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This research aims to analyze the effect of phase change energy storage wall on the 
internal thermal environment in high-sunshine passive solar residential buildings. 
The residential buildings in Lhasa are taken as research objects, and the differenc-
es in indoor and outdoor thermal environments of the residential buildings in win-
ter are first evaluated. Then, the energy storage wall model based on phase change 
material is constructed, the meteorological data of the winter solstice day is used 
to simulate, and the changes of the thermal environment in the room are detected. 
The results showed that the average solar radiation intensity of the dwellings in 
Lhasa is 441.8 W/m2, and the average scattering intensity is 156.3 W/m2. The aver-
age humidity and temperature of outdoor air are 24.4% and 1.54 °C, respectively. 
The temperature difference of the indoor south and north bedrooms is 3.3 °C, the 
internal temperatures of the indoor south and north walls are 13.4 °C and 7.9 °C, 
respectively, and the temperature difference is 5.5 °C. After the adoption of phase 
change energy storage materials, the indoor temperatures of the south and north 
walls on the winter solstice day are 16.75 °C and 16.52 °C, respectively, with a 
temperature difference of 0.23 °C. The inner surface temperatures of the south wall 
and the north wall increase by 25.0% and 109.1%, respectively, after adopting the 
phase change energy storage wall, indicating that applying the phase change en-
ergy storage wall to the passive solar residential buildings in Lhasa can effectively 
improve the indoor thermal environment.
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Introduction

Energy is an important resource for today’s social progress and economic develop-
ment. The daily life of human beings is also inseparable from energy. China has sufficient 
reserves of fossil energy and is a major producer and consumer of energy. Statistics show that 
as early as 2005, China’s total coal energy consumption has exceeded 2.6 billionns, and by 
2018, it has consumed about 4.6 billionns, with an annual compound growth rate of 4.5%  
[1, 2]. At present, China is in a period of rapid development. With the continuous development 
of the construction industry, the consumption of energy also shows a year-to-year growth trend, 
and the energy consumed by the construction industry has reached 36% of China’s total energy 
consumption [3]. With the continuous expansion of urbanization, more and more energy will 
be consumed by the construction industry, which will undoubtedly aggravate the energy crisis. 
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Therefore, the development and utilization of renewable energy is of great significance to the 
protection of ecological environment and the realization of the goal of sustainable development. 
There are four types of solar energy resource zones in China. The total solar radiation received 
each year can reach 3340-8400 MJ/m2, and the total solar radiation received in western China 
can reach 1750 kWh/m2 or above [4-6]. Therefore, the development of passive solar heating 
buildings according to local conditions is conducive to easing the contradiction between human 
and natural environment.

Passive solar architecture is based on the orientation of the building and its natural 
environment. This method, which can reduce the total energy use of buildings such as heating 
by utilizing solar energy, is widely welcomed in rural areas because of its low price and other 
characteristics. However, with the continuous development of passive solar architecture, the 
building’s disadvantages of poor thermal stability, poor comfort, and high temperature in sum-
mer are gradually exposed. Although the measures to increase the thermal resistance of the 
envelop such as thermal insulation curtain can improve the energy saving rate to some extent, 
there are still limitations. The phase change materials (PCM) is a kind of material that can 
absorb or release heat in the process of its physical state change, and can also make use of the 
heat in this part, so as to carry out heat storage and indoor temperature regulation [7-12]. The 
application of PCM and other heat storage materials in the heat storage of the envelope can ef-
fectively maintain the thermal stability of the building and reduce the cost of building materials 
to a certain extent. 

However, the application of phase change energy storage wall in solar energy building 
will be affected by factors such as region and solar radiation intensity, so it is a complex prob-
lem that needs to be solved urgently.

Methods

Indoor environment testing  
of residential buildings

China is located between 18° and 54° north latitude, and has abundant solar energy 
resources. Every year, China can receive sunshine over 5800 MJ/m2 and over 2200 hours. In 
addition Xinjiang and Tibet area, the total amount of sunshine radiation in the whole year in 
China is higher in the northern region than in the southern region, and higher in the western 
region than in the eastern region. Tibet has high altitudes and thin air, and the atmosphere has 
weaker ability to reduce solar radiation. Therefore, on the whole, Tibet region can receive more 
sunshine, and the annual solar radiation amount is the most, belonging to the area with high 
sunshine, which lays a foundation for the promotion of solar energy saving buildings. However, 
solar energy saving buildings can be divided into active and passive types. The former requires 
a large amount of investment in the early stage, its technology is complex, the utilization rate of 
the equipment is low, and the maintenance and management work of the equipment in the later 
stage is large. At this time, the advantages of passive solar energy saving buildings such as low 
cost, convenient management, and simple construction are more prominent, so they are widely 
used in residential buildings and some public buildings.

In this study, based on solar energy saving resources and other relevant factors, from 
December 20-30, 2017, the thermal environment of a residential building in Lhasa of Tibet is 
tested. The residential building faces south with a room height of 3.0 m. The outer wall and 
inner wall are composed of solid concrete blocks with a thickness of 3.4 dm and 2.4 dm, respec-
tively. The roof is made of reinforced concrete slab with thickness of 2 dm, without insulation 
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layer, while the windows are mainly made of single-glass aluminum alloy, and there is no 
auxiliary heat source in the room. In order to ensure the reliability of the test, it is required that 
the test is conducted on a sunny day and no electrical equipment is used indoors. During the 
test, indoor and outdoor air temperature and humidity, surface temperature of inner wall, solar 
radiation and scattering intensity are collected every 10 minutes to explore the indoor thermal 
environment of solar energy saving buildings.

Evaluation index of indoor thermal environment  
of energy-saving residential buildings

The indicators used to evaluate indoor thermal environment include indoor air tem-
perature, effective temperature (ET*), standard effective temperature (SET), Fanger thermal 
comfort equation, predicted thermal sensation index (predicted mean vote-predicted percentage 
dissatisfied PMV-PPD), subjective temperature, and operating temperature.

First, the Fanger thermal comfort equation is:
( ), , , , , 0cq t t v m Rϕ∆ = = (1)

where t [°C] is the temperature in air, φ  [%] – the relative humidity, t ̄ [°C] – the average radia-
tion temperature, v [ms–1] – the velocity of air-flow, m – the metabolic rate, and Rc – the thermal 
resistance of clothing. 

Second, the calculation equation of PMV-PPD:
( )4 2

exp100 95 0.03353 0.217PPD PMV PMV L= + + (2)
where Δq = 0 means that the human body is in a state of heat balance, L – the thermal load of 
human body, and PMV is the generally divided into 7 grades, namely 3 (very hot), 2 (hot), 1 
(slightly hot), 0 (moderate), –1 (slightly cold), –2 (cold), and –3 (very cold). Then ISO7730 
recommends that when PMV > 0-0.5 and <0.5, it is an acceptable thermal environment.

Third, the calculation equation of subjective temperature:
( )33.5 3 0.08 0.05a c ct R R m= − − + (3)

Fourthly, the calculation equation of operating temperature:

0
ht h tt
h h

′ ′+
=

′+
(4)

where t [°C] is the indoor temperature, t ′ [°C] – the average indoor radiant temperature,  
h [Wm–2°C–1] – the convection heat transfer coefficient, and h′ [Wm–2°C–1] – the radiation heat 
transfer coefficient.

According to regulations, residential buildings with centralized heating need to be 
built in frigid or cold areas in China, and the average indoor temperature needs to be about 16 °C  
in thermal design. However, the heating measures in rural areas are all self-built, so this method 
is not applicable to all northwest areas. In the design of passive solar heating buildings, the 
indoor temperature should be 14-15 °C in winter, the indoor temperature fluctuation should not 
exceed 10 °C in a day, and the indoor temperature should not be less than 10 °C at night.

Construction of heat transfer model  
of phase change heat storage wall

Adding PCM to the wall and applying it to the solar building can effectively change 
the indoor thermal environment. Because the PCM will absorb or release a considerable amount 
of heat energy at the same time when the temperature is constant and will transfer the heat ener-
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gy to the wall, the heat transfer model of the heat storage wall based on the PCM is constructed 
in this study. The human effects of solar radiation on buildings are uneven, so the meteorolog-
ical data of the winter solstice in Lhasa are used to calculate the outdoor comprehensive tem-
perature. The calculation equation of outdoor comprehensive temperature:

e
O e

I q
T T

α

ρ
α
−

= + (5)

where I [Wm–2] is the total solar radiation  received by the outer surface of the enclosure struc-
ture per unit area, ρ – the solar absorption rate of the outer surface of the envelope structure 
(0.7), qe [Wm–2] – the effective radiation, αα [Wm–2K–1] – the total heat transfer coefficient of the 
wall surface, about 23.3 W/m2/K in winter. 

In this study, the structure of phase change ener-
gy storage wall is constructed, as shown in fig. 1. The 
brick layer is made of brick masonry with a thickness of 
110 mm, a density of 1700 kg/m3, specific heat of 0.8 kJ/
kg/°C, and thermal conductivity of 0.84 W/m/°C. The 
insulation layer is made of a 40 mm sheet of renewable 
polystyrene with a density of 20 kg/m3, a specific heat 
of 1.38 kJ/kg/°C, and a thermal conductivity of 0.041 
W/m/°C. The PCM has a thickness of 20 mm, a density of 
1558 kg/m3, and a thermal conductivity of 0.58 W/m/°C.

In addition, in this study, the heat transfer coefficients 
of casement windows with single-glass, aluminum alloy 
doors, energy-saving roof, and floor are 2.3, 2.5, 0.41, and  
0.51 W/m2/°C, respectively. It can be observed that the 
heat transfer coefficient on the inner surface of the enclo-
sure is 8.7 W/m/°C, and the heat transfer coefficient on 
the outer surface is 23.0 W/m/°C.

The average indoor air temperature and the aver-
age integrated outdoor temperature of the building are 

obtained after testing, and then the average temperature of the inner surface of the wall is cal-
culated. The specific calculation equation:

( )
0

I
I I O

RT T T
R

θ = − − (6)

where T ̄I [°C] is the average indoor air temperature, TO [°C] – the average integrated tempera-
ture of outdoor air, RI [m2KW–1] – the heat transfer resistance of the inner surface of the wall , 
R0 [m2KW–1] – the heat transfer resistance of the envelope. Then, the comprehensive outdoor 
air temperature is calculated by adopting the temperature data of the winter solstice in Lhasa. 
Moreover, based on the built phase change energy storage wall model, simulation is conducted 
to detect the temperature of indoor interior surface of the wall facing different orientations and 
the indoor air.

Results

Features of passive solar buildings in different regions

Generally, the main heat collection structure of passive solar energy building is verti-
cally arranged in the south. Therefore, the irradiance temperature difference ratio (ITR) to the 

InsideOutside

Brick layer

Insulation

PCM

Figure 1. Heat storage wall model 
based on PCM
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south and the solar irradiance, I, in the south are selected as indicators of division. The climate 
in the heating area can be divided into four types, as shown in tab. 1.

Table 1. Climate division of passive solar heating area
Partition ITR [Wm–2°C–1] I [Wm–2] Typical cities

Best
SH Ⅰa ≥ 8 ≥ 160 Lhasa, Shigatse, Qamdo
SH Ⅰb ≥ 8 <160, ≥ 60 Kunming, Dali, Kowloon

Suitable
SH Ⅱa < 8, ≥ 6 ≥ 120 Xining, Yinchuan, Dunhuang
SH Ⅱb < 8, ≥ 6 < 120, ≥ 60 Kangding, Jiuquan, Zhaotong
SH Ⅱc < 6, ≥ 4 ≥ 60 Beijing, Tianjin, Shijiazhuang

General SH Ⅲ < 4, ≥ 3 ≥ 60 Urumqi, Shenyang, Jilin

Inappropriate
SH Ⅳa ≤ 3 – Chengdu, Chongqing, Nanyang
SH Ⅳb – < 60 Suining, Nanchong, Daxian

The main heat collection devices used in buildings are direct beneficiary window, heat 
collection and storage wall, and heat storage roof. The most common heating methods in rural 
areas are direct beneficiary window and heat collection and storage wall, etc. After mixing these 
two methods, economic heating methods can also be obtained.

Testing results of indoor and outdoor thermal  
environment of original residential buildings

In this study, the outdoor thermal environment test of residential buildings is con-
ducted first, and the results are shown in fig. 2. It can be observed from fig. 2(a) that the out-
door temperature peaks around 14:00 on the test day, and the maximum temperature is around  
4.2 °C, and the temperature reaches a trough at 24:00, and the lowest temperature is around  
–2.1 °C. The air temperature difference between day and night reaches 6.3 °C, and the aver-
age air temperature on the test day is 1.54 °C. The relative humidity in the air reaches its peak 
around 11:00 (about 43.5%) and reaches a trough at 0:00 (about 16.1%). The air humidity dif-
ference between day and night reaches 27%, and the average relative humidity is 24.4%. It can 
be found that the region is cold and dry in winter, the temperature difference between day and 
night is large, and the relative humidity is low. As can be observed from fig. 2(b), the sunshine 
time on the test day is about 8h, and the solar radiation peak peaks at around 14:00, with the 

Figure 2. Variation of outdoor air temperature and humidity and solar radiation intensity;  
(a) shows the change of outdoor air temperature and humidity, (b) shows the variation of  
outdoor solar radiation intensity
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highest radiation intensity of 768.7 W/m2 and the average radiation intensity of 441.8 W/m2. 
The scattering intensity of the sun also reaches its peak around 14:00, with the highest scatter-
ing intensity of 231.1 W/m2 and the average scattering intensity of 156.3 W/m2. The radiation 
intensity of direct solar radiation accounts for 67.6% of the total radiation intensity, indicating 
that the solar radiation intensity in the region is higher in winter.

The internal and external surface temperatures of the north and south walls are tested, 
and the results are shown in fig. 3. As can be observed from fig. 3(a), the temperature change 
trend of sitting room, south bedroom, and north bedroom is basically consistent, and because 
the sitting room is also located in the south, the temperature difference of the sitting room and 
south bedroom is not big therefore. The average temperature in the sitting room is 12.2 °C, the 
average temperature in the south bedroom is 13.1 °C, and the average temperature in the north 
bedroom is 9.8 °C. The difference in temperature between the north bedroom and the south 
bedroom is 3.3 °C. As can be observed from fig. 3(b), the external temperature of the south wall 
fluctuates greatly, with the highest temperature around 14:00 (about 21.7 °C) and the lowest 
temperature around 7:00 (4.2 °C). The temperature difference is 17.5 °C, and the average exter-
nal temperature of the south wall is 9.5 °C. The average temperature outside the north wall is 
only 3.8 °C, and the temperature difference is 4.6 °C. The average temperature inside the south 
wall is 13.4 °C, and the temperature difference is 6.2 °C. And the average temperature inside 
the north wall is 7.9°C, with a temperature difference of 1.5 °C.
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Figure 3. Variation of internal and external surface temperatures of different rooms and north 
and south walls; (a) shows the temperature changes in different rooms, (b) shows the change of the 
internal and external surface temperatures of the north and south walls

Test results of indoor and outdoor thermal environment 
of phase change energy storage building

The change of indoor temperature of Lhasa on winter solstice and that of residence 
with phase change energy storage wall heat transfer model are compared. It can be observed 
from fig. 4(a) that the variation trend of outdoor horizontal surface, east wall, west wall, south 
wall, north wall, and air temperature is basically the same on the winter solstice day, and the 
average temperature is 0.64 °C, 1.59 °C, 0.75 °C, 3.18 °C, 0.37 °C, and 1.59 °C, respectively, 
among which the average temperature of the south wall is the highest. As can be observed 
from fig. 4(b), the indoor temperature of residences with phase change energy storage wall heat 
transfer model is the lowest around 9:00, which is 11.38 °C. The temperature reaches a peak at 
around 17:00, that is, 25.33 °C, and the temperature difference is 13.95 °C. As can be observed 
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from fig. 4(c), the surface temperatures of the indoor walls of the residences with the phase 
change energy storage wall heat transfer model are not very different, among which the average 
temperatures of the indoor east wall, west wall, south wall, north wall and air are, respectively 
16.62 °C, 16.56 °C, 16.75 °C, 16.52 °C, and 17.25 °C.

0 4 8 12 16 20 24
-10

-5

0

5

10

15

20

Level

East wall

West wall

South wall

North wall

Outdoor air

0 4 8 12 16 20 24
0

5

10

15

20

25

30

(a) (b)Time [hour]

Te
m

p
er

at
u

re
 [

C
]

o

Te
m

p
er

at
u

re
 [

C
]

o

Time [hour]

Discussion

In this study, it is found that the indoor temperature difference between the north bed-
room and the south bedroom in a residential house in Lhasa is 3.3 °C, and the temperature of 
the south bedroom is higher than that of the north bedroom because the south bedroom faces the 
sun. It can be observed that solar radiation has an important contribution the thermal stability of 
the room. The main heat sources in the room are all from the passive heat collection of single 
glass external windows in the south direction. However, the temperature variation in different 
time periods is quite different, which indicates that the indoor thermal environment still needs 
to be further improved. Through the indoor and outdoor thermal environment test in Lhasa, 
it can be concluded that the solar radiation in this area contributes a lot to the indoor thermal 
environment, but there are still large indoor temperature differences and other problems. There-
fore, it is necessary to build an envelope enclosure for thermal energy storage to maintain and 
improve the stability of the indoor thermal environment. By analyzing the outdoor integrated 
temperature of different orientations, it can be found that the outdoor integrated temperature 
of the south wall fluctuates greatly, and the outdoor integrated temperature of the north wall 
fluctuates least. Zhang et al. analyzed the heat transfer process of building envelope in Shanghai 
area in summer, and found that the cooling rate of exterior wall surface in the south direction 
was lower than that of other orients, indicating that the solar absorption rate of southern wall 
was higher [13].

Figure 4. Testing results of indoor and 
outdoor thermal environment of energy-
saving buildings; (a) shows the change 
of the comprehensive average outdoor 
temperature, (b) shows the change of 
indoor air temperature, and (c) shows 
the difference in the average surface 
temperature of different indoor walls
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The PCM is a kind of latent heat storage material. Because of its ability to absorb 
and release latent heat, PCM is often used to improve the thermal performance of buildings. 
Kharbouch et al. [14] applied PCM to enhance the thermal performance of building envelope, 
and found that the application of PCM to wall or roof could increase the indoor thermal perfor-
mance, and the effect of applying PCM on the inner side of the wall is more obvious. Therefore, 
in this study, the PCM is applied on the inside of the wall (close to the interior) for subsequent 
research. The PCM is used to build an energy storage wall model for passive solar energy 
buildings, and indoor temperature of residential buildings is simulated with the temperature 
data of the winter solstice in Lhasa area. The results show that all the indoor temperatures are 
kept above 10 °C. Chen et al. [15] found that the application of PCM to the north wall of solar 
greenhouse increased the heat storage capacity of the wall by 35.27-47.89%, and increased 
the effective accumulated temperature by 1.58-4.16 °C. This is basically consistent with the 
research results that the original room temperature of the living room is 12.2 °C, and the in-
door temperature increases by 5.05 °C after PCM is used to build the energy storage wall. Lee  
et al. [16] applied PCM to residential walls in the east, west, south, and north directions and 
evaluated their thermal performance. The results showed that the average daily heat flux of 
different walls decreased by 25.4%. While in this study, it is found that the average temperature 
inside the original indoor south wall is 13.4 °C, and the average temperature inside the north 
wall is 7.9 °C. When PCM is applied to passive solar buildings, the average temperature of 
the inner surface of the south wall and the north wall is 16.75 °C and 16.52 °C, respectively, 
increasing by 25.0% and 109.1%.

Conclusion

In this study, taking Lhasa with high sunshine as the research object, the indoor and 
outdoor thermal environment differences of residential buildings in Lhasa in winter are evaluated. 
Then, a phase change energy storage wall is constructed based on passive solar energy building, 
and the changes of interior surface temperature and indoor air temperature of different walls are 
analyzed during the winter solstice. The results show that the radiation intensity of direct solar ra-
diation in Lhasa in winter accounts for 67.6% of the total radiation intensity, belonging to the area 
with high sunshine. The temperature difference between day and night in winter is large and dry, 
and the temperature in the south direction is higher than that in the north direction. After building 
a phase change energy storage wall and simulation with data of winter solstice day in Lhasa, it 
is found that the average indoor temperature can reach 17.25 °C, and the temperature difference 
between the inner surface of different walls is not big. However, there are still deficiencies in 
this study. For example, the influence of the change of thermal parameters of PCM on the indoor 
thermal environment is not analyzed, and further studies in this direction can be carried out. In 
conclusion, the application of phase change energy storage wall in passive solar residential build-
ings in Lhasa can effectively improve the indoor thermal environment.
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