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ABSTRACT

The results of three independent studies involving 90 subjects, and using similar procedures
and blind exposures have shown that increasing air quality (by decreasing the pollution load
or by increasing the ventilation rate, with otherwise constant indoor climate conditions) can
improve the performance of simulated office work (text typing, addition and proof-reading).
An analysis of the combined data from these studies is presented to establish the relationship
between air quality and performance in offices. It confirms that good air quality improves the
performance of text typing (P=0.0002), and a similar tendency is seen for addition (P=0.056)
and proof-reading (P=0.087). A positive correlation between the air quality, as it is perceived
by occupants, and the performance of typing (R>=0.82, P=0.005), addition (R>=0.52, P=0.07)
and proof-reading (R*=0.70, P=0.08) indicates that performance will increase on average by
1.5% when the proportion dissatisfied with the air quality is decreased by 10% in the range of
air quality levels causing 25-70% to be dissatisfied. The results imply that doubling the
outdoor air supply rate at constant pollution load, or a two-fold decrease of pollution load at
constant ventilation rate, can increase overall performance by 1.9%. The present results
document the economic benefits of providing good indoor air quality and indicate that
providing indoor air of a higher quality than the minimum prescribed by the present
ventilation standards will increase productivity.
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INTRODUCTION

The results of three independent experiments show that the performance of simulated office
work improves when the air quality is increased [1,2,3]. To simulate office work, text typing,
proof-reading and addition were used, all being typical office tasks requiring concentration.
Air quality was altered either by decreasing the pollution load, i.e. by removing a pollution
source at constant ventilation rate [1,2], or by increasing the outdoor air supply rate from 3 to
10 or to 30 L/s per person (0.6, 2 and 6 h™' respectively) while the same pollution source was
always present [3]. The pollution source in all 3 studies was the same 20-year old carpet
(taken from an office building with a history of SBS symptoms [4]), of a size corresponding
to the floor area of the office where each exposure took place. Temperature, relative humidity,
air velocity and noise level were constant. Ninety female subjects (18-33 years old, all but 3
non-atopic) were exposed to different levels of air quality, 30 in each study. In all three
studies similar procedures were used: the subjects performed simulated office work during
4.5-hour exposures to different air quality levels and assessed the perceived air quality and the
intensity of any SBS symptoms, in a repeated-measures design balanced for order of
presentation. They could not see whether the source was present or perceive changes in noise
level or air velocity when the ventilation rate was changed, and they remained thermally
neutral by adjusting their clothing. The aim of the present paper is to determine the



relationship between air quality and the performance ot office tasks by combining the results
of these studies. -

METHODS

To estimate the effects of air quality on product1v1ty in offices, data on, sensory assessments of
air quality and corresponding data-on performance of simulated office work from three
independent studies [1,2,3] were analysed by comblnlng the statistical significance (P-values)
of the effects obtained separately in edch study [5], regardmg each experiment as an
independent test of the same hypothesis (that poor indoor air quality affects performance
negatively), and by regression analysis. . ) '

Scnsory assessments of the acceptability of air quality were used to estimate air guality levels,.
They were made using a continuous scale coded as follows: 1=clearly acceptable, #=just
acceptable/just not acceptable; -1=clearly not acceptable [1]. Average sensory ratings of the
quality of air poliuted by buiiding materiais and bioeffluents (assessments made immediately
after exposure in the original studies) were used in the analysis. They reflect the actual air
quality levels when the performance of simulated office;work was measured.

The performance of 51mulated ofﬁce -work 1nclud1ng text typmg, add1t1qn and proof-readmg,
was used to estimate roduct1v1ty Average number of characters typed per minute, average;;
nuitibér of correctly completed-arithmetical calculations (units) per hour (i.€., excluding units
with errors) and average number of lines that were correctly proof-read per minute (i.e., ...
excluding the lines with missed errors or false posmves) were used for dnalysis -after each had
been individually normalized: In the original studies there was at.least an indication (P<0.10)
that they were attected when the air quality was changed. Normalization was adopted because
performance was measured in three independent siudies with different subjecis and couid

have been influcnced by group differénces in the subjects’ experience, intellectual skills and
level of practice. The normalization factors (which were different for each study) were the
ratios between the mean of performance at all air quality levels in all three studies to the ,
means of performance at all air quality levels in each individual study. To estimate the overall
performance of simulated office work, the performance index was calculated by dividing
normalized perfoundnce at a'specific level of afr'quality by the mean of normalized
performance of a specific task at all air qualitylevels. ' " "

LT .
RESULTS |

Al

The effects-and P-values of the individual interventions investigzited by the 3 studies [1,2,3]
and the combined effect of all interventions on pcxcelved air quality and perform'mce are
summarized in Tables 1 and 2 respectively. The results show that removmg a poliution source
or increasing the ventilation rate significantly 1mproved perceived air quality (P<0.0001) and
the performance of typing (P=0.0002), and tended to 1mprove the performance of the addition
(P=0,056) and proof-reading (P=0.087) tasks. -

A positive correlation was found between the acceptability of air quality ‘and'performance’ It
was significant in the case of typing (R?=0.82; P=0.005), and approached significance for : ’
addition (R*=0:51; P=0.07) and proof-reading (R =0.70; P=0.077). Regressiom lines with datg
points are plotted in Figure 1, after the linear regression lines against-ratings of acceptability
have been transformed into the corresponding relationship with-percentages dissatisfied with
the air quality [6]. The results indicate that every 10% decrease in-the proportion dissatisfied
with the air quality below the air quality level causing 70% to be dissatisfied can improve the
performance of typing by 1 4% of addmon by 1.1% and of proof-readmg by 2.3%.



Figure 2 shows log-linear regression lines describing the relationship between performance
and ventilation rate (outdoor air supply rate) calculated as the reciprocal of the perceived air
quality expressed in pol [7]. The relationship implies that for every two-fold increase of
ventilation rate, the performance of typing would be expected to increase by 1.8%, oftaddition
by 1.5% and of proof-reading by 2.8%.

Table 1. Eftects of the mterveutlons on percelved air. quality (2 tailed P values)

Study Interventlon ) ] - Perceived air quahty . Effect of iiferveiition
a}cceptabﬂlty % dissatisfied decipol 0 1
[1] soyrce present - -0.18 198 - 11.7 P<0°0001
source absent 0.18 25 = 1.9 .3
[2] . Source present -0.12 T : .92 . E)OG—Z— o
,source absent _ 0.04 40 « .. 4.1 o E
.. 3L/sperperson ;  -0.09.,. S8 . 82 . . .
[31 . 10L/sperperson.. - 014 . 29:5. .24 P=0.010
. 30L/sperperson !  0.14 0 =290 " mpgni 2.4 L

Combined‘effect (all mtétventlons) (l-tallcd P): P<0. OOOl (x =33.23, df= 6)

Table 2. Effects of the inter\*Enho‘ns‘ on perfof'm‘ance (1-ta11ed P‘-va_lues) '

Study Interventlon - Performance el Effect of intervention
. R _‘-i'  Tnotnommalized  normalized ’
Text lypmg (e jo: mance = characters typed per min) iy . .
BE - source present 1361, .- , 1396 - .. P=h) 062
. sisource absent - . 1455 . = ;) 1492 ! It K
2] ' - soumepresent /.. DB5Z 5 LW M33 1 pooo
= ! W source absent i 1373 - 14551 o '
N © ‘3Lfsperpersor - 7 1495 T 1418 R
31 gL perperson - 1525 0" T 1446 s e
& . '30L/sperperson 1549 L4690 T n T

il e b

S Combmeg ef,fect (all 1ntervent10ns) - P=0. 0002 (x —25 95 df=6)
Addition (performance = units completed per:h) o

[1] source present 2279 229.1 ‘ P=0.245
source absent 231.4 232.6 ’ 1
2] -, ‘source present ;'_204.5| ) 227.8 ‘ P=E),139“ e
| _source absent _ $210.0 _ A233 9 _ ,
‘ 3 L/s per person A - 238.0 L2221 = b
[3] =1 10 Lis per person . ., 249 6; . 2329 P=0.063
~ . 30 .L/s per person 2548 ¢ 287.7

Combined effect (all interventions): P=0 '056 (Xz 12. 30 df—6)
Proof-reading (performance = lines read per min)

(1] W . . . not measured ;
[2] : ,,‘isource present 3.62 ., . -9.08 i P=0.245
a4t o+« . sourge absent c 385 - 241 ! '
: . -+ 3 L/speriperson 6.02 5.05 !
(3} 110 L/s per person 6.29° K ©.5.28 .ot (P=0.070
7' 30 L/s per person 645  © 5.41 o '

Combined effect (aIl mtervent10ns) P=0.087 (x =8.12, df=4)
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Figure 1. Performance of text typing,
addition and proof-reading as a function
of the air quality (% dissatisfied with the

air quality)

Figure 3 shows log-linear lines describing the relationship between overall performance-of :
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of the ventilation rate (outdoor air supply

simulated office work at different veritilation ratés (outdoor air'supply rates) and sensory -

pollution load calculated using the conifort model [7]. The relationship implies that doubling
the outdodr air supply rate-at constant pollution‘load or a two-fold decrease of poflutionload"

at constant ventilation rdté can increase performance by 1.9%; the equivalence of effects

stems from the linear relationship between: ventilation rate and sensory pollution load

assumed in the comfort model [7].
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DISCUSSION 114

Ventilation rate ,0.5 Us/m?floor
Wyon [8] has shown that thermal conditions 11 ?? 53;’::23:
within the thermal comfort zone can reduce x 1.4 Uslmifioor
performance by 5% to 15% and has suggested 2 106+ 1.7 Usimafloor
that similar effects may be expected as 8 e E
regards the impact of poor air quality, € 102} e
although at that time there was little E
information on the latter issue. The present 0.98
data support this suggestion and show that
performance is affected by air quality. They “0.940 T T,

indicate that even a moderate increase of air
quality correspondjng to 10% fewer people
dissatisfied with air quallty, can improve the
performance of typical office work by an
average of 1.5%. The present results-thus -
provide a strong economic incentive to ‘
improve indoor air quality. Moreover, they indicate that improving air quality in offices above
minimum standards will also improve productivity. This is illustrated in Table 3, where the
predicted increase in the performance of typing, addition and proof-reading is shown,
assuming that air quality is upgraded from Category C to Category A and B according to
European guidelines for ventilation CEN CR*1752 [9].

Table 3. Relative increase in performance of office work by upgrading to a hlgher category of
air quality in an office — i _

i " Sensory pollution load (olffm*loor)
Figure 3: Qverall performance of simulated
office work as-a function of sensory
pollution load and ventilation rate (outdoor
air supply rate) .

Air quality (CEN CR 1752 [9]) % increase in performance relative to category C
Category % dissatisfied text typing addition proof-reading
c 30 — . — —
B 205 1.4 1 2.3
A 15 2.1 1.6 3.4

Three strategies are usually used to improve indoor air quality: ventilation, reduction of
indoor pollution sources and cleaning, the first two being applied in the'studies [1,2,3] from
which the present data were obtained. Figure 2 shows the effect of ventilation. Figure 3
predicts the simultaneous impact of the reduction of indoor pollution sources and ventilation
on overall performance of office work (i.e., office productivity). It provides a strong economlc
incentive for the selection of low-polluting materials, as recommended by CEN CR 1752 [9].
This need not involve any extra costs if applied at the building design stage. Increased
ventilation rates will incur extra costs which may, however, be reduced by appllcatlon of
proper energy recovery systems Reduction of indoor pollutlon sourtes ahd'ventilation were
investigated ‘separately. in the present studies and to support the prediction of Figure 3 they
should in futtire be studied-in the same experiment. - _ ; . ‘

The intérventions applied in the present studies weré'shdwn to sighificantly affect perceived
air quality, and it is a reasonable assumptiori that they also affected actual levels of air
pollution. Chemical measurements were carried gut in 2 of the studies [1;3] and showed only
slightly elevated levels-of some pollutants when;the petlution source was present or when .
ventilation rate was decreased. It is obvious that,human olfactory and chemical senses are .
superior to chemical analysis, especially-at low concentrations of pollutants encountered
indoors;. despite considerable progress in analytical chemistry. The air quality caused 25%. to
70% to be dissatisfied. It is recommended that this range be extended below 25% in future
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investigations to validate the predictions in Table 3.

Productivity was estimated by measuring the performance of standardized tests of typing,
addition and proof-reading, all being typical office tasks requiring concentration. Performance
was measured in an office environment and although every effort was made to make this
environment as natural and as typical of normal offices as possible, the conditions for the
subjects may still have been perceived as different from that of their normal workplace. It
would therefore be useful to validate the effects found of air quality on productivity in real
offices.

CONCLUSIONS

e Air quality affects productivity in offices. The performance of simulated office work is
estimated to increase on average by 1.5% for every 10% decrease in the percentage of
persons dissatisfied with the air quality.

e The overall performance of office tasks is estimated to increase by 1.9% for every two-fold
increase in the ventilation rate at constant pollution load or for every two-fold decrease of
the pollution load at constant ventilation rate.

e The present data document the economic benefits of providing indoor air of a higher
quality than the minimum prescribed by the present ventilation standards.
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