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Abstract

An improved mass transfer model which considers the air–material mass transfer resistance was used to analyze

volatile organic compound (VOC) emissions from building materials. The results showed that the dimensionless

emission rate of VOCs is only a function of the ratio of mass transfer Biot number to the partition coefficient and of

mass transfer Fourier number. These two parameters were used to fit experimental data for empirical correlations of

VOC emission data. Numerical results, which agreed well with the experiment data, were used to develop several

correlations describing the VOC emission characteristics from building materials.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Indoor air quality problems due to the emissions of

volatile organic compounds (VOCs) from building ma-

terials may cause various symptoms, such as headaches;

eye, nose, or throat irritations; dry coughs; dizziness and

nausea; difficulty in concentrating and tiredness [1–4].

Since building materials are important sources of VOCs

in indoor environments, their emission characteristics

should be studied.

The characteristics of VOC sources and sinks have

been studied experimentally, analytically and numeri-

cally. Although experimental methods provide the most

realistic results, experiments require expensive, well-

controlled facilities. In addition, results for specified test

conditions may not be directly applicable for other

conditions [4]. Therefore, many researchers have stres-

sed the importance of simulating VOC emissions from

building materials.

Generally speaking, there are two kinds of VOC

emission models in the literature [4,5]. The first type is
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the so-called empirical model, which is based solely on

statistical analysis of emission data obtained from en-

vironment chamber testing. Typical examples are the

first-order decay model and the power-law decay model

[6]. Although empirical models are simple and easy to

use, they are not able to provide insight into the physical

emission mechanisms and can not be easily scaled from

the test conditions to building conditions. The second

type of models is based on mass transfer theory and is

thus called mass transfer models. Unlike the empirical

models, mass transfer models can predict the VOC

emissions for various conditions for known physical

parameters. Dunn et al. [7], Clausen et al. [8], and Little

et al. [9] neglected the mass transfer resistance through

the air phase boundary layer to obtain analytical solu-

tions. Yang et al. [10] developed a numerical model to

simulate dry material emission processes which consid-

ered both the boundary layer resistance and the internal

resistance, but the solution was very time consuming. Xu

and Zhang [11] expanded on the work of Little et al. [9]

by including the mass transfer resistance through the air

phase boundary layer.

The objective of this paper is to analyze the general

characteristics of VOC emissions from building materi-

als to develop simulation based correlations describing

the emission characteristics.
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Nomenclature

A building material emission surface area (m2)

ACH air change rate

Bim mass transfer Biot number, Bim ¼ hmL=D
(dimensionless)

C VOC concentration in building material

(mgm�3)

C0 initial VOC concentration in building ma-

terial (mgm�3)

CsðtÞ VOC concentration in air adjacent to the

interface (mgm�3)

C1ðtÞ VOC concentration in atmosphere or in

chamber (mgm�3)

C� dimensionless concentration, C� ¼ ðC�
KC1Þ=ðC0 � KC1Þ

D mass diffusion coefficient for compound in

building material (m2 s�1)

e1 relative error in calculating _mmðtÞ
e2 relative error in calculating mðtÞ
Fom mass transfer Fourier number, Fom ¼ Dt=L2

(dimensionless)

hm convective mass transfer coefficient (m s�1)

K partition coefficient between building mate-

rial and air (dimensionless)

L building material slab thickness (m)

M total VOC emissions per unit area building

material (mgm�2)

mðtÞ total VOC emissions per unit area building

material before time t (mgm�2)

_mmðtÞ VOC emission rate per unit area building

material at time t (mgm�2 s�1)

m�ðtÞ mðtÞ=M (dimensionless)
_m�m� dm�=dFom (dimensionless)

PB particle board

Q volumetric air flow rate through chamber

(m3 s�1)

t time (s)

TVOC total volatile organic compounds

V air volume in chamber (m3)

VOC volatile organic compound

x linear distance (m)

X dimensionless linear distance, X ¼ x=L

Subscript

c critical value
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2. VOC mass transfer

The mass transfer model assumes that the VOCs are

emitted from a single uniform layer of material with a

VOC impermeable backing material. A schematic of the

idealized building material slab in air is shown in Fig. 1.

The governing equation describing the transient diffu-

sion through the slab is

oCðx; tÞ
ot

¼ D
o2Cðx; tÞ

ox2
; ð1Þ

where Cðx; tÞ is the VOC concentration in the building

material slab. The initial condition assumes that the
Fig. 1. Schematic of building material slab emissions geometry.
VOC is uniformly distributed throughout the building

material slab, i.e.,

Cðx; tÞ ¼ C0 for 06 x6 L; t ¼ 0: ð2Þ

Since the slab is resting on a VOC impermeable surface,

the boundary condition at the lower slab surface is

oCðx; tÞ
ot

¼ 0; t > 0; x ¼ 0: ð3Þ

A boundary condition of the third kind is imposed on

the upper slab surface (Fig. 1):

�D
oCðx; tÞ

ox
¼ hmðCsðtÞ � C1ðtÞÞ; t > 0; x ¼ 0: ð4Þ

Almost all of the physically based models in the litera-

ture assumed that CsðtÞ ¼ C1ðtÞ, which means that hm is

infinite [7–9] which is a special case of Eq. (4).

In addition, equilibrium exists on the air–material

interface [9].

Cðx; tÞ ¼ KCsðtÞ; t > 0; x ¼ L; ð5Þ

where K is the partition coefficient.

Eqs. (1)–(5) were solved using separation of vari-

ables:



Fig. 2. Schematic of simplified environmental chamber.
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Cðx; tÞ ¼ KC1ðtÞ þ
X1
m¼1

sinðbmLÞ
bm

� 2ðb2
m þ H 2Þ

Lðb2
m þ H 2Þ þ H

� cosðbmxÞ � ðC0

�
� KC1ð0ÞÞe�Db2mt

þ
Z t

0

e�Db2mðt�sÞ � K dC1ðsÞ
�
; ð6Þ

where H ¼ hm=KD and bm (m ¼ 1; 2; . . .) are the positive
roots of

bm � tanðbmLÞ ¼ H : ð7Þ

Eq. (6) gives the VOC concentration in the building

material slab as a function of time and the distance from

the slab base.

Thus, the VOC emission rate per unit area at time t,
_mmðtÞ, and the total VOC emissions, mðtÞ, emitted per unit

area of building material slab until time t are

_mmðtÞ ¼ �D � oCðx; tÞ
ox

����
x¼L

¼ D �
X1
m¼1

sin2ðbmLÞ �
2ðb2

m þ H 2Þ
Lðb2

m þ H 2Þ þ H

� ðC0

�
� KC1ð0ÞÞe�Db2mt

þ
Z t

0

e�Db2mðt�sÞ � K dC1ðsÞ
�
; ð8Þ

mðtÞ ¼ �
Z t

0

D � oCðx; tÞ
ox

����
x¼L

dt

¼ D
Z t

0

X1
m¼1

sin2ðbmLÞ �
2ðb2

m þ H 2Þ
Lðb2

m þ H 2Þ þ H

� ðC0

�
� KC1ð0ÞÞe�Db2mt

þ
Z t

0

e�Db2mðt�sÞ � K dC1ðsÞ
�
dt: ð9Þ
Table 1

Experimental conditions (Panel A) and parameters for the building m

Panel A

Temperature (�C) 23± 0.5

Relative humidity (%) 50± 0.5

Air change rate (h�1) 1 ± 0.05

Chamber volume (m�m�m) 0.5 · 0.4· 0.25
Building material slab size (m�m�m) 0.212· 0.212·

Panel B

VOC TVOC

Particle boards PB 1

Mass diffusion coefficient, D (1· 1011 m2 s�1) 7.65

Initial concentration, C0 (1· 10�7 lgm�3) 5.28

Partition coefficient, K 3289
3. Comparison of predictions

The one-dimensional model, was verified by com-

paring the predicted instantaneous VOC concentrations

for a flat slab in a small environmental chamber to ex-

perimental data [4]. A schematic of the experimental

setup is given in Fig. 2 and the experimental conditions

are listed in Table 1. The properties used in the model,

the diffusion coefficient, D; the partition coefficient, K;
the initial concentration, C0 and the convective mass

transfer coefficient, hm were obtained by Yang et al. [10]

through a detailed numerical study of the experimental

data.

The VOC concentration in the chamber is given by

dC1ðtÞ
dt

� V ¼ A � _mmðtÞ � Q � C1ðtÞ: ð10Þ

Eqs. (9) and (10) can be combined to give the instanta-

neous VOC concentration in the chamber air. The pre-

dictions are compared with those of Little�s model and

the experimental data in Fig. 3. The data shows that the

results from the model agree well with the experimental

results. However, Little�s model tends to initially sig-

nificantly overestimate the VOC concentration in the air

because Little�s model neglects the convective mass

transfer resistance. Initially, the VOC concentration
aterial slabs (Panel B)

0.0159

TVOC Hexanal

PB 2 PB 2

7.65 7.65

9.86 2.96

3289 3289



Fig. 3. Comparison of model and experimental results for instantaneous volatile concentrations: (a) TVOC, PB 1; (b) TVOC, PB 2;

(c) Hexanal, PB 2.
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near the surface in the material is relatively high, so

neglecting the convective mass transfer resistance results

in a large amount of mass transfer in the air. Later, the

volatile concentration near the surface has decreased so

that the internal mass diffusion resistance is much more

important than the convective resistance so the errors

caused by neglecting the convective resistance become

very small.
4. VOC emission correlations

4.1. Dimensionless equations

The general characteristics of VOC emissions from

building materials were predicted by introducing the

following variables into Eqs. (1)–(5):

Fom ¼ Dt
L2

and Bim ¼ hm � L
D

; ð11Þ

where Fom is the mass transfer Fourier number (di-

mensionless time) and Bim is the mass transfer Biot
number. The dimensionless concentration and distance

are then

C� ¼ C � KC1

C0 � KC1
and X ¼ x

L
: ð12Þ

Rearranging Eqs. (1)–(5) yields the following dimen-

sionless equations:

oC�

oFom
¼ o2C�

oX 2
; 0 < X < 1; Fom > 0; ð13:1Þ

C� ¼ 1; 06X 6 1; Fom ¼ 0; ð13:2Þ

oC�

oX
¼ 0; X ¼ 0; Fom > 0; ð13:3Þ

oC�

oX
¼ �Bim

K
C�; X ¼ 1; Fom > 0: ð13:4Þ

The solutions of these equations are

C� ¼ 2
X1
n¼1

e�u2nFom
sin un cosðunX Þ
un þ sin un cos un

; ð14Þ
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m� ¼ mðtÞ
M

¼
X1
m¼1

2 sin2 un
u2n þ un sin un cos un

ð1� e�u2nFomÞ; ð15Þ

_mm� ¼ dm�

dFom
¼

X1
m¼1

2u2n � sin
2 un

u2n þ un sin un cos un
� e�u2nFom ; ð16Þ

where un are the positive roots of

untgun ¼ Bim=K ðn ¼ 1; 2; . . .Þ: ð17Þ
4.2. General characteristics of VOC emissions

From Eqs. (14)–(16), it is seen that the dimensionless

concentration C�, dimensionless total emissions m� and

dimensionless emission rate _m�m� are functions of

C� ¼ f1
Bim
K

; Fom;X
� �

; ð18Þ

m� ¼ f2
Bim
K

; Fom

� �
; ð19Þ

_m�m� ¼ f3
Bim
K

; Fom

� �
: ð20Þ

Eqs. (18)–(20) illustrate the functional relationships be-

tween the dependent and independent variables. The

equations show that C0 does not influence C�, m� or _mm�

and that although m� and _mm� depend on the building

material properties, D and K; the mass convective co-

efficient, hm; the slab thickness L and time, the depen-

dence may be described by grouping these variables as

Bim=K and Fom. Therefore, the VOC emission rates can

be represented by two dimensionless groups instead of

the original five parameters. Moreover, once the form of

the functional dependence of Eqs. (19) and (20) has been

obtained for a particular surface geometry, e.g. from

laboratory measurements, it is known for all such sim-

ilar geometries for various contaminants, building ma-

terials, air flow velocities, and slab thicknesses, as long
Table 2

Bim=K for VOC emissions from common indoor materials [9]

VOCs D (1· 1012 m2 s�1) K

Styrene 4.1 4200

Ethylenzene and xylenes 4.3 2400

Formaldehyde 3.2 11,000

2,2,4-Trimethylpentane 0.06 59,000

1,2-Propanediol 0.07 180,000

4-Ethenyl-cyclohexene 2.1 1700
as the range of the dimensionless parameters are similar.

Therefore, Eqs. (19) and (20) will be used to summarize

the general characteristics of VOC emissions from

building materials.

4.3. VOC emission correlations

A literature review has shown that for most building

materials in indoor environments, Bim=K is in the range

of 20–700. For example, Table 2 lists the values of

Bim=K for VOC emissions from indoor materials studied

by Little et al. [9]. The Bim=K range for these materials

are all 206Bim=K 6 700. Bim=K values for dry building

materials in practical applications are also in this range.

Numerical results from the model for this range were

fitted using a least square analysis to determine the

functional relationship for the dimensionless emissions

in Eq. (19) for small Fom:

m� ¼ 1:22 � ðBim=KÞ9:70�10�3

� Fo0:601m ; 06 Fom < 0:3:

ð21Þ

The correlation factor for the data, R2, was 0.992. The

standard deviation between the correlation and the

numerical data was 0.0126. For larger Fom,

m� ¼ 1:12 � ðBim=KÞ�1:75�10�3

� e�0:191=Fom ; 0:36 Fom < 2:

ð22Þ

The correlation factor was 0.996 and the standard de-

viation between the correlation and the numerical data

was 0.00760. For larger Fom,

m� ¼ 1; Fom P 2: ð23Þ

The numerical results for Fom ¼ 2 predicted m� ¼ 0:99
with m� increasing with increasing Fom and approaching

1 as Fom approaches infinity. Thus, Fom ¼ 2 can be taken

as the time for complete emission of the volatiles from

the building material.
L (mm) hm (mh�1) Bim=K

1.25 1.57 31.7

4.2 84.7

1.25 1.57 52.8

4.2 141.3

2.0 1.57 24.8

4.2 66.3

2.0 1.57 246.4

4.2 659.1

2.0 1.57 122.2

4.2 326.8

1 1.57 122.2

4.2 326.8



Fig. 7. Comparison of correlation and model results for emis-

sions rate for Bim=K ¼ 50.

Fig. 4. Variation of m� with Bim=K and Fom (Bim=K ¼ 50,

06 Fom 6 2).

Fig. 6. Variation of _mm� with Bim=K and Fom (Bim=K ¼ 50,

06 Fom 6 2:5).
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Fig. 4 shows the relationship between m� and Fom for

Bim=K ¼ 50. Fig. 5 compares the predictions from the

correlations and the model for Bim=K ¼ 50.

Similarly, for Bim=K in the range 20–700, a least

square fit of the numerical results from the model gives

the following correlations for the dimensionless emission

rate corresponding to Eq. (20):

_mm� ¼ 9:73 � ðBim=KÞ2:32�10�2

� e�73:6Fom ;

06 Fom < 0:01: ð24Þ

The correlation factor was 0.98 and the standard devi-

ation was 0.34. For larger Fom, the correlation is

_mm� ¼ 0:551 � ðBim=KÞ1:90�10�3

� Fo�0:504
m ;

0:016 Fom < 0:2: ð25Þ

The correlation factor was 0.998 and the standard de-

viation was 0.024.

_mm� ¼ 3:56 � ðBim=KÞ�0:101 � e�2:44 Fom ; 0:26 Fom < 5:

ð26Þ
Fig. 5. Comparison of correlation and model results for total

emissions for Bim=K ¼ 50.
The correlation factor was 0.9995 and the standard de-

viation was 0.025. For large Fom,

_mm� ¼ 0; Fom > 5: ð27Þ

Fig. 6 shows the relationship between _mm� and Fom for

Bim=K ¼ 50. Fig. 7 compares the predictions from the

correlations and the model for Bim=K ¼ 50.
5. Conclusions

(1) A mass transfer model including the convective mass

transfer resistance through the air phase boundary

layer was used to precisely predict the emissions of

VOCs from indoor material for a range of conditions.

(2) Although the dimensionless total emissions, m� and

the dimensionless emission rate, _mm� depend on the

building material properties, D and K; the convec-
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tive mass transfer coefficient, hm; the slab thickness,

L and the time, the dependence may be more gener-

ally described by grouping these variables as Bim=K
and Fom. These dimensionless variables were used to

formulate empirical correlations for VOC emissions

from building materials. Once the form of the func-

tional dependence of Eqs. (19) and (20) has been ob-

tained for a particular surface geometry for specific

conditions, the correlation may be applied to dif-

ferent contaminants, building materials, air flow

velocities, and slab thicknesses, as long as the dimen-

sionless parameters are the same.

(3) For constant VOC background concentration C1,

Eqs. (21)–(23) can predict the values of _mmðtÞ and

mðtÞ.
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