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ABSTRACT

An index for indoor environmental quality, the Indoor En-
vironmental Index (IEI), was developed. This study aggre-
gates the Indoor Air Pollution Index, an index found in the
literature, and a new index: the Indoor Discomfort Index.
The average of these two indices is the IEI, which is calcu-
lated using concentrations of eight pollutants and two com-
fort variables measured in 100 office buildings in the United
States. The database used was developed for the U.S. Envi-
ronmental Protection Agency Building Assessment Survey
Evaluation study. A symptom index also is developed to
denote persistent occupant symptoms. The IEI and the
symptom index are used to investigate the relationship be-
tween indoor environmental quality and symptoms. Two
simple linear regression models were formulated; these
models explain 67 and 79% of the variation in the average
symptom index, with the variation of the average IEI de-
pending on the method of averaging used in the construc-
tion of the models. In addition, a conceptual explanation is
provided for the empirical or regression models formulated.
The IEI and the associated models relating indoor environ-
mental quality with the office occupant symptom index
may be used as management tools, as illustrated with an
example.

IMPLICATIONS

The IEl is a measure of indoor environmental quality in
office buildings. This index can be understood easily by all
concerned parties, including the occupants and the build-
ing managers; it associates well with an index of occupant
symptoms; and it can be used as an indoor air manage-
ment tool. Importantly, the index can be estimated
promptly simply by conducting an occupant symptom sur-
vey and employing the model provided in this paper, thus
avoiding the expensive and laborious measurement of en-
vironmental and comfort variables. To avoid false positive
or false negative associations, a conceptual model is dis-
cussed as a management tool to determine whether indoor
environmental quality intervention is required.
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INTRODUCTION

Several recent efforts'-+ have focused on the need to formu-
late a measure of indoor air pollution. Such a metric is
distinct from a measure of several individual indoor pollut-
ants and must be understood easily and associated with
symptoms of those exposed to indoor air pollution. The
focus of this research is to formulate a new metric or an
index for indoor quality. The driving force for establishing
such a metric has three components: (1) complexity of the
issue and the related communication discord among in-
volved parties, namely, investigators of indoor environmen-
tal quality, building occupants, building managers, and reg-
ulators; (2) occupant symptoms are difficult to attribute to a
single agent because the levels of such factors are usually
low; and (3) efficient management of indoor environmental
quality. Therefore, metrics of environmental quality must
satisfy three requirements. First, metrics must be understood
easily by all involved in assessing the environment, includ-
ing the consumer, the potential polluter, the scientist, and
the regulator. Second, metrics must associate well with mea-
surements of the impact caused by the contamination
ranked by the metric. Third, metrics must enable those
concerned to manage the environment efficiently. Com-
ments by Molhave,> Wolkoft,® and Moschandreas and So-
fuoglu” provide additional insights on the concerns, advan-
tages, and limitations and, in general, the role of such
measures in indoor environments.

Environmental quality indices do not constitute a new
tool of inquiry. Indices have been developed and used for
ambient air8-2! and water quality.1%22-27 Indices are consid-
ered suitable tools to assess the effectiveness of environmen-
tal policies in the context of sustainable development.2s
However, such efforts are limited and relatively novel for
indoor environments. A total volatile organic compounds
(TVOC) level/index?® was proposed for consideration as an
exposure indicator and indicator of effects. However, several
questions have been posed by members of the indoor
air scientific community who recognize that the TVOC
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indicator is limited in its predictive ability of health effects.¢
The report3© from a Nordic consensus meeting in 1996 con-
cludes that the scientific literature is inconclusive with re-
spect to the relevance of TVOC as a risk index for health and
discomfort effects in nonindustrial buildings and that its use
for these purposes cannot be recommended; however, there
is a need for new indicators. JokI3 considers the numerical
range of TVOC concentrations3! as “large” to develop claims
that perception of odors is like that of noise and proposes
“decitvoc” and “decicarbdiox” as new units for evaluation of
IAQ. These units were developed in response to critiques3233
of “olf” and “decipol” units3435 that were proposed and
accepted as the recommended method for assessing indoor
air quality by the European Union.3¢ These methods (units)
and more337 are based on perception. Perception-based in-
dices are widely used in Europe; however, they have theo-
retical and statistical limitations.38

There are only three composite indices developed for
indoor air: The Indoor Air Pollution Index (IAPI),! the In-
door Pollutant Standard Index (IPSI),2 and the Index of Air
Quality (IAQ).* IPSI was developed to be an aggregate rep-
resentative of the overall acceptability of indoor air quality.
IPSI was modified from PSI,8:3° which was developed to be
the nationally accepted uniform index for ambient air. The
maximum operator is used as the aggregation function. A
major disadvantage of this index is that the maximum op-
erator ignores all pollutants other than the one with the
maximum sub-index.2? Therefore, most of the information
is lost during the aggregation, and the index fails to provide
a measure for indoor air as an aggregate. Also, this index can
take the same value in different buildings, but the concen-
trations of contaminants may not be the same. Thus, the
index is not suitable for comparing the IAQ of different
buildings. Furthermore, IPSI does not correlate with occu-
pant symptoms.2 The other index, the IAQ, was developed
for a software of energy management in buildings. The in-
dex is based on the ratio of exposure and threshold. It is not
capable of rating IAQ on aggregate and, hence, has not
found a wide use, and its association with occupant health
symptoms was not studied.

The IAPI'4041 is a composite index; sub-indices are ag-
gregated using the arithmetic mean in conjunction with a
tree-structured calculation scheme. The IAPI was developed
and validated using the U.S. Environmental Protection
Agency’s (EPA) Building Assessment Survey and Evaluation
(BASE) database,#2 which comprises air quality and occu-
pant symptom information from 100 office buildings in the
United States. The IAPI denotes the air pollution level of an
office building with a unitless single number, the index. The
index value ranges between 0 (lowest pollution level, best
indoor air quality) and 10 (highest pollution level, worst
indoor air quality). The index value is estimated using (1)
the range of pollutant concentrations found in the U.S.

Volume 54 November 2004

Moschandreas and Sofuoglu

office building stock, (2) a demarcation concentration (a
standard or guideline value), and (3) concentrations mea-
sured in the subject building. The index value is easy to
communicate to all in-office stakeholders and may be used
as a practical tool for managing in-office air pollution by
ranking the office index relative to the index distribution of
the U.S. stock of office buildings. The last important char-
acteristic of IAPI is that it relates well with symptoms of
office occupants.!

These indices are air pollution/quality indices. The ob-
jective of this paper is to enlarge the scope of indoor indices
to include environmental comfort variables and formulate,
estimate, and test the Indoor Environmental Index (IEI).
Aiming to better describe the in-office environment and to
include all potential causes of observed occupant symp-
toms, this study modifies the structure used to calculate the
IAPI and estimates a new index, the Indoor Discomfort
Index (IDI).43 The IAPI is formulated using measured con-
centrations of formaldehyde (HCHO), TVOC, carbon mon-
oxide (CO), carbon dioxide (CO,), particulate matter (PM,,
PM, 5), bacteria, and fungi; the IDI is formulated using mea-
sured levels of temperature and relative humidity (RH). The
average of these two indices is the IEI, which is calculated in
selected areas of 100 office buildings. Association of the IEI
with health symptoms is investigated with the help of a
symptom index, the Percent of Occupants with Two or
more Persistent Symptoms (POPS2).

METHODS
The Database

Data from the BASE study#? are used in this study. The BASE
study, conducted between 1994 and 1998, concurrently
measured pollutant concentrations and identified office-
building occupant symptoms using self-administered ques-
tionnaires, along with building characteristics, according to
a standard protocol#4 that was a result of discussions over a
series of workshops with ~40 indoor air quality experts from
across the United States. A total of 100 buildings were inves-
tigated from 10 predetermined geographical areas (climatic
regions). Cities with a population of more than 100,000
were randomly chosen in each region. Buildings were cho-
sen from a random sample drawn from telephone databases
in each city. The buildings were randomly selected without
regard to IAQ complaints. Characterization of the buildings
included environmental measurements, occupant question-
naire, heating, ventilation and air conditioning (HVAC) sys-
tem, and other aspects of the building structure. Environ-
mental measurements and administration of the occupant
questionnaire were conducted in a representative space
within the building. The test space was to be occupied by at
least 50 full-time employees residing on no more than three
floors (all were administered the questionnaire) and served
by no more than two air-handling units. Environmental
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measurements included temperature, RH, CO, CO,, bio-
aerosol (bacteria, fungi), PM,,,, PM, s, volatile organic com-
pounds (VOCs), HCHO, and radon. Occupants were asked
about workplace physical information, health and well-
being, environmental conditions, and job characteristics.
Additional information on the BASE study can be found in
the literature.424546

A brief description of environmental measurement
and occupant questionnaire methods#> is provided here;
detailed information can be found in the standard proto-
col.#4 Samples for HCHO, PM,,, and bacteria and fungi
were collected at each of the three indoor sampling sites.
Duplicates of each of these samples were taken at one
indoor site. Samplers for PM, 5 were located at only one
indoor site. PM;, and PM, 5 samples were collected on
filters and analyzed gravimetrically with a microbalance.
Bacteria and fungi were collected on six-stage Anderson
samplers. HCHO samples were collected on dinitrophenyl-
hydrazine cartridges and analyzed by high-performance lig-
uid chromatography (HPLC). VOCs were collected on
Summa canisters and analyzed with gas chromatography
(GC)-mass spectrometry (MS) using the standard TO-14
method. CO,, CO, temperature, and RH were measured
continuously starting in the afternoon and ending the next
day in the evening at three indoor sites.

The IEI
The IEI is a composite index aggregated from the IAPI and
the IDI. The IAPI and the IDI are combined using the
arithmetic mean as the aggregation function (eq 1).

Organic
Gases
Inorganic
Gases

Total
Particulate
Matter

Biologic
Particulate
Matter

Temperature } |

Calculation of the IEI is performed hierarchically from
pollutant concentrations and comfort variable values
through a tree structure (Figure 1).

(IAPI + IDI)
=" M

The IAPI

The following eight pollutants are included in the index
formulation: bacteria, CO, CO,, HCHO, fungi, PM, s,
PM;,, and TVOC. The IAPI formulated using this set of
pollutant concentrations is the modified IAPI because the
original index was formulated using radon instead of
CO,. The change was thought necessary for two reasons:
(1) CO, levels relate to the ventilation rate of a building,
and (2) radon concentrations do not relate with the short-
term, reversible symptoms investigated in this work. A
linear function is used to calculate subindices. The IAPI is
a composite index; subindices are aggregated using arith-
metic means in conjunction with a tree-structured calcu-
lation method (Figure 1). The IAPI is calculated using the
following model:

1 J K ; -
1 1 1 Ci,i,kmdx _ Ci,i,kcbs Ci,j,kdm( . Ci,i,k0b§
IAPI = ; E ] Z > 10<1 Sromerowe] wrow
for C™x> Cobs and Cdmc > Cobs > Cmin (2)

where [ is the number of level-3 groups, I = 2; ] is the
number of level-2 groups in each level-3 group, ] = 2; K is
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RH } I
Figure 1. Tree structure for the IEL
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the number of level-1 pollutant variables in each level-2
group, K = 2; max is the maximum measured concentra-
tion; min is the minimum measured concentration; dmc is
the demarcation concentration; obs is the measured con-
centration in the subject building.

The range of pollutant concentrations from the BASE
study, a demarcation concentration (a standard or guide-
line value), and measured concentrations in the subject
building are used to estimate the IAPI of an office envi-
ronment. The index is a unitless single number, between
0 (lowest pollution level or best indoor air quality) and 10
(highest pollution level or worst indoor air quality). Con-
straints for calculation of the IAPI include the following:
(1) C°bs = Cmax and C°Ps = CI™< when C™ is less than
C°bs, (2) C°Ps = C9m€ when C9™¢ is less than C°" but C°b*
is less than or equal to C™**, and (3) C°”® = C™™" when
C°"* is less than C™™,

Demarcation values represent standards, guidelines,
and suggestions of pollutant levels associated with health
effects. Therefore, the weight of a pollutant into the IAPI
estimations is determined by employing health-based de-
marcation values (Table 1) and is a function of occupant
health effects, except for TVOC. Molhave3! suggests 200
pg/m? as the upper boundary of the comfort range for
TVOC; Seifert” advocates 300 ug/m?® as a reasonably
achievable level in residences. However, these concentra-
tions are far less than the observed concentrations in
office buildings. Therefore, a demarcation value was not
included into the index for TVOC; that is, a unit value is
assumed for the weight of TVOC, (C9™¢ — C°P%)/C™< = 1,
All relevant demarcation values used for the model for-
mulation are obtained from the literature; they may
change in the future as researchers continue investigating
standards or guidelines for individual pollutants. The av-
erage of the measured concentrations at the three sam-
pling sites for each pollutant in the subject building is
used as the observed concentration, C°"*. Maximum and

Table 1. Demarcation values for pollutant variables.

Pollutant Demarcation Source

Bacteria 500 cfu/m® European Collaborative Action®©

Co 10 mg/m® World Health Organization®'

CO, 1000 ppm ASHRAE Standard 6252

Fungi 500 cfw/m® World Health Organization®?
Health and Welfare Canada®*

HCHO 60 pg/m? Health and Welfare Canadas®

PMy, 150 pg/m? EPA NAAQS®6

PM, 5 40 pg/m? Health and Welfare Canadas®
Norwegian Directorate of Health®”

TvVOC NA NA

Note: NAAQS: National Ambient Air Quality Standards; NA: not applicable.
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minimum concentration values for each pollutant were
estimated from corresponding concentration distribu-
tions. A theoretical distribution was fitted to the measured
concentrations of each pollutant obtained from the BASE
database, and the fifth and ninety-fifth percentile values
were assigned to use as C™" and C™** in the index model.
The following distributions were fitted to each pollutant’s
concentration data using Crystal Ball*® software: beta,
exponential, extreme value, gamma, logistic, lognormal,
normal, and Weibull. Parameters of the hypothesized dis-
tributions are estimated using the maximum likelihood
estimators (MLEs) method. Goodness-of-fit tests—Chi-
square, Kolmogorov-Smirnov, and Anderson-Darling—
were used to determine the best-fitting distribution.

The IDI

The IDI is estimated using two indoor comfort variables,
temperature and RH, with eq 3. The absolute distance of
the observed value to the defined optimum value (22 °C
for temperature and 45% for RH) relative to the preset
comfort range (3 °C for temperature and 10% for RH
either way from the optimum value) is used to estimate
the IDI. The index is a unitless single number ranging
from O to 10. High index values indicate high discomfort
while low index values denote low discomfort. Con-
straints for calculation of the IDI include (1) CAgyy ops =
65 when CAgy ops-=> 65, (2) CAgpy ops = 25 when CAgy ops
<25, (3) CAp ops = 28 when CA . p,6.> 28, (4) CAp s = 16
when CAr ., < 16.

1 |CAi,opt - CAi,obS|
Ibr= L E 10 CA;ua — CAja 3)

for 25 > CA°» > 65 for RH, and 28 > CA°* > 16 for T

where CA is comfort agent, L = 2; opt is optimum comfort
agent value, T,,. = 22 °C, RH,, = 45%; ucl is upper
comfort level, T,, = 25 °C, RH,, = 55%; Icl is lower
comfort level, T\, = 19 °C, RH,; = 35%; and obs is mea-
sured comfort agent value in the subject building.

Simulating the Indices
Simulation of the index models was conducted using
the Monte-Carlo method to estimate the distribution of
the IEI for the U.S. office building stock.4® Probabilistic
approximations were obtained through repetitive random
calculation of the index equations. The simulation calcu-
lates each of the index value 10,000 times to form the
probability distribution for the indices by sampling from the
assigned distributions of the 10 input variables (pollutant
concentrations and comfort variables) included in the
model. The input variables are assumed to be independent
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of each other in the simulation. The validity of the assump-
tion was investigated with a correlation matrix that tests the
correlation coefficients of all pairs of pollutants used in the
index. The only relatively high correlation value was that
between PM,, and PM, 5, with a correlation coefficient of
0.82. All other correlation coefficient values have r values of
less than 0.30. Therefore, a simulation was run accounting
for the correlation between PM;, and PM, s, so that the
simulation could reflect real conditions of in-office environ-
ments to the extent possible.

Occupant Symptoms and the Symptom Metric
The questionnaire requests information about occupants’
symptoms, their perceptions of their building’s IAQ and
work environment, and other stressors. The questionnaire
was self-administered by occupants of the sampling space
on Thursday of the sampling week, with steps taken to
maintain confidentiality. The occupants were asked to
return the questionnaires by that afternoon, which al-
lowed for any follow-up collection on Friday. Occu-
pants were asked about 19 symptoms: dry eyes, wheez-
ing, headache, sore throat, fatigue, chest tightness, sinus
infection, cough, tired eyes, tension, pain in back or
shoulders, sneezing, difficulty concentrating, dizziness or
light-headedness, feeling depressed, shortness of breath,
nausea, and dry skin. The survey posed the following
question to the occupants of the office area sampled in
the performance of the study: During the past 4 weeks
when you were at work, how often have you experienced
each of the following symptoms while working in this
building?

A. Not in the last 4 weeks.

B. 1-3 days in the last 4 weeks.

C. 1-3 days per week in the last 4 weeks.

D. Every or almost every workday.

In this study, occupants registering either C or D were
considered to be experiencing symptoms persistently, and
POPS2 was defined as a symptom metric, an indicator of
a subject building’s symptom status. POPS2 is the percent
of occupants in the sampled area of the office building
persistently registering two or more symptoms at least 1-3
days per week in the past 4 weeks.

IEI Index—POPS2 Symptom Metric Relationships
Simple linear regression is used to correlate occupant
symptoms and index values. Information from 71 out of
the 100 buildings was used to formulate the index. Five
buildings were excluded because statistical analyses indi-
cated that these buildings were far removed from the
remaining set of offices; data from the remaining 24 were
used to verify the model capability to be used for appli-
cation purposes. Two approaches were carried out to
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construct regression models. First, the index values were
ranked in ascending order. Buildings were grouped by
their index values using a grouping interval of index = 0.4
(e.g., 0-0.4, 0.4-0.8, 0.8-1.2), forming 13 groups for the
IEI. Arithmetic mean values for POPS2 and the indices
were calculated for each group. Mean values were used in
constructing a simple linear regression model. As in the
first approach, the second approach ranks buildings in
accordance with their IEI value, but this approach uses
moving average to develop an index-POPS2 association.
Moving average values for the IEI and corresponding
moving averages for POPS2 were calculated using a gap
width of 10 buildings. Coefficient of determination (R?), p
value for the F statistic, and 95% confidence intervals
about the mean and individual responses were estimated
and reported for each constructed regression.

RESULTS AND CONCLUSIONS

Assumptions, Assertions, and Assessment
Associations established use a correlative model and, as
such, are applicable only to the data used for the formu-
lation of the model. BASE is a national database of the
environmental quality of office buildings. The selection
of 100 office buildings is assumed to represent the U.S.
office building population. Independently of whether
measurements of three sites of a randomly selected area
within each building characterize the environmental
quality of the building, it is assumed that these measure-
ments are an element of the environmental quality of the
subject office population. The model also was verified by
a randomly selected segment of the database that was not
used for the development of the model.

The model is not applicable for other types of build-
ings, such as residences, schools, or hospitals. The model
is a potential practical tool as formulated and has not
been assessed in any other form. It also is presumed that
inclusion of additional pollutants may or may not im-
prove the association model, but such an addition may
limit its potential for widespread use because measure-
ment of a large number of pollutants is expensive. The
index developed is a practical tool because it satisfies the
three requirements of scientific and practical indices. In
the balance of this document, the index is assessed ini-
tially by describing statistically the variables used and
concluding with a section on a conceptual justification of
the observed associations.

Descriptive Statistics
Central tendency and variability statistics for the input
variables (pollutant variables and comfort variables) and
the output variables (IEI, IAPI, and IDI) of the index
model are presented in Tables 2 and 3, respectively. Fifth
and ninety-fifth percentiles are specifically included
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Table 2. Descriptive statistics of input variables for the 100 office buildings.

Moschandreas and Sofuoglu

TVOC HCHO co, co PM, 5 PM,, Fungi Bacteria Temp. RH
Statistic (pg/md) (pg/md) (ppm) (mg/m?3) (ng/m3) (ng/m®) (cfu/m3) (cfu/m3) (°c) (%)
Mean 2168 15.7 573 0.136 8 12.6 62.9 46.1 20.7 449
Median 1613 14.8 528 0.001 6.9 1.7 42.3 39.1 21.2 46
Standard deviation 1664 8.3 127 0.34 3.8 6 68.3 26.1 2 15.8
Minimum 159 3.4 381 0 2.4 3.6 3.5 0 15.7 13.2
Maximum 9820 43.6 983 2.413 24.7 421 333.3 134.3 255 74.4
Distribution LN W G LN LN LN LN G W N
Parameters w=2178  L=268 L=355 @w=0240 @w=798 pn=126 w=668 L=0 L=112 =449
o =1793 Sc = 14.46 Sc=78 o =7.747 o =387 oc=58 o =942 Sc =191 Sc=10.3 o=158
— Sh =159 Sh =281 Sh =242 Sh =539
5th percentile® 515 5 411 0.0001 3.4 55 6.9 10.2 17.5 19
95th percentile® 5490 32.2 824 0.599 15.3 235 216 103.2 24.2 70.8

Note: G: Gamma, LN: Lognormal, N: Normal, W: Weibull, L: Location, Sc: Scale, Sh: Shape; ?Calculated from fitted theoretical distribution.

because these values are used as C™** and C™" in the
estimation of the IAPI. Pollutant concentrations show
large variations with right-skewed distributions. Five of
eight of the pollutant concentration distributions are best
described with the lognormal distribution, while concen-
trations of two pollutants (CO, and bacteria) are distrib-
uted in accordance with a gamma distribution, and one
pollutant, HCHO, has the Weibull distribution as the
best-fitting distribution. Temperature and RH distribu-
tions are more symmetrical compared with pollutant con-
centration distributions, with Weibull and normal distri-
butions, respectively. The IEI, IAPI, and IDI distributions
estimated using the Monte-Carlo method are presented in
Figure 2. Distribution of the IEI is best described by the
Weibull distribution (location parameter = 0.8, scale pa-
rameter = 3.5, shape parameter = 3), while the IAPI
(Alpha = 8.67, Beta = 17.78, scale parameter = 10.4) and
the IDI (Alpha = 2.23, Beta = 3.33, scale parameter =
10.8) are best described with the beta distribution.

Sensitivity Analysis
The relative percentage of variance (RPV) in the IEI attrib-
utable to each input variable was calculated to estimate
the relative importance of pollutant variables with respect
to their effect on the IEI variation. The correlation coef-
ficients for rank correlation between the IEI and each

Table 3. Descriptive statistics of output variables for the 100 buildings.

Statistic (m = 100) POPS2 IAPI IDI IEl
Mean 62.4 3.4 5.1 4.2
Median 62.1 3.3 5.1 3.9
Standard deviation 12.1 1.2 2.4 1.4
Minimum 27.3 0.5 0.2 0.7
Maximum 92.3 7.1 10 7.6
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input variable were calculated. A higher correlation be-
tween an input variable and the output variable indicates
a higher impact of that input variable on the output
compared with input variables with lower correlation.
RPV values were calculated as squared rank correlation
coefficients normalized against 100%. Table 4 lists RPV
values and rank correlation coefficients for each input
variable. Temperature has the greatest impact on the IEI
distribution, but the other comfort agent, RH, has the
least impact on the distribution. The second largest cor-
relation value is between IEI and PM (PM,, and PM, ).

Index Criterion I:
The IEI as a Communication Tool
The IEI distribution for the U.S. office building stock was
estimated using Monte-Carlo simulations (Figure 2). Me-
dian and 90th percentile IEI values are 3.9 and 5.3, respec-
tively. The cumulative IEI distribution may be used as a
communication tool because it characterizes the status of
the indoor air environment of an office building relative
to that of the stock of office buildings in the United States.
An office building with an IEI value of 6.4 has an envi-
ronmental quality that is of greater concern than a build-
ing with an IEI equal to 4.5. More specifically, the percen-
tile value of the distribution corresponding to a subject
building’s index value shows its ranking in the office-
building population. A building index value of 4.5 de-
clares that almost 70% of the office buildings in the
United States have better environmental index values
than the building with IEI = 4.5. Thus, the use of IEI
values ranks in-office environmental quality in the range
of 0-10, and the cumulative index distribution ranks the
environmental quality of a specific building under inves-
tigation relative to the environmental quality of the
office-building population. These rankings furnish indoor
air specialists with two easy-to-understand tools and help
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Figure 2. Distributions of the IEl, IAPI, and IDI estimated using Monte-Carlo simulation.

bridge the communication discord that exists among en-
vironmental quality specialists and the public, occupants,
and decision-makers.

Criterion II:

The IEI—Occupant Symptom Associations
Two linear regression models were formulated to associate
the IEI with POPS2 corresponding values in the total
range of building IEI values. The symptom index, POPS2,

1446 Journal of the Air & Waste Management Association

was the dependent variable, with the IEI as the indepen-
dent variable. Quantification of sensitivity of the IAPI to
each of the pollutant variables showed that the index is
not sensitive to small changes of concentration when
only one pollutant is subject to variation. Sensitivity anal-
ysis and the desire to improve the strength of the associ-
ation between the environmental and symptom indices
led to grouping of buildings and to analysis using moving
averages. The IEI model, constructed using group mean
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Table 4. Results of sensitivity analysis.

Target Index IEI IAPI DI

Pollutant variable

or index RCC  RPV (%) RCC  RPV (%) RCC RPV (%)
Temperature — — — — -0.39 99.3
RH — — — — 0 0.7
PM, o7 — — 0.61 303 — —
PM, ¢ — — 0.6 299 — —
co, — — 0.33 9.6 — —
HCHO — — 0.36 10.8 — —
Fungi — — 0.34 9.8 — —
TvVOC — — 0.3 7.6 — —
Bacteria — — 0.18 2.7 — —
co — — 0.06 0.3 — —
IAPI 0.91 85.4 — — — —
DI 0.38 14.6 — — — —

Note: RCC: Rank Correlation Coefficient; —: not used for the estimation of this index;
Correlated.

values, has an R? value of 0.67 and a p value of 0.001 for
the F statistic (Model-1, Figure 3a). Although no general
relationship as strong as the one constructed using group
mean values is obtained, the coefficient of determination
increases to 0.79 (Model-2, Figure 3b) for buildings that
have IEI values greater than or equal to the median IEI
value of 3.9 when moving average values are employed.
Residual analysis indicates that neither of the models
violates linear regression model assumptions.

Verification of the Index-Symptom Model. Focusing on the
practical application of the index, we are not seeking to
establish a cause and effect relationship; rather, we pro-
pose a potential practical environmental tool for building
management. In the context of this paper, model verifi-
cation denotes evaluation of a regression model with a
24-building database that was not used for the construc-
tion of the model. Note that buildings used for formulat-
ing models were randomly selected. The IEI, IAPI, IDI, and
POPS2 values for the 24 buildings were calculated. The
index value of each building was inserted in the regres-
sion model, and each building’s symptom index (POPS2)
value was estimated. The estimated-to-observed POPS2
ratio was used as the criterion to assess performance of the
regression models. A ratio between 0.5 and 1.5 is consid-
ered to indicate acceptable model performance. Analysis
indicates that estimations from the group mean model
agree very well with the observed values (average ratio is
1.02 and standard deviation is 0.17). Only one of 24
buildings falls outside this criterion range. Residual anal-
ysis indicates that this building is an outlier. The remain-
ing buildings display an excellent ratio in the range
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Figure 3. |[E-POPS2 simple linear regression models using (a) group
mean values; (b) moving averages.

between 0.8 and 1.2. Performance of the moving average
model is better compared with the group mean model, all
estimated-to-observed ratio values are within the range of
0.75-1.25 (average ratio is 1.00 and standard deviation
is 0.12).

Criterion III: The IEI as a Management Tool

So far we have established that (1) the index is understood
easily by all stakeholders of indoor environmental qual-
ity, and (2) the index is associated with occupant symp-
toms. In this section, we will elaborate on the process that
employs the index as a management tool of indoor envi-
ronmental quality. While similar arguments have been
made for the IAPI,! this section focuses on the IEI index.

Because sampling of indoor air and comfort variables
can be a very expensive and laborious task, building man-
agers frequently seek alternatives to sampling as the first
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step in the indoor environmental assessment process. The
IEI index becomes a management tool because it may be
estimated inexpensively, communicated easily, and asso-
ciated well with occupant symptoms; these are advan-
tages over measured individual pollutant concentrations
that are expensive to measure, difficult to interpret and
communicate, and do not associate with observed occu-
pant symptoms. Because the association between the IEI
and the occupant symptom POPS2 is given by simple
linear regression, the dependent independent variables
are reversed without losing any of the strength of the
association. The following regression models have been
constructed between POPS2 and IEL

IEI = 0.30 POPS2 — 14.6 (4)
IEI = 0.28 POPS2 — 12.7 for POPS2 = 60%  (5)

These models may be used for estimating the IEI index
using the easy-to-obtain POPS2 index and for determin-
ing whether an intervention is required to improve
the in-office environmental quality. The second model
estimates higher levels of the IEI independently for the
range of all possible IEI values. It leads to conservative IEI
estimations; thus, for the practical purpose of determin-
ing whether a remediation intervention is required (see
section on the conceptual model), the use of eq 5 is
recommended.

While this procedure clearly reverses the dependent
and independent variables in the regression models, it
does not affect the strength of the relationships between
the two variables because the models used are simple
linear models. The reversal is thought tp be necessary
because it is easier and less expensive to survey the occu-
pants, calculate the POPS2 index, and use the equations
to estimate the IEI of a building under investigation than
it is to design and sample the environmental quality of a
building and then estimate its IEL

An indoor environmental quality study of an office
begins when a building manager employs the BASE occu-
pant symptom survey and estimates the building’s IEI
value using eq 5. This value then is ranked relative to the
cumulative IEI distribution. This constitutes the essence
of the index as a management tool because the distribu-
tion enables the manager to decide the next step to be
implemented using the relative ranking of the building’s
indoor air pollution in the population of office buildings.
In addition, managers can justify their actions to the
occupants as well as to the owners.

If all stakeholders (building owners, building man-
ager, and occupants) agree that a sampling survey is
needed, it will be designed and carried out. The IEI values
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will be estimated using the index model (i.e., measured
pollutant concentrations and comfort agent values, see eq
1). Given these measurements, sub-index and IEI values
will be calculated, and the tree structure will be con-
structed. Then, the contribution of each variable to the
index will be estimated by decomposing the IEI. Identify-
ing the contributing variables would lead to the most
effective control strategy.

An example of the index decomposition process is
provided in Figure 4 for a randomly selected building.
Comparing the IAPI with the IDI contributions reveals
that the larger portion of the IEI magnitude is because of
air pollution (71%) rather than comfort (29%). The com-
parison of level-4 indices of gases and particles (5 vs. 7.7)
and percent contributions to the higher-level index (39
vs. 61%) show that particles contribute more to the IAPI
but the contribution of gases should not be neglected. The
contribution of an intermediate sub-level index to the
IAPI is the proportion of the sub-level intermediate index
value in the sum of the index values of all groups in that
sub-level.

Comparison of level-2 intermediate indices for gases
shows that inorganic pollutants (21%) and organic pol-
lutants (19%) have a comparable contribution to the IAPI.
Comparison of level-2 intermediate indices for particles
produces a similar result: total (32%) and biological (29%)
particles. Formaldehyde (14%) and CO, (17%) are the
major contributing gaseous pollutants. Total contribution
from the TVOC and CO is a mere 8%. The contribution of
PM, 5 and PM,, accounts for ~32% to the IAPI. In addition,
fungus is the last major contributing pollutant with 20%.

It is concluded that the building has a problem asso-
ciated with PM. Indoor sources such as smoking or out-
door penetration and an inefficient filtering system may
be some of the causes of this source of elevated IAPI and,
therefore, IEI values. The problem with fungi in the build-
ing may point to RH. For this example building, the
contribution of RH to IDI (88%) is much larger than that
of temperature (12%). Other than particles, formaldehyde
and CO, seem to be of concern; they are the next highest
contributors to the index. This analysis suggests that there
may be a problem with the ventilation system perfor-
mance of the example building, which seems to fail to
dilute indoor generated agents or capture those that are
infiltrated from outdoors. It appears that indoor sources
include high occupant density and moisture that emit
CO, and fungi, respectively, indoors. Given that smoking
is not allowed in this building, the source of PM is likely
to be the outdoors. These sources and the apparent or
potential inability of the ventilation system to dilute in-
door-generated pollutants and to filter out PM are respon-
sible for the occupant symptoms.
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Figure 4. An example for the use of the IEl as a management tool.

The IEQ manager now has information on what po-
tential sources and variables to concentrate on for an IEQ
improvement strategy, if a decision is made that improve-
ment is necessary. Note that the building manager can
communicate with occupants easily by indicating that
the present state of the building has a less than mean/
median index value and that only <45% of similar build-
ings have lower values of IEI. The manager can further
state that, although there does not seem to be a general
problem with indoor air environment, there may be a
need to reduce particle, formaldehyde, and CO, levels. If
remedial steps were to be taken, attention should be paid
to performance of the ventilation system. A 50% reduc-
tion in concentrations of these pollutants will take the IEI
value down to 2.9; that is, only ~20% of office buildings
have lower IEI values.

The Conceptual Model
One of the objectives of this study is to formulate a
conceptual model explaining the association of the index
and the occupant symptoms. The relationship holds true
over the total IEI range. Yet to formulate a mechanistic
model, the IEI Office building values will be divided into
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three categories: (1) IEI values of less than 3.6; (2) 3.6 <IEI
values < 6; and (3) IEI values > 6. The number of build-
ings in each category is given in Table 5. Thus, ~30% of
the buildings used for model formulation are assigned in
the first category, a bit more than 60% in the second
category, and the rest in the third category.

Constructed models and R? values are shown in Table 6.
The relationship between the mean IEI and mean POPS2 is
strong, as is the relationship between the moving average
(MA) IEI and MA POPS2 for buildings with IEI <3.6. Esti-
mated (using group means)-to-observed POPS2 ratio values
are within the 0.7-1.2 range except for one building with a
ratio of 1.5 (Avg. = 1.00, Std. Dev. = 0.22). Estimated (using
moving averages) versus observed POPS2 regression has an
R? value of 0.39 for buildings with an IEI <3.6.

Although the relationships appear to be moderately
strong and indicate that the moving average model pre-
dicts the observed values of office buildings not used to
formulate the model relatively well, it is concluded that
the R? values are not acceptable for predictions with prac-
tical value. Thus, the conceptual model of this study
suggests that, in an office building with IEI value of less
than 3.6, office occupant symptoms are not likely to be
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associated with in-office pollution. Consequently, it is
recommended that the manager must seek other sources
for the registered complaints.

The models for IEIl in the range between 3.6 and 6 are
discussed next. The first model is the mean IEI versus the
mean POPS2 model; the second model relates the MA of
IEI with MA of POPS2 (Table 6). Both of the models,
associating IEI with POPS2 in the range between 3.6 and
6, relate the two variables strongly, and the models are
verified by the criteria set for this study. Estimated-to-
observed POPS2 ratios are in the range of 0.75 and 1.2 for
the mean IEI versus the mean POPS2 model (Avg. = 0.98,
Std. Dev. = 0.14). Estimated (using moving averages) ver-
sus observed POPS2 regression has an R* value of 0.66 for
buildings with IEI value between 3.6 and 6. Conse-
quently, the conceptual model suggests that the associa-
tion between IEI and POPS2 can be used as a management
tool for indoor air pollution studies and intervention
designs.

The BASE database contains only eight office build-
ings with an IEI value greater than six—four buildings
used and four buildings not used to formulate the models.
Consequently, such office buildings are unusual. It is
likely that indoor air pollution contributes to occupant
complaints and, as such, it is recommend that in-depth
indoor air pollution sampling and interpretation investi-
gations must be performed.

Because two models, eqs 4 and 5, have been devel-
oped, one must be selected for estimating the IEI value of
a building under investigation. The second model, eq 5, is
recommended because it leads to higher values of the IEI
and, consequently, it affords greater protection of office
building occupants, which is the main objective of any
indoor environmental study.

In conclusion, the use of eq 5 along with information
from the questionnaire is recommended to estimate the
IEI of an office building under examination. If the IEI
value is less than 3.6, no further action is suggested be-
cause the models constructed are unable to relate air pol-
lution with occupant symptoms, and reduction of indoor
air pollution or comfort conditions is not likely to reduce
occupant symptoms. If the IEI value is higher than 3.6 but
less than 6, further examination is suggested in accor-
dance with the approach found in the section discussing

Table 5. Number of buildings used for the conceptual model.

Number of Buildings Used  Number of Buildings Used

Category for Model Development for Model Verification
El <36 22 9
36=<IE=6 45 11
El>6 4 4
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Table 6. Simple linear regression models constructed for the conceptual model.

IEI No. of

Range Data Points Simple Linear Regression Model R?
<3.6 5 Mean POPS2 = 8.63 Mean IEl + 35.6 0.93
<36 27 MA POPS2 = 8.39 MAIEI + 36.3 0.85
3.6-6 6 Mean POPS2 = 4.96 Mean IEl + 39.7 0.58
3.6-6 42 MA POPS2 = 5.84 MA IEl + 36.1 0.76

IEI as a management tool. If the estimated IEI value is
greater than 6, then the building must undergo a detailed
indoor air pollution investigation because occupant com-
plaints are likely to be related to and possibly caused by
indoor environmental conditions.
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