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Abstract. Green wood drying through a steam kiln-drying technology is an energy-demanding process. 
This process consumes a large amount of energy to evaporate water from wood and discharge it to the 
atmosphere through venting. The thermal energy loss from the venting of dry kilns takes up to 20% of total 
energy consumed by the whole wood-drying operation because a considerably large amount of thermal 
energy is stored in exhaust air. Harvesting and reusing such waste thermal energy would improve the energy 
efficiency of the kiln-drying process. Advanced moisture-selective membranes have been used to dehydrate 
humid air or gas steam because of the advantages of low energy requirements, simplicity of operation, and 
high specificity. However, the application of the membrane in wood-drying processes has not been 
addressed. Therefore, this study aimed to investigate the feasibility of using a moisture-selective membrane 
system to dehydrate the warm moist exhaust air to achieve an energy-saving purpose. The membrane 
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material was polydimethylsiloxane (PDMS) with high water vapor permeability. A small membrane-based 
dehumidification system was constructed to evaluate the effects of four factors (temperature, airflow rate, 
initial RH, and vacuum pressure) on the efficiency of moisture vapor removal. Statistical analysis in terms of 
response surface methodology was carried out. The major findings include 1) an increase in the temperature 
and vacuum pressure caused a significant increase in the efficiency of moisture vapor removal, 2) the initial 
RH had little influence on the efficiency of moisture vapor removal, 3) increasing the airflow rate had a 
negative impact on the efficiency of moisture vapor removal, and 4) the regression model can be used to 
predict the efficiency of moisture vapor removal. This PDMS membrane would be a possible solution for a 
predrying process at relatively low operation temperatures (<45°C), that is dehumidification process. 

Keywords: Energy efficiency, kiln-drying processes, moisture selective membrane, thermal energy re-
covery system, waste thermal energy. 

INTRODUCTION 

Green wood usually has high MCs, a range being 
from 60% to 120% on a dry weight basis. The 
kiln-drying process is a key process in drying 
lumber/boards fast to reduce their MCs to the 
required final MCs for various applications. The 
conventional steam-drying kiln is the most 
commonly used kiln type in North America. In 
this particular process, steam is circulated in 
heating coils to heat air and spraying lines to 
adjust the RH of the air based on a specified 
drying schedule. Free water and bound water in 
wood evaporate into the air in the kiln. Gradually, 
the air becomes saturated with moisture and loses 
its drying power (Field and Long 2018). The 
humid and hot air is typically ventilated to the 
environment regularly. Because the air moisture-
holding capacity increases exponentially with the 
temperature (Chadderton 1997), relatively cold 
and dry air is brought into the kiln to absorb the 
water vapor that is escaping from lumber. Al-
though the kiln-drying process greatly decreases 
the time required to produce dry wood, it con-
sumes a large amount of heat energy to lower the 
MC of wood (Simpson 1991). During the kiln-
drying process, energy is consumed by several 
elements such as latent heat of evaporating water, 
heat loss from kiln structures (walls and doors), 
heat loss from venting air, and sensible heat to 
warm lumber, air, water, and kiln structures, most 
of which are irreversible. The heat loss can only 
be partially recovered through ventilation to serve 
an energy-saving purpose. It was reported that 
about 20% of heat energy loss in conventional dry 
kilns was ascribed to the ventilation of exhaust air 
(Garrahan 2008). There have been several energy 

recovery systems that have been applied to 
conventional dry kilns. One of them uses heat 
exchangers to capture the sensible heat of exhaust 
air and transfer it to the incoming fresh cold air. 
The efficiency of energy recovery of these sys-
tems varies with environmental conditions, for 
example the difference in temperature between 
the air inside the kiln and incoming fresh air in 
summer is less than that in winter. In addition, the 
RH of the incoming air is affected by environ-
mental conditions as well, for example moist air 
in rainy/snowy days. 

With the rapid development of membrane tech-
nology during recent decades, it has been shown 
that a type of moisture-selective membrane can 
effectively and efficiently remove moisture from 
the air. An example of this application is in 
certain air-conditioning units used in the Heating, 
Ventilation, and Air Conditioning (HVAC) sys-
tem of buildings (Kneifel et al 2006; Elustondo 
et al 2009). Overall, membrane-based dehumid-
ification systems have numerous advantages: less 
energy consumption because the moisture vapor 
is removed through diffusion without undergoing 
a phase change (ie moisture vapor at the permeate 
side), unlike the heat pump dehumidification 
system via condensation; simplicity in mainte-
nance and operation; high selectivity; ease of 
scale-up; and low initial cost (Yang et al 2015; 
Zhao et al 2015; Liang and Chung 2018). The 
membrane dehumidification technology shows 
promising potential for the wood industry’s need 
to reduce energy consumption. A hypothesis is 
that energy saving could be achieved when dry air 
is separated from the humid and hot exhaust air 
and the dry, hot air is rerouted back into the kiln, 
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thereby reducing the energy required to heat 
another cold air stream coming into the kilns from 
the environment, as shown in Fig 1. 

To investigate the feasibility of using a moisture-
selective membrane module to develop a closed 
energy recovery system that can improve the 
energy efficiency of the wood-drying process, a 
small laboratory unit was set up to study the 
effects of temperature, airflow rate, initial RH, 
and vacuum pressure on the moisture separation 
efficiency of the system. 

MATERIALS AND METHODS 

Membrane Material 

Water vapor separation mechanism of 
membranes. Water vapor in air can be sepa-
rated by dense polymer-based membranes 
(Sijbesma et al 2008). Such dense membrane 
separates mixed gas components in terms of the 
differences in solubility and diffusivity of the 
components in the membrane material. A 
solution–diffusion process, as shown in Fig 2, 
which is driven by the  difference  in  pressure  
between the two sides of the membrane, is 
briefly described in the following texts (Baker 
2012): 

1. Under applied high pressure, water vapor 
molecules in a gas mixture first are adsorbed on 
the membrane surface. 

2. Then, the water vapor molecules diffuse 
through the thickness of the membrane, 

Figure 1. Schematic of a membrane-based energy recovery system being applied in dry kiln. 

Figure 2. Gas separation mechanism of a dense polymer 
membrane (adapted from Baker 2012). 

which is facilitated by the concentration 
gradient of water vapor (Fick’s law); this 
generates a net flow toward the low-concentration 
side. 

3. The water vapor molecules desorb at the low-
pressure side of the membrane (ie the opposite 
side of the feed gas). 

Selection of membrane material. Literature 
review reveals that many polymer-based membrane 
materials can be used for the removal of water vapor 
from air or gas streams, as seen in Fig 2 (Blume et al 
1991; Wang et al 1992; Jia et al 1996, 1997; Mulder 
1996; Metz et al 2005; Kneifel et al 2006; Phillip et al 
2006; Montoya 2010; Wai Lin and Valera Lamas 
2011; Bergmair et al 2012). Water vapor perme-
ability and H2O/N2 selectivity are two primary 
parameters in selecting membranes for various ap-
plications. Considering medium-size to large-size 
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steam-drying kilns, large volumetric moisture 
vapor would be expelled from the vents regularly. 
It then requires that the membrane have a high 
water vapor permeability to quickly remove the 
excess water vapor in air. Likewise, the H2O/N2 

selectivity should be high enough to effectively 
separate the moisture vapor from air. 

In this study, a membrane material of poly-
dimethylsiloxane (PDMS) was selected. A hollow 
fiber membrane module made of PDMS was pur-
chased from PermSelect-MedArray Inc (Ann Arbor, 
MI, USA). Based on the fact sheet provided by the 
material supplier, the water vapor permeability is 

mol$m
36,000 Barrer (1 Barrer ¼ 3:35 10 16 ) 

m2$s$Pa 
and the H2O/N2 selectivity is 129, as shown in Fig 3. 
The supplier recommended operating the membrane 
module below 60°C to obtain the optimum result. 
However, considering that most softwood drying 
processes are conducted in a conventional temper-
ature range, that is 45°C-82°C, the temperature 
limitation of the PDMS membrane should be 
overcome before targeting the application on the 
conventional kiln-drying processes. PDMS will be 
modified in future investigations, focusing on the 
operation capability of the system under higher 
temperatures. Nevertheless, this PDMS membrane 

Figure 3. Water vapor permeability and H2O/N2 selectivity 
of various polymer-based membranes (Sijbesma et al 2008). 

would be a possible solution for a predrying process, 
that is dehumidification process. Also, the experi-
mental results of the PDMS membrane obtained in 
this study will be used as a benchmark to compare 
with the modified PDMS membrane. 

Experimental setup. A hollow fiber PDMS 
membrane module enclosing bundles of hollow fi-
bers with a surface area of 1.0 m2 (Fig 4[a]) was used 
for fabricating the dehumidification system because 
of the compact size. The SEM image (Fig 4[b]) 
shows the cross section of a single fiber with ap-
proximately 55-mm-thick wall. As illustrated in Fig 4 
[c], the feed gas mixture flows in one end of the 
lumen of the fiber and exhausts from the other end. 
Most water vapor molecules permeate through the 
thickness of the PDMS fiber to the shell side, forming 
a cross-flow mode. 

As shown in the schematic of a small-scale mem-
brane dehumidification system (Fig 5), the mem-
brane system was placed in a temperature- and 
RH-controlled environmental chamber. Humid air 
entered the membrane module through inlet 1. The 
airflow rate was controlled by an air blower and 
monitored by a mass/volume flowmeter. Humid air 
passed through the lumen of hollow fibers, and 
dehumidified air came out of outlet 2, which was 
collected in a closed airtight container for the 
measurement of RH and temperature. The tem-
perature and RH of both humid air and dehumidified 
air were monitored and recorded with time at an 
interval of 10 s by temperature and humidity sensors 
and a data logging system. The moisture vapor that 
permeated through the wall of hollow fibers came 
out of outlet 3 and outlet 4 and expelled to the 
outside of the environmental chamber through a 
vacuum pump. The vacuum pump was equipped 
with a vacuum regulator and a moisture trap. Port 5 
was blocked during the whole testing process. 

The efficiency of water vapor removal is calcu-
lated using Eq 1: 

Efficiencyð%Þ¼  
ðRHin RHoutÞ 

RHin 
100; (1) 

where RHin is the initial RH of humid air entering 
inlet 1 (Fig 5) and RHout is the RH of dehumidified 
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Figure 4. View of a hollow fiber polydimethylsiloxane membrane (surface area ¼ 1m2) (a), a cross section of one single tube 
(b), and a schematic of gas separation (c). 

air coming out of outlet 2 (Fig 5). It is worth 
noting that the RHout was the value of the level-
off stage when a steady state was reached, as 
shown in Fig  6.  

Experimental Design 

Selection of four factors. Four factors were 
investigated including temperature, airflow rate, 
RH, and vacuum pressure. Temperature (dry 
bulb), RH, and airflow rate were selected because 
they are three key parameters of the wood-drying 
process, which vary with the drying schedule of 
different wood species. Because a vacuum pump 
was used to generate a pressure difference be-
tween the two sides of the membrane in this 
study, vacuum pressure was chosen as a factor. 
Table 1 lists the four factors and three levels of 
each factor. 

Temperatures of moist air were set in a low range 
of 25°C-45°C because of the temperature limi-
tation of the environmental chamber used in the 
laboratory, and the maximum operating tem-
perature for the airflow meter is 50°C. The levels 

of volumetric airflow rate were determined by the 
cross-sectional area of the inlet of the small 
PDMS membrane module, and air velocity 
commonly circulated in the kiln, for example 23 
m/min for drying Douglas fir. 

Response surface methodology (RSM). The 
RSM was used to design the experiment and 
analyze the data. RSM is a collection of math-
ematical and statistical techniques which is used 
to model and analyze problems in which a re-
sponse of interest is influenced by several factors 
(Bezerra et al 2008; Vildozo et al 2010; Saldaña-
Robles et al 2014). In this study, SPSS software 
(IBM SPSS statistics for Windows, version 
(2019)) was used to conduct the experimental 
design and statistical analysis. There were 29 
testing combinations designed by using a Box– 
Behnken design model of RSM. Each testing 
combination was replicated three times, gener-
ating a total of 87 testing runs. The mean of three 
replicates was used in the statistical analysis. 

After completing all the tests, the relationships of 
the response (ie efficiency of moisture vapor 
removal) with the four factors were displayed in 
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Figure 5. Schematic of a membrane dehumidification system. 

the form of a response surface plot based on the 
calculated results using a regression model. 
Meanwhile, the analysis of variance (ANOVA) 
was conducted using the mean of three replicates 
for each testing combination. 

Experiment of verification of regression 
model. To verify the regression model for the 
prediction of the efficiency of moisture vapor 
removal, a verification experiment was conducted 
at a temperature of 30°C, initial RH% of 70%, 
airflow rate of 700 cm3/min, and vacuum pressure 
of 74.5 kPa. These parameters were randomly 
selected within the range of each variable listed in 
Table 1, but they were different from the values 
used for developing the regression model. The 
test was replicated three times. The mean value of 
three replicates was compared with the result 
predicted by the regression model. 

RESULTS AND DISCUSSION 

Reduction of RH with Time 

The experimental results show that all the curves 
share the same trend so that only representative 

curves with testing conditions labeled are plotted in 
Fig 6. It shows that the RH of the dehumidified air at 
outlet 2 dropped quickly at the beginning (less than 
5 min into the run), after the membrane system 
started working, and then reached a steady state to 
maintain a constant RH during the remaining testing 
period. Because the RH at outlet 2 could reach a 
constant in such a short time, the testing period was 
set to 20 min. The durability and lifetime of the 
membrane system were not addressed in this study. 

Effects of Test Factors on Efficiency of 
Moisture Vapor Removal 

Main effects of test factors. The main effects of 
the four factors are shown in Fig 7. The main effect 
of a specific factor was ploted as the other three 
factors were fixed at the medium level, as listed in 
Table 1. The results reveal that the efficiency of 
moisture vapor removal increased by approximately 
75% with the increase in temperature from 25°C to 
45°C and vacuum pressure from 68 kPa to 88 kPa, 
respectively. On the contrary, it decreased by ap-
proximately 25% with an increase in airflow rate 
from 600 cm3/min to 1000 cm3/min. Increasing 
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Figure 6. General curves of the reduction of RH at the outlet with time at representative testing conditions. (a) Pressure ¼ 78 
kPa, flow rate ¼ 800 cm3/min; RH ¼ 75%. (b) Temperature ¼ 35°C, flow rate ¼ 800 cm3/min, RH ¼ 75%. (c) Temperature ¼ 
35°C, pressure ¼ 78 kPa, RH ¼ 75%. (d) Temperature ¼ 35°C, flow rate ¼ 800 cm3/min, pressure ¼ 78 kPa. 

the initial RH from 65% to 85% had little effect 
on the efficiency of moisture vapor removal. 

The influence of temperature on the moisture 
vapor removal may be explained by the differ-
ence in the kinetic energy of gas molecules at 
different temperatures. The kinetic energy of gas 
molecules at a high temperature is larger than that 
at a low temperature. The higher the temperature, 
the higher can be the mobility of moisture vapor 
molecules, increasing the number of such mol-
ecules adsorbed at the surface of the membrane. 

Table 1. Factors and levels of each factor. 

Levels 

Factor Low Medium High 

Temperature (T), °C 25 35 45 
Initial RH, % 65 75 85 
Airflow rate (FR), cm3/min 600 800 1000 
Vacuum pressure, kPa 68 78 88 

The impact of temperature on the moisture vapor 
permeance has not been widely investigated in 
studies regarding PDMS membranes, but in 
studies of other types of polymer-based mem-
branes. Park et al (2013) revealed that the 
moisture vapor permeance of polyethyleneimine/ 
polyether block amide composite hollow fiber 
membrane increased with temperature from 
50°C, 70°C, and 90°C. Metz (2005) examined the 
influence of temperature on the permeability and 
selectivity of water vapor for poly(ethylene 
oxide)–poly(butylene terephthalate) block co-
polymers. They concluded that the permeability 
and selectivity for these block copolymers are 
temperature and structure dependent. However, 
because of the limitation of material supply, the 
permeability and selectivity of PDMS used in this 
study were not measured at different tempera-
tures. They will be addressed in a future work. The 
high vacuum pressure, in turn, generates a large 
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Figure 7. Main effects of the four factors on the efficiency of moisture vapor removal (the other three factors fixed at the 
medium level). 

difference in pressure between the two sides of the 
membrane, driving the moisture vapor molecules 
to diffuse from the high- to the low-concentration 
side. Regarding the airflow rate, the negative 
impact caused by increasing its value is due to a 
reduced residence time of the water vapor mole-
cules when traveling through the tube side of the 
membrane module. Therefore, less water vapor 
molecules were absorbed by the membrane. 

Our results about the influence of vacuum pressure, 
airflow rate, and initial RH are in line with the water 
vapor removal results obtained from a PDMS/ 
polyacrylonitrile hollow fiber membrane system 
(Liang and Chung 2018). In their study, the water 
vapor permeability of a thin PDMS layer (about 
3.61 mm) was 13,335 Barrer. The efficiency of 
moisture vapor removal was approximately 50%, as 

the initial RH was in the range of 60-90%, and the 
vacuum pressure was about 98 kPa; 80% of 
moisture vapor was removed from the moist air as 
the feed flow rate was low to 400 cm3/min, and only 
50% of moisture vapor was separated as the feed 
flow  rate  was high to 1000 cm3/min. The impact of 
temperature was not addressed in their study. The 
results presented in this study and literature indicate 
that to achieve a better performance of moisture 
removal, the desired opearting settings of the 
membrane system are high temperature, high 
vacuum pressure, and low airflow rate. 

Interaction Effects of Test Factors 

The interaction effects of two of four factors on 
the efficiency of moisture vapor removal are 
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plotted in terms of a response surface contour 
plot, as seen in Fig 8(a)-(f). In each plot, the 
contour curves show the efficiency of water vapor 
removal at various levels of temperature, vacuum 

pressure, RH, and airflow rate predicted by a 
simplified regression model (adj. R2 ¼ 0.947), 
which is discussed in the subsection of analysis of 
ANOVA. Each of these plots presents the effect 

Figure 8. Effects of the interactions of between two factors on the efficiency of moisture vapor removal (the other two factors fixed at the 
medium level). (a) Temperature vs pressure (RH ¼ 75%, airflow rate ¼ 800 cm3/min). (b) Temperature vs airflow rate (RH ¼ 75%, pressure ¼ 
78 kPa). (c) Pressure vs airflow rate (RH ¼ 75%, temperature ¼ 35°C). (d): Temperature vs RH (pressure ¼ 78 kPa, airflow rate ¼ 800 cm3/ 
min). (e) Pressure vs RH (temperature ¼ 35°C, airflow rate ¼ 800 cm3/min). (f) RH vs airflow rate (temperature ¼ 35°C, pressure ¼ 78 kPa). 
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of two factors on the efficiency. The remaining 
two factors were kept constant at their medium 
level (see Table 1). 

The contour plot in Fig 8(a) provides information 
about the trend of the efficiency of water vapor 
removal as a function of temperature and vacuum 
pressure. The constant initial RH and airflow rate 
were 75% and 800 cm3/min, respectively. It re-
veals, for instance, that the increase in tempera-
ture from 25°C to 45°C led to an increase in 
efficiency from approximately 30% to 50% at a 
low–vacuum pressure level of 68 kPa. At 45°C, if 
the vacuum pressure decreases from 88 kPa to 
68 kPa, the efficiency decreases from approxi-
mately 82% to 50%. The interaction of temper-
ature and vacuum pressure can be beneficial in the 
membrane system design by using a vacuum 
pump with a variable speed drive to reduce the 
noticeable energy consumption of continuously 
running the pump. For example during the drying 
process, the water vapor release rate, defined as 
the mass of water vapor per hour, decreases as the 
MC of lumber is below the Fiber Saturation Point 
(FSP) of lumber, which takes place at the last few 
steps of the drying schedule. In this situation, the 
membrane system can be operated at a relatively 
low vacuum pressure but can be maintained at an 
acceptable efficiency of water vapor removal. 

Figure 8(b) shows the contour plot of efficiency 
as a function of temperature and airflow rate at a 
constant vacuum pressure of 78 kPa and initial 
RH of 75%. The plot shows a decrease in the 
efficiency of moisture vapor removal from ap-
proximately 44% to 35% as a consequence of an 
increase in the flow rate from 600 cm3/min to 
1000 cm3/min at a constant temperature level of 
25°C. At a high temperature of 45°C, increasing 
the airflow rate from 600 cm3/min to 1000 cm3/ 
min results in a decrease in the efficiency of 
moisture vapor removal from approximately 76% 
to 58%. This indicates that temperature influences 
the mobility of gas molecules at any level of 
airflow rate. 

Figure 8(c) shows the contour plot of efficiency 
as a function of pressure and airflow rate at a 
constant temperature of 35°C and initial RH of 

75%. The plot shows a decrease in the efficiency 
of moisture vapor removal from approximately 
45% to 30% as a result of increase in the flow rate 
from 600 cm3/min to 1000 cm3/min at a constant 
vacuum pressure of 68 kPa. As a result of a high 
vacuum pressure of 88 kPa, a decrease in the 
efficiency of moisture vapor removal from ap-
proximately 70% to 58% is observed. 

The contour plot in Fig 8(d) provides information 
about the trend of the efficiency of moisture vapor 
removal as a function of temperature and initial 
RH when the vacuum pressure and airflow rate 
are set to 78 kPa and 800 cm3/min, respectively. It 
can be observed that altering the initial RH does 
not significantly affect the efficiency of moisture 
removal at any temperature level. For instance, 
the difference in the efficiency of moisture vapor 
removal is approximately 4% as increasing RH 
from 65% to 85% at a temperature level of 35°C. 
This similar trend is observed in Fig 8(e) and (f), 
which show the interaction effects of pressure and 
initial RH and airflow rate and initial RH on the 
efficiency of moisture vapor removal. 

ANOVA and a Regression Model of Efficiency 
of Moisture Vapor Removal 

ANOVA, which is based on the mean values of 
29 testing runs with three repetitions for each run, 
is illustrated in Table 2. The statistical signifi-
cance of each factor and their interactions is 
denoted by p-value, the significance of which is 
0.05. As shown in Table 2, the significant factors 
(p-value < 0.0001) include temperature, vacuum 
pressure, and airflow rate. However, initial RH 
(p-value ¼ 0.89) is not statistically significant for 
the efficiency of moisture vapor removal. In 
addition, the interaction of temperature and 
vacuum pressure (p-value ¼ 0.0273) is statisti-
cally significant for the efficiency of moisture 
vapor removal. 

According to ANOVA, a quadratic regression 
model was developed. The regression model 
shown in Eq 2 is a simplified model by removing 
the items that have a p-value > 0.05 in Table 2. 
The adjusted R2 value is 0.947. This regression 
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Table 2. Analysis of variance of test variables and their interactions. 

Source Sum of squares Df Mean square f-value p-value > F Significance 

Model 5297.53 14 378.40 28.41 <0.0001 * 
T 2424.05 1 2424.05 182.01 <0.0001 * 
P 1962.48 1 1962.48 147.35 <0.0001 * 
RH 0.27 1 0.27 0.020 0.8887 — 
FR 551.19 1 551.19 41.39 <0.0001 * 
T P 80.88 1 80.88 6.07 0.0273 * 
T RH 0.99 1 0.99 0.074 0.7891 — 
T FR 18.53 1 18.53 1.39 0.2578 — 
P RH 8.40 1 8.40 0.63 0.4402 — 
P FR 9.01 1 9.01 0.68 0.4245 — 
RH FR 0.92 1 0.92 0.069 0.7965 — 
T2 0.54 1 0.54 0.041 0.8432 — 
P2 40.28 1 40.28 3.02 0.1040 — 
RH2 207.93 1 207.93 15.61 0.0014 * 
FR2 2.00 1 2.00 0.15 0.7040 — 
Residual 186.46 14 13.32 — — — 
Lack of fit 166.24 10 16.62 3.29 0.1312 — 
Pure error 20.21 4 5.05 — — — 
Cor total 5483.99 28 — — — — 

Note: *Significant level of p-value < 0.05. 

model could be used to predict the efficiency of 
moisture vapor removal as the four factors are in 
the range defined in this study. 

Efficiency;% ¼� 50:236 2:086 T þ 2:324 

P 0:034 FR þ 0:045 T P 0:017 

� �
5P2 4:346 RH2 adj: R2 ¼ 0:947 ; (2) 

where T is the temperature ranging from 20°C to 
45°C, P is the vacuum pressure ranging from 
68 kPa to 88 kPa, RH is the initial RH ranging 
from 65% to 85%, and FR is the airflow rate 
ranging from 600 cm3/min to 1000 cm3/min. 

The plots of the distribution of residuals in Fig 9 are 
used to assess the goodness of fit in regression. The 
scatter plot of predicted values vs actual response 
values (Fig 9[a]) shows that the data scattered 
symmetrically are close to the regressed 45° di-
agonal line, which indicates a good agreement 
between the predicted results and experimental 
ones. On the other hand, the normal probability plot 
of residuals (Fig 9[b]) is approximately linear, 
which proves that the error terms are normally 
distributed. In addition, the plot of internally 

studentized residuals vs predicted (Fig 9[c]) shows 
that the variation around the estimated regression 
line is uniform and there is no unusual data ex-
ceeding the upper and lower limits. As for the plot 
of internally studentized residuals vs run numbers 
(Fig 9[d]), it also proves enough accuracy of the 
regression model because of the random dispersion 
of the residues and a good distribution of experi-
mental results (Donnelly 1984). 

Verification of Regression Model 

The verification test was repeated three times. The 
mean SD of the test results was 46.92 2.75%, 
whereas the value calculated by Eq 2 is 43.69%. The 
experimental result is about 6.88% larger than the 
predicted one. It reveals that the regression model can 
be used to estimate the efficiency of the moisture 
vapor removal of the membrane system in the 
specified ranges of four factors. 

CONCLUSIONS 

In this study, a mini-scale PDMS membrane– 
based dehumidification system was constructed. 
The main effects and interactions effects of 
temperature, airflow rate, initial RH, and vacuum 
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Figure 9. Plots of residuals in the regression analysis. (a) Scattered plot of predicted vs actual values. (b) Normal probability 
plot of the residuals. (c) Plot of internally studentized residuals vs predicted values. (d) Plot of residuals vs run numbers. 

pressure on the efficiency of moisture vapor re-
moval were investigated through experiments 
and statistical analysis. The major findings are 
outlined in the following texts: 

1. Increasing the temperature and vacuum pres-
sure could cause a significant increase in the 
efficiency of moisture vapor removal. 

2. The initial RH had little influence on the ef-
ficiency of moisture vapor removal. 

3. Increasing the airflow rate had a negative impact 
on the efficiency of moisture vapor removal. 

4. The simplified regression model could be used 
to predict the efficiency of moisture vapor 
removal. 

The membrane-based dehumidification system 
demonstrates great potential to be used in the 
wood-drying process and elsewhere that moisture 
management is a big concern, for instance, the 
relatively humid indoor environment in the 
Southern United States. The results found in this 
study indicate the PDMS membrane is only 
suitable for the low-temperature drying process. 
This membrane system could be used in a de-
humidification kiln-drying process or as a predrying 
process before performing the conventional steam 
kiln drying. The future work of this study will 
address the limitations of low-temperature tolerance 
of the PDMS membrane to expand its application in 
the medium- or high-temperature drying process. 
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One attempt will be adding cellulose nano-
crystalline to PDMS to increase the diffusion 
coefficient of the PDMS membrane and resis-
tance to thermal degradation. The energy saving 
when applying the membrane dehumidification 
system will be discussed and compared with a 
heat pump dehumidification system in the fol-
lowing studies. 
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