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a b s t r a c t

It is widely known that the problem of low or high indoor humidity environment has various adverse
effects on occupant’s health, durability of the building envelope and energy consumption. In order to
create comfortable and healthy indoor environment, it is necessary to maintain the indoor humidity
steady in a correct level. Hygroscopic interior material can adsorb and desorb moisture from surrounding
air, adopting this material is an energy-efficient way to moderate indoor humidity variations and thus it
has been applied as finishing materials in some buildings. However, there is no criterion to evaluate the
moisture buffering effect of applying hygroscopic material. In this research investigation, a series of
experiments with different applying parameters were designed and carried out in a climate-controlled
test chamber. The purpose of this study is to quantitatively evaluate the moisture buffering effect by
applying hygroscopic material, as well as to understand the humidity distribution of a hygroscopic
material furnished room. Experimental results showed that the effects of moisture adsorption/desorp-
tion decreased exponentially when the ambient air change rate per unit area of hygroscopic material
increased.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Many evidences have indicated that the problem of high or low
indoor humidity environment is closely related to many health
problems [1e5], energy consumption [6,7] and durability of the
building envelope [8]. Therefore, it is essential to maintain the
indoor humidity environment steady at a correct level in order to
ensure the comfort and durability as well as health of a building.

It is known that hygroscopic material, which has the ability of
adsorbing and desorbing moisture from the adjacent air, can be
used to control indoor humidity variations without additional
energy cost. The moisture buffering effect of hygroscopic material
on building environment can be categorized into 3 descriptive
levels e material level, system level and room level [9]. The
material level is characterized by standard properties, such as
density, porosity, water vapour permeability and sorption proper-
ties, etc. The system level represents the material-environment
combination and is characterized by the practical MBV (Moisture
Buffer Value). And the room level is characterized by other factors
).
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such as the exposure areas of the presented hygroscopic material
surface, the moisture load, the air change rate and the outside
climate. NORDTEST Project [9], Japanese Industrial Standard (JIS) A
1470-1 [10], ISO/DIS 24353 [11] proposed experimental methods to
evaluate the moisture buffering performance. However, all these
methods assumed well-mixed room air and tested only for
a material sample in a small climatic oven without ventilation.
These evaluation methods are limited to material level and system
level. Some other studies did the experiments and simulations on
moisture balance in a room [12e14]. So far, there is no criterion to
evaluate the moisture buffering effect of applying hygroscopic
material for a room level considering humidity distribution in room
space.

In this research, a series of experiments were designed and
investigated in a climate-controlled test chamber with different
parameters such as loading ratio of hygroscopic material (loading
ratio defines as the exposure areas of presented hygroscopic
material surface per unit volume), moisture load, and air change
rate.The aim of this research is to quantitatively evaluate the
moisture buffering effect by applying hygroscopic material in
a room through experimental method, as well as to understand the
humidity variation and distribution in a hygroscopic material fur-
nished room.
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Fig. 1. Mass change of a sample material during moisture adsorption/desorption
process.
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2. Evaluation on moisture buffering effect

2.1. Moisture balance in a room

Assuming the room air is well mixed and there is no surface
condensation as well as no HVAC systems contribute water vapour
mass balance. The humidity ratio balance for the room air can be
described by the following equation,

m
dX
dt

¼ nVðXout � XÞ þ G� vw
vt

Vm (1)

Where m is the mass of indoor dry air [kg’], V is the room volume
[m3], n is the air change rate [1/h], Xout and X are outdoor and
indoor humidity ratios respectively [kg/kg’], G is the moisture
production [kg/h], w is the moisture content of the interior enve-
lope [kg/m3], Vm is the volume of envelope material [m3]. If vw=vt is
equal to 0, it means that no moisture interaction occurs between
the room air and the envelope.

2.2. Existent evaluation method for moisture buffering effect

For the expression vw=vt in Eq. (1), two simplified models are
commonly used for numerical simulation. The first one is the
‘effective moisture penetration depth’ (EMPD) model [15], which
assumes that only a thin surface layer of interior material contrib-
utes to the moisture buffering process. The second one is called
‘effective capacitance’ (EC) model [16], which assume that water
vapour in the active part of building envelope is in equilibriumwith
the room air humidity at all times. Both of these two models need
detailedmaterial properties which will cost a long time tomeasure.
Therefore, some simple experimental method should be used to
grasp themoisture buffering ability by interior furnishingmaterials.

For experimental evaluation methods, JIS A 1470-1 [10] and ISO/
DIS 24353 [11] prescribed the measuring methods for mass change
of a sample material during moisture adsorption process/moisture
desorption process (Ma/Md). The sample material was conditioned
to a specific RH (low: 55/30, medium: 75/50, high: 95/70) during
a specific time intervals (t1 ¼ 12 h, t2 ¼ 24 h), as shown in Fig. 1.
NORDTEST project defines the ‘Moisture Buffer Value’ (MBV) of
a material sample as a normalization of the moisture content
amplitude per m2 and per %RH variation, which is conditioned to
a specific RH (75/33) during cyclic step-change intervals (t1 ¼ 8 h,
t2 ¼ 24 h) (cf. Fig. 1 and Eq. (2)).

MBV8h ¼ maxðMa;MdÞ
A$

�
4high � 4low

� �
kg=m2=%RH

�
(2)

Where A (m2) is the exposed surface of the sample, 4high=4low (%RH)
is the high/low RH levels used in the measurements.
2.3. Proposed new evaluation method for moisture buffering effect

Experimental methods mentioned in 2.2 are limited to a sample
material in a constant temperature and humidity oven. In this
research, in order to evaluate the moisture buffering effect (mois-
ture adsorption effect, moisture desorption effect) for a room scale,
a series of experiments with and without hygroscopic material
furnished were investigated and the following dimensionless
evaluation index were proposed,

Moisture adsorption effect (MBEa) during humidification period:

MBEa ¼

Zt1

0

ðX0ðtÞ � XðtÞÞdt

Zt1

0

ðX0ðtÞ � Xð0ÞÞdt
ð � Þ (3)

Moisture desorption effect (MBEd) during decay period:

MBEd ¼

Zt2

t1

ðXðtÞ � X0ðtÞÞdt

Zt2

t1

ðXðt1Þ � X0ðtÞÞdt
ð � Þ (4)

Where MBEa=MBEd is the moisture adsorption/desorption effect
(0e1), X(t) is the experimental result for indoor humidity ratio
variation, here, considering the humidity distribution, the mean
value of the measured humidity ratio in air was used as the
experimental result. X0(t) is the calculated result for indoor
humidity ratio variation when there is no moisture buffering
interaction (cf. Fig. 2). Therefore, MBEa and MBEd mean the ratio of
humidity variation restrained under the influence of the hygro-
scopic material, compared with the case without moisture
adsorption and desorption. Thus, the larger values of MBEa=MBEd
are, the better effect of moisture absorption/desorption are.
3. Experiments

3.1. Experimental setting

Experiments were done in a test chamber
(1.82 m � 1.82 m� 2.02 m), which was located in a climate room at
the Akita Prefectural University. The climate room was set to
a constant weather condition of 20 �C with 50%RH. Fig. 3 shows
a schematic view of the test chamber. There are one air inlet and
one air outlet with mechanical fans. The wall, ceiling and floor of
the test chamber are enclosed by insulation material (100 mm of
polystyrene form), and the inner sides are sealed with aluminium
sheet carefully to avoid moisture penetrating from this interface.
Then, hygroscopic material (depth: 5.5 mm) adhered to plywood is
furnished as interior surface. In this experiment, a specific type of
hygroscopic material, which is baking of clay mineral, was used.
According to the experimental cases for the loading conditions of
hygroscopic material, vinyl chloride board was used to cover the
surface of the hygroscopic material to avoid the hygroscopic
material to adsorb and desorb moisture from air. Humidification
was provided by water evaporation from a tray (size: 340 � 250
[mm2]), which was heated constantly by an electric heater (Pana-
sonic, panel heater 922D90, 100Ve175 W, size: 160 � 300 [mm2]).

Furthermore, a piece of the hygroscopic material, insulated and
air-tightened on its back and side (303 � 303 � 5.5 [mm3],



Fig. 2. Humidity ratio variations during humidification period (a) and decay period (b).
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hereafter denoted as ‘sample panel’), was put in the chamber. The
tray and the sample panel were weighted by an electronic balance
(A&D, GX-2000, accuracy: �0.1 g) to estimate the quantities of
humidification andmoisture adsorption/desorption contents of the
sample panel. The air change rate was measured by using
a constant generation tracer gas (CO2) method, and the CO2 gas
injection rate was 150 ml/min (accuracy: �1%). CO2 concentration
was measured (Sense Air, 2001VTd, � 5%) both inside and outside
of the test chamber. Thermo couple (T-CC, accuracy: �0.1 �C) was
used to measure surface and inner temperatures of the test
chamber. To identify the humidity distribution of the room, 24
temperature and relative humidity (hereafter denoted as T&RH)
sensors were set in the chamber, as shown in Fig. 4. SHINYEI THT-
B121 sensors were used to measure T&RH in the air (23 points) and
Fig. 3. Schematic view o
in the wall (1 point was set behind the hygroscopic material ofWall
a, for examining the hygroscopic behaviour), with a stated accuracy
of �0.5 �C and �3% RH. In these experiments, all of the measure-
ment datawere recorded in PC through a data logger (Eto, CADAC21
Model 5209A/5210A) at every 1 min interval.

3.2. Experimental cases

In order to grasp the moisture buffering performance that
influenced by factors such as loading ratio, moisture load, air
change rate, in a room space, three series of experiments had been
carried out, as shown in Table 1. The first series of experiments
(Case1-1wCase1-4) were done under the same loading ratio of
hygroscopic material with various targeted air change rate and
f the test chamber.



Fig. 4. Locations and setting pictures of the measuring points. a) Locations of the measuring points for temperature and relative humidity. b) Setting pictures for measurement
points.
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moisture load. The second series (Case2-1wCase2-5) and the third
series (Case3-1wCase3-7) were set with the same target of air
change rate andmoisture load, respectively, but in different loading
ratio. Considering one day period, the peak of the moisture load can
be assumed about 4e6 h in the evening (period between coming
home and going to bed). Therefore, the experimental schedule was
firstly planed including a pre-conditioning period with air change
over 24 h, and secondly humidified for 4 (Case1, Case2) or 6 (Case3)
hours constantly, then thirdly followed by over 24 h without
humidification.
4. Experimental results and discussion

4.1. Results during humidification period and decay period

Table 2 shows the results of air change rate, moisture production
rate, moisture adsorption/desorption contents of sample panel in
various time intervals (t1 ¼ 4 h or 6 h, t2 ¼ 8 h or 12 h), in terms of
mean value. In Case2-1 and Case3-1, i.e. without furnished hygro-
scopicmaterial, themoisture adsorption/desorption contents of the
sample panel were larger than that of other cases with furnished



Table 1
Experimental conditions.

Experimental
cases

Target of air change
rate (1/h)

Target of moisture production
rate (g/h)

Hygroscopic material (loading
ratio:m2/m3)

Experimental schedule

Case1-1 0 30

3 sides of walls, ceiling and floor (2.99)

ytidi
muh roodnI

Time

Pre-
conditioning

>24h 6h >24h

Humidification
Decay period

Case1-2 1 30
Case1-3 1 80
Case1-4 4 30
Case2-1 1 30 None (0)
Case2-2 Floor (0.56)
Case2-3 Ceiling (0.56)
Case2-4 1 side of wall (0.63)
Case2-5 3 sides of walls (1.88)

Case3-1

4 80

None (0)

In
do

or
 h

um
id

it
y

Time

Pre-
conditioning

>24h 4h >24h

Humidification
Decay period

Case3-2 Floor (0.56)
Case3-3 Ceiling (0.56)
Case3-4 1 side of wall (0.63)
Case3-5 2 sides of walls (1.26)
Case3-6 3 sides of walls (1.88)
Case3-7 3 sides of walls, ceiling and floor (2.99)
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hygroscopic materials. The moisture adsorption/desorption
contents of the sample panel decreased as the loading ratio
increased. In addition, it was found that the moisture adsorption
content of the sample panel was larger than that of moisture
desorption content in the same case.

4.2. Distribution of humidity variations in room space

In order to understand the humidity variations in the room
under the influence of furnished hygroscopic material, experi-
mental results of Case3-1 and Case3-4wCase3-6 were chosen and
compared. Fig. 5 shows the changes of humidity ratio at the floor
surface, ceiling, Walls a, b and c, as well as the centre position of the
test chamber. For the case without hygroscopic material (Case3-1),
at a height of 0.9 m in horizontal plane, the changes of humidity
ratio changes on the surface of all the walls were almost similar to
Table 2
Experimental results of ACH (Case1 & Case2: 12 h; Case3: 8 h), moisture production rate
Case3: 4 h) and moisture desorption content (Case1 & Case2: 6 h; Case3: 4 h) with the s

Experimental
cases

Hygroscopic material
(loading ratio:m2/m3)

Air change
rate (1/h)

Water
temperature (�C)

Case1-1 2.99 0 32.5
Case1-2 0.60 35.5
Case1-3 0.80 41.6
Case1-4 2.66 32.4
Case2-1 0 0.79 29.3
Case2-2 0.56 0.93 31.4
Case2-3 0.56 0.93 31.5
Case2-4 0.63 0.74 31.9
Case2-5 1.88 0.89 32.3
Case3-1 0 3.81 40.5
Case3-2 0.56 2.76 40.7
Case3-3 0.56 3.88 40.0
Case3-4 0.63 4.16 40.4
Case3-5 1.26 3.94 40.6
Case3-6 1.88 4.06 40.3
Case3-7 2.99 3.78 39.5
the centre position of the test chamber. However, in the vertical
direction, the changes of humidity ratio at the ceiling were larger
than that of centre position, and the changes of humidity ratio at
the floor surface were slightly smaller than that of centre position.
When the hygroscopic material at Wall a (Case3-4) was exposed to
air, the changes of humidity ratio at the surface of Wall a became
smaller than that of other compared positions. Moreover, the
humidity ratio at the back side of hygroscopic material of Wall a,
was found increased. It can be considered that moisture was
adsorbed from the surface which is close to room air and passed
through the material. When exposed areas of hygroscopic material
increased up to two wall surfaces (Case3-5) and further to three
wall surfaces (Case3-6), the changes of humidity ratio at these
surfaces became smaller than the centre position. The same
tendency is observed in all of the other cases. These series of
experiments revealed that the humidity fluctuations at the interior
(Case1 & Case2: 6 h; Case3: 4 h), moisture adsorption content (Case1 & Case2: 6 h;
ample panel.

Moisture production
rate (g/h)

Sample panel (303 � 303 � 5.5 mm3)

Moisture adsorption
content (kg/m3)

Moisture desorption
content (kg/m3)

32.2 2.16 �0.20
41.7 1.54 0.08
79.4 3.53 0.63
30.7 0.77 0.59
19.6 5.13 2.48
30.8 4.02 1.76
29.3 4.63 0.44
27.6 4.48 1.64
30.7 1.96 0.81
68.0 4.58 1.88
71.4 2.69 1.62
74.7 2.71 1.43
75.9 2.75 2.30
73.4 2.87 0.57
72.6 2.32 0.95
68.6 2.16 1.11



Fig. 5. Humidity ratio changes at the centre of the room and the surfaces of wall.
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surfaces, where hygroscopic materials were used, were not signif-
icant in comparison with centre position of the test chamber.

4.3. Average humidity ratio variations in the room

Fig. 6 shows the average humidity ratio changes at the 22
measurement points distributed in the test chamber, for Case1,
Case2 and Case3. In the series of Case1, the amplitude of humidity
ratio changes was the largest in Case1-3, while it was the smallest
in Case1-4. The reason can be considered that moisture production
rate is large in Case1-3, and air change rate is large in Case1-4. In
the series of Case2 and Case3, respectively with the similar air
change rate and moisture load, it is found that the rise and the
descent of humidity ratio gradually change and become smaller as
the loading ratio increasing. Especially, in Case2-5 and Case3-7,
with the largest loading ratio in the two series, hygroscopic mate-
rial significantly reduced the fluctuations of humidity ratio in the
room air, and the maximum amplitude of humidity ratio was
reduced about 40%, compared with the case without furnishing
hygroscopic material.
4.4. Evaluation on moisture buffering effect of hygroscopic material

To evaluate the moisture buffering effect of hygroscopic
material quantitatively, the proposed MBEa and MBEd were used.
The humidity distributions in the room have been shown in the
previous section 4.2, and their differences should be considered.
The mean value of the measured humidity ratio, as shown in
Fig. 6, was used as the experimental result (X(t)) (cf. Eqs. (3) and
(4)). For the humidity ratio variations without moisture adsorp-
tion and desorption (X0(t)) in each case, neglecting temperature
dependency of the air density and vw=vt, Eq. (1) was changed as
follows:

m
dX0

dt
¼ nVðXout � X0Þ þ G (5)

In Eq. (5), the initial indoor humidity ratio is based on the
experimental value, n is the average air change rate within 8 h
(Case1 and Case2) or 12 h (Case3), Xout and G are the measured
outdoor humidity ratio and moisture production respectively. By
using Eq. (5) with an explicit time discretization scheme, X0(t),
without moisture buffering interaction, can be calculated at each
time step for each case. Here, t1 equal to 4 h (Case1 and Case2) or
6 h (Case3), and t2 equal to 8 h (Case1 and Case2) or 12 h (Case3).
Therefore, MBEa and MBEd, including different loading ratio of
hygroscopic material, air change rate and moisture load, can be
obtained based on their definitions in Eqs. (3) and (4).

The relationship between moisture adsorption/desorption
effects and loading ratio of hygroscopic material is shown in Fig. 7.
Three groups (Case1, Case2 and Case3) were represented sepa-
rately. MBEa and MBEd both increased by increasing the loading
ratio in a non-linear relation in Case2 and Case3. It is due to the
moisture buffering effect in the hygroscopic material furnished
room became larger with an increase of loading ratio, but the
effect was not in proportion to the loading area. Moreover, at the
same loading ratio,MBEa (in Case2) andMBEd (in Case1) tended to
be larger than that of Case3 due to lower air change rate (Case2)
and lower moisture production rate (Case1). At the largest loading
ratio, 40 to 90 percent humidity variations were restrained with
the use of hygroscopic material, compared with the case without
moisture adsorption and desorption. Comparing Case1-3, Case1-4
and Case3-7, it is seen that MBEa and MBEd are more sensitive to
air change rate than moisture load. Furthermore, MBEa tended to
be larger than MBEd in the same case.

To evaluate moisture buffering effect of hygroscopic material,
considering both the factors of loading ratio and air change rate, the
relationship between moisture adsorption/desorption effects and
ratio of air change rate to loading ratio is shown in Fig. 8. It was
found that MBEa decreased exponentially by increasing the ratio of
air change rate to loading ratio with high correlation.MBEd had the
same tendency with MBEa, but the correlation was not so clear like
MBEa. When the ratio of air change rate to loading ratio was larger
than 4 (1/h)/(m2/m3), MBEa reduced to 20 percent. Fig. 8 indicates
a physical phenomenon that the moisture adsorption/desorption
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effects decreased exponentially when the ambient air change rate
per unit area of hygroscopic material increased.

The results given in Fig. 8 can be used to real house situation
for rough evaluation of moderate moisture effect by applying
hygroscopic material. For a residential living room with
4 m(length) � 4 m(width) � 3 m(height) controlled by constant
air change rate (0.5 (1/h)) and furnished with hygroscopic
material only on ceiling and one wall of the room, the room could
obtain about 50 percent moisture adsorption effect and 20
percent moisture desorption effect, in order to achieve a steady
indoor humidity environment.
5. Conclusions

A series of experiments with different air change rates, loading
ratios of hygroscopic material and moisture loads were carried out.
The experiments revealed that humidity fluctuations at the interior
surfaces, where hygroscopic material was furnished, were smaller
than that of centre position of the room. This proved that the
hygroscopic material could reduce the risk of surface condensation.
To quantitatively evaluate moisture adsorption effect (MBEa) and
moisture desorption effect (MBEd) of hygroscopic material for
room-scale, a newmethod was suggested considering the moisture
distribution in room. By using the proposed index ofMBEa=MBEd, it
is found that moisture adsorption/desorption effects decreased
exponentially when the ambient air change rate per unit area of
hygroscopic material increased. In addition, MBEa tended to be
larger than MBEd in the same experimental case.
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