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he principal consensus stan-

dard on ventilation to con- |

trol indoor air quality in the
United States 1s ASHRAFE Stan-
dard 62-1989, Ventilation for Ac-
ceptable Indoor Air Quality.’
| Table 2 of this standard pre-
scribes outside air ventilation re-
quirements to maintain accept-
able air quality in a variety of
commercial and institutional fa-
cilities. A footnote to this table
states that the ventilation rates

were “chosen to control carbon |

‘Superseript numerals indicate refer-
ences listed at end of article.

TABLE 1—=Building 1 HVAC performance assessment.

dioxide and other contaminants |
with an adequate margin of safety
and to account for health varia-
tions among people, varied activ-
ity levels, and a moderate amount
of smoking.”

The research reported here was
designed to assess the effective-
ness of the dilution ventilation
provisions in ASHRAE Standard
62-1989 in controlling environ-
mental tobacco smoke (ETS) in
the office workplace. Data were
gathered through three interre-
lated phases:

W Assessment of HVAC system
performance.

¥ Personal exposure monitor-
ing of ETS-related constituents.

| Total building :
' [ Outside air ventilation
[ | Estimated maximum (based on 60 percent
Total | Return | Outside Qutside occupancy (based on ventilation effectiveness),
air, cfm | air, cfm | air, ¢fm | air, percent 7 per 1000 sq ft) cfm per occupant
19,834 | 15364 | 4470 | 291 150 179
Eixed monitoring locations
| | Outside air ventilation
| | (based on 60 percent
| Total Outside | Outside Observed ventilation effectiveness),
Site air, cfm air, L:fr_n | air, percent population cfm per occupant
P B 286.9 291 9 192
| B i N s s R 29.1 1 29.4
e P R S T o | 3 239
D ! TE0: e 22412 29.1 0 19.0
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V¥ Fixed location monitoring.

The two buildings studied were
adjacent within a large multi-build-
ing facility in Richmond, Va. Staff
working in these two office build-
ings performed similar job func-
tions, typical of the North American
nonindustrial workplace.

System performance assessment
Total building HVAC assess-
ment. The assessment of the
HVAC systems included the col-
lection of descriptive and quanti-
tative information. The design
and operational configurations of
the HVAC system were deter-
mined from review of mechanical
engineering plans, inspection of

HVAC system components, and |

air flow measurements taken us-
ing a standardized duct traverse

| method with an electronic micro-

manometer fitted with a pitot
tube attachment.

Fixed monitoring location HVAC
assessment. The total volume of air
supplied to each of four fixed sites
in each building was determined
by air flow measurements taken at
the ceiling diffusers using an elec-
tronic micromanometer. The air
flow measurements determined
the volume of total air (outside and
return) supplied to the fixed moni-
toring site. The volume of outside

continued on page 83
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air supplied from the diffuser was
then calculated from the propor-
tion of outside air determined from
the measurements taken at the
main air handling unit (AHU).

To determine the outside air
ventilation rate, one must know
the ventilation effectiveness.
While the term ventilation effec-
tiveness has been variously de-
fined by different researchers,” it
is used here to focus on distribu-
tion of ventilation air from the
central AHUs and the mixing of
ventilation air within the occu-
pied space. No standardized
method exists to determine venti-
lation effectiveness objectively.
Therefore, a ventilation effective-
ness factor was subjectively esti-
mated through direct observation
using smoke pencils and the judg-
ment of the engineers who con-
ducted the HVAC assessment.

In addition to the air flow mea-
surements, continuous monitors
for carbon dioxide (CO,), tempera-
ture, and relative humidity were
installed at each indoor site and
at the outside air intakes.

Personal exposure monitoring.
| Using a random sampling proce-
| dure, we selected 13 nonsmoking
subjects in Building 1 and 12 sub-
jects in Building 2 to participate
in the personal exposure assess-
ment. The personal exposure
monitoring was performed on
April 13 and 14, 1994.

ETS consists of both vapor- and
particle-phase components.”* To-
tal respirable suspended particles
(RSPs) were measured as the
tracer of particle-phase ETS expo-
sure, and nicotine was used as an
indicator of exposure to vapor-
phase ETS. Both have been
widely used as indicators of ETS
exposure.”

RSPs were determined gravi-
metrically in accordance with
ASTM Standard D4532-92, Stan-
dard Test Method for Respirable
Dust in Workplace Atmospheres,®
and nicotine concentrations were
determined in accordance with
ASTM Standard D5075-90, Stan-
dard Test Method for Nicotine in

TABLE 2—Results from Building 1 personal .
exposure and fixed location monitoring.

Sty i Smoking
Indoor Air. Samphng i Total RSP, Nicotine, frequency,
apparatus, housed in | Date Statistic pg/m’ ug/m* cigarettes per hr
standard laboratory | personal
coats, was attached ["apii13~  mean 26.4 18 14
to each subject for | Median 26.7 15 1.5
one working day. The ; / Range <125t0479 03tod4 Oto 3.2
semplng quipmen: | J N3 B
consisted of two air Range 13310335 041047 031050
pumps, tubing, and “conpined Mean 236 20 14
sample collection me- | Median 22.8 16 0.9
dia, which were at- | Range <125t0478 03to4d7 0to5.0
tached to the lapels of | Fiyed location
the coats, adjacent to T, Fisr 245 Y
the subjects’ breath- | g mean 111;} g%
i 5 gan : ¢
e AL vl Mean 314 24

Each subject was ,

. s . Combined Mean 29.2 27
IBQUIFEd to maintain | Median 993 93
an activity log for the | Range <125t0674 181044
duration of the sam- | Outdoor  Mean 225 —
pling period, which di- Median 224 e

vided the work day
into 30-min segments. For each
segment, the subjects indicated
their location in the building, de-
geribed their work activities, and
recorded the number of cigarettes
they were aware of being smoked
in their proximity—:.e., within 20
ft. From this information, the re-
ported number of cigarettes per
hour were computed.

Fixed location monitoring. In
both study buildings, the same
tracers of ETS exposure were
monitored at the four fixed moni-
toring locations, which were se-
lected to include various work-
place configurations, areas of the
buildings served by different
AHUs, and sites in proximity to
one or more of the personal moni-
toring subjects. At each indoor
site, a customized briefcase con-
taining air pumps and the sample
collection media was installed at
the beginning of the work day and
remained there for approximately
8 hr. The sampling and analytical
procedures used were identical to
those for the personal exposure
monitoring.

Results for Building 1

Building 1 is a 30-yr-old, two-
story office structure with a gross
floor area of 21,000 sq ft. Windows
do not open, and smoking is per-
mitted without restriction. Both

floors are served by a single
HVAC system—a constant-vol-
ume, dual-duct system with a se-
ries of mixing boxes. The HVAC
system includes single-stage fil-
tration with synthetic bag filters
at the main AHU with an esti-
mated filtration effectiveness of
40 percent.

Table 1 presents the results of
the HVAC system performance
assessment for Building 1. The
upper part of the table presents
the air flows for the total building
determined at the main AHU, and
the lower portion shows the mea-
sured volumes of ventilation air
supplied to each fixed location
monitoring site, identified as A
through D.

A total volume of 19,834 ¢fm of
ventilation air was supplied to
Building 1, of which 4470 ¢fm was
outside air, representing 29.1 per-
cent of the total air supply. The
air flows were substantially below
the design air flow of 30,185 cfm.
To assess the performance of the
HVAC system with respect to
ASHRAE 62-1989, one must first
divide the total volume of outside
air delivered to the building by
the design occupancy to deter-
mine the outside air ventilation
rate per occupant and then correct
for ventilation effectiveness.

Observations and smoke pencil

continued on page 86
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testing indicated duct leakage and | reported as less than the detec-

supply air stratification in the oc-
cupied space. Therefore, ventila-
tion effectiveness was assessed at
60 percent. Given this estimate
and an estimated design occu-
pancy of 150 persons, the outside
air ventilation rate for Building 1
was 17.9 c¢fm per person. This re-
sult shows that the HVAC systems
were operating nominally in accor-
dance with the ventilation require-
ments of ASHRAE 62-1989.

The results of the local ventila-
tion performance assessments at
the fixed location monitoring sites
in Building 1 show that all four
were being supplied with volumes
of outside air in accordance with or
slightly below ASHRAE 62-1989.
Based on design occupancy, the
calculated local ventilation

tion limit.

Total RSP concentrations from
the personal exposure monitoring
of the 13 nonsmoking subjects
ranged from <12.5 to 47.9 pg/m®
(mean = 23.6 ng/m® and median =
22.8 pg/m?). Nicotine concentra-
tions ranged from 0.3 to 4.7 pg/m”*
(mean = 2.0 pg/m® and median =
1.6 pg/m?).

Total RSPs varied substantially
among the four fixed monitoring
locations, ranging from <12.5 to
67.4 pg/m® (mean = 29.2 pg/m?).
Nicotine concentrations were sim-
ilar at all locations with a mean
level of 2.7 ng/m® and a range of
1.9to 4.4 ug/m”.

An estimate of the prevalence
and frequency of smoking can be

determined from the subject ac- |
tivity logs and the original selec-
tion procedures for the subjects.
From the activity logs, the mean
reported smoking frequency was
1.4 cigarettes per hr, ranging from
0 to 5 cigarettes per hr. From the
telephone survey of staff, the pro-
portion of smokers in Building 1
wasg estimated at 22 percent.
These figures are slightly higher
than the 1992 U.S. national aver-
age smoking rate in office work-
places of 1.21 cigarettes per hr
and 20.2 percent smokers, re-
ported in the National Health In-
terview Survey.”

Results for Building 2
Building 2 is a 15-yr-old, three-
level office structure with a gross

rates ranged from 19.2 to TABLE3—Bui|d|”ngZ HVAC perfl;rmance assessment. . . oo
29.4 efm per occupant. | Total building
: Thr_z continuous monitor- | i e ‘ Ouiside air |
ing of CO,, temperature, and Estimated ventilation (hased |
relative humidity at the four 5 | Kbl SAID Moo
fixed monitoring sites and at | Tatal Return | Qutside Quiside {based on 7 effectiveness),
the outdoor air intakes indi- | Daie Time air, cfm | air, cfm air, ¢fm | air, percent | per 1000 sq ft) cfm per occupant
cated that the HVAC sys- | AHU 1—basement and first floor
tems serving Building 1 | April13 | 8354 | 27,666 | 17,392 | 10274 37.1 231 e
were providing ventilation | 2:00pu | 24,480 | 18416 | 6,064 24.8 231 210
and thermal comfort condi- | 3:30em | 25696 | 18720 | 6976 27.1 Al 24.2
tions in accordance with | apri14 | 830m | 27539 | 20832 [ 6707 | 243 231 232
ASHRAE standards.” i | 10:10 am | 25938 | 16,896 9042 | 349 231 31.3
it i e | 3:70em | 25132 | 19200 | 5932 | 236 | 23 206
posure and fixed location : AHU2—second floor
monitoring conducted in | April13 | 8:35am | 12482 | 8456 | 4,026 32.2 147 ‘ 219
Building 1. The upper por- | | 1:00em | 13,460 7,630 5,830 43.3 147 1T
tion of the table shows sum- | 1:89pm | 13,460 | 10,440 | 8,016 225 147 | 16.4
mary statistics (mean, me- | April14 | 8:30m | 16,037 | 13,076 2,461 154 147 ‘ 134

2 » 1:05rm | 13606 | 11,564 2,042 15.0 147 | 114
dla%l’ and range) 10r-the 2:30Pm | 13,606 | 12,166 2,634 194 | 147 | 14.3
personal exposure monitor- = |
ing for each of the two days | Fixed monitoring locations
of monitoring and both days | . | Outside air |
combined. The lower part of "'e::]"ﬁafl':zr‘;’:é“"
the table summarizes the re- i ventilation
sults from the fixed location Total Duiside Ouiside |  Observed effectiveness),
monitoring In Calculating Site Date Time air, cfm air, cfm ai[,__gt_ar_g_:e_nl | population _____Efm per occupant _

: i A April 13 | 9:00 am 240 89.1 371 J | 23.8 ]

th? meF:lIl' Values’ et April 14 | 9:00 am 240 58.3 243 | 3 | 155
ported data points less than - R o T ‘ : f D
the detection limit as the de- ol s - : :
tectl()l’l llm]t rrherefore t.he Ap”l 14 9:00 am | 330 50.8 1oy g 3 ‘ 135—
mean mav provide a Sl,i ht | € April 13 | 9:00 am 220 70.8 cplrdi| 1 56.6
overestin'ia%mn Ghthe tfue Aprit14 | 2:00 am 305 47.0 15.4 ! 1 J : 37.8_ _
mean in those cases where | O Aprit13 | 9:00ma | 365 1175 322 . | 3 ’ 314
one or more data points were __A_pnl_ 14 i 900 M{l i 345 ; 532 3 154 it ‘ ekl 3 J 14.2
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floor area of 63,000 sq ft. Windows
do not open, and smoking is per-
mitted without restriction.
Building 2 is served by two vari-
able air volume (VAV) systems
with similar design configurations.
One VAV system (AHU 1) serves
the basement and first floor. The
second (AHU 2) serves the second
floor. Both are equipped with two
stages of filtration. The
first stage is low-efficiency

20.6 to 35.7 cfm per occupant on
April 14.

Six sets of replicate measure-
ments were collected for AHU 2
over the same period. The total air
supply distributed by AHU 2
ranged from 12,482 to 16,037 cfm,
with the total volume of outside air
ranging from 1416 to 5830 cfm.
Higher volumes of outside air were

TABLE 4 Resu“sfmm Bu“.jingzp er5ona| )

equipped with VAV systems.™
The continuous monitoring of

conditions.

Table 4 summarizes the results
from the personal exposure and
fixed location monitoring in
Building 2. The upper portion of
the table shows summary
data for the personal moni-

(20 to 30 percent) bag fil- = exposure and fixed location monitoring. toring, and the lower por-
ters while the secgnFl is_an | B e f;serlmm tion provides summary de-
eleitrostatlc precipitation St e Gt R fcz:l[?we st.at_ltsuf:s for fixed
system. | 1 locati 1onitoring.
yTable 3 presents the re- Pet@nal - Totg?llw’fSP conce;trations ,
sults from the HVAC per- = April13 M“‘g?fiign gg; }? ag from the personal exposure
formance assessment. The ¥ Range | 16.6t0400 | 1.1t023 0t 3.2 monitoring of the 12 non-
upper part of the table [ g4 Mean 49 19 21 smoking subjects over the
shows the air flows deliv- | Median 45.6 18 2.2 two days ranged from 16.6 to
ered by AHUs 1 and 2. For Range | 30.2t0496 | 161023 09t032 49.6 pg/m® (mean = 35 pg/m”
both, seven sets of repli- = Combined | Mean 35.0 18 12 and median = 35.3 ng/m”)
B i Median 35.3 17 52 FE e ik
cate measurements were : Range | 16610496 | 1.1t023 0to32 Nlcoung mmentrdtlol_ls for
monitoring period. Foy |l et
: : _ riod,
each‘ replicate set, the to- a mggg ; <2112_‘35 | %g I‘arllg}ng from 1.1 Ito_} 2.3
tal air, return air, and out- | ¢ Mean 26.0 17 pg/m” (mean = 1.8 pg/m” and
side air measurements | D Mean 258 1.1 median = 1.7 pg/m?).
were all conducted at the | Combined MM%E_IH | 3{1)8 j]g RSP levels at the four
same time, and an outside | Rgn:;?c? A2510347 | 071023 monitoring locations ran_‘ged;
air percentage was calcu- | : T from <12.5 to 34.7 pg/m
s . Outdoor Mean 19.4 s T
lated for each set. | Median 20.4 L (mean = 21.5 pb;m and me-
For AHU 1, the total i —

air supply (outside air plus return
air) ranged from 25,132 to 27,666
cfm, with the proportion of out-
side air as a percentage of the to-
tal supply varying from 23.6 to
37.1 percent. The volumes of out-
side air supplied by AHU 1 to the
basement and first floors varied
between 5932 and 10,274 cfm.
The design maximum total air
flow for AHU 1 was 38,550 cfm,
Observation and smoke pencil
analysis indicated minimal duct
leakage but some stratification of
the ventilation air in the occupied
space. A ventilation effectiveness
factor of B0 percent was esti-
mated. Given this estimate and a
design occupancy for the floors
served by AHU 1 of 231, outside
air ventilation rates were similar
on bhoth days of measurement,
ranging from 21.0 to 35.6 ¢fm per
occupant on April 13 and from

measured on April 13. Plan analy-
sis showed a degign maximum air
flow for AHU 2 of 24,615 cfm. with
a design occupancy of 146 and esti-
mated ventilation effectiveness of
80 percent, the calculated outside
air ventilation rates supplied by
AHU 2 varied from 11.1 to 31.7 cfm
per occupant.

The results indicate that AHU 2
was providing outside air ventila-
tion rates below the outside air re-
quirement of 20 ¢fm per occupant
for office space on April 14, The
differences in the measured out-
door air intake rates between the
two dates were caused by pres-
sure drops across the intake path.
As the total air volume in a VAV
system varies with the cooling
load on the building, the static
pressure in the mixed air plenum
varies. Such variation has been
observed in other bhuildings
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dian = 20 pg/m?*). Outdoor
RSP levels ranged from 14. 4 t022.3
pug/m? (mean = 19.4 pg/m*). Nico-
tine concentrations at the four
fixed locations ranged from 0.7 to
2.3 pg/m® (mean and median = 1.8
pe/m?).

The mean smoking frequency
estimated from the subject activ-
ity logs was 1.5 cigarettes per hr,
with a range from 0 to 3.2
cigarettes per hr over the two
days. From the selection proce-
dures for the personal monitoring
subjects, the proportion of smok-
ers in Building 2 was estimated at
22 percent.

Conclusions and discussion

The data gathered in the two
study buildings provide an impor-
tant case study of nonsmoker ex-
posure to ETS in an office envi-
ronment supplied with outside air
ventilation rates nominally in ac-
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humidity indicated acceptable |
ventilation and thermal comfort |
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cordance with ASHRAE Standard
62-1989, with smoking prevalence
rates consistent with “average”
smoking conditions in U.S. office
workplaces.

Both the total building and
fixed location HVAC performance
assessments showed that, based
on design occupancy loads, the
HVAC systems were providing
outside air to the occupied space
at ventilation rates either in ac-
cordance with or slightly below
the 20 ¢fm per occupant recom-
mended in the ASHRAE standard
and in conformance with comfort
conditions recommended in
ASHRAE Standard 55-1992,
Thermal Environmental Condi-
tions for Human Occupancy.
These conclusions were further
confirmed by the test results of
the continuous monitoring of COs,
temperature, and relative humid-
ity in the study buildings.

Smoking conditions in both
study buildings were representa-
tive of moderate amounts of smok-
ing as defined by ASHRAE as 27
percent smokers with a rate of
1.25 cigarettes per hr."

Concentrations of RSPs and
nicotine measured at the fixed
monitoring locations and during
the personal exposure monitoring
were similar. RSP concentrations
in both buildings are similar to
levels measured in other office en-
vironments with either no smok-
ing or the presence of a moderate
amount of smoking. Research has
shown RSP levels to range typi-
cally from 20 to 80 pg/m® in me-
chanically ventilated buildings in
which smoking is permitted
throughout and from 15 to 50
pg/m® in nonsmoking buildings
and nonsmoking areas of mechan-
ically ventilated buildings where
smoking is restricted to desig-
nated areas.’***

Nicotine concentrations in
both buildings were consistent
with data reported from other of-
fice workplaces in which smok-
ing is permitted without restric-
tion, ranging between 1 and 6
*Lg!rmﬁ.ﬁ,lﬂ,lﬁ
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The low concentrations of the |

tracers of ETS exposure measured
in the study buildings demon-
strate that ETS-related con-
stituent levels are effectively con-
trolled through general dilution
ventilation, which includes the ef-
fects of dilution by both outdoor
and recirculated air.

ASHRAE Standard 62-1989
was based on research relating
ventilation flow rates to measured
concentrations of ETS tracers un-
der laboratory conditions.' This
research showed that an outdoor
air ventilation rate of 20 cfm per
occupant controlled tracers of
ETS exposure to acceptable levels
under conditions of moderate
smoking activity. The results
from the study buildings provide
real-world verification of the ex-
perimental basis for ASHRAE
Standard 62-1989. HPAG
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