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Abstract

An analytical mass transfer model for predicting emissions of Volatile Organic Compounds (VOCs) from multi-layered building
materials and the instantaneous VOC material-phase distribution is developed. Different from the mass transfer models in the literature,
it is able to describe the characteristics of VOC emissions from a wall with an arbitrary number of layers of different materials and with
convective surfaces on both sides, and it does not neglect the mass transfer resistance through the gas-phase boundary layer. The model is
validated with experimental data from the literature. The model provides a powerful tool for predicting VOC emissions from composite
materials such as furniture and layered wall structures. Based upon the model and the dimensionless analysis, the applicable condition of
Kumar and Little’s double-layer model is discussed.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Indoor air quality is receiving increasing attention
because most people spend most of their time indoors. In
many buildings, the emissions of VOCs from building
materials and furniture may reduce indoor air quality
which may cause general symptoms, such as headache;
eye, nose, or throat irritations; dry cough; dizziness and
nausea; difficulty in concentrating; tiredness [1–3]. VOC
emission from building materials is an important issue
for many building designers and is included in regulations
in both USA and Europe [4]. Therefore, accurate modeling
of the material emission rate in a building is important for
predicting the indoor contaminant concentration, occupant
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exposure, and for the design of the mechanical ventilation
system.

Published approaches to studying the characteristics of
VOC sources and sinks fall into two categories: experimen-
tal investigation, and modeling and simulation [5–28].
While experimental methods provide realistic results, they
require expensive, full-scale and well-controlled facilities.
Furthermore, the results obtained under the test condition
may not be directly applicable to other conditions [29] and
do not give insight into the physical mechanism governing
emissions. As a result, many researchers have addressed the
topic of modeling emissions of VOCs from building mate-
rials and furnishings in ventilated space.

Generally speaking, there are two kinds of VOC
emission models in the literature [13,30]. The first kind is
the so-called empirical or semi-empirical model. The
parameters of empirical models are determined by fitting
experimental data to the predefined model. Although an
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Nomenclature

A emission area of building material
Bim mass transfer Biot number
Ci concentration of compound in the ith layer of

building material (mg m�3)
C0;i(x) initial concentration of compound in the ith

layer of building material (mg m�3)
C�0;i dimensionless initial VOC concentration in

material
Ci;s(t) concentration of compound in the air adjacent

to the interface (mg m�3) ði ¼ 0;N þ 1Þ
Ci;1(t) concentration of compound in atmosphere or in

chamber (mg m�3) ði ¼ 0;N þ 1Þ
C* dimensionless VOC concentration in material
Di mass diffusion coefficient for compound in the

ith layer of building material
D�i dimensionless diffusion coefficient in double-

layer building material
Fom mass transfer Fourier number
hm;i convective mass transfer coefficient ði ¼ 0;

N þ 1Þ
Ki partition coefficient of the ith layer of building

material

K�i dimensionless partition coefficient
_miðtÞ emission rate per unit area of VOC from the ith

emission surface at time t (mg m�2 s�1)
ði ¼ 0;N þ 1Þ

Qi volumetric air flow rate through the chamber in
contact with the ith layer of double material
ði ¼ 0;N þ 1Þ

R* dimensionless VOC emission rate
t time
Vi volume of air in the chamber in contact with the

ith layer of double material (m�3) ði ¼ 0;N þ 1Þ
x linear distance (m)
X dimensionless coordinate in mass transfer direc-

tion

Subscript

i the layer’s number identification, (i = 1,2, . . .,N)

Superscript
* dimensionless parameter
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empirical model is simple and easy to use, it is generally
unable to provide any mechanistic insight. Also, it is diffi-
cult to scale the results from the chamber to building con-
ditions. The second type is based on mass transfer theory
and is referred to as a mass-transfer or physically-based
model [5,9,12,30–33]. In contrast to empirical models, val-
idated mass-transfer models can predict VOC emission for
a wide range of conditions using known physical parame-
ters. All the mass transfer models published before 2003,
such as those developed by Clausen et al. [6], Dunn [9]
and Little et al. [12], neglect the mass transfer resistance
through the air phase boundary layer, and assumed that
the initial VOC concentration distribution is uniform
throughout the building material. Although this may be
suitable for some building materials, the assumption as a
general one has not been well verified [34], and may cause
some obvious errors under certain conditions [31,32].
Huang and Haghighat [35] considered the mass transfer
resistance through the air phase boundary layer, but
assumed that the VOC concentration in ambient air, C1,
is zero to obtain an analytical solution. Obviously, this
assumption is not generally applicable. Besides, the convec-
tive mass transfer coefficient in Huang’s model was esti-
mated by the classical correlation for a flat plate, which
is not necessarily correct for the chamber flow conditions.
That was also a limitation of Huang’s model. Recently,
several papers extended the aforementioned works and
obtained analytical solutions. The main extensions are as
follows: (1) the initial contaminant concentration is not
necessarily uniformly distributed [32,36]; (2) the mass
transfer resistance through the air phase boundary layer
is not neglected [31,37]; (3) the building material can be
double-layer with one emission surface [38]; (4) the build-
ing material can be single layer with double emission sur-
faces [39]. Besides those papers, Zhang and Niu [40]
numerically studied the characteristics of multi-layered
building material with a single emission surface. All of
the aforementioned models solve problems of build-
ing material VOC emissions. Contrary to this, Niu and
co-workers developed some inverse models to determine
D, K and C0 from emission data for single layer building
materials [27,28,41]. Up to now, however, no general ana-
lytical model for predicting emissions from multi-layered
building materials has been reported in the literature. The
objective of this paper is to develop a general mass-transfer
model for analyzing double surface VOC emissions from
arbitrary layered building materials in which the mass
transfer resistance through the gas-phase boundary layer
is not neglected and the initial distribution of material-
phase VOC concentration in each layer of building mate-
rial is not necessarily uniform.

2. Development of model

The model is developed based on the following assump-
tions: (1) all physical properties including diffusion coeffi-
cient and material/air partition coefficient for each layer
are constant; (2) mass transfer through the material is
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Fig. 1. Schematic of a multi-layered building material in contact with air.
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one-dimensional; (3) the convective mass transfer coeffi-
cients are constant; (4) the gas phase VOC concentrations
adjacent to both material surfaces are uniform although
they may be different; (5) there is neither VOC source nor
sink in the material. The problem is schematically shown
in Fig. 1. The governing equations describing the transient
mass diffusion through the material are:
Di
o2Ci

ox2
¼ oCi

ot
; t > 0; li�1 < x < li; i ¼ 1; 2; . . . N

ð1Þ
The boundary conditions are:

D1

oC1

ox
¼ hm;0ðC0;sðtÞ � C0;1ðtÞÞ; t > 0; x ¼ l0 ¼ 0; ð2aÞ
C1 ¼ K1C0;sðtÞ; t > 0; x ¼ l0 ¼ 0; ð2bÞ
Di
oCi

ox
¼ Diþ1

oCiþ1

ox
; t > 0; x ¼ li; i ¼ 1; 2; . . . N � 1;

ð3aÞ
Ci

Ki
¼ Ciþ1

Kiþ1

; t > 0; x ¼ li; i ¼ 1; 2; . . . N � 1; ð3bÞ
�DN
oCN

ox
¼ hm;Nþ1ðCNþ1;sðtÞ � CNþ1;1ðtÞÞ; t > 0; x ¼ lN ;

ð4aÞ
CN ¼ KN CNþ1;sðtÞ; t > 0; x ¼ lN ; ð4bÞ
The initial condition is:

C0;iðxÞ ¼ fiðxÞ; t ¼ 0; li�1 6 x 6 li; i ¼ 1; 2; . . . N :

ð5Þ
The solution to Eqs. (1)–(5) derived by us is:
Ciðx; tÞ ¼ Ki½RiðxÞC0;1ðtÞ þ ð1� RiðxÞÞCNþ1;1ðtÞ�

þ
X1
n¼1

Ki

b2
nNðbnÞ

Wiðbn; xÞ
�
½b2

nF ðbnÞ � ðhm;0W1ðbn; l0ÞC0;1ð0Þ

þhm;Nþ1WN ðbn; lN ÞCNþ1;1ð0ÞÞ�e�b2
nt

�
Z t

0

e�b2
nðt�sÞhm;0W1ðbn; l0ÞdC0;1ðsÞ

�

þ
Z t

0

e�b2
nðt�sÞhm;Nþ1WN ðbn; lN ÞdCNþ1;1ðsÞ

��
;

ðli�1 < x < li; i ¼ 1; 2; . . . ;NÞ; ð6Þ
where

RiðxÞ ¼
hm;0

hm;0 þ hm;0hm;Nþ1

PN
j¼1

lj�lj�1

KjDj
þ hm;Nþ1

� 1þ hm;Nþ1 �
li � x
KiDi

þ
XN

j¼iþ1

lj � lj�1

KjDj

 ! !
;

ðli�1 < x < li; i ¼ 1; 2; . . . ;NÞ; ð6-1Þ

for i ¼ 1; or i ¼ N ;
XN

j¼iþ1

lj � lj�1

KjDj
� 0: ð6-2Þ

NðbnÞ ¼
XN

i¼1

Ki

Z li

li�1

½Wiðbn; x
0Þ�2dx0 ð6-3Þ

F ðbnÞ ¼
XN

i¼1

Z li

li�1

Wiðbn; x
0Þfiðx0Þdx0 ð6-4Þ

Wiðbn; xÞ ¼ Ai;n sin
bnffiffiffiffiffi
Di
p x
� �

þ Bi;n cos
bnffiffiffiffiffi
Di
p x
� �

;

li�1 < x < li; i ¼ 1; 2; . . . N ð6-5aÞ

Ai;n

Bi;n

2
4

3
5 ¼ Yi�1

j¼1

U�1
jþ1ðljÞU jðljÞ

 ! hm;0

bnK1
ffiffiffiffi
D1
p

1

2
4

3
5;

i ¼ 1; 2; . . . ;N ð6-5bÞ

where U jðxÞ ¼

sin bnffiffiffiffi
Dj

p x
� �

cos bnffiffiffiffi
Dj

p x
� �

Kj

ffiffiffiffiffi
Dj

p
cos bnffiffiffiffi

Dj

p x
� �

�Kj

ffiffiffiffiffi
Dj

p
sin bnffiffiffiffi

Dj

p x
� �

2
66664

3
77775;

j ¼ 1; 2; . . . ;N ð6-5cÞ

for i ¼ 1;
Yi�1

j¼1

U�1
jþ1ðljÞU jðljÞ � I2 ¼

1 0

0 1

2
4

3
5 ð6-5dÞ
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bnðn ¼ 1; 2; . . .Þ are the roots of the following equation:
v1;1 v1;2 0 � � � � � � 0

. .
.

. .
.

0 � � � � � � 0 v2i;2i�1 v2i;2i v2i;2iþ1 v2i;2iþ2 0 � � � � � � 0

0 � � � � � � 0 v2iþ1;2i�1 v2iþ1;2i v2iþ1;2iþ1 v2iþ1;2iþ2 0 � � � � � � 0

. .
.

. .
.

0 � � � � � � 0 v2N ;2N�1 v2N ;2N

																																

																																

¼ 0 ð6-6Þ
v1;1 ¼ �bnK1

ffiffiffiffiffiffi
D1

p
; v1;2 ¼ hm;0;

v2i;2i�1 ¼ sin
bnffiffiffiffiffi
Di
p li

� �
; v2i;2i ¼ cos

bnffiffiffiffiffi
Di
p li

� �
;

v2i;2iþ1 ¼ � sin
bnffiffiffiffiffiffiffiffiffi
Diþ1

p li

� �
; v2i;2iþ2 ¼ � cos

bnffiffiffiffiffiffiffiffiffi
Diþ1

p li

� �
;

v2iþ1;2i�1 ¼ Ki

ffiffiffiffiffi
Di

p
cos

bnffiffiffiffiffi
Di
p li

� �
;

v2iþ1;2i ¼ �Ki

ffiffiffiffiffi
Di

p
sin

bnffiffiffiffiffi
Di
p li

� �
;

v2iþ1;2iþ1 ¼ �Kiþ1

ffiffiffiffiffiffiffiffiffi
Diþ1

p
cos

bnffiffiffiffiffiffiffiffiffi
Diþ1

p li

� �
;

v2iþ1;2iþ2 ¼ Kiþ1

ffiffiffiffiffiffiffiffiffi
Diþ1

p
sin

bnffiffiffiffiffiffiffiffiffi
Diþ1

p li

� �
;

ði ¼ 1; 2; . . . ;N � 1Þ

v2N ;2N�1 ¼ bnKN

ffiffiffiffiffiffiffi
DN

p
cos

bnffiffiffiffiffiffiffi
DN
p lN

� �

þ hm;Nþ1 sin
bnffiffiffiffiffiffiffi
DN
p lN

� �
;

v2N ;2N ¼ �bnKN

ffiffiffiffiffiffiffi
DN

p
sin

bnffiffiffiffiffiffiffi
DN
p lN

� �

þ hm;Nþ1 cos
bnffiffiffiffiffiffiffi
DN
p lN

� �
:

_m0ðtÞ ¼ �R C0;1ðtÞ � CNþ1;1ðtÞð Þ þ
X1
n¼1

hm;0

b2
nNðbnÞ

�
½b2

nF ðbnÞ � ðhm;0C0;1ð0Þ

þ hm;Nþ1WN ðbn; lN ÞCNþ1;1ð0ÞÞ�e�b2
n t �

Z t

0

e�b2
nðt�sÞhm;0dC0;1ðsÞ

�

þ
Z t

0

e�b2
nðt�sÞhm;Nþ1WN ðbn; lN ÞdCNþ1;1ðsÞ

��
ð7Þ

where

R ¼ hm;0hm;Nþ1

hm;0 þ hm;0hm;Nþ1

PN
j¼1

lj�lj�1

KjDj
þ hm;Nþ1

ð7-1Þ
_mNþ1ðtÞ ¼ RðC0;1ðtÞ � CNþ1;1ðtÞÞ

þ
X1
n¼1

hm;Nþ1

b2
nNðbnÞ

WN ðbn; lN Þ �
��

b2
nF ðbnÞ � ðhm;0ÞC0;1ð0Þ

þhm;Nþ1WN ðbn; lN ÞCNþ1;1ð0Þ
�

e�b2
mt

�
Z t

0

e�b2
nðt�sÞhm;0dC0;1ðsÞ

�

þ
Z t

0

e�b2
nðt�sÞhm;Nþ1WN ðbn; lN ÞdCNþ1;1ðsÞ

��
: ð8Þ

To obtain the indoor VOC concentration, the following
equation is needed to combine Eqs. (7) and (8):

V i
dCi;1

dt
¼ Ai _miðtÞ � QiCi;1; i ¼ 0 or N þ 1: ð9Þ
3. Validation of the model

3.1. Validation with experiment data from the literature

In Ref. [40], there is a validating experiment for multi-
layered building material emission whose arrangement is
shown in Fig. 2. The purified and humidity controlled air
passed through a FLEC, a standard emission test chamber,
where a double-layer material emitting VOCs was placed
and the instantaneous concentrations of TVOC in the out-
let of the FLEC were measured by GC/MS. The detailed
fluid flow and mass transfer in the FLEC was studied by
Zhang and Niu [42]. The parameters used by Zhang and
Niu [40] for each layer of the material, and the parameters
of the chamber and air flow conditions are shown in
Table 1. Fig. 3 illustrates the chamber TVOC concentra-
tion simulated by the present model under the same condi-
tion as the experiment of Zhang and Niu. The model fits
the experimental data well during the first 2 h although it
slightly overestimates the chamber TVOC concentration



Fig. 2. Set up of emission test with a FLEC in Ref. [40].

Table 1
Experimental parameters in Ref. [40]

Volume of chamber (m3) 3:5� 10�5

Air changer rate (h�1) 837
Area of the test material (m2) 0.0177
The thickness of the top layer (m) 0.0008
The thickness of the bottom layer (m) 0.002
The mass diffusion coefficient of TVOC in the top layer

(m2/s)
1:04� 10�12

The mass diffusion coefficient of TVOC in the bottom layer
(m2/s)

1:00� 10�14

The partition coefficient of TVOC in the top layer
(dimensionless)

40560

The partition coefficient of TVOC in the bottom layer
(dimensionless)

0.01

The initial material TVOC concentration in the top layer
(mg/m3)

248

The initial material TVOC concentration in the bottom
layer (mg/m3)

0

The convective mass transfer coefficient (m/s) 0.002
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Fig. 3. Comparison of multi-layer model with experimental data in Ref.
[40].

0 20 40 60 80 100
0

2000

4000

6000

8000

10000

12000

14000

 Simulated data
 Experimental data

G
as

 p
ha

se
 c

on
ce

nt
ra

tio
n 

(μ
g/

m
3 )

Time (h) 

Fig. 4. Comparison with the experimental data in Ref. [44].

Table 2
Parameter list for the experiment described in Ref. [44]

Volume of chamber (m3) 0:5� 0:4� 0:25
Air changer rate (h�1) 1:0� 0:05
Area of the test material (m2) 0:212� 0:212
The thickness of the material (m) 0.0159
The mass diffusion coefficient of TVOC in building

material (m2/s)
7:65� 10�11

The partition coefficient of TVOC in material
(dimensionless)

3289

The initial material TVOC concentration in the material
(lg/m3)

9:86� 107

The convective mass transfer coefficient (m/s) 0.00117
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Fig. 5. Schematic of double layer building material in chamber.
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in the longer term. According to ASTM standard D 5157-
97 (2003) [43], the correlation coefficient between experi-
mental data and predicted data is also calculated as
0.972, which quantitatively certifies a good agreement.
3.2. Self-examination

If the corresponding parameters of both layers in a dou-
ble-layer material are the same, that is, K1 ¼ K2; D1 ¼ D2,
and C0;1 ¼ C0;2, the double-layer material is equivalent to a
single-layer material, so the proposed model can be vali-
dated with experimental results for single layer materials.
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Fig. 6. Comparison of VOC emissions between Bim ¼ 100 and Bim ¼ 1 under conditions (a)–(h).
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Table 3
Dimensionless parameters under conditions (a)–(h)

Condition a b c d e f g h

D1=D2 0.1 10 0.1 10 0.1 10 0.1 10
K1=K2 0.1 0.1 10 10 0.1 0.1 10 10
l1=L 0.1 0.1 0.1 0.1 0.9 0.9 0.9 0.9
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Fig. 4 shows the comparison of the simulated results with
the experimental data in Ref. [44]. The parameters in the
simulated case including chamber-related parameters, dif-
fusion coefficient and partition coefficient determined by
Yang, are listed in Table 2. The results are in good agree-
ment with a calculated correlation coefficient 0.990, which
validates the proposed model.
4. Discussion

The proposed model can be used to analyze the applica-
ble condition of Kumar and Little’s double-layer model
which neglects the mass transfer resistance through the
material-air boundary layer. To discuss the problem more
generally, it is helpful that the double-layer model
(Fig. 5) is normalized. The following dimensionless param-
eters are defined:

C�i ¼
Ci � KiC1

C2;0 � K2C1
ð10-1Þ

D�i ¼
Di

D2

ð10-2Þ

K�i ¼
Ki

K2

ð10-3Þ

Fom ¼
D2t

L2
ð10-4Þ

Bim ¼
hmL

D2K2

ð10-5Þ

X ¼ x
L

ð10-6Þ

where it is assumed that the dimensionless initial concen-
trations in each layer of the material are both equal to 1
and the room VOC concentration is constant. Then
according the foregoing multi-layer model, the double-
layer model’s governing equations and boundary condi-
tions can be written in dimensionless form as follows:

D�i
o2C�i
oX 2

¼ oC�i
oFom

;

Fom > 0; 0 6
li�1

L
6 X 6

li

L
6 1; ði ¼ 1; 2Þ ð11-1Þ

oC�1
oX
¼ 0; Fom > 0; X ¼ 0 ð11-2Þ

D�1
oC�1
oX
¼ oC�2

oX
; Fom > 0; X ¼ l1

L
ð11-3Þ

C�1
K�
¼ C�2; Fom > 0; X ¼ l1

L
ð11-4Þ

oC�2
oX
¼ BimC�2; Fom > 0; X ¼ 1 ð11-5Þ

C�i;0 ¼ 1; Fom ¼ 0; i ¼ 1; 2 ð11-6Þ

From Eqs. (11-1)–(11-6), the dimensionless emission
rate R* is the function of D�1;K

�
1;Bim;

l1

L ; Fom, i.e., R� ¼
f ðD�1;K�1;Bim;

l1

L ; FomÞ. Based on that, the dimensionless
emission rate is calculated and the error of ignoring the
convective mass transfer coefficient (i.e., assuming that
Bim ¼ 1) is known.

Fig. 6 gives the results of comparison between the two
cases where Bim ¼ 100 and Bim ¼ 1 under different condi-
tions with the various dimensionless parameters (see
Table 3). In all figures, Fom varies from 0 to 0.002, except
in Fig. 6(f) and (h) because the difference between the
two cases where Bim ¼ 100 and Bim ¼ 1 after
Fom ¼ 0:0005 can be neglected.

As shown in Fig. 6, the error of neglecting the mass
transfer resistance through the material-air interface
decreases with increasing Fom, so Kumar and Little’s model
is accurate enough in predicting long-term emission behav-
ior of building material.

Estimation of the model parameters including Di;Ki;C0;i

and hm;i is an important issue for predicting VOC emission
from multi-layered building materials. Some researchers
have proposed experimental methods to determine D;K;C0

of single layer building materials [8,27,28,41,44–47]. There-
fore, the parameters for each layer can be measured sepa-
rately by those methods. hm is often estimated by some mass
transfer correlations. However, some correlations used in
the literature are not very suitable for the chamber problem
studied. In some specific cases, if there is no suitable hm

correlation, additional work would be needed.

5. Conclusions

The present analytical model is suitable to describe the
characteristics of DOUBLE surface VOC emission from
ARBITRARY layers of building material instead of single
surface emission from one or two layers of building mate-
rial, and it does not neglect the mass transfer resistance
through the gas-phase boundary layer. Using the proposed
model and dimensionless analysis, the applicable condition
of Kumar and Little’s double-layer model is discussed. It is
found that the error is significant in the early stage of emis-
sion, although it is convenient and accurate to simulate
long-term emissions for double layer materials. The new
multi-layer model generalizes the preceding mass-transfer
models [12,31,32,35–39,44] and has been validated with
experimental data in the literature. The model provides a
powerful tool to predict VOC emissions from composite
material systems.
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