
www.jzus.zju.edu.cn; www.springer.com/journal/11582
E-mail: jzus_a@zju.edu.cn

Journal of Zhejiang University-SCIENCE A (Applied Physics & Engineering)   2024 25(1):18-35

Comparison of the hygrothermal performance of two light-framed 
timber structure buildings under different operation modes

Wanqing XU1,2, Yucong XUE1,2, Jiang LU3*, Yifan FAN1,2, Xiaoyu LUO1,2

1College of Civil Engineering and Architecture, Zhejiang University, Hangzhou 310058, China 
2International Research Center for Green Building and Low-Carbon City, International Campus, Zhejiang University, Jiaxing 314400, China 
3School of Civil Engineering and Architecture, Zhejiang University of Science and Technology, Hangzhou 310023, China

Abstract: Light-framed timber structure (LTS) buildings have been highly valued in recent years due to their low-carbon 
characteristics. However, the applicability of the building envelope is closely related to indoor and outdoor conditions. The hot 
summer and cold winter (HSCW) climate zone in China has high humidity and great temperature variation throughout the year, 
resulting in distinct outdoor environments in different seasons. The indoor environment is greatly affected by energy-consumption 
patterns and window-opening habits, which largely depend upon the regulation operations of occupants. All these interrelated 
factors lead to extremely complex boundary conditions on each side of the building envelope. Whether the structures of LTS 
buildings are applicable in this climate zone, therefore, needs to be carefully considered. In this study, two LTS buildings with 
different envelopes were established in Haining, China, situated in the HSCW climate zone, and selected as the study objects. 
Different operation modes were adopted to create a variety of indoor environments. Under each condition, the processes of heat 
and moisture transfer within the building envelopes and the indoor environment were monitored and compared. The comparison 
indicated that the building envelope with high moisture storage and insulation ability maintained a relatively stable indoor 
environment, especially when the environment changed abruptly. Conversely, if the outdoor environment was equable (e.g., 
relative humidity within the range of 30%–60%) or intermittent energy consumption modes were adopted, the building envelope 
with a low thermal inertia index and weak moisture-buffering ability performed better because it enabled a faster response of the 
indoor environment to air conditioning. Moreover, a high risk of moisture accumulation between the thermal insulation layer 
and other materials with a large water vapour transfer resistance factor was also identified, suggesting a higher requirement for 
the vapour insulation of the envelopes of LTS buildings.
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1 Introduction 

Currently, the massive emission of carbon dioxide 
exacerbates the global greenhouse effect, leading to 
global warming, ocean acidification, desertification, and 
extreme climatic events (Yoro and Daramola, 2020). 
In 2019, China emitted 9825.8 million tons of carbon 
dioxide, 20% of which could be attributed to the 
construction industry (Tsinghua University Building 
Energy Conservation Research Center, 2019; BP, 2020). 

This indicates that there is great potential to reduce 
emissions and conserve energy by considering the 
total life cycle of buildings. Researchers have found 
that the selection of structural systems as well as the 
materials of the envelope play a significant role in the 
total life cycle emissions of buildings (Wang et al., 
2018; Ma, 2019; Zhang et al., 2021; Punhagui and 
John, 2022). Compared with other materials, wood 
can significantly assist in reducing carbon when used 
as a building material. Firstly, wood emits less carbon 
dioxide at the production stage due to the solidification 
of carbon dioxide during the growth of wood (Fei 
et al., 2002; Jiang, 2005; Zeng et al., 2018). Secondly, 
its low thermal conductivity gives wooden structure 
buildings satisfactory thermal insulation performance. 
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To achieve the same thermal insulation effect, the 
required thickness of wood is 1/15 of that of concrete 
and 1/400 of that of steel (Fei et al., 2002). Thus, the 
insulation layer used for wooden structures can be 
thinner than that used for steel structures. Finally, 
after the demolition of wooden structure buildings, 
most components (e.g., beams and columns) can be 
reused, and waste materials can be effectively degraded 
(Wang, 2009).

As well as having low carbon emissions, wooden 
structure buildings can also provide a satisfactory 
indoor hygrothermal environment due to the high 
porosity and excellent moisture storage capacity of 
wood (Simonson et al., 2001; Hameury and Lund‐
ström, 2004; Li et al., 2012). Li et al. (2012) indicated 
that wooden materials can effectively adjust indoor 
humidity by decreasing the average indoor humidity 
and the amplitude of relative humidity. A similar result 
was reported by Wang (2009) who found that wooden 
structure building envelopes helped to decrease the 
average daily amplitude of the temperature and rela‐
tive humidity, resulting in a more comfortable indoor 
environment in winter. Therefore, wooden structure 
buildings and their corresponding envelopes have be‐
come increasingly valued and promoted all over the 
world, especially light-framed timber structures (LTSs), 
which use wood as the frame and can be built quickly.

The hygrothermal performance of LTS buildings 
has also been researched. Results indicate that LTS 
buildings provide a suitable indoor environment and 
are energy-efficient under unoccupied or continuous 
energy-consumption patterns, especially in winter 
(Zhao, 2007; Zhang, 2011). However, the low thermal 
stability of LTS buildings is a potential cause of over‐
heating of indoor environments when the outdoor 
temperature is extremely high (Adekunle and Nikolo‐
poulou, 2016). Latif et al. (2014) considered the influ‐
ence of moisture load on LTS walls. Their results sug‐
gested that during high internal moisture load in vapour 
open panels, the temperature and relative humidity of 
insulation-oriented strand board (OSB) interfaces could 
be favourable for mould growth. Tests in an environ‐
mental chamber also have been conducted to compare 
the hygrothermal performance of LTS walls with dif‐
ferent insulation materials under dynamic profiles (Latif 
et al., 2018). Several other studies have been carried 
out under different climates. For example, Fu et al. 
(2020) constructed full-sized mock-up models in the 
hot summer and cold winter (HSCW) zone with an 

unoccupied indoor condition. Brambilla and Gasparri 
(2020) compared the hygrothermal behaviour of LTS 
buildings and cross-laminated timber (CLT) buildings 
under different climates in Australia and different in‐
door climate profiles by simulation.

However, both the indoor and outdoor environ‐
ments determine whether the building envelope is ap‐
propriate in a specific situation, and the results under 
different conditions might be contradictory (Xu et al., 
2019; Al-Saadi and Al-Jabri, 2020; Khan and Bhat‐
tacharjee, 2021; Nasrollahzadeh, 2021). In particular, 
as a type of biomass material, wood exhibits a high 
risk of mildew and rot when a large amount of mois‐
ture accumulates over a long time. The application of 
wood materials and corresponding envelopes might 
be limited in situations with high relative humidity. In 
China, the climate varies with geographical location. 
The HSCW climate zone covers the middle and lower 
reaches of the Yangtze River, which is one of the most 
economically developed and densely populated areas 
in China (Xu et al., 2013). This zone has distinct four-
season characteristics, so the buildings in this zone de‐
velop enormous heating and cooling loads (Yu, 2009; 
You et al., 2017). Therefore, the thermal design of 
buildings must include suitable insulation measures to 
avoid overheating in summer and indoor heat loss in 
winter (MOHURD, 2016). Because the climate in this 
area is characterized by high year-round humidity, a 
large amount of vapour is transferred and stored in the 
exterior walls of buildings, which affects the hygro‐
thermal properties of building materials (Liu et al., 
2015). Thus, exterior walls should also meet moisture-
proof requirements. In contrast to the continuous energy-
consumption pattern in the cold and severe cold 
climate zones, an intermittent energy-consumption 
pattern supplemented by ventilation is more prevalent in 
the HSCW climate zone, i.e., occupants decide whether 
to activate heating or cooling equipment according to 
the actual conditions (Chen et al., 2020). Studies of the 
intermittent energy-consumption patterns of buildings 
have been conducted, which have helped to obtain 
accurate energy-consumption data and assess the in‐
door hygrothermal environment (Qiu, 2009; He, 2015; 
Ruan et al., 2015; Meng et al., 2018; Wessberg et al., 
2019; Ge et al., 2021a). While those studies paid atten‐
tion to traditional building materials and structures, 
few studies of LTS buildings have considered the 
energy-consumption pattern, let alone building enve‐
lope optimization, under the above pattern. This might 

19



|    J Zhejiang Univ-Sci A (Appl Phys & Eng)   2024 25(1):18-35

hinder the development of the LTS buildings in the 
HSCW zone.

Considering the research gaps identified above, 
the objective of this study was to explore the indoor 
hygrothermal environment of LTS buildings and the 
process of heat and moisture transfer within building 
envelopes. Furthermore, we compared the advantages 
and disadvantages of different panels hung on each 
side of the envelope. Thus, two full-scale buildings with 
different configurations were established in Jiaxing, 
China, a typical city in the HSCW climate zone. Then, 
in situ experiments were performed under variable 
energy use and ventilation modes.

This paper is organized as follows. In Section 2, 
the calculation method, material physical parameters, 
experimental instruments, and methods are introduced. 
The experimental results are analyzed in Section 3 
and discussed in Section 4. Finally, the conclusions of 
this study are outlined in Section 5.

2 Methodology 

2.1 Method for calculating the hygrothermal 
parameters of the enclosure

2.1.1　Thermal parameters of the exterior walls

The total thermal resistance R0 and thermal trans‐
mittance K can be used to assess the thermal perfor‐
mance of walls. These parameters are widely used in 
various thermal standards such as the national stan‐
dard of the People’s Republic of China GB 50176–
2016 (MOHURD, 2016) and the international standard 
ISO 6946:2007(E) (ISO, 2007) and research (Latif 
et al., 2014, 2018). The methods are detailed below.

The calculation method for the thermal resistance 
value R of each layer of a building envelope can be 
expressed as

R =
d
λ
 (1)

where d is the material thickness, m; λ is the material 
thermal conductivity, W/(m·K).

The total thermal resistance R0, which is the sum 
of the surface thermal resistance and thermal resistance 
of each layer, can be calculated according to Eq. (2):

R0 =R in +∑
i = 1

m

Ri +Rex (2)

where Rin is the thermal resistance of the internal surface, 
m2·K/W; Rex is the thermal resistance of the external 
surface, m2·K/W; m is the number of levels; Ri is the 
thermal resistance value of the ith layer, m2·K/W.

The thermal transmittance K of the building en‐
velope is the inverse of R0 expressed as

K =
1
R0

. (3)

A thermal bridge is a part of a building envelope 
that creates a less-resistant path for heat transfer and 
thus lowers the overall thermal insulation performance 
(Lu et al., 2020; Ge et al., 2021b). In wooden struc‐
ture buildings, the keel acts as a type of thermal bridge 
due to a lack of thermal insulation over the main part. 
Following JGJ 134–2010 (MOHURD, 2010), the av‐
erage thermal transmittance of the exterior wall Km 
can, therefore, be defined to evaluate the overall ther‐
mal performance, as expressed in Eq. (4).

The weighted total thermal resistance of the build‐
ing envelope Rm, i.e., the inverse of Km, can be calcu‐
lated with Eq. (5).

Km =
KP ×FP +∑

i = 1

n

KBi ×FBi

FP +∑
i = 1

n

FBi

 (4)

Rm =
1

Km

 (5)

where KP is the thermal resistance of the main part 
of the external walls, W/(m2·K); n is the number of 
thermal bridges with different thermal transmittance 
values in the external walls; KBi is the thermal trans‐
mittance of the ith thermal bridge in the exterior walls, 
W/(m2·K); FP is the area of the corresponding part of 
the insulation material, m2; FBi is the area of the ith 
thermal bridge, m2.

When the environmental temperature periodi‐
cally fluctuates, heat can be stored and released by 
building materials. Therefore, the thermal storage 
coefficient S is introduced as the coefficient of heat 
accumulation for wall materials, which can be calcu‐
lated as follows:
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S =
2π × λ × ρ × c

3.6T
 (6)

where ρ is the material density, kg/m3; c is the spe‐
cific heat capacity, J/(kg·K); T is the fluctuation cycle 
time, h.

The thermal inertia index D can be used to char‐
acterize the degree of attenuation of the envelope for 
temperature waves, which can be written as

D =∑
i = 1

m

Ri × Si  (7)

where Si is the coefficient of heat accumulation for 
the material of the ith layer, W/(m2·K).

2.1.2　Moisture parameters of the exterior walls

The total water vapour diffusion resistance of the 
building envelope can be determined as follows:

H0 =∑
i = 1

m

Hi =∑
i = 1

m di

δ i

 (8)

δ i =
δair

μ i

 (9)

where H0 is the total water vapour diffusion resis‐
tance, m2·s·Pa/kg; Hi is the water vapour diffusion re‐
sistance of the ith layer, m2·s·Pa/kg; di is the thickness 
of the ith layer, m; δi is the water vapour transfer coef‐
ficient of the ith layer, kg/(m·s·Pa); δair is the water 
vapour transfer coefficient of air, kg/(m·s·Pa); μi is the 
water vapour transfer resistance factor, dimensionless.

2.2 Overview of the test buildings and outdoor 
environment

To investigate which structure is more suitable for 
the HSCW climate zone, two full-scale test LTS build‐
ing models (Fig. 1a) were established in the Inter‐
national Campus, Zhejiang University, Haining, China. 
Haining is an eastern coastal city in China located 
at longitude 120°41′ east and latitude 30°32′ north. As 
in other cities in the HSCW climate zone, Haining 
has four distinctive seasons, with a great difference 
in temperature between winter and summer. In 2021, 
the average temperature was 5.92 ℃ in January and 
29.14 ℃ in July. The relative humidity of Haining is 
generally high throughout the year, with an average 
value of 75.69%.

Piles cast from reinforced concrete were used to 
construct the foundations of the buildings, which are 
elevated above the ground to reduce additional influ‐
ences on the heat and moisture transfer process and in‐
door environment. As load-bearing structures of these 
buildings, keels were built with light spruce-pine-fir 
(SPF) wood. The distance between the keels is 0.61 m. 
Both buildings have a floor area of 12.60 m2 and a 
double-slope roof, the highest point of which is located 
3.50 m above the floor. A door and a window are set 
in the eastward and northward walls, respectively, of 
each building (Fig. 1b). To prevent severe impacts of 
solar radiation on indoor temperature and humidity, 
suspended ceilings were fitted between the indoor 
space and the roof.

Figs. 2a and 2b show the wall construction of 
Houses 1 and 2. Taking GJBT‒1303 (MOHURD, 2014) 
as the reference, the core part of both exterior walls com‐
prised OSB, SPF keels, gypsum board, and mineral wool. 
The hanging board was the only difference between 

Fig. 1  Test buildings: (a) photo; (b) plan (unit: mm)
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these buildings. In House 1, pine hanging boards were 
adopted on both sides of the wall. In House 2, only 
the outer side of the wall was protected, with a fiber‐
cement board. These differences resulted in different 
moisture transfer performance levels of the walls of 
these buildings which may lead to a different situa‐
tion for vapour distribution and accumulation.

To assess the performance of the two walls, the 
hygrothermal parameters of the building envelope were 
calculated according to the methods described in Sec‐
tions 2.1.1 and 2.1.2. In a given unit (i.e., a part of the 
wall comprising the main part and the thermal bridge, 
shown as the rectangle in Fig. 3), the area of the ther‐
mal bridge (SPF keel) is 0.185 m2, whereas the area 
of the main part is 1.659 m2. According to GB 50176–
2016 (MOHURD, 2016), the Rex and Rin values were 
0.04 and 0.11 m2·K/W, respectively. The hygrothermal 

parameters of the materials used in these buildings are 
given in Table 1. Relevant SPF and OSB parameters 
have been measured before, while the hygrothermal 
parameters of the other materials were obtained from 
the WUFI-Plus database (WUFI, 1998).

The calculation results for the exterior walls are 
listed in Table 2. The walls of the LTS buildings met 
the requirement of R0 for the HSCW zone in GB/T 
51350–2019 (MOHURD and SAMR, 2019), suggest‐
ing that the buildings have a good thermal performance. 
The R0 value of House 1 was 8.6% higher than that of 
House 2. The Rm values of both buildings were lower 
than R0 due to the poor thermal insulation performance 
of the keels. The H0 value of the wall of House 1 was 
21.39 times higher than that of the wall of House 2, 
indicating that House 1 achieved a greater ability to 
resist water vapour transfer through the wall.

2.3 Monitoring system

To investigate how the heat and moisture transfer 
process is impacted by the different elements of the 

Fig. 3  Measuring sites on the wall: (a) northward wall; 
(b) southward wall (unit: mm)

Fig. 2  Wall construction and positions of the measuring 
points: (a) House 1; (b) House 2 (unit: mm). RHT: relative 
humidity and temperature. H1 (House 1) and H2 (House 2) 
are denoted in order to distinguish the sites in the different 
buildings; for example, H1N1 means the N1 site in the 
House 1
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building envelopes (e.g., keel and window), six mea‐
suring sites, denoted by N1–N6, were selected on the 
northward wall (Fig. 3). Similarly, measuring sites were 
selected on the southward wall to clarify the influence 
of different solar radiation conditions. However, since 
there is no window in the southward wall, only five 
measuring sites were established, denoted by S1–S5.

Notably, the N1 and S1 sites correspond to the 
main part of the wall, while the N2 and S2 sites corre‐
spond to the location of the keel. These four sites were 
located at a height of 1400 mm, in the center of the 
wall. In addition, to investigate the difference in heat 
and humidity at different heights, the N3/S3 and N4/
S4 sites were located at heights of 2600 and 200 mm, 
respectively, which were 1200 mm above and below 
the N1/S1 sites, respectively. In addition, the N5/S5 
and N6 sites were set up to monitor the situation of 
sites that had weak insulation. The N5 and S5 sites 
were located at a corner of the wall, and the N6 site 
was under the window.

Each measuring site contained several measuring 
points with different depths (Figs. 2a and 2b). At each 
measuring point, an RHT sensor was placed to monitor 
changes in the temperature and relative humidity within 
the building envelope, and the heat and moisture transfer 
process was then detected. Note that at measuring sites 
N3/N4/N5/N6 and S3/S4/S5, RHT sensors were set only 
in the mineral wool, gypsum board, and inner pine hang‐
ing board, since heat and moisture transfer in these ma‐
terials interacts more directly with the indoor environ‐
ment. Data were gathered automatically using SV3000 
software (SONBEST Company of Shanghai, China).

Outdoor temperature and relative humidity were 
measured with an integrated weather station installed 
near the test buildings. To record changes in the in‐
door temperature and relative humidity, an automatic 
temperature and relative humidity recorder was set on 
the working face at a height of 1 m in the center of 
each building, according to the GB/T 50785–2012 stan‐
dard (MOHURD and AQSIQ, 2012). Details of the 
equipment used are given in Table 3.

2.4 Experimental setup

Previous studies have investigated the energy-
consumption patterns and ventilation habits of resi‐
dents in the HSCW zone using typical operation modes 
to control the indoor environment (Qiu, 2009; He, 
2015; Chen et al., 2020; Ge et al., 2021a). These 
studies concluded that in this zone, air conditioners 
are rarely operated all day. Instead, intermittent energy-
consumption patterns assisted by ventilation are often 
adopted to adjust indoor temperature and humidity. 
In summer, cooling systems are often operated at night, 
with natural ventilation at the rest of the time. In winter, 
intermittent heating is often conducted for several hours 
in the evening, while ventilation is conducted for a short 
time in the morning. Winter operation modes were 
chosen as the main test subject in this study. Among 
these modes, the typical operation modes of the bed‐
room and living room in winter were selected, consid‐
ering the influence of occupants. We assumed that there 
were two occupants in each test building. In the typi‐
cal bedroom mode, both members occupied the room 

Table 2  Hygrothermal characteristics of the two types of building envelopes

Model

House 1

House 2

R0 (m
2·K/W)

3.03

2.79

Rm (m2·K/W)

2.88

2.64

D of the main part

2.05

1.89

H0 of the main part (m2·s·Pa/kg)

3.07×1011

1.41×1010

Table 1  Hygrothermal parameters of the materials

Material

Pine hanging board

Air layer

Breath paper

OSB

Mineral wool

Gypsum board

Fibercement board

SPF keel

ρ (kg/m³)

500.0

1.3

270.0

516.0

60.0

625.0

1800.0

419.0

ε

0.858

0.999

0.001

0.670

0.950

0.703

0.150

0.777

λ (W/(m·K))

0.119

0.047

2.300

0.277

0.040

0.200

0.130

0.343

c (J/(kg·K))

1.88

1.00

2.30

1.40

0.85

0.85

0.85

1.47

μ

1700.00

0.79

18.90

48.75

3.00

8.30

83.30

73.62

ε is the porosity of the materials (dimensionless)
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at night (20:00–8:00 the next day). In the typical 
living room mode, one member only occupied the room 
at dusk (18:00–20:00), while the other member occu‐
pied the room from 8:00 to 20:00. In addition, the 
unoccupied and continuous energy-use modes were 
selected since these modes were adopted in most stud‐
ies. Detailed information on the settings of the above 
modes is provided in Table 4. The rate of vapour gen‐
erated by the occupants referred to the WUFI-Plus 
database (WUFI, 1998), at 70 g/(h·person) when the 
occupants remained still and 35 g/(h·person) when sleep‐
ing. The vapour generation process of occupants was 
simulated with humidifiers. The set temperature for 

the air conditioners was 18 ℃ in winter and 26 ℃ in 

summer.

3 Results and discussion 

3.1 Indoor hygrothermal environment

3.1.1　Continuous energy-consumption patterns in winter 

and summer

Since there were some similar conclusions for the 

hygrothermal performance of the two buildings, the 

common phenomena and results will be described and 

Table 3  Sensors used in the experiment

Instrument

Integrated 
weather station

RHT sensor

Automatic 
RHT recorder

Parameter

Relative humidity (%)

0–100, ±3

0–100, ±3

0–100, ±3

Temperature (℃)

−20–70, ±0.5

−40–125, ±0.3

−20–85, ±0.5

Manufacturer

LC-YDHT, JINZHOULICHEN 
Co., Ltd., China

Sensor: SHT30, Sensirion Co., Ltd., 
Switzerland;

package: SONBEST Company of 
Shanghai, China

JTR08ZI, JANTYTECH 
Co., Ltd., China

Photo

Table 4  Detailed information on the operation modes used in the experiment

Time

Aug. 30, 0:00–
Sept. 2, 0:00

Dec. 1, 0:00–
Dec. 4, 0:00

Dec. 5, 0:00–
Dec. 8, 0:00

Dec. 17, 8:00–
Dec. 20, 8:00

Dec. 25, 0:00–
Dec. 30, 0:00

Operation mode

Continuous energy-use pattern in 
summer (S-AC)

Typical bedroom mode in winter 
(W-period 1)

Unoccupied mode in winter 
(W-period 2)

Typical living room mode in winter 
(W-period 3)

Continuous energy-use pattern in 
winter (W-AC)

Window opening

None

8:00–10:00

None

8:00–10:00

None

Energy-use time

0:00–24:00

20:00–23:00

None

18:00–20:00

0:00–24:00

Vapour generation

None

20:00–8:00 the next day, 
35 g/(h·person)×2

None

8:00–18:00, 70 g/(h·person)×1;
18:00–20:00, 70 g/(h·person)×2

None
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analyzed first. Then, the difference between the two 
buildings caused by construction will be analyzed in 
Section 3.3.

Fig. 4 shows the indoor temperature and humidity 
under the S-AC mode (Figs. 4a and 4b) and W-AC 
mode (Figs. 4c and 4d). Because of the uneven air dis‐
tribution, the measured temperature of the indoor air 
differed from the set temperature (26 ℃ in summer 
and 18 ℃ in winter). Owing to the effect of the out‐
door temperature and solar radiation, the indoor tem‐
perature increased by about 2 ℃ at noon in summer, 
as shown by the arrow in Fig. 4a. In winter, because 
the outdoor temperature remained more stable and 
solar radiation conditions reduced the heat load during 
the daytime, the indoor temperature could be main‐
tained at a stable level.

The gradient of the water vapour partial pressure 
P determines the direction of vapour transfer. The P 
value can be calculated based on the measured tem‐
perature t and relative humidity φ with reference to 
Tetens equation:

P = 610.6e
17.26t

273.3 + t ´ φ. (10)

Because of the relatively high t and φ values in 
the outdoor environment, the outdoor average P value 
reached 3179 Pa under the S-AC period, much higher 
than the indoor average values of 2001 (House 1) and 
2167 Pa (House 2). As a result, large amounts of water 
vapour were transferred from outside to inside, caus‐
ing the indoor φ value to rise. The φ value was higher 
than 70% for more than half the time in both build‐
ings. But under the W-AC mode, the outdoor t value 
was low, so the air could hold less water vapour than 
in summer. The average P value of the outdoor air was 
only 327 Pa, whereas the values of the indoor air were 
845 (House 1) and 727 Pa (House 2). Therefore, mois‐
ture was transferred from inside to outside, lowering 
the indoor φ value.

3.1.2　Typical operation modes in winter

To investigate the impact of the different operation 
modes on the indoor environment, the hygrothermal 

Fig. 4  Indoor temperature and humidity under the continuous energy-consumption mode: (a) temperature in summer; 
(b) relative humidity in summer; (c) temperature in winter; (d) relative humidity in winter
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parameters on three typical days were selected under 
each mode (Fig. 5). In general, the modes involving 
active adjustment (i.e., W-periods 1 and 3) created a 
comfortable environment with a relatively high t value 
over the mode without space heating (i.e., W-period 2). 
However, the indoor t dropped rapidly after the space 
heating equipment was deactivated. Also, opening win‐
dows for morning ventilation (8:00–10:00) did not 
cause a significant drop in the indoor t value. This was 
because the rising sun rapidly heated the outdoor air 
and reduced the difference in t between the inside and 
outside environments of these houses. Nevertheless, 
both φ and P dropped to relatively low values close to 
the outdoor air values (circles in Figs. 5a2 and 5a3 and 
Figs. 5c2 and 5c3) when the window was open, indi‐
cating that the drying effect of ventilation largely de‐
pends on the outdoor conditions.

Vapour generation due to the occupants was 
obviously the crucial factor influencing the P and φ 
values of the indoor air. As shown by arrow (1) in 
Fig. 5c3, the P value of the indoor air of both houses 
experienced a sustained rise when water vapour was 

generated at a rate of 70 g/h from 8:00 to 18:00 under 
the W-period 3 mode. Accordingly, φ increased over a 
certain period (Fig. 5c2). When the vapour generation 
amount doubled from 18:00 to 20:00 under the same 
mode, the rate of increase in P significantly increased, 
as shown by arrow (2) in Fig. 5c3. However, φ de‐
creased because of the increasing indoor t value due 
to space heating during this period. This phenomenon 
suggests that t also significantly affects φ, which could 
also be observed under the W-period 1 mode, as shown 
by arrows (2) in Figs. 5a2 and 5a3. In contrast to 
the period from 8:00 to 18:00 under the W-period 3 
mode, the increase in φ was accompanied by a de‐
cline in P under the W-period 1 mode (arrows (1) in 
Figs. 5a2 and 5a3), although vapour was continuously 
generated at a rate of 70 g/h. The reason for this anom‐
aly might be related to the influence of temperature 
on the equilibrated water content, which is discussed 
in Section 4.

In these two LTS buildings, a relatively stable 
and comfortable indoor hygrothermal environment 
(Figs. 5b1 and 5b2) could be created by preventing 

Fig. 5  Hygrothermal parameters under different operation modes: (a1–a3) W-period 1; (b1–b3) W-period 2; (c1–c3) W-period 3
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the indoor environment from becoming extremely cold 
and humid, even though the indoor environment was 
not actively adjusted (i.e., W-period 2). Space heating 
could be considered optional if the requirements for 
the indoor hygrothermal environment are satisfied, 
which suggests that LTS buildings may have consider‐
able potential for saving energy.

3.2 Heat and moisture transfer process within the 
envelope

Fig. 6 shows the φ value of each layer of the two 
buildings under the S-AC mode. A large amount of 
water vapour was transferred inwards. Moreover, the 
decline in t attributed to the cooling system also re‐
sulted in a high φ value of the materials on the inner 
side. So, an upward trend in the φ value was observed 
from the OSB mineral wool to the gypsum board.

A difference could also be observed between the 
northward wall and the southward wall. Comparing 
Figs. 6a and 6c with Figs. 6b and 6d, the φ values of 

the inner materials of the S1 site reached a higher state 
than those of the N1 site. On the one hand, more vapour 
was transferred through the southward wall due to a 
bigger gradient of t and P. On the other hand, the t value 
and saturated water vapour pressure on the inner side 
of the southward wall differed slightly from those on 
the northward wall. Therefore, the φ value of the ma‐
terials on the inner side of the southward wall increased. 
Besides, the outer materials would easily be influenced 
by the outdoor environment. The outer materials on 
the S1 site had lower φ values than those on the N1 
site due to solar radiation. But moisture accumulation 
on the surface of the wall caused by wind-driven rain 
could also contribute to the extremely high φ values 
of the exterior materials.

Under the W-AC mode, both heat and moisture 
were transferred from inside to outside. From the min‐
eral wool to the OSB layer, the μ value rose sharply 
while the temperature dropped. So, the OSB might 
carry the risk of a high φ value (Fig. 7) and the possi‐
bility of subsequent mould growth. Likewise, the φ of 

Fig. 6  Relative humidity in each layer in summer: (a) H1N1 site; (b) H1S1 site; (c) H2N1 site; (d) H2S1 site. ex.: exterior; 
in.: inner
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the OSB layer was higher than that of the other mate‐
rials in typical operation modes (Fig. 8). Moreover, the 
value fluctuated notably, especially under the modes of 
W-periods 1 and 3 (as shown by the arrows in Fig. 8a). 
This occurred because the heat and moisture transfer 
intensity was high during the heating periods, and more 
water vapour was transferred to the OSB layer from 
the inside compared with the period without heating.

Also, the overall φ value at the S1 site in these 
two buildings was lower than that at the N1 site due to 
the influence of solar radiation, and there was almost 
no risk of mildew on the southward wall under this 
mode.

3.3 Influence of the structure and materials on 
heat and moisture transfer

3.3.1　Influence of materials

The wall of House 1 had slightly higher R0 and 
D values (Section 2.2). Moreover, pine boards, the 
panels hung on both sides of its wall, have a charac‐
teristically high μ value, and can hold a large amount 

of water in a certain relative humidity (according to 
the WUFI-Plus database (WUFI, 1998), under a φ 
value of about 40%, the equilibrium water content in 
pine board can reach 16.00 kg/m3, while that in gypsum 
board can reach only 3.33 kg/m3). Thus, the wall of 
House 1 had a much bigger H0 value and stronger 
moisture buffering ability. Therefore, firstly, the exte‐
rior wall of House 1 attained a notable ability to resist 
vapour transfer. Secondly, it could absorb or release 
more water vapour in response to a change of φ value. 
While it helped to adjust the indoor hygrothermal 
environment, it also made a larger gradient of P and 
increased the intensity of moisture transfer (Fig. 9).

Thus, for the indoor environment, House 1 was 
more stable in the hygrothermal environment in most 
situations, with smaller fluctuations of t, φ, and P com‐
pared with House 2, especially when both buildings 
were unoccupied. Because the exterior wall of House 
2 had a lower ability to resist water vapour transfer, 
more vapour entered and exited the indoor space through 
the building envelope. Under the S-AC mode, the 

Fig. 7  Relative humidity in each layer in winter: (a) H1N1 site; (b) H1S1 site; (c) H2N1 site; (d) H2S1 site
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average φ of House 2 was higher than that of House 1 
in summer. For 78% of the time, the φ value of House 

2 exceeded 70%. Under the W-AC mode, the φ value 
of House 2 was consistently lower than 30% (for 86% 

Fig. 8  Relative humidity of each material: (a) H1N1 site; (b) H1S1 site; (c) H2N1 site; (d) H2S1 site

29



|    J Zhejiang Univ-Sci A (Appl Phys & Eng)   2024 25(1):18-35

of the time), while the indoor φ value of House 1 could 
be maintained above 30%. The φ and P values of 
the innermost pine board of House 1 were also much 
higher than those of the indoor space. This showed that 
if the φ value of the indoor air continued to be main‐
tained at a low level, the wall of House 1 still provided 
the ability to adjust the indoor environment to prevent 
the room from being overly dry.

However, in House 1, the characteristics of the 
pine board caused a different situation for moisture dis‐
tribution within the building envelopes compared with 
House 2. The accumulation of vapour and high φ value 
in materials occurred in both summer and winter in 
House 1. Depending upon the direction of vapour 
transfer, OSB had a high φ value in winter and gypsum 
board had a high φ value in summer. In House 2, only 
OSB in winter had the same risk. But when vapour was 
continuously transferred from the inside to the outside 
through the envelope, the interior materials of House 
2 could also suffer a rise in relative humidity (as shown 
by the arrows in Fig. 8c) due to their lower equilib‐
rium water content to hold vapour. The vapour entered 
and left the center of the building envelope easily in 
House 2, causing the φ value of mineral wool to fluc‐
tuate greatly (Fig. 10).

Finally, the exterior pine board had mould growth 
visible on the surface six months after construction. 
This suggests that wooden boards might not be suitable 
in the HSCW zone, since this area is so rainy.

3.3.2　Influence of the structure

The core parts of the building envelopes were 
almost the same in both LTS buildings, resulting in 

similar resistances of heat and moisture transfer (Fig. 2). 
Unlike other depth ranges within building envelopes, 
the depth ranges of 35–125 mm in House 1 and 40–
130 mm in House 2 consisted of two materials, i.e., 

Fig. 9  Water vapour partial pressure of each material under the continuous energy-consumption mode in winter: 
(a) H1N1 site; (b) H2N1 site

Fig. 10  Comparison of the temperature and relative humidity 
of mineral wool among the different sites on the northward 
wall: (a) temperature; (b) relative humidity. Max.: maximum; 
Ave.: average; Min.: minimum
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the mineral wool and SPF. Therefore, the hygrother‐
mal transfer direction was not limited to being perpen‐
dicular to the surface of the envelopes and the multidi‐
mensional transmission deserves consideration. There‐
fore, the temperature and humidity data collected from 
measuring points on the mineral wool and SPF were 
specially selected to analyze the influence of structure 
and position on heat and moisture transfer within the 
building envelope.

As shown in Fig. 10a, t generally showed a down‐
ward trend from the highest site to the lowest site 
(sites N3 to N1 to N4, i.e., from heights of 2600 to 
1400 to 200 mm). Site N3 also attained the highest 
t value among all six sites on the northward wall. This 
phenomenon was caused mainly by the upward move‐
ment of hot air, which has a low density. The N2/N5/
N6 sites exhibited poor thermal insulation conditions. 
Located at the position of the thermal bridge (i.e. the 
SPF keel), the N2 site had the lowest t value among 
all sites. Site N5 was located at the corner of the junc‐
tion of the wall, where heat could easily dissipate 
towards the outside. Therefore, the t value at this site 
was also low. However, the N6 site (below the win‐
dow) differed slightly from the N1 site, indicating there 
were no additional risks of mould and rot for this site, 
at least for the layer of mineral wool.

The φ values in the northern mineral wool layer 
are shown in Fig. 10b. Since the N3 site experienced 
a high temperature (Fig. 10a), the H2N3 site exhibited 
a lower φ value than the other sites. However, the 
H1N3 site attained a high φ value, and the possible 
reason will be discussed in Section 4.

3.4 Thermal comfort evaluation

The indoor air quality standard GB/T 18883–2002 
(AQSIQ et al., 2002) suggests a certain range of in‐
door t and φ values in an air-conditioned environment. 
In summer, the suggested range is 22–28 ℃ for t and 
40%–80% for φ. In winter, the suggested ranges for t 
and φ are 16–24 ℃ and 30%–60%, respectively. The 
assessment standard for healthy buildings T/ASC02–
2016 (ASC, 2017) suggests that the φ range should 
be maintained within 30%–70% based on health and 
comfort considerations. According to the above stan‐
dards, 22–28 ℃ for t and 30%–70% for φ could be 
regarded as appropriate ranges in summer, whereas 
16–24 ℃ for t and 30%–60% for φ could be suitable 
in winter.

The t and φ values and the appropriate ranges 
are shown in Fig. 11. Note that data were selected 
only from when the buildings were occupied under the 
modes of W-periods 1 and 3. As shown in Fig. 11a, 
the t value of the indoor space fluctuated notably since 
the heating system was intermittently operated, i.e., 
W-periods 1 and 3. Compared to House 2, the t value 
of House 1 remained more stable under all modes due 
to its higher D value. Moreover, its minimum value 
was higher when the air conditioner was not continu‐
ously operated, revealing a better performance in re‐
sisting the low temperature of the outdoor environ‐
ment. However, when the air conditioner was operated 
intermittently, the t value of House 1 rose more slowly 
than that of House 2, and taking longer to reach the 
lower limit of the suitable range.

As shown in Fig. 11b, φ was maintained within 
the appropriate range for a longer time in House 1 under 
the modes in which the behaviours of occupants were 
not considered (S-AC, W-AC, and W-period 2). How‐
ever, when intermittent energy-consumption and venti‐
lation were adopted (i.e., W-periods 1 and 3), φ was 
rather similar under different modes in House 1, whereas 
it varied significantly in House 2. This phenomenon 

Fig. 11  Average temperature and relative humidity of the 
two buildings at each stage: (a) average temperature; 
(b) relative humidity. W-P1–W-P3: W-periods 1–3
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indicates that House 1 had a stronger ability to resist 
the influence of the environment and adjust the indoor 
humidity, but this was not always positive, especially 
when the outdoor environment was relatively suitable. 
This house type might be more favourable when adopt‐
ing the continuous energy-consumption mode or the 
outdoor environments are harsh (i.e., extremely low 
temperature or unsuitable relative humidity level). Con‐
versely, House 2 was more suitable for intermittent 
heating modes, though the small corresponding t may 
make the occupants feel cold after the heating system 
and ventilation are shut down. In other words, House 2 
is preferred in suitable outdoor environments.

It could also be concluded that the intermittent 
energy-consumption modes (i.e., W-periods 1 and 3) 
could effectively improve the hygrothermal comfort 
compared with the mode without active adjustment 
(W-period 2), although these modes could still not 
rival the continuous energy-consumption modes. More‐
over, t and φ were more suitable under the W-period 1 
mode than those under the W-period 3 mode. This was 
because of different behaviour patterns, i.e., the heat‐
ing system was operated at the beginning of the occu‐
pied period, and ventilation was conducted after the 
occupants had left under the W-period 1 mode, whereas 
the buildings were ventilated at the beginning and 
heated at the end of the occupied period under the 
W-period 3 mode.

4 Discussion 

The results indicated that the LTS walls had high 
R0 values. Previous studies of the thermal performance 
of LTS buildings compared with that of other types of 
buildings reported that the LTS buildings performed 
better. This was attributed to the much higher R0 value 
of the LTS envelope (Zhao, 2007; Wang, 2009). How‐
ever, the D value of LTS buildings (e.g. 2.05 and 1.89 
in this study) can be much smaller, even if the R0 is 
almost the same. For example, a brick wall with ex‐
terior expanded polystyrene board (EPS) insulation 
exhibits an R0 value of 2.81 m2·K/W, and the D value 
can reach 10.99 (parameters of the materials were se‐
lected from the WUFI-Plus database (WUFI, 1998)). 
Therefore, though the R0 value of the LTS envelope 
can meet the requirements of nearly zero energy build‐
ings in the HSCW zone, there is still the problem of 
insufficient thermal stability.

The results of experiments showed the changes of 
t and φ for both the indoor space and exterior walls, 
revealing that the wall construction type and operation 
mode of the occupants critically influenced the hygro‐
thermal environment. However, note that the setting of 
the attic could also influence the indoor environment.

From 23:00 to 8:00 the next day under the W-
period 1 mode and from 10:00 to 18:00 under the 
W-period 3 mode, the vapour generation rate reached 
70 g/h, and there was no need for space heating (Fig. 5). 
However, as the arrows (1) show, though the φ value 
increased in both periods, the P value decreased under 
the W-period 1 mode, but rose under the W-period 3 
mode. This phenomenon may be related to moisture 
transfer from the attic space. Previous studies men‐
tioned that wood materials store less moisture at high 
temperatures than at low temperatures (Poyet and 
Charles, 2009; Bjarløv et al., 2016). When the t value 
of the attic rose due to solar radiation during the day‐
time, moisture migrated from the wood material into 
the attic space and then transferred into the indoor space 
as an additional moisture source. Therefore, the mois‐
ture source originating from the attic and the vapour 
generated by the occupants became superimposed dur‐
ing 10:00–18:00 under the W-period 3 mode and ex‐
ceeded the amount transferred outwards through the 
exterior wall, which led to the increment in P.

This phenomenon was also observed when there 
was neither vapour generation nor ventilation (from 
10:00 to 20:00 under the W-period 1 mode and from 
20: 00 to 8: 00 the next day under the W-period 3 
mode), as indicated by the arrows (3) in Figs. 5a2, 
5a3, 5c2, and 5c3. φ and P both increased under the 
W-period 1 mode due to moisture transfer from the 
attic, but decreased under the W-period 3 mode. For 
the same reason, the H1N3 site exhibited both higher 
φ and t values than those at the sites below (Section 
3.3.2). However, the H2N3 site did not show a high φ 
value. This may be because of the difference in mate‐
rials on the inner side between these two buildings. 
When hot and humid air was transferred from the attic 
to the upper wall in House 2, the transferred air was 
more easily exchanged and mixed with the indoor air 
through the upper gypsum board since gypsum board 
exhibited a low μ value. In House 1, the innermost 
pine board exhibited a high μ value, and much of the 
vapour could remain within the mineral wool layer 
and transfer downwards. This also yielded a smaller 
difference in t between the different sites of House 2 
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than between the different sites of House 1. However, 
in this study, no RHT sensors were placed in the attic. 
This requires more in-depth research in the future.

The appropriateness of LTS buildings in other 
climate zones could also be inferred from the results of 
hygrothermal performance for both buildings. House 1 
was more favourable when the outdoor environ‐
ments were harsh and when the continuous energy-
consumption modes were adopted. Therefore, it would 
perform well in cold and severely cold climate zones 
in maintaining a stable indoor environment. The mois‐
ture buffering capacity of the pine board could also 
improve the air quality of indoor space by avoiding 
low indoor humidity. However, a vapour barrier might 
have to be added between the gypsum board and the 
pine board to prevent intensive moisture transfer from 
the indoor space to the envelope. In hot summer and 
warm winter climate zones and temperate climate zones, 
House 2 would be more suitable because of its quick 
response to adjustment of ventilation. Research on the 
hygrothermal performance of the LTS buildings with 
local operation modes in different climate zones should 
be carried out in the future.

5 Conclusions 

In this study, two LTS buildings with different 
hanging boards on their exterior walls were built and 
exposed to various operation modes. The hygrothermal 
characteristics of the exterior walls were calculated. 
The t and φ values of the indoor space and walls under 
the different operation modes were monitored.

In general, we found that t and φ values of the 
indoor space and walls were significantly affected by 
the behaviour of occupants. As well as thermal com‐
fort, their behaviour also influenced mould growth risks. 
The φ values in wood materials can be high when air 
conditioners are operated or in the presence of indoor 
moisture sources, and the drying effect of ventilation 
on the inner material can be limited by the outdoor 
environment. Besides, the OSB layer in both build‐
ings exhibited a high relative humidity in winter, due 
to its larger μ value compared with mineral wool.

In terms of the difference between the two enve‐
lopes, calculations revealed that House 1 attained a 
slightly better thermal insulation performance. Also, 
the H0 of the exterior wall of House 1 was much higher 
than that of House 2, and the moisture buffer capacity 

was increased by the additional pine board on the inte‐
rior side. Therefore, the indoor t and φ fluctuations in 
House 1 were smaller than those in House 2. The dif‐
ferences in the hygrothermal characteristics further 
influenced the thermal comfort of occupants. The ex‐
terior wall of House 1 attained a higher resistance to 
changes in t and φ; when the indoor and outdoor t and 
φ values were relatively unsatisfactory, a better adjust‐
ment ability could be obtained. However, House 2 
achieved a short response time when the heating sys‐
tem was intermittently operated, so it could quickly 
reach the set temperature. The materials with the high‐
est relative humidity in the exterior wall of House 1 
differed between summer and winter due to the differ‐
ence in the moisture transfer direction, i.e., in summer, 
the southward gypsum board exhibited the highest 
relative humidity, while in winter, this was observed 
for the northern OSB layer, both directly in contact 
with mineral wool.

For further optimization, attention should be 
focused on moisture accumulation in materials on both 
sides close to mineral wool as there may be insuffi‐
cient airflow due to the small thickness of the air layer 
in the current structure. Also, it should be acknowledged 
that wood board is not suitable as the outmost hang‐
ing board in the HSCW zone with a rainy climate.
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