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Abstract

Two computational methods are proposed for estimation of the emission rate of volatile organic compounds (VOCs)
from solvent-based indoor coating materials based on the knowledge of product formulation. The first method utilizes
two previously developed mass transfer models with two key parameters — the total vapor pressure and the average
molecular weight for total volatile organic compounds (TVOCs) — being estimated based on the VOC contents in the
product. The second method is based on a simple, first-order decay model with its parameters being estimated from the
properties of both the source and the environment. All the model parameters can be readily obtained. Detailed
procedures for computing the key parameters are described by using examples. The predictive errors were evaluated with
small chamber data, and the results were satisfactory. Thus, the proposed methods provide a way to predict the VOC
emissions in the indoor environment without having to conduct costly chamber testing. The two proposed methods work
for both TVOCs and individual VOCs. Pros and cons for each method are discussed. «'1 1999 Elsevier Science Ltd. All
rights reserved.
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1. Introduction times added to the formulation to enhance its perfor-

mance, including oxygenated hydrocarbons (such as
alcohols), nitrogenated hydrocarbons (such as methyl
ethyl ketoxime), and other solvents (such as toluene).

Solvent-based interior coating materials have long
been recognized as a major source of volatile organic
C‘;gﬂp"_ltiﬁds (VO(]-IS] in the indoor envtrognlent :btcr]mg, Some of the solvent components are identified as hazard-
1984). They usually contain more than 25% of the sol- ous air pollutants (HAPs) in the Clean Air Act Amend-

vent that will be released into the air during the drying ments of 1990 (U. S. Public Law 101-549, 1990). The
period. The most commonly used solvent in these prod- i !

ucts is mineral spirits - a type of petroleum distillate
consisting of aliphatic hydrocarbons with a trace amount
of aromatics (Howe-Grant, 1996). Other VOCs are some-

increased exposure to those HAPs and the subsequent
health risk are of special concern when solvent-based
coatings are used in the indoor environment.

Small environmental chambers have been used to
determine the VOC emissions from interior coatings
(ASTM. 1995a). The cost of chamber testing could be
*Corresponding author. very high because characterization of emission patterns
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requires multiple samples over time and this is especially
true when the emissions of individual VOCs are to be
quantified. A tremendous amount of time and resources
can be saved if the emission rates can be predicted based
on the properties of the source and those of the environ-
ment.

This paper presents two methods that can be used
to predict the emissions of TVOCs and individual
VOCs from solvent-based indoor coatings. They are
both based on gas-phase mass transfer theories but differ
in complexity.

The proposed methods should be useful in exposure
estimation and risk assessment for they can predict in-
door VOC emissions with reasonable accuracy without
having to rely on costly chamber testing. These methods
should also be useful to manufacturers in developing
low-emission products for, once the concentrations of
predominant VOCs in a product are known, all the
information needed to predict the VOC emission rates is
known.

2. Literature review

Among all available source models for emissions from
indoor coating materials, the first-order decay model is
the simplest and most widely used (ASTM, 1995a):

dM
B =Eqe ¥, 1
dr n€ (1)

where E = emission factor, mgm~™>h™ ",
M = amount of VOCs remaining in the source,
mgm 2,
E, = initial emission factor, mgm 2h !,
k = first-order decay rate constant, h™!, and
t = time, h.
This model has several variations, one of which
(Clausen, 1993) is

ol e ca—kr
E i Moke *, (2)

where My = Ey/k is the amount of VOCs applied,
mgm 2

The major advantage of this family of models is their
simplicity. If the air exchange flow rates remain constant,
there are analytical solutions to indoor concentrations
(Tichenor and Guo, 1991; Evans, 1996). For a single air

zone, the solution is

S‘S“ __fa—kr __a—Ney  gear gop
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where C = indoor concentration, mg m™?,

§ = source area, m?,
V = room volume, m?3, and
N = air exchange rate, h™ .

The first-order decay model has two major drawbacks,
however. First, estimation of parameters E, and k often
relies on costly chamber tests. Second, as an empirical
model, it is difficult to scale-up.

Efforts have been made to overcome these problems.
Clausen (1993) found that, for a given product, the decay
rate constant k is inversely proportional to the wet film
thickness:

ke
k= Tk (5)

where () = wet film thickness, um, and
kg, = decay rate constant for an evaporative source with
wet film thickness of 1 um, pmh 1.

This equation provides a way to adjust k when the wet
film thickness changes.

Chang and Guo (1994) reported that, for individual
VOCs in a given product, the decay rate constant k can
be related to their vapor pressure P:

kl l':‘I 6
kP ™
Such a correlation allows estimation of k for one com-
pound relative to another.

Another development allows estimation of k based on
the drying time of the solvent (Evans, 1996). Integrating
Eq. (2) yields:

M = AM()E kL (?}

If the drying time, tp, is defined as the time needed for
90% of the solvent to evaporate, then Eq. (7) becomes

0.1 M, = Moﬁ_h" (8)
or
In(0.1
— 9)
Ip

Two mass transfer models were introduced to solve the
scale-up problem. One, known as the VB model, is for
TVOC (Tichenor et al., 1993) and the other, known as the
VBX model, for individual VOCs (Guo et al., 1998).
These two models are discussed further in the following
section.

The gas-phase mass transfer coefficient, which appears
in both the VB and VBX models, plays an important role
in controlling the rate of VOC emissions from wet sour-
ces (Guo et al., 1996). Two theoretical models have been
developed to estimate this parameter in indoor environ-
ments (Sparks et al., 1996; Zhang et al., 1996). Sparks
et al. proposed a simple formula based on the correlation
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of Nusselt and Reynolds. Zhang et al. reported a slightly
more complex formula, which takes into consideration
such additional factors as the boundary layer flow condi-
tion and the wall shear stress.

To date, no reported methods allow estimation of
emission rates for either TVOCs or individual VOCs
based on information about the product formulation.
The two methods proposed in this paper attempt to fill
this gap.

3. Description of the methods
3.1. Method I

Method 1 utilizes the VB model (Tichenor et al., 1993)
for TVOCs (Eq. (10)) and a modified VBX model for
individual VOCs (Eq. (11)):

My

E =k (Cyo—

T £); (10)

where k,, = gas-phase mass transfer coefficient for TVOCs,
mh™1,

C,p = initial airborne TVQOC concentration at
airfsource interface, mgm 3, based on the
total vapor pressure of the TVOCs,

My = amount of TVOCs remaining in the source,
mgm~2,

My, = amount of TVOCs applied, mg m™2, and

C = TVOC concentration in the bulk air, mg m .

M; m

EI = Jlr"lru' (1w' T
( My m;

i, (11)
where E; =emission factor for
mgm~™*h™!,
ki = gas-phase mass transfer coefficient for
component i, mh !,
C,; = airborne concentration of component i at
air/source interface, mg m 3, based on the
vapor pressure of component i,
M; = amount of component 1 remaining in the
source, mgm 2,
m = average molecular weight for the organic
solvent, g mole ',
m; = molecular  weight for component i,
gmole™ !, and
C; = concentration of component i in the bulk
air, mgm .

component 1,

The term (M /M) (i/m;) is the approximate molar frac-
tion of component i in the solvent mixture. Eq. (11) is
equivalent to the original VBX model (Guo et al., 1998)
but casier to use because it does not require any unit
conversion between (mgm ?) and (mole m™?) for the
concentration.

When the emission factor is estimated from the VOC
contents in the formulation, it is more convenient to
convert C,y and C,; to commonly used pressure units
such as (mm Hg):

P, i

C,o = 10? —76‘:%—, (12)
P; m;

N 1 el 3

Cuzl0 760 v, L

where P, = total vapor pressure for TVOCs, mm Hg;
P; = vapor pressure for the pure component i,
mm Hg; and
Uy = volume of 1 mole gas under 1 atm, m?(v,, =
0.0243 m?; at 23°C).
Substituting Eq. (12) into (10) and Eq. (13) into (11):

n M
E:km<l.32POE T—C), (14)
Ui Mg
m M;
PR R o 90 | 15
E, knu(l 32JL’;“mMT () (15)

The room concentration model consists of two differ-
ential equations for TVOCs (Egs. (16) and (17)) and an
additional two for each individual VOC (Egs. (18) and
(19))

dC  SE _
= = N, 16
dt V B (16)
dM;

=—Ta g 17
= (17)
b P S (18)
dt vV

M g (19)
de. e

where E and E; are from Egs. (14) and (15), respectively.
The most common initial conditions for Egs. (16) (19)
are: C=0, C;=0, M= My, and M; = M,;, when
t = 0. The amount of TVOCs and individual VOCs ini-
tially applied, Mo and M, can be calculated from:

M'”] = !‘)dyu, {20]
Mo = 0dy;, (21)

where () = wet film thickness, m,
d = product density, g m 3,
¥o = TVOC content in the product, mgg ', and

y; = content of component i in the product, mg g .

Eqgs. (20) and (21) are also valid when / is in pum and d in
kgl %,

This method requires knowledge of total vapor pre-
ssure (Py) and average molecular weight () for TVOCs,
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and mass transfer coeflicients (k,, and k,,;). Methods to
estimate these parameters are described in Sections
42 44.

3.2. Method 2

In the second proposed method, the first-order decay
model (Eq. 1) — the simplest possible source model for
decaying sources — is adopted, with the two model para-
meters, Ey and k, being estimated from the two mass
transfer models described in the previous section by
making certain approximations. At t = 0, Eqs. (14) and
(15) become

2 o )
Ej = km(1,32 P o ()) = 30k, Py s,

Um TO m
(22)
m M,‘g
ot i = Kmi 3 ¢ e e
Eoi =k (] 2P o Mo ())
m Mm
=132k Pi— . 2
132 ke Pr 2 (23)

Since M;o/M1o = ¥i/vo. Eq. (23) can be changed to

= (32K P 2L (24)

Um Vo

Table 1
Summary of source models used in the proposed methods

From Egs. (1) and (2), the first-order decay rate constant
for TVOCs can be calculated from

Ey
k = . (25)
MTO
Substituting Eq. (20) into Eq. (25)
i
==y 26
Odyo (26)

For an individual VOC, the decay rate constant (k;) can
be derived in a similar manner:

EOJ’

0dy; &9
Once Ey and k or Ey; and k; are obtained, Egs. (3) and (4)
can be used to calculate room temperature concentrations.

4. Parameter estimation
4.1. Overview

The source models used in the two methods are sum-
marized in Table 1. Table 2 is a list of all parameters
required to compute indoor VOC concentrations with
the two proposed methods: the first three parameters are
properties of the environment, and the rest are properties
of the source. It is fair to say that all the parameters can

Method Category Representation of solvent volatility
Vapor pressure Concentration at air-source
{mm Hg) Interface (mgm ™)
1 TVOCs m My My
E=k,| 132 Py, — = E=ky|Coo——-C
( ‘ Ve Mg ) ( ¢ My )
VOCs m M; M; m
Ei= kni| 132P——-—C, Ei= kil Coni — — €
v M My m;
2 TVOCs i
Eq =132k, Py — Ep=4,Chn
m
2 EU
Uﬁ’_'lr':l
VOCs . moy; Vi i
Egi =132k Pi—— Egi = ki Coj ——
Vin Yo Vo m;
Et]r’
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Table 2
List of parameters required by the concentration models

Parameter Symbol Method 1 Method 2
TVOC VOC TVOC VOC

Room volume V X X X X
Alr exchange rate N X X X X
Mass transfer

coeflicient ks ki X X X X
Source area Y X X X X
Wet film thickness 0 X X X X
Product density d X X X X
Content of TVOC

in product Yo X X X X
Total vapor pres-

sure for TVOC Py, Coy X X X
Average molecular

weight for TVOC m X X
Content of individual

VOC in product  y; X X
Vapor pressure for

individual VOC P Cy X X
Molecular weight

for individual VOC m; X

be readily obtained except Py, m, k,, and k,,;. Methods for
estimating these parameters are discussed below.

4.2, Estimation of total vapor pressure for TVOC (Py)
Jrom VOC contents in the product

To date, parameter P, can only be determined by
experiment (an example is described below). An alterna-
tive method proposed here is to estimate P, based on the
contents of major VOCs in the solvent. If we assume that
the behavior of the solvent is close to an ideal solution,
the total vapor pressure can then be estimated from
Raoult’s law. If the number of VOCs in the mixture is n,
then

i=1 (Payifm)
S rfmy)

Although it is difficult to account for all the constituent
VOCs in a petroleum-based solvent, routine chromato-
graphic analysis of the coating material can easily ident-
ify one to two dozen major VOC peaks, which provides
a good estimate of P, by using Eq. (28).

To estimate the accuracy of Eq. (28), the computed
total vapor pressures were compared against those deter-
mined by headspace analysis for three test specimens: an
alkyd primer, an alkyd paint, and a synthetic wood stain

P(: = {28)

Table 3
Comparison of headspace TVOC concentrations with theoret-
ically calculated C,; for three wet sources

Product Measured Computed Percent
Ciolgm™3) Difference
Py Cyo
(mm Hg) (gm™?)
Alkyd Primer 272+ 1.77 394 319 159
Alkyd Paint A 123 4+ 1.66 1.44 14.3 15.0
Synthetic Stain  16.6 + 1.91 286 18.4 10.3

*Mean + standard deviation; n = 6 for alkyd primer and al-
kyd paint; and n = 7 for synthetic stain.

(Tichenor et al., 1993). About 120 ml of a paint sample
was quickly poured into a 250 ml amber bottle, which
was then sealed with a Teflon coated septum and placed
in an incubator overnight at 23"C. A magnetic stirrer in
the bottle helped mix the test specimen. For the synthetic
wood stain, a 60 ml bottle was used and the volume of the
test specimen was 20 ml. Samples (200-500 pl) were
drawn from the headspace the next morning with a
syringe which was heated to 60°C and rinsed once with
the headspace air. The samples were then injected dir-
ectly into a gas chromatograph/flame ionization detector
(GC/FID) for quantitative analysis. The TVOC mass was
computed by using the response factor for toluene and
the sum of area counts between toluene and tetradecane,
inclusive. In Table 3, the “measured™ value was from the
headspace analysis and the “computed” value from Eq.
(28). The results showed that the difference between these
two methods was no greater than 16%. We are uncertain,
however, why the computed values are systematically
greater than those from the headspace analysis.

Table 4 is an example demonstrating how P, can be
calculated in an electronic spreadsheet. After entering
VOC contents in the product, molecular weights and
vapor pressures, the two sums in Eq. (28) are obtained.
The total vapor pressure can then be calculated:

2.348
=——=1394
Py 0.595 3.946 (mm Hg) (29)

4.3. Estimation of average molecular weight for TVOC
(m- from VOC contents in the product

We previously recommended that m be represented by
the molecular weight for the most predominant constitu-
ent in the solvent mixture (Guo et al., 1998). In the
majority of oil-based indoor coating materials we have
tested, the most predominant VOC is either decane or
undecane. An alternative method is to estimate m based
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Table 4

An exemplary worksheet for estimation of the total vapor pressure P, and average molecular weight (i) for TVOCs
plary por p 0 4 g

Compound Vi m; P} yilm; Poim;
Decane 30.7 142 1.575 0.2165 0.3410
Nonane 18.4 128 4.144 0.1436 (.5949
Octane 15.6 114 7.894 0.1372 1.0831

Undecane 6.68 156 0.616 0.0428 0.0264
trans-Decalin 2.28 138 3.296 0.0165 0.0543
2-Methyldecane 219 170 0.616 0.0129 0.0079
p-Xylene 1.39 106 7.710 0.0132 0.1014
Toluene 0.35 92 24.47 0.0038 0.0921

Ethylbenzene 0.29 106 8.850 0.0028 0.0246
o-Xylene 0.23 106 5.897 0.0022 0.0129
p-Ethyltoluene 0.21 120 2.864 0.0017 0.0050
1.2.4-Trimethylbenzene 0.14 120 2.028 0.0012 0.0024
Dodecane 0.063 170 0.253 0.0004 0.0001

n-Propylbenzene 0.034 120 3.126 0.0003 0.0009
1.3.5-Trimethylbenzene 0.023 120 2.526 0.0002 0.0005
Sum 78.6 0.595 2.348

At 23°C,

on the contents of major VOCs in the product:

s ,:Z-f-‘l—"f" : (30)
Z,‘ ]l_vi.-"'m:']

The calculations can be performed in the same spread-
sheet for P,,. No additional information is needed. In the
example shown in Table 4, the calculated average
molecular weight is

78.0

s T

=132gmole”". (31)

Parameter m estimated from Eq. (30) is slightly smaller
(less than 10% difference) than that represented by the
most predominant VOC, which is decane in this example.
We believe Eq. (30) is more accurate because more than
half of the VOC constituents have smaller molecular
weights than the most predominant constituent (see data
in Table 4 for example).

4.4. Estimation of gas-phase mass transfer coefficients
(ke and k)

Parameters k,, and k,; can be either determined by
experiment or estimated based on gas-phase mass trans-
fer theories. For experimental determination, the p-dich-
lorobenzene method (Guo et al., 1996) is commonly used.

Two theoretical models have been proposed to esti-
mate gas-phase mass transfer coeflicients in indoor envi-
ronments (Sparks et al., 1996; Zhang et al., 1996). The
model proposed by Sparks et al. — the simpler one of the
two — 1s derived by finding the correlation between the

Nusselt number (Nu) and the Reynolds number (Re) from
experimental data:

Nu =033 Re?? (1 =098, n=24) (32)

and the equation used to compute the mass transfer
cocflicient is

AN 203
km = 033 DL (%) . (33)

where D = diffusivity of the VOC in air, m*h ',
L. = characteristic length of the source (equal to
the square root of the source area), m,
v = air velocity over the source, mh ';
¢ = density of the air, g m~3; and
1 = viscosity of the air, gh 'm '

In general, all the parameters in Eq. (33) can be ob-
tained readily. The density and viscosity of the air can be
found from the literature. Parameters L. and v vary from
case to case. Fig. 1 shows the mass transfer coeflicient as
a function of air velocity and characteristic length for
decane (D =0.0207m*h~"). An air velocity range of
5-10ems ™' is considered typical in indoor environments
(Mathews et al., 1987).

The following is an example of how the mass transfer
coefficient is estimated for decane emissions from a sur-
face with an area of 12 m?* when the indoor temperature
is 23"'C and air velocity 10 cms™ . The values needed to
compute k,, are

L.=/12=3466m, (34)
v =10cms '=360mh ', (35)
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D =0.0576cm?*s ' =0.0207m?*h" !, (36)
0 =1193gm 3, (37)
o= 1844y poises = 66.52gh 'm !, (38)

where_g and p were found from the literature (Weast,
1972) and D was calculated by using the FSG method
(Layman et al., 1982). Substituting the above values into
Eq. (33) yields:

)2."3

4 (360 1193
kym = 0.33 x 0.0207 x (3. B
x 0.0207 x (3.464) ( )

= 1.57nih™"t, (39)
12
S —
10 | —— S=001m*
—o— S§=01m?
- S=1m?
8 | o S=10m?
=E - o -
o
£ . o
—_— et
O
F — i
4 /‘
§ = i
2 M A-.--v'"v‘“ﬁr—rw.
o
o ’VM
i} - :
0 5 10 15 20 25 30 35
Air Velocity (cm/s)

Fig. I. Gas-phase mass transfer coeflicient (k) as a function of
air velocity and source area (S).

Table 5
Summary of test specimens and chamber conditions®

1211

Practically, the mass transfer coefficient for TVOC is
represented by that for the most abundant component
(Tichenor et al., 1993).

5. Evaluation of model performances
5.1. Chamber data

Small chamber data for three types of indoor coating
materials were used to evaluate the performance of the
proposed methods: an alkyd primer, an alkyd paint, and
a conversion varnish that cures at room temperature.
The solvents used in the first two products were typical
petroleum distillate solvents. The conversion varnish
contains large amount of aromatic compounds. Table 5
summarizes the properties of the test specimens and the
test conditions. Detailed information about these
products and test procedures are reported elsewhere
(Fortmann et al, 1998; Howard et al., 1998). Not all
concentration data were used in this evaluation. Data for
some VOCs were disqualified for one or more of the
following reasons: (1) most data points were below the
practical method quantification limit; (2) the chamber
recovery was either less than 75% or greater than 125%
and (3) the vapor pressure for a given VOC was not
available at room temperature range. Thus, only 23 sets
of concentration data were qualified for the evaluation.

5.2. Results

The performance of the two methods was evaluated by
using two indicators: the error in the predicted peak

Test specimen Alkyd Primer Alkyd Paint B Conversion varnish
Product density (kg1 ') 1.33 1.10 0.97

TVOC content (mgg ') 333 350 516

Most abundant VOC Decane Decane Xylene

No. of VOCs quantified in liquid product 20 20 10

No. of VOCs quantified in air samples 20 20 4

Total vapor pressure (mm Hg)" 3.94 2.58 8.39
Average molecular weight* 131 133 101

Substrate type White pine board White pine board Red oak board
Substrate arca (cm?) 256 256 272
Recommended wet film thickness (um) 102 102 76 ~102
Actual wet film thickness (pm) 825 74.6 123

Air exchange rate (h ') 0.543 0.543 0.538

Mass transfer coeflicient (m h ') 436 436 4.36

*All three tests were conducted in 53 | stainless steel chambers at 23 'C and 50% relative humidity.

"Estimated from Eq. (28).
“Estimated from Eq. (30).
YFor decane; estimated from Eq. (33).
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Table 6

Comparison of observed and predicted peak concentrations in mgm ™~

3

Test Compound Observed Method 1 Method 2
specimen
Predicted % Diff* Predicted % DIff?
Alkyd TVOCs 9.77 x 10? 8.91 % 10? —93 1.23 x 10* + 22
Primer Decane 1.10x 103 8.76 % 102 —23 892 % 102 2
Nonane 6.63x 102 6.71 x 102 + 1.2 7.01 x 102 + 5.6
trans-Decalin 6.76 x 10! 7.93 x 10! + 16 8.19 % 10! + 19
p-Xylene 4.26 x 10" 5.65x 10" +28 594 % 10" +33
Ethylbenzene 117 x 10! 1.21 x 10 +34 1.28 x 10! +9.0
o-Xylene 831x10° 9.12%x 10° +93 9.89 x 10° +17
p-Ethyltoluene 6.19 % 10° 7.06 % 10° +13 7.29 % 10° + 16
Alkyd TVOCs 6.55 % 10° 6.36x 107 -29 9.32x 10° + 35
Paint B Decane 4.62 % 10* 4.87 % 10* +5.3 545 % 10% + 16
Undecane 401 x 102 4.60 x 102 + 14 5.28 x 102 +27
Nonane 1.92 % 10? 2.05x10% + 6.5 223 % 10% + 15
trans-Decalin 7.37x 10! 1.16 x 102 + 45 1.29 x 10° + 55
Methylethylketoxime 7.01 x 10! 5.97 x 10! — 16 6.69 % 10" — 4.7
p-Ethyltoluene 3.45x% 10! 3.82x 10! + 10 4.19 % 10" 19
0-Xylene 3.01 x 10! 4.09 x 10 + 30 5.48 % 10! + 58
1.2.4-Trimethylbenzene 1.55x 10! 2.55% 10" + 49 2.54 % 10! + 48
n-Propylbenzene 7.72 % 10° 1.07 x 10! +32 118 x 107 + 42
Isopropylbenzene 3.79 % 10° 4.86x 107 +25 531 % 10% + 33
Conversion p-xylene 9.78 x 107 9.11x10% —170 1.00 x 10* +2.3
Varnish Isobutanol 3.48 x 10° 3.85%10% +99 3.65x10° + 4.7
o-Xylene 279 x 103 226 x 103 21 241 % 107 —15
Ethylbenzene 2.31x10° 218 % 10° -59 249 % 10° + 7.3
Average percent difference® 16.6 229

*Percent difference.
"Average of absolute values.

concentration and the normalized mean square error
(NMSE) for a given data set. As shown in Table 6, the
average percent difference between observed and pre-
dicted peak concentrations is 16.6% for method 1 and
22.9% for method 2. The observed peak concentrations
cover a wide range (from 3.79 to 9780 mgm ~?) and, thus,
the two methods work for both major and minor compo-
nents of the solvent mixture. It should be pointed out,
however, that the predicted peak concentrations are
often (but not always) higher than the observed ones.
Possible causes of such overestimation are discussed in
the following section.

The NMSE, one of the standard indices for statistical
evaluation of indoor air quality models (ASTM, 1995b),
is calculated from

n S - > 2
NMSE :Zi-_](cp! (-m)

nC, e

where C,; = predicted concentrations,

(40)

C,; = observed concentrations,
C, = Y Cailn,

Cn = 2?91 Cp.'f.ﬂ, and

n = total number of data points.

As shown in Table 7, the average NMSE value was
0.159 for method 1 and 0.253 for method 2. According
to the ASTM standard guide, an NMSE value of 0.25 or
less is generally considered indicative of adequate model
performance.

Both indicators suggest that the performances of the
two methods are adequate and that, in general, method
1 is more accurate than method 2. Examples of predicted
chamber concentrations with good and poor accuracy
are shown in Figs. 2 and 3, respectively.

6. Discussion
6.1. Comparison of the two methods
Each of the two proposed methods has its advantages

and disadvantages. The first method provides more accu-
rate predictions and is less sensitive to errors in the input.
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Table 7
Normalized mean square error (NMSE) as an indicator of
model accuracy

Test Compound Method 1 Method 2
specimen
Alkyd TVOC 0.067 0.044
Primer Decane 0.097 0.106
Nonane 0.024 0.045
trans-Decalin 0.229 0.212
p-Xylene 0.236 0.293
Ethylbenzene 0.032 0.056
o-Xylene 0.036 0.057
p-Ethyltoluene 0.459 0.633
Alkyd TVOC L.116 0.389
Paint B Decane 0.111 0.147
Undecane 0.125 0.169
Nonane 0.160 0.218
trans-Decalin 0.542 0.687
Methylethylketoxime  0.204 0.240
p-Ethyltoluene 0.117 0.168
o-Xylene 0.377 0.547
1.24-Trimethylbenzene  0.508 0.470
n-Propylbenzene 0.384 0.522
Isopropylbenzene 0.375 0.498
Conversion  Ethylbenzene 0.059 0.064
Varnish o-Xylene 0.116 0.111
Isobutanol 0.054 0.068
p-Xylene 0.048 0.070
Average NMSE 0.195 0.253

On the other hand, this method requires solving a system
of differential equations numerically and, therefore, is
relatively computation intensive.

The second method is less accurate but easier to use.
All the calculations can be performed in an electronic
spreadsheet. Thus, it is more suitable for product screen-
ing purposes. It is also of choice if a large number
of calculations are needed (such as in Monte Carlo
analysis).

In terms of computational intensity, the difference be-
tween these two methods is more significant for indi-
vidual VOCs than for TVOCs. The reader is reminded
that, in a single-zone situation, the VB model has an
explicit solution to indoor concentration (Tichenor et al.,
1993). With slightly more computational steps, this mass
transfer model offers better accuracy than the first-order
decay model.

6.2. Validity of estimating total vapor pressure for
TVOCS from the VOC contents in the product

Because of the many constituent VOCs contained in
the petroleum-based solvent, the predominant VOCs
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Fig. 2. An example of model predictions with good accuracy.
NMSE = 0.024 for method 1 and 0.045 for method 2. Data are
for nonane in the alkyd primer test.
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Fig. 3. An example of model predictions with poor accuracy.
NMSE = 0.542 for method 1 and 0.687 for method 2. Data are
for trans-decalin in the alkyd paint test.

that can be quantified by routine GC analysis account for
only a small portion of the total mass. In the example
shown in Table 4, the 15 quantified major VOCs account
for about 24% of the total weight of the solvent (the
TVOC content was 333 mgg ). It is doubtful that 24%
of predominant VOCs can represent the properties of the
solvent if there is no similarity between those compo-
nents and the remaining 76% of the VOCs. As stated in
Introduction, above, petroleum-based solvents consist
mainly of aliphatic hydrocarbons. Although many less
abundant constituents are not the targets in routine GC
analysis, their properties are similar to some of the quan-
tified VOCs. For instance, n-decane is the most abundant
component in many solvent-based coating products.
This compound also has many isomers (e.g., branched
decanes), which are not quantified but have molecular
weights and diffusivities identical to n-decane and vapor
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pressures close to n-decane. Thus, n-decane represents
a group of VOCs with similar physical properties. The
usefulness of Eq. (28) is that it makes the headspace
analysis unnecessary.

6.3. Overestimation of peak concentrations

As shown in Table 6, both methods tend to overesti-
mate the peak concentrations. There are several explana-
tions for the causes. First of all, the test specimen was
prepared outside the chamber and it typically took sev-
eral minutes to apply the coating and to determine the
total amount of material applied. Such a delay may cause
significant VOC loss before the test specimen is placed in
the chamber, especially for more volatile components
(Guo et al., 1996).

The second cause is the substrate effect. When a petro-
leum-based coating material is applied to a substrate
such as wood or gypsum boards, a small amount of
solvent will penetrate the substrate. This fraction of sol-
vent will be emitted in a delayed time. Limited data
analysis suggests that this fraction accounts for 5 -10% of
the total solvent applied.

The third cause applies only to the second method. It is
due to the omission of the back pressure effect. As shown
in Egs (10) and (11), the driving force for solvent evapor-
ation is the concentration difference between the surface
of the source and the indoor air. As a result, the high
chamber concentration in the carly hours slows the evap-
oration process. Method 2 does not take this factor into
consideration and, consequently, its predicted peak con-
centrations are generally higher than those predicted by
method 1.

6.4. Making use of information in material safety data
sheets and product data sheets

Predicting the emission rate of an individual VOC
with the first-order decay model does not require know-
ledge of the total vapor pressure for TVOCs (Egs. (24)
and (27)). This feature makes it possible to estimate the
emission rate based on the information in the Material
Safety Data Sheets (MSDSs) and the Product Data
Sheets. The United States laws require that the manufac-
turer provide MSDSs with their products. For indoor
coating products, the contents of total volatile matter
(TVM) and some hazardous VOCs ( = 1% by weight)
are reported in MSDSs. If the VOC of interest appears in
the MSDS, one can use Egs. (24) and (27) to roughly
estimate its emission rate. The TVOC content can be
represented by TVM. The only information lacking
about the TVOCs is their average molecular weight. In
most indoor coating products we have tested, including
wood stain, polyurethane wood finish, floor wax and
alkyd paint (Tichenor et al., 1991, 1993; Fortmann et al.,
1998), the most predominant VOC in the solvent is either

decane (m; = 142) or undecane (m; = 156). The only
exception was conversion varnish, in which xylene (m;
= 106) is often the most abundant component in the
solvent (Howard et al., 1998). For screening purposes, we
recommend that the average molecular weight of 142 be
used when the most abundant component is unknown.
The density of the product is always reported in the
related Product Data Sheet.

7. Conclusions

Two methods have been developed to predict the emis-
sions of TVOCs and individual VOCs from solvent-
based indoor coating materials based on the product
formulation. The first method is based on two mass
transfer models with the key parameters being estimated
from the contents of major VOCs in the product. The
second method utilizes the first-order decay model with
its parameters being estimated based on the properties of
the source and the environment. Model evaluation using
small chamber data indicates that both methods provide
reasonable accuracy in predicting emissions to indoor
environments, with the average normalized mean square
error being 0.159 and 0.253, respectively. Further evalu-
ation with data collected from real rooms, where VOC
adsorption and desorption from interior surface are often
significant, is desirable.

The first method is more accurate than the second but
is more computation intensive. The second method is
simple enough to be implemented in an electronic
spreadsheet and is more suitable for product screening.
These two methods provide a way to obtain exposure
information on the indoor use of petroleum-based indoor
coating materials without having to perform costly
chamber testing.
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