.a was 0.4 cfu (colony forning unit).

4. The naxinum indoor NOx levels were 170 ppb (N0) and 40 ppb (N0,), respectlvely.

5. Concentration flucÈuation of C0, and SPM correspond well to the occupant density and air-
handling unit operaEional Pattern r¡hile fluctuation of NOx did not

6. HorizonÈal concentration disÈribuÈions of NOx were relaÈively uniforn, and absolute values and

cunulative frequency curves of the horizontal disÈribution daEa were different depending on

the date.

7. Horizon¡al disUribuEion of CO, and SPM were not uniforn conpared to NOx, and absolut 'ùalues
and cumulative frequency curves obtained fron the horizontal disEribuÈion data were of litE1e
di.fference depending on Èhe date.

8. We divided the contaninanÈs of this measurernents into two Sroups according to their origins'
which characterized Èheir fluctuation and horizontal dj.stributior patterns. One consisted of
CO¡ and SPM, whose origins were hunan activities; oÈher group consisted of N0 and N0:, whose

sources were nainly outdoors.

9. Airleakage frorn the ouÈdoor air intake duct was found and Ehis recirculaEion was suspected as

being thè najor cause of thé high concentration of C0, and SPM. The actual outdoor intake
rate was less than half the expected value because of the leakage according to the mass-
balance nodel estimation

10.The applicabilty of the urodel was examined and it was considered Èo be pracEical.
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I nstrumen ts

Infra-red C0, Ana'lyzer

Beckman, Mode'l IR315A

Chemilumìnecence Type
Nìtrogen 0xìdes Analyzer
Mon ì tor Labs, Mode'l 8440

Lìght Scattering Type
Dens ì tymeter
Shibata Kagaku Ltd.
Mode'l P-5

Sl it Type Samp'ler
Mattson Carvin Co.
Model 200J

Hotw'ire Anemometer
Kanomax, Model 24-1 1'l 1

TABLE 1

Factors Measured and Instruments Used for the Measurement

coz

Factors

SPM

Ai rborne
Bacteri a

Ai rfl ow
Rate

Notes

1 cpm indicated by thìs
jnstrumentris equal to
0.001 mg/m" according to
cal ibrat'ion us'ing stearic
acìd particles

NO
x

9rh

9rh

1 orh

1 orh

TABLE 2

Resu'lts of Estimation of the Actual Outdoor A'ir Intake Rates

Date Qt/t't

33.8

34. 5

27.4

29.2

32.0

Des'igned Capacìty of the Room (persons)

Average

It
N

c

Mesured Data Used for
Cal'icu I ati on

Orlr'ri
Qr{"3/n¡

(af/a)c

( ppm)

a

(13/¡,)( ppm)

c
o

c.l
( ppm)

T'ime

2504
( 502)

?253
(467,)

1877
( 382)

1952
(407")

29.1

26,2

21.8

22,7

10-12

14-16

10-11

1 4-17

510

s37

525

512

1177

1274

1302

1 388

838

937

1 006

1 041

4972

4972

4972

4972

2147
(447")

25.0
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c.
1

(ppm) lh)(m

a s
3

N

( pe rs ons )
Time

t+
PR(co,

(7") ' pm )

c
s

(p

7092

709?

7092

7092

68.3

65.3

68. 5

66. I

10-12

14-16

10-] 1

14-17

91 .9

99.3

10?.9

106. 9

899

1 045

1 091

1205

1177

127 4

1 302

1 388

TABLE 3
C0, Generation Rates from Occupants

Date
m

(m3/h/person )

0.029

0.025

0.022

0.01 9

9th

9rh

1 oth

1 oth

Jf

Average 0.024

(co2) C0, Passìng Rat'io through the Air-Handl'in9 Unìt

45.9m

outdoor Air Intake Duct

(- Returned Air

JJ,J
Supplied Ajr

Office Room

Ai rl eakage

Figure 2. fll,ustraÈjon of the airTeakage

PR
¿íiÞ-.r}

Figure l. Pl.an view of the rogm su.rveged and of the air supplg ducÈs and results of
the aitfTow rate (n'/h) Æeåsurements f¡o¡n djffusers

L

L

o
!+
o

(

\

5F

oo
É

llLO
.a (.,

Air-Handling Room

rol Poi

EV

for
a
NO

x, SPl't and
Po

Office Room
¡ o ¡a+

Hal l

Air-Handling Unit
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Air-Handling
Unit operàti
Pattern

8 9 l0 ll 12 13 t4 15 16 17 Ï8 Tine

Al r-Handl tng
Unlt Operatlng
Pâttern On

0ff
Persons
Soþkln9

'( persons )

0ccupont
Dens t ty
(persons)

coz
(ppo) 2,

(ppb)

(cpr)

Al rborne
8ôcteri à
(particle/l ) Q.

0-2

8910

910
(December l0)

I 12 I

ll

l¡t 15 16 17 talfr¡e

t3 l4 ¡5 16 17 18 lime

0n

100

0coz

Persons Off
Smok i n9
(persons) l0

Occupant
Dens ì ty
( persons )

(ppn) 
z

(cpr)

0

0

!o!
f

=
I
o

¡t0
(ppb)

il0

!oL
a

=
L
o

tozp

( ppb)
200

¡00

Noz o

(ppb) 
zoo

't00

0SPI.I
0

100

SPII

Ai rborne
Bàcteria
(particìe/ì )

0.

0,

0
I 9 l0 ll 12 t3 14 15' 16 17 l8 Time

(Decnber 9)

Indoor

0utdoor

0utdoor

Indoor

Indoor

0utdoor

Indoor

Indoor

0utdoor

0utdoor

lndoor

0utdoor

I Indoor

0utdoor

,0utdoor

Figure 3- Fluctuatjon Pattelns of measured factors
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Discussion

p. MOREY, NIOSH, Morgantown, IIV: Your slfdes showed that the Japaaese standard for airborne
bacterla 1s 160 colony-forning uoits per cubtc treter. How was thls standard derlved? Is
the Japauese staodarcl based oa a dose reEpoûse relatlooshlp? Dld you treasure total bacterla
(35.Ctncubat1on)?ord1ôyoucouûton1ycerta1.ngeneraEuchasEP@.or
-[lreptococcug, Epp.?

IKEDA: I showed the Japaoese ludoor air quallty standard for C02 and suspeuded
partlculate ¡¡atÈers and the anblent alr steu,alartl for N02, but I dtd not show aoy klnd' of
airborne bacterta staadard because ne have ao such standard 1u Japan. However, I thlnk that
an aLrborne bacterla level of 160 cfnr/cub1c r¡eter fE not au unsultable guidellne Judglng
froo our experlenees. We oeasured ouJ.y total bacterla aud Lncubated then at 37oC. I{e d1d
not fdentlfy klnds of bacte¡i.a.

I. DHIA, Cool Science, Inc., Dallas, TX: Hurolðlty ls aa lBpoltaût reference for alr quallty
and coniort level, and I belLeve hunldlty aan affect the readiug that Dr. Ikeda has neasurecl
oo, this speclflc proJeet. I thlnk hr.ulldtty cao have effect on C02, N0' C0, bacterfa level
Lo alr, whtch will change air quallty oodestly.

IKEDÀ: Dr. Dhlars cooDert ls qulte reasoaable. I also thfnk that bunldlty has ltrPortaÂt
effects on ulaBy lndoor aLr coE'taDl-Êants, especlally oa alrboroe bacterla levels.
Uafortutrately we dtd oot treasr¡re the hunldlty, but we have beea neasurlng lt sl.uce the
Deasureneût after this.
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