DOCTORAL THESIS

Study on the thermal performance of lightweight wall

using Phase-Change Material

September 2023

LIU ZUAN

2020DBB420

The University of Kitakyushu
Faculty of Environmental Engineering
Department of Architecture

Bart Laboratory






ACKNOWLEDGEMENTS

ACKNOWLEDGEMENTS

The three-year doctoral program has passed by in a flash. My study experience in Japan
during these years has been very precious and unforgettable to me. Until this moment, when
my doctoral dissertation was successfully completed, there is so much gratitude in my heart to
express here.

Firstly, I would like to express my sincere respect and gratitude to my doctoral supervisor,
Prof. Bart Dewancker. Although | could not return to campus at the beginning of the semester
due to COVID-19, | always received your guidance through online meetings, and your practical
academic advice and patient guidance helped me successfully complete my doctoral thesis.
Secondly, | would also like to thank Prof. Gao Weijun and Prof. Fukuda for their academic
guidance and care in my life. | appreciate Prof. Meng Xi from the iISMART at Qingdao
University of Technology for your support of my academic research during the COVID-19
pandemic. Additionally, | would like to thank Dr. Zhang Tao for his assistance in my daily life
after | arrived in Japan.

Meanwhile, I also want to thank Prof. Shiraishi, Prof. Hoki and Prof. Yamamoto for your
valuable comments and suggestions on my doctoral thesis.

Furthermore, | would also like to express my gratitude to the teachers at the University of
Kitakyushu International Student Support Center for you continuous help and care in my
studies and daily life. At the same time, | want to thank my fellow colleagues from Bart Lab:
Dr. Chen Shuo, Dr. Chen Shiyi, Dr. Wang Di, Dr. Wang Jinming, Dr. Dai Jialu, Dr. Mo
Wensheng, Dr. Bao Xin, Dr. Wang Junru, Dr. Siswanti Zuraida, Dr. Athina Ardhyanto, Dr. Chen
Chen, Dr. Huang Gonghu, Dr. Liu Yuanhao, Dr. Zhang Tianyang, Dr. Zeng Qian, Dr. Luo Yu,
Dr. Wu Hao, M.s. Liu Tianyu, M.s. Li Yuting, and M.s. Satrio Agung Perwira. Thank you all
for your help during my doctoral studies in Japan. Further, | want to thank my parents for their
support in my studies, and for helping me to take care of my young son. I also thank my wife,
Dr. Hou Jiawen, for her support, help, and companionship during my doctoral studies in Japan.

Finally, I would like to express my gratitude once again to the teachers, classmates,

relatives, and friends who gave me help and support. Thank you all!






ABSTRACT

ABSTRACT

Phase-change material (PCM) integrated into walls has been extensively studied and
optimized, proving its effectiveness in thermal performance improvement of the wall. Among
them, it can be drawn that the heat storage and release of PCM are affected by various factors,
such as PCM thermo-physical parameters, application objects, installation locations, and
climatic conditions, which are complex and non-linear. However, the current research mostly
focuses on a specific factor, which makes the existing conclusions, rules, and interrelationships
between the obtained influencing factors too absolute and flawed. Therefore, the typical unit
lightweight walls (mainly thermal insulation materials) were taken as the research object to
ascertain the basic scientific problem of the influence laws and suitability of different PCM
thermo-physical parameters on the thermal performance of lightweight walls under different
thermal boundaries through theoretical analysis, numerical simulation, and experiment.
Meanwhile, evaluate the energy-saving potential (cooling and heating) of lightweight walls
using PCM applied to buildings and determined economic feasibility in different climates/cities.

First of all, in Chapter 1, the effectiveness and difference of PCM application in different
structural forms under different climatic conditions were obtained by reviewing the previous
studies. Meanwhile, the thermo-physical parameters of PCM affecting its application effect
were summarized. Eventually, the problems existing in the application of PCM in lightweight
wall, the research contents, and the purposes of this paper were clarified.

Next, in Chapter 2, the mathematical heat transfer model of lightweight wall using PCM
was established, and enthalpy method was used as solution method and validated by numerical
simulation (CFD). Then, proposed the evaluation indexes for the effect of PCM on the thermal
performance of lightweight wall.

Then, in Chapter 3, analyzed and evaluated comprehensively the influence rules of
different PCM thermo-physical parameters (phase-transition temperature, location, thickness,
latent heat, thermal conductivity, density, specific heat) on the thermal performance of
lightweight wall by establishing four heat transfer model of lightweight wall using PCM.

In Chapter 4, assessed the influence laws and contribution efficiency of different PCM
thermo-physical parameters on the thermal performance of lightweight walls with different
thermal resistances (Rut) by establishing four heat transfer models of walls with different Rus.

After that, in Chapter 5, the difference in the thermal environment around the external
surface of the wall in different directions was tested and analyzed by manufacturing a small-
scale lightweight building. Then, the influence laws and contribution efficiency of PCM

thermo-physical parameters on the thermal performance of walls in different directions were
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explored using the thermal environment in different directions as the thermal boundary
conditions, and the suitable parameter values were obtained.

Subsequently, in Chapter 6, based on the above research results, four different
kinds/configurations of lightweight walls were built, and the typical winter and summer climate
characteristics were used as the thermal boundary conditions to discuss the influence laws and
effectiveness of different kinds/configurations of PCM on the thermal performance of
lightweight walls in summer and winter, and propose the suitable PCM configurations for both
summer and winter.

Further on, in Chapter 7, the regulation ability of PCM on the thermal performance of
lightweight walls and indoor thermal environments in different seasons (summer, transition
season, and winter) under a natural environment (no mechanical equipment) was discussed by
experimental measurements. Then, the energy-saving potential of the composite PCM in
different seasons under natural conditions was calculated by theoretical equations.

Afterward, in Chapter 8, the energy-saving potential (cooling and heating) of lightweight
walls using PCM applied to buildings was evaluated by using EnergyPlus, and economic
feasibility (including payback period for different PCM amounts, and the maximum acceptable
PCM cost price for different climates/cities based on a certain payback period) in different
climates/cities was determined by static payback period (SPP).

Eventually, the main research results of this paper were summarized in Chapter 9.

Overall, this paper reveals the influence law of PCM thermo-physical parameters on the
thermal performance of lightweight walls under different thermal boundaries and points out the
optimal parameters and configurations of PCM for improving the thermal performance of
lightweight buildings as well as the energy-saving benefits. The research results can provide a
systematic evaluation method for effect of PCM applied to opaque envelopes under different
thermal boundaries at the theoretical significance. Meanwhile, the research results can also
provide reference for decision-makers to select suitable PCM products in lightweight wall or
building in terms of energy-saving and economics, as well as provide data support for

manufacturers to develop innovative energy-saving lightweight wall products using PCM.

Keywords: Lightweight wall; Phase-change material (PCM); Thermal performance; Different
thermal boundaries; Effectiveness; Energy-saving;
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CHAPTER ONE: RESEARCH ON BACKGROUND, REVIEW AND PURPOSE

1.1 Introduction
111 Research background

Energy is essential for human survival and economic and social development. However,
with the acceleration of industrialization and urbanization, higher energy consumption often
follows. Currently, the majority of the world's energy is generated through burning non-
renewable fossil fuels, leading to the emission of carbon dioxide and other greenhouse gases
that exacerbate climate change. As a result, countries committed to addressing climate change
following the 2015 Paris Climate Change Agreement by (a) reducing overall energy
consumption through developing more energy-efficient products and processes, and (b)
meeting a greater proportion of their total energy demand through renewable energy sources
such as solar, wind, and tidal energy. In industrialized and highly urbanized societies, the three
main sectors responsible for most of the energy consumption are industry (28.6%),
transportation (29.1%), and construction (29.4%). In 2017, buildings (including public,
residential, and commercial) accounted for nearly 30% of the world's total energy consumption
[2]. The building and construction sector's total energy consumption has been increasing due to
the rise in global construction and the greater use of high-energy equipment and materials.
According to the International Energy Agency (IEA), the construction sector is responsible for
24% of the world's total CO, emissions and 40% of the total primary energy consumption [3,4].
This huge amount of energy consumption has led to an increase in hazardous gas emissions
year by year as the industry grows and demand increases. In order to cope with climate change
and reduce environmental pollution, practical solutions include the use of renewable energy,
the development of energy-saving technologies, and the application of low-carbon emission
processes. However, to successfully execute these programs, the building must be viewed as a
substantial, untapped source of energy efficiency, and much can be done to develop its energy-

saving potential, as reported by the International Energy Agency [2].

As a result, the thermal performance of the building envelope has a direct impact on the
energy consumption ratio of a building since it determines the indoor thermal and cooling loads
[5]. Today's ideal building should meet both high energy efficiency and low greenhouse gas
emissions. Therefore, applying various energy-saving technologies to the building envelope is
one of the important ways to save energy and reduce emissions. Heat, Ventilation, and Air
Conditioning (HVAC) engineers have taken many measures to reduce the energy consumption
of buildings, such as combining external walls, hydraulic systems, radiant heat regulation, and
heat storage devices [6]. At the same time, many meaningful new building envelopes have also

developed, such as passive solar walls [7], lightweight concrete envelopes [8], ventilated walls

1-1



CHAPTER ONE: RESEARCH ON BACKGROUND, REVIEW AND PURPOSE

[9,10], phase-change envelopes [11,12], radiant cooling coatings [13], and so on. These energy-
saving technologies in three main ways: energy saving in the building envelope, energy saving
in the heating system, and new energy development and utilization, thereby regulating indoor
thermal comfort through the building envelope together with the important parts of the building
while influencing building energy consumption to a large extent [14]. The building envelope
accounts for approximately 50% of the heating and cooling load and 36% of the final global
energy use of buildings, according to statistical data [15]. Therefore, enhancing the insulation
and energy storage performance of the building envelope is of utmost importance to ensure

indoor thermal comfort while reducing building energy consumption.

For buildings, the exterior envelope mainly includes exterior walls, roofs, floors, and
exterior windows. However, according to the U.S. Department of Energy (as shown in Fig. 1-
1), it can be shown that the opaque envelope is the largest contributor to envelope-related energy
use, followed by air leakage (infiltration and exfiltration). Meanwhile, it can be seen that the
building walls have the highest percentage of energy use compared to other opaque envelopes.
The main reason is that the area of the wall can represent up to 80% or more of the area of the
external surface exposed to outside air and solar radiation. On the other hand, walls are affected
not only by air temperature but also by uneven solar radiation, which makes the external
boundary conditions of walls more complex than those of roofs and floors, resulting in higher
energy consumption. Therefore, it is necessary to first ascertain the thermal performance of the
wall under different external thermal boundary conditions, on the basis of which improving the

thermal performance of the wall can help to rapidly reduce the building energy consumption.

__JEE
Walls

. Foundation

B infittration

0 1 2 3 4 5 6 7
Primary Energy (quads)

Residential

Commercial

Fig. 1-1. The breakdown of energy use by building envelope component in

residential and commercial buildings during the heating and cooling seasons [16,17].

Previously, the wall of the building was wide, which could store large amounts of sensible
heat and then provide natural regulation in the indoor thermal environment by controlling
temperature changes [18]. However, in modern buildings, the thermal mass of the walls has
been reduced to save material, time and transportation costs. Ultimately, lightweight
construction has gained explosive development in recent years due to its speed of construction,

portability, low cost, and adaptability [19], but this has also led to a reduction in the heat
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capacity of walls [20]. As a phenomenon, the internal surface of the envelope with low heat
capacity often produces large temperature and heat flow fluctuations under the influence of
outdoor temperature fluctuations, resulting in reduced indoor thermal comfort. Xu et al. [21]
experimentally tested the indoor thermal environment of lightweight buildings in summer, and
the results are shown in Fig. 1-2, where it was found that the maximum temperature difference
between indoors and outdoors can reach 11°C in summer. Therefore, maintaining a high level
of indoor thermal comfort in lightweight buildings often requires more use of air conditioning
or heating equipment, which negatively affects building energy efficiency, so much so that the
low heat capacity has become a common shortcoming for building envelopes with thermal

insulation material (TIM) configurations [22].

46 Indoor air temperature(No PCM)} . - -

N No PCM Room
4 a1y Fn |4T=1155C — = With PCM room
Sl LR D — Out .
: T \‘ ’,4‘ A Outdoor temper%fful Q_

Y :

Temperature (°C)

Outdoor air temperature

I 0 1 I 1 1 1 1 1 1 ! 1 1 ! 1 1 ; 1

| 2 3 4 5 6 7 s 9 10
Time/d

Fig. 1-2. Indoor air temperature of lightweight building in summer [21].

A new type of phase-change energy storage material (PCM) has been developed and
applied to solve the problem of indoor thermal comfort and energy-saving in lightweight
buildings. PCM is a class of materials that absorb and release large amounts of heat (i.e., latent
heat) during melting and solidification, and its latent heat level is usually two orders of
magnitude higher than that of ordinary building materials (i.e., concrete, gypsum or mortar).
Therefore, high levels of heat capacity values are expected to be obtained if PCM is properly
introduced, especially for light or thin building envelopes. Several researchers, including Liu
et al. [23], De Gracia and Cabeza [24], Lecompte et al. [25], Lei et al. [26], Thiele et al. [27],
Moreles et al. [28], Lee et al. [29], Ye et al. [30], and Halford et al. [31], have investigated the
transient thermal performance of building envelopes integrated with PCM through experiments.
The results demonstrate that the integration of PCM can significantly enhance the transient

performance of the building envelope, as evidenced by the smooth fluctuations in room
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temperature and the significant time-shift effects in inner surface heat flux. Further, previous
studies suggest that the proper incorporation of PCM and thermal insulation materials (T1M) in
building envelopes can achieve both high levels of fixed thermal performance (i.e., high thermal
resistance) and transient thermal performance (i.e., stable fluctuation of indoor temperature).
However, the critical and pressing issues that need to be solved include determining the optimal
method for embedding PCM in envelopes based on common thermal insulation materials and

accurately evaluating the thermal performance of building envelopes integrated with PCM.
112 PCM characteristics and types

Phase-change materials (PCM) are a material that absorbs and releases thermal energy by
freezing and melting at a certain temperature. More precisely, PCMs are capable of storing and
releasing heat energy by undergoing a transition from one state to another during the melting
and freezing process. This property enables PCMs to release significant amounts of heat energy
through either latent heat or crystallization during the condensation process, while absorbing
an equivalent amount of heat from the surrounding environment when the material is melted as
it changes from a solid to a liquid. As a result, PCMs can store and release thousands of thermal
energy without altering their thermal properties. In heat storage, PCM technology is not only
limited to sensible heat but can also utilize latent heat to enhance its heat storage capacity [32,
33]. The PCM transition cycle is depicted in Fig. 1-3 [34].

Absorbed heat Released heat

%\\,Jlf» »@ff
.@»:> ~ . PO
TR 7T 5

1

N\
Sensible heat

I Latent heat |  Sensible heat
Solid |  Solid+Liquid | Liquid

I I

O I 1

= I I

I I I

2. | Melting |

5 .

0 (

g !

S | Crystallization

= I
I
1

>
Stored heat energy (kJ/kg)

Fig. 1-3. Heat transition zones of PCM [34].
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The excellent energy storage capabilities of PCM make it a popular choice for enhancing
performance and safety in various applications. PCM is commonly used in building materials,
electronic equipment, lithium-ion batteries, and solar systems due to its unique advantages,
such as high energy density, abundant natural resources, and a wide temperature range [35,
36]. However, for most applications, PCMs with a narrow phase-transition temperature range,
high latent heat, and strong chemical stability are preferred because they can store and release
more energy in cycles. Additionally, phase change materials have a wide melting point range
[37], which is why they are widely used in many different practical applications, including
developing smart thermal micro-grids, portable thermal batteries, indoor thermal management
systems, thermo-regulating textiles, warm supply thermal protection, solar-driven cookers,
solar heating systems, water heaters, refrigerators, air-conditioning, cooling, enhancing
thermal comfort in buildings, improving thermal performance of building materials,
fabricating energy-saving equipment, healthcare, and food preservation [38-40]. Overall, in
any application that relies on controlled and efficient thermal energy storage and release, PCM
offers significant benefits by utilizing its melting and crystallization behavior. However, it is
essential to select the phase-transition temperature (i.e., operating/working temperature) of the
PCM for a given practical project in the temperature range of the given application. Otherwise,
their performance will be no different from that of conventional sensible heat storage materials,

and the latent heat action will not occur [41].

PCMs are widely used in latent heat thermal energy storage systems (LHTES) and can be
classified into four states based on the phase-change mechanism and the phase-transition
temperature [42]: solid-solid (S-S), solid-liquid (S-L), solid-gas (S-G) and (4) liquid-gas (L-
G) (as shown in Fig. 1-4). Among them, solid-liquid PCMs are commonly used due to their
compatibility with building materials. Other types of PCMs such as solid-gas and liquid-gas
are not commonly used because they exhibit technical limitations such as large volume
changes and high gas phase pressure during the phase transition process [43-45]. Therefore, it
will not be discussed further. In addition, although there are various PCMs with different
melting point ranges on the market, the most commonly used solid-liquid PCMs can be
divided into three categories: organic, inorganic and eutectic mixtures. Solid-solid PCMs have
been reported to have an advantage over solid-liquid PCMs as they allow for direct
incorporation into building materials and components without the need for
nano/microencapsulation technology [46], and this feature can lead to lower costs. However,
although solid-solid PCMs are considered to have good compatibility with construction

materials, so far, no studies have investigated this.
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Fig. 1-4. Classification of PCMs [42].

Solid-liquid phase change materials (PCMs) are popularly used as effective thermal energy
storage materials owing to their ability to store, absorb, or release large amounts of thermal
energy through a phase change, while maintaining nearly constant temperature. Meanwhile,
they undergo relatively small volume changes during phase changes compared to liquid-gas
PCMs [47], and they have higher latent heat storage capacity than solid-solid PCMs. However,
their practical usage is limited by their poor shape stability during phase change, which
necessitates encapsulation techniques to maintain their original solid state, ultimately
increasing the overall cost [47]. In addition, solid-liquid PCMs face other operational problems,
such as super-cooling and corrosion [48]. By contrast, the characteristics of PCMs superior to
other materials make these advantages and disadvantages of different PCMs lead to different
processing, formulation, and ultimately meeting the requirements of use. The utilization of
phase change materials (PCMs) in buildings can lead to a reduction in heating and cooling loads
by decreasing heat transfer through the building envelope, while simultaneously maintaining
indoor temperatures within the occupants' thermal comfort range by minimizing temperature
fluctuations, especially for lightweight buildings, as illustrated in Fig. 1-5 [49]. The primary
mechanism involves the PCM reaching its melting temperature during the day when the room
temperature rises, and the chemical bonds in the material break, resulting in additional heat
being absorbed by the material changing its state from solid to liquid [50]. Similarly, when the
temperature drops below the freezing point of the PCM at night, the PCM releases energy and
changes its state from a liquid to a solid [51]. Hence, if the melting and freezing temperatures
are appropriately matched to the desired indoor comfort temperature, they can help decrease

the heating and cooling loads by absorbing and releasing additional heat [50].
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Fig. 1-5. Schematic of the working principle and thermal inertia of PCM in walls [49].
1.2 Literature review
121 Study on PCM integrated into different walls

PCMs have gained recognition as a promising energy storage material for energy-saving
applications in buildings [52]. Researchers have integrated PCM with conventional building
materials such as gypsum [53], brick [54], and concrete [55] to enhance the thermal
performance of the materials. However, the factors affecting the energy performance of PCM
composites for buildings include the phase-transition temperature, energy density, and shape of
the enthalpy curve, as well as the climate zone [56]. Arivazhagan et al. [57] compared building
blocks with integrated PCM (melting point of 30 <C) with normal building blocks in Chennai,
India, and demonstrated that the maximum air temperature in the room decreased by 3 <C, and
the temperature fluctuations weakened. Similarly, Cabeza et al. [58] prepared PCM energy
storage concrete by blending concrete with PCM having a melting point of 26 <C, which
showed better thermal conductivity compared to ordinary concrete and maintained the room
temperature around 25 <C for a longer duration. Furthermore, Liu et al. [59] combined PCM
(phase-change temperature of 44 <C) with foamed cement and concluded that a 30% PCM
content offers the best thermal storage performance for climate regions with peak temperatures
below 42.5 <C. Meng et al. [60] created PCM foamed cement using physical methods with
PCM having a phase-change temperature of 32 <C and found that the PCM foamed cement roof
could reduce the inner surface temperature by 2.9 <C. Shen et al. [61] produced PCM concrete
thermal storage blocks by adsorbing paraffin wax on crushed lightweight shale ceramic

particles at a melting temperature of 58.13 <C. The average specific heat capacity of PCM
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concrete thermal storage blocks increased by 41.23% compared to that of ordinary concrete.
Additionally, Mahdaoui et al. [62] observed that using PCM hollow blocks could stabilize and
reduce indoor temperature fluctuations in extreme weather areas of Morocco. Frazzica et al.
[63] developed composites by incorporating MEPCM into standard mortars and identified that
the optimal melting temperature for the Sicilian climate was 27 <C. Al-Yasiri et al. [64] found
through experimental studies that using PCM concrete blocks with a phase-change temperature
of 44 <TC can significantly enhance the thermal performance of concrete blocks in hot climates.
In contrast, the optimal PCM melting point for buildings in mild climates (such as Fargo

summer) was around 24 <C for improving indoor thermal comfort [65].

In addition, unlike concrete or mortar, gypsum board is an interior decoration material
commonly used to retrofit existing buildings, and it has also been extensively studied to
incorporate PCM into gypsum board so far. For instance, Lee et al. [66] found that the use of
10% shape-stabilized PCM in gypsum board reduced the cooling energy of a building by 3.4%
in summer. Behzadi and Farid [67] demonstrated that a 13 mm thick gypsum board with 24-
26% PCM had high thermal inertia, resulting in energy consumption reductions of 34.5% in
summer and 21% in winter. Sharifi et al. [68] conducted numerical simulations and concluded
that gypsum boards containing 50% PCM by volume could lower energy consumption for air
conditioning in buildings by 39%, reducing heating demand by 59% and cooling demand by
31%. However, more research is necessary to evaluate the practicality and cost-effectiveness
of adding large amounts of PCM to gypsum board. Wi et al. [69] injected PCM into a hollow
gypsum board, which led to a 7.2 <C reduction in the peak temperature of the PCM gypsum

board.

Meanwhile, in recent studies, researchers have explored the thermal performance of
various walls integrated with phase change materials (PCM). Zhou et al. [70] conducted a
comparison of the thermal behavior of shape-stabilized PCM, brick, foam concrete, and
expanded polystyrene (EPS) at different outdoor temperatures based on an enthalpy method
model. Results showed that shape-stabilized PCM had the best delay time and attenuation rate.
Gao et al. [71] filled PCM in hollow bricks and found that the attenuation rate could be reduced
from 13.07% to 0.92% -1.93%, and the delay time increased from 3.83 h to 8.83 h-9.83 h. At
the same time, Jia et al. [72] found that combining both thermal insulation material (TIM) and
PCM could comprehensively improve the thermal resistance and thermal inertia of hollow
bricks. What's more, Li et al. [73] obtained through EnergyPlus simulation that integrating PCM
in the ordinary foamed concrete wall could reduce the annual heating load by 4.74%. Liu et al.
[74] observed that the delay time could be added to 6.86 hours and the attenuation rate
decreased by 90.45%, and the peak heat flux (qpea) and average heat flux (dave) reduced by
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66.52% and 33.39%, respectively, for lightweight wall integrated with a suitable PCM
compared to the reference wall (without PCM). Furthermore, to evaluate the thermal inertia of
a lightweight wall integrated with PCM, Ling et al. [75] proposed a simplified method to
calculate the PCM energy storage coefficient by dimensional analysis and numerical simulation.
Based on this method, Sun et al. [76] derived that the thermal inertia index of lightweight walls
could be improved by 60.3% with suitable PCM. In summary, the application of PCM in
buildings has been widely studied, but the contribution efficiency of PCM integrated into
different walls varies greatly. For this reason, Wu et al. [77] analyzed the effect of thermal
properties of walls on the contribution efficiency of PCM layers. It was found that the thermal
properties of the wall have a great influence on the contribution efficiency of the PCM layer.
The higher the heat transfer coefficient or, the lower the thermal inertia, the better the operation

of the phase-change thermal storage capacity.

1.2.2 Contribution benefits of PCM to building energy-saving under different climate

characteristics

In recent years, PCM has been used to improve the energy efficiency of building energy-
saving and solar heating systems, which are recognized as the most practical ways to reduce
fossil fuel consumption [78,79]. Many studies have been conducted on the application of PCM
in buildings, demonstrating its effectiveness in reducing energy consumption. Among them,
Shen and Liu [80] used EnergyPlus to investigate the energy-saving potential of integrating five
PCM layers on the outer wall of a single-family house in a warm climate area (South Texas,
USA). It was concluded that the reduction of heating demand was between 7.9% and 54.34%,
while the cooling demand was between 1.2% and 7.2%. In the meantime, Mi et al. [81]
examined the effect of PCM on the energy consumption of multi-story office buildings in
different climate zones (Shenyang, Zhengzhou, Changsha, Kunming, and Hong Kong) in China
and found that energy savings were more significant in hot summers and cold winter zones
(Changsha). Alam et al. [82] compared the effects of PCM with different phase-transition
temperature ranges in eight Australian cities and discovered that the effectiveness of PCM was
highly dependent on the local weather, temperature range, PCM layer thickness, and surface
area. Also, it was pointed out that PCM integration into buildings could provide 17-23% annual
energy savings for houses in hot and humid cities such as Darwin. Besides, Lei et al. [83]
evaluated the energy-saving potential of a single-zone building containing PCM in Singapore
(tropical climate zone) and concluded that adding a PCM layer on the outside of the wall could
reduce the annual cooling load by 26%. The authors also emphasized the importance of

selecting a suitable PCM for this climate zone.

1-9



CHAPTER ONE: RESEARCH ON BACKGROUND, REVIEW AND PURPOSE

On the other hand, the use of phase change materials (PCM) has been investigated by
several researchers for its energy-saving benefits in air conditioning and free-running buildings
during hot seasons. Ascione et al. [84] found that the use of PCM with a melting temperature
of 29 °C reduced the cooling demand by 7.2% in Ankara and less than 3% in Naples and Seville.
In addition, the same quality of PCM extended the thermal comfort time by 15.4% and 22.9%
in Seville and Naples, respectively. Similarly, Schossiga et al. [85] conducted an experiment in
Germany that showed night ventilation with microcapsule PCM wallboard reduced the
maximum inner surface temperature by 2 °C compared to a reference case without PCM, while
extending the time of indoor temperature below 28 °C by 90%. As well, Aketouane et al. [86]
carried out a numerical study on the energy-saving potential of PCM-filled bricks in six
different climatic zones in Morocco. This study concluded that up to 40% energy saving could
be achieved by determining the optimal phase-transition temperature of PCM. Ozyurt [87]
found through DesignBuilder that placing PCM on the outer surface of walls could significantly
contribute to energy savings in Izmir, especially during the cooling season. Imafidon et al. [88]
pointed out that adding honeycomb PCM to the walls of a renovated building in Ottawa (Canada)
could reduce the heat gained through the walls by 41%.

The effectiveness of PCM in improving the thermal performance of buildings conditions
has been well documented under contemporary climatic. But beyond that, some studies have
investigated the potential of PCM to affect buildings under future climate change. Firstly,
Nurlybekova et al. [89] investigated the impact of PCM on building energy performance in
different subtropical cities (Chengdu, Zhengzhou, Kathmandu, Hanoi, Lucknow, and Islamabad)
under current and future climate conditions. The results revealed that optimal PCM usage could
reduce the building's annual energy demand by 20%-37% under the current climate conditions
and up to 16%-37% in the long term (by 2095), depending on the city. In another study,
Ramakrishnan et al. [90] assessed the overheating risk of a building in Melbourne (Australia)
for three periods (2009, 2030, and 2050) under a pessimistic climate change scenario. The
authors found that combining PCM with a night ventilation strategy could reduce discomfort
time by 65%, 48%, and 46% in 2009, 2030, and 2050, respectively. Recently, Adilkhanova et
al. [91] analyzed the potential of PCM combined with natural ventilation strategies to enhance
the summer thermal performance of lightweight buildings in Kazakhstan under future climate
conditions (by 2095, high greenhouse gas emissions). The authors reported that the use of PCM
with a high melting point was more effective in reducing discomfort time during the summer
season. In summary, it is easy to conclude that the energy-saving contribution of PCM in
buildings is highly correlated with the climatic conditions of its application, which further

illustrates the importance of optimizing PCM applications for different climatic characteristics.
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1.2.3 Study on suitable thermo-physical parameters of PCM

Recently, many scholars have studied the rules for the effective use of PCM in building
envelopes and found that the thermal performance of walls integrated with PCM was affected
by PCM thickness, latent heat, phase-transition temperature, thermal conductivity and location
[92-101]. Selecting the appropriate thermo-physical parameters of PCM is crucial in order to
meet the load demands of different buildings under varying climatic conditions [102].
Furthermore, the optimal application of PCM for thermal comfort requires a comprehensive
analysis of indoor and outdoor temperature and climate conditions, with PCM parameters being
optimized accordingly [103]. As a result, for PCM, the phase-transition temperature, latent heat,
PCM thickness, thermal conductivity, and PCM arrangement (location) were usually
considered in PCM parameter optimization. In the following, we will review the above PCM
parameters to find the differences and insufficiencies in the optimization process of PCM

applications.
(1) The phase-transition temperature of PCM

Recent studies have highlighted the significance of the phase-transition temperature of
PCM in determining its effectiveness in building envelope applications. The phase-transition
temperature should be carefully selected, as a high temperature can lead to a reduction in solar
heat gain during the day, while a low temperature can result in poor indoor thermal comfort
[102]. Therefore, it is crucial to determine the appropriate phase-transition temperature of the

PCM based on the specific application requirements.

Numerous studies have investigated the optimal phase-transition temperature of PCM for
effective use in building envelopes. Jin et al. [104] found that the optimal phase-transition
temperature for heating and cooling storage in a double-layer PCM floor was 38 °C and 18 °C,
respectively. Zhou et al. [105] studied the thermal performance of mixed PCM-reinforced
gypsum and shape-stabilized PCM (SSPCM) in passive solar buildings in Beijing under winter
conditions. The study found that the optimum phase-transition temperature of the composite
PCM consisting of PCM-gypsum and SSPCM was 21 <C. Saffari et al. [106] demonstrated that
phase-transition temperatures of 20 <€ and 26 <C could significantly reduce energy
consumption in air-conditioned residential buildings in different climates. Similarly, Alam M
et al. [107] reported that the optimal phase-transition temperature for PCM roofs to regulate
room temperature in Melbourne was 25 <C. However, Yan and Wang [108] suggested that the
phase-transition temperature for PCM in the building envelope should be 2 <C higher than the
minimum outdoor temperature in summer and preferably between 20 <C and 30 <C. In contrast,

Sun et al. [109] studied the optimal phase-transition temperature of PCM in five typical cities

1-11



CHAPTER ONE: RESEARCH ON BACKGROUND, REVIEW AND PURPOSE

under five different climate zones of China and believed that the phase-transition temperature
of PCM should be at least 3 <T higher than the average outdoor temperature. Furthermore, Liu
et al. [110] determined that the optimal phase-transition temperature of PCM combined with
night ventilation in office buildings during transitional and high-temperature seasons in 10
cities ranged from 23 <C to 29 <C. The determination of the optimal PCM phase-transition
temperature varies depending on structural form and climatic conditions. Based on this, relevant
studies have further explored to the effect of phase-transition temperature on heat flux of the
exterior wall [111] and the energy-saving potential of new PCM wallboards [112]. Arguing that
the phase change temperature depends on the season and the orientation of the wall, and the
optimal phase-transition temperatures for external and internal walls mainly depend on outdoor
and indoor air temperatures. Meanwhile, Neeper [113] proposed that the optimal phase-
transition temperature for PCM exterior walls depends on the average indoor and outdoor

temperatures and the thermal resistance of the original wall.
(2) The latent heat of PCM

The amount of latent heat stored in PCM is an important factor influencing the thermal
performance of PCM envelopes. Higher latent heat storage capacity leads to higher energy
storage density during the quasi-isothermal process, which can potentially reduce indoor
temperature fluctuations and improve thermal comfort [114]. Nevertheless, selecting the

optimal amount of latent heat is subject to different opinions among scholars.

Kuznik et al. [115] studied the variation of heating demand with latent heat using a low-
energy house and concluded that the optimal latent heat is 178 kJ/kg for a given condition. Xu
et al. [116] suggested that practical applications of composite PCM floors should consider a
balance between latent heat and thermal conductivity, and that the latent heat of the composite
PCM floor should be greater than 120 kJ/kg to reduce indoor air temperature fluctuations. Zhou
et al. [117] found that the latent heat should not be less than 90 kJ/kg for PCM to remain in the
phase-change range for a long period. However, Liu et al. [118] found that the increase in latent
heat is not proportional to its contribution efficiency by numerically simulating the thermal
performance of PCM integrated into lightweight walls, and there exists a relatively suitable
latent heat value of 125 kJ/kg. Sharma et al. [119] compared the effect of different latent heat
of PCM installed in the roof on the indoor heat gain, and observed that the optimal latent heat
for PCM should be within a reasonable range to improve its performance. Zhou et al. [120]
evaluated the effectiveness of different latent heat of PCM set up in the internal and external
walls on the inner surface temperature and daily stored heat. Concluding that a larger latent heat

had a positive effect on diurnal heat storage when all PCMs could complete a phase-change
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cycle in one day. Zhang et al. [102] also believed that the latent heat should be large enough to

keep the indoor temperature in a comfortable range for a longer period [121].
(3) The thickness of PCM

Selecting an appropriate phase change material (PCM) thickness is essential to achieve
optimal thermal performance. The heat absorbed from the room can be significantly increased,
and the heat released into the room can be reduced by selecting the appropriate PCM thickness
in summer, which is the opposite conclusion in winter [122]. As a result, the thickness of the
PCM must be optimized to obtain the best storage effect of the PCM during the day. Kuznik et
al. [123] found that a 1 cm thickness of PCM was optimal by analyzing the effect of different
PCM thicknesses on the daily internal and external temperature fluctuation for a lightweight
building within a 24-hour temperature cycle. In contrast, Meng et al. [124] measured and
simulated the effect of different PCM thicknesses on the indoor environment of a composite
PCM room and found that 4 cm thick PCM was better in winter. However, the small size of the
building and the limited simulation period of 24 hours may not reflect actual situations. For this
reason, Ascione et al. [125] evaluated the effect of different PCM thicknesses on the
performance of a typical large-scale building in Europe and noted that the cooling load
decreased with increasing PCM thickness, and 30 mm thick PCM-gypsum achieved maximum
energy savings. Chen et al. [126] concluded that the optimal PCM thickness was 30 mm with a
latent heat of 60 kJ/kg by studying the effect of different PCM thicknesses and latent heat on

the energy cost and energy-saving rate of indoor heating.

In addition, Xiao et al. [127] simulated the thermal insulation performance of SSPCM
wallboards and studied the effect of PCM thickness on the performance in Beijing during
summer. The authors suggested that the thickness of SSPCM wallboards should not exceed 20
mm for optimal performance. Silva et al. [128] conducted experimental tests and numerical
simulations on building components containing PCM. They found that increasing the PCM
thickness could reduce surface temperature fluctuations and increase the delay time, with a 25
mm PCM amplitude 22% lower than that of 19 mm PCM. Li et al. [129] investigated the
influence of different PCMs on the thermal behavior of conventional walls in Iran and reported
on the variation of inner surface temperature changes of RT-27 PCMs with thicknesses of 10
mm, 20 mm, and 40 mm. Their findings showed that energy storage of PCM was positively
correlated with thickness. Increasing the thickness of PCM leads to a reduction in the heat
passing the wall, but the reduction rate would be weakened as the thickness of the PCM was

increased.

(4) The thermal conductivity
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Thermal conductivity is a crucial factor affecting the performance of phase change
materials (PCM) in thermal energy storage systems. In particular, it plays a significant role in
regulating the heat transfer rate and the phase-change process of the PCM. Various studies have
explored the impact of thermal conductivity on the performance of PCM in different
applications. For example, higher thermal conductivity in PCM can lead to faster melting or
solidification, which is desirable in certain applications. However, it can also reduce the energy-
saving effect of the system in some cases. The optimal range of thermal conductivity varies
depending on the specific application and the envelope structure. Studies have found that lower
thermal conductivity is preferred in multi-layer planar structures, while non-homogeneous
materials require a higher range of thermal conductivity for optimal performance. Therefore,
careful consideration of thermal conductivity is essential in the design and optimization of

PCM-based thermal energy storage systems.

The rate of phase change in PCM wallboards (PCMW) is greatly influenced by the thermal
conductivity of the PCM. In situations where PCM cannot completely solidify or melt for an
extended period, its thermal conductivity is a crucial factor affecting the thermal resistance of
the wallboard and directly impacting the heat flux of the structure [130]. As such, the thermal
conductivity of PCM is a key parameter affecting the heat transfer rate of latent heat thermal
storage systems (LHTES) [131,132]. To this end, Sari et al. [133] investigated the thermal
conductivity and LHTES properties of a paraffin/expanded graphite composite PCM and found
that increasing the thermal conductivity of PCM significantly reduced its melting time. Zhang
et al. [121,134] simulated and analyzed the heat storage and nonlinear heat transfer
characteristics of PCMW and discovered that the energy-saving effect of PCM was negatively
correlated with its thermal conductivity. Zhang et al. [135] also discussed the critical values of
thermo-physical parameters of the envelope by simulating a building in Beijing, finding that
larger thermal conductivity of external thermal mass resulted in slower energy-saving increase,
and the critical value for optimization of internal thermal mass was 0.5 W/(m-K). Meanwhile,
Zhou et al. [136] simulated the effect of combining SSPCM with a ventilation and cooling
storage system and suggested that higher thermal conductivity led to better cooling. However,
the effect became insignificant when thermal conductivity exceeded 0.5 W/(m-K). Further
studies [137-139] indicated that when the envelope is in a multi-layer planar structural mode,
PCM with lower thermal conductivity can achieve more desirable thermal performance. In
contrast, when the phase-change layer of the envelope was in the non-homogeneous material
mode, namely, the distribution of PCM in the layer was not uniform but alternated with other
materials (such as the hollow brick walls), the thermal conductivity of PCM was preferably in
the range of 0.2 W/(m-K) and 0.7 W/(m-K).

1-14



CHAPTER ONE: RESEARCH ON BACKGROUND, REVIEW AND PURPOSE

(5) The arrangement of PCM

The placement of PCM within the wall is a crucial factor in managing and reducing heat
transfer [140]. The arrangement of PCM in the building envelope is considered key to achieving
optimal system performance [141]. Fachinotti [142] and Gounni et al. [143] suggest that higher
thermal performance can be achieved when the PCM layer is located near the inner surface of
the wall. Conversely, Lei et al. [144] used EnergyPlus to model a 3>x3>2.8 m cube to study the
energy-saving effect of building envelopes combined with PCM in tropical Singapore and
found that PCM installed on the outer surface of the wall performed better. Lee et al. [145]
evaluated the thermal performance of PCM in different locations within the walls in different
orientations, finding that the best positions for thin PCM in south and west-facing walls were
position-3 and position-2, respectively (see Fig. 1-6). Jin et al. [146] studied the thermal
behavior of PCM at three different locations within the wall and reported that PCM arranged
near the inner surface of the wall could reduce the peak heat flux of the wall by 11% compared
to a wall without PCM, while the effect on the peak heat flux was minimal when it was located

in the middle of the wall or near the outermost surface of the wall.

Wallboard Insulation material Sheathing
N \ 2 \ y
Indoor Outdoor
/ 2 3 4 )
PCMTS Location

Fig. 1-6. The schematic of the locations of the PCM thermal shields (PCMTS) [145].

Moreover, the optimal location of PCM in the wall was studied by Jin et al. [146], who
suggested that it should be placed at the farthest L/5 from the heat source (as shown in Fig. 1-
7) to achieve the best thermal performance. This conclusion was further supported by Jin et al.
[147], who reported a 41% reduction in peak heat flux and an additional 2-hour delay time by
placing PCM at this optimal location. Moreover, Jin et al. [148] investigated the impact of

external climatic conditions and PCM thermal behavior on the placement of PCMs in the wall
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and found that the optimal location shifted closer to the interior surface of the wall as the inner
surface temperature increased. lzquierdo-Barrientos et al. [111] simulated the thermal
performance of PCM in different locations of the wall during winter and summer and analyzed
the heat gain of PCM in different orientations and locations. The results indicated that the
location of PCM in the wall was primarily determined by the season, wall orientation, and
building use. Additionally, another important result was found by Arnault et al. [149] that the
establishment of the objective optimization function was very important in optimizing the PCM
parameters in the building envelope, and it would directly affect the optimization results to
some extent. Therefore, it also can be considered that the objective function (evaluation index)
is also referred to as the optimization objective in the optimization process of the PCM envelope.
Among them, the thermal performance of walls and energy saving of buildings are the most

considered factors.
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Fig. 1-7. The schematic of wall construction. 1: gypsum wallboard, 2: insulating layer, 3:
oriented strand board, 4: PCM thermal shields, 5: heat source [145].

1.2.4  Summary of research status

The aforementioned study achieved the improvement of material performance and indoor
thermal comfort by adding PCM to traditional building materials [150]. However, the heat
storage and release of PCM are affected by various factors such as PCM thermo-physical
parameters, application object, installation location and climatic conditions, which are complex
and non-linear. In addition, the composite PCM material has different adaptability to different

climatic conditions, and the optimal phase-transition temperature of PCM depends on the
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climatic characteristics [151]. Existing studies often discuss the application of PCM in a single
climate zone. Therefore, selecting the appropriate PCM for buildings with different climatic
characteristics remains a huge challenge. Meanwhile, current studies on suitable parameters for
PCM have found that their suitable parameter values depend not only on climatic conditions
but are also highly correlated with the building structure form and optimization objectives.
Hence, the existing conclusions, rules, and interrelationships between the obtained influencing

factors will likely be too absolute and flawed.

Furthermore, lightweight buildings are widely preferred for their good seismic
performance, environmental protection, and short construction cycle. Nonetheless, lightweight
buildings usually have larger indoor temperature fluctuations than conventional buildings due
to the lower thermal mass. Larger temperature fluctuations not only affect indoor thermal
comfort but also increase the air conditioning load. As innovative materials integrated into
lightweight buildings, PCM can directly improve the thermal inertia of lightweight buildings.
As a result, PCM integrated into lightweight buildings has been extensively studied and
optimized, proving its effectiveness in reducing energy consumption and improving indoor
thermal comfort. However, despite the fruitful research results accumulated by many scholars

on the effective application of PCM, the following issues still need to be further explored:

o Most of the current research has focused on the energy-saving and indoor thermal comfort
of existing PCM. The research on the heat transfer performance of PCM-integrated
lightweight walls with different thermo-physical parameters is insufficient.

e PCM has a positive effect on improving the thermal performance of the wall, but most of
the current research only optimizes the parameters for a particular structure. However, the
thermal physical parameters of PCM suitable for different structural or thermal resistance
walls are very different. Currently, the application research of PCM on different thermal
resistance walls lacks systematicity, especially for lightweight buildings with different
thermal insulation materials or forms.

e The storage and release of latent heat from PCM depend highly on the heat exchange
between the wall surface and the ambient environment when PCM is integrated into a wall.
Currently, most of the studies focus on improving the thermal performance of walls
brought by PCM under fixed thermal boundary conditions. However, for actual buildings,
the thermal environment (especially the solar radiation intensity) varies greatly between
different wall orientations due to the shading effect of the building (or itself). Thus, it is
more practical to explore the thermal performance of PCM integrated into walls with
different orientations.

e The application effect of PCM is highly correlated with climatic conditions. Most current
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studies have focused on a specific climate type or season. For PCM, the inherent phase-
transition temperature may have satisfactory results in summer (winter) but may have
unsatisfactory or negative results in winter (summer). Finding the best PCM kind and
configuration to improve the thermal performance of buildings in different
climates/seasons has not been well solved.

e The current research mostly focuses on optimizing the thermal performance of PCM
integrated walls through numerical simulation under the air-conditioning environment. In
contrast, the long-term comparative analysis of PCM for regulating the walls and indoor
thermal environment in natural environments (without mechanical equipment intervention)
is insufficient. At the same time, the numerical simulation is also ideal. So it is necessary
for actual measurement and analysis under natural thermal environments for the
application effect of PCM.

e There are climate differences in the energy-saving potential of PCM and suitable PCM
parameters/configurations. Finding suitable PCM parameters/configurations for different
climate zones are more conducive to maximizing PCM application benefits. However, the
current studies on PCM parameters/configurations are limited to some of them. At the
same time, the lack of the importance ranking of each parameter/configuration of PCM in
energy saving potential reduces reference information when PCM is selected for use.

e The economics is an important consideration when PCM is selected for use. However, the
PCM cost, energy-saving potential and energy price in different regions are the key factors
affecting its application value. As a result, it is more important to discuss in-depth the

suitability of PCM for different climatic conditions.
1.3 Purpose and content overview of this study

Based on the above problems, the research aims of this paper are mainly (1) to ascertain
the influence laws of PCM parameter on the thermal performance of lightweight wall under
different thermal boundary conditions, and (2) to obtain the energy-saving potential (annual
cooling and heating) of lightweight walls using PCM applied to buildings and determine

economic feasibility in different climates/cities.

Therefore, this study systematically analyzes the influence laws and application effect of
PCM thermo-physical parameters on the thermal performance of lightweight walls and the
appropriate parameter values from the perspective of different thermal boundaries. Afterwards,
the suitability, the influence degree and the selection priority for PCM parameters and
configurations in the context of different climatic conditions and energy prices are proposed

from the perspective of energy-saving. Meanwhile, the effect of different configurations (single
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and double-PCM) and amounts (thickness and utilization area) of PCM on the energy-saving

of lightweight buildings, payback period and economic applicability are evaluated.

The research results can provide a systematic evaluation method for effect of PCM applied
to opaque envelopes under different thermal boundaries at the theoretical significance.
Meanwhile, the research results can also provide reference for decision-makers to select
suitable PCM products in lightweight wall or building in terms of energy-saving and economics,
as well as provide data support for manufacturers to develop innovative energy-saving

lightweight wall products using PCM.

The basic framework of this study is shown in Fig. 1-8. The specific research contents are

described as follows:

In Chapter 1, the research content and purpose of this paper are determined based
on the research background and research status.

Firstly, the current status of building energy consumption, energy-saving technologies,
indoor thermal environment characteristics of lightweight buildings and PCM characteristics
are introduced. Then, the effectiveness of PCM application in different structural forms is
reviewed through a large number of previous studies, and the difference in the contribution
benefits of PCM to reducing energy demand under different climatic conditions are obtained.
Meanwhile, the thermo-physical parameters of PCM affecting its application effect and the
appropriate values are summarized. Eventually, the problems existing in the application of PCM
in buildings are deeply analyzed based on a large number of literature reviews, and the research

contents and purposes of this paper are clarified.

In Chapter 2, the heat transfer process of the envelope is analyzed, and the evaluation
index of this study is proposed.

Firstly, the causes of the indoor thermal environment of the building and the influence of
PCM on the lightweight building are analyzed theoretically, and the mathematical model and
solution method are established. Then, the evaluation index for improving the thermal

performance of lightweight buildings is proposed.

In Chapter 3, the influence rules of PCM thermo-physical parameters on the thermal
performance of lightweight walls are systematically evaluated.

Based on the existing PCM, the influence rules of PCM phase-transition temperature,
PCM location, PCM thickness, PCM latent heat, PCM thermal conductivity, PCM density and
PCM-specific heat on the thermal performance improvement of the lightweight wall are

analyzed in this study one by one through the control variable method. Then, the relatively
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suitable location in walls and thermal physical parameters of PCM are determined.

In Chapter 4, the influence laws and contribution efficiency of different PCM
thermo-physical parameters on the thermal performance of lightweight walls with
different thermal resistance are assessed.

Firstly, four lightweight walls with different thermal resistances are established based on
the relevant standards and numerically verified in this study. Then, the variation law of PCM
liquid fraction at different PCM locations for different thermal resistance walls is discussed,
and the appropriate phase-transition temperature is determined. After that, the influence laws,
contribution efficiency and suitable values of PCM thermo-physical parameters (thickness,
latent heat, thermal conductivity) on the thermal performance improvement of different thermal

resistance of the original wall are discussed.

In Chapter 5, the difference, applicability and appropriate parameters for the
application effect of PCM integrated into different directions of walls are determined.

Firstly, the difference in the thermal environment around the external surface of the wall
in different directions (orientation) was tested and analyzed by manufacturing a small-scale
lightweight building. Then, the influence laws of PCM thermo-physical parameters on the
thermal performance improvement of walls in different directions are explored using the
thermal environment in different directions as the thermal boundary conditions, and the suitable
parameter values are obtained. Finally, the contribution efficiency and applicability of PCM for
the walls in different directions (orientation) are further evaluated based on the suitable

parameters, and then the optimal choice is given for the PCM installation orientation.

In Chapter 6, the effectiveness of different kinds/configurations of PCM on the
thermal performance of lightweight walls in winter and summer are assessed, and suitable
PCM kinds/configurations for both seasons are proposed.

In this study, based on the above research results, four different kinds/configurations of
lightweight walls are built, and the typical winter and summer climate characteristics are used
as the thermal boundary conditions to discuss the application effects of different configurations
of PCM (four models) in winter and summer, and then the optimized configuration of PCM
suitable for both summer and winter is determined. After that, the influence laws and suitable
values of different PCM thermo-physical parameters on the application effects for both summer

and winter under the optimized configuration are further analyzed.

In Chapter 7, the regulation ability of PCM on the thermal performance of
lightweight walls and indoor thermal environments in different seasons under a natural

environment (no mechanical equipment) is discussed by experimental measurements.
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Firstly, two test rooms of the same size (reference room and composite PCM room) are
constructed in this study, and the effects of PCM on indoor temperature, wall surface
temperature and heat flux (south-facing wall, for example) of lightweight buildings in different
seasons (summer, transition season and winter) without mechanical equipment are compared
through long time testing, based on this, the thermal regulation ability of PCM in different
seasons is determined in different seasons. Finally, the energy-saving potential of the composite
PCM in different seasons under natural conditions is calculated by theoretical equations. The
research results provided the theoretical basis for the next step of energy-saving optimization

of lightweight buildings for PCM under different climate characteristics.

In Chapter 8, the parameters/configurations adaptability and economics of PCM
integrated into lightweight buildings to reduce energy demands under different
climates/cities are evaluated.

Firstly, a typical lightweight building model is established in this study, and then some
typical cities are selected under different climatic conditions (according to different climate
zones) as the thermal boundary conditions. After that, the suitable PCM
parameters/configurations for reducing the energy demand of lightweight buildings under
different climatic conditions are evaluated using orthogonal experiments and EnergyPlus.
Meanwhile, the influence degree and selection priority of each parameter/configuration of PCM
is further determined. Subsequently, the suitability (energy-saving effect) of single and double-
layer PCM configurations in different regions are assessed based on the optimal
parameters/configurations. Further on, the energy-saving potential of different PCM
thicknesses is analyzed. Eventually, the payback period for different PCM amounts (thickness
and utilization area) are analyzed in the context of different energy prices (China-Japan
comparison), and the maximum acceptable PCM cost price for different climates/cities is

obtained based on a certain payback period.

In Chapter 9, Conclusions.

The main research findings of the each chapters are summarized.
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Fig. 1-8. Research structure.
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CHAPTER TWO: THEORETICAL ANALYSIS OF THE CAUSES OF OVERHEATING IN LIGHTWEIGHT
BUILDINGS AND HEAT TRANSFER PROCESSES IN PHASE-CHANGE COMPOSITE WALLS

2.1 Introduction

From the literature review in Chapter 1, it is found that the indoor thermal environment of
lightweight buildings are usually bad, and their energy consumption is higher than that of
traditional buildings to achieve a certain thermal comfort. Therefore, it is urgent to take
effective measures to improve the indoor thermal environment of lightweight buildings and
reduce their energy consumption. On the other hand, among the various measures introduced
in the literature review to improve the indoor thermal environment of buildings, phase-change
materials (PCM) have a better improvement effect on the indoor thermal environment of
buildings, especially for lightweight buildings. As a result, the feasibility of this study to
explore the effect of different PCM thermo-physical properties on improving the thermal
performance of lightweight buildings is also proved. In view of the following evaluation of the
influence law and application effect of the thermo-physical parameters of PCM on the thermal
performance of lightweight building envelopes. This chapter will focus on the theoretical
analysis of the causes of the indoor thermal environment of lightweight buildings and the
influence of PCM on the indoor thermal environment of lightweight buildings, and carry out
mathematical modelling, and then proposes the evaluation index to the influence of PCM on

the thermal performance of lightweight buildings from the theoretical analysis.
2.2 Heat transfer analysis of lightweight building
221 Surface heat balance of lightweight envelope

The heat exchange on the surface of the lightweight building envelope is carried out in
three ways: convection heat transfer, radiation heat transfer and heat conduction, as shown in
Fig. 2-1. Among them, the radiation heat gain from the outer surface includes: solar radiation
heat gain, atmospheric long-wave radiation heat gain, ground reflection radiation heat gain, and
ground thermal radiation heat gain. Then, the outer surface of the envelope transfers heat to the
inner surface by heat conduction. After that, the inner surface of the envelope then exchanges
heat with the air inside the room by convection heat transfer. In the meantime, the air inside of
the building envelope is also affected by long-wave radiation from the room surface, light

sources, and solar radiation through the transparent envelope.
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Short-wave radiation

(direct solar, reflection, Radiation heat transfer
diffuse reflection) (solar radiation, indoor light,

wall internal surface)
Long-wave radiation Heat conduction

(environment) _

Heat storage \
Convective heat transfer
/ (indoor air and internal surface)

Convective heat transfer
(outdoor air and external surface)

Outdoor Indoor

Fig. 2-1. Heat exchange diagram of the walls.
(1) Lightweight building envelope outer surface heat balance

The three parts of the heat exchange on the outer surface of the lightweight building
envelope are radiation heat exchange, convection heat transfer and heat conduction. The
radiation heat exchange includes solar radiation and long-wave radiation. In the case of no
internal heat source, the heat exchange capacity on the outer surface of the building envelope

within the Az time interval is shown below:

Q(A T) = (QRO +Qco*+Qhco )A 2 (2-1)

Where Qro is the radiation heat transfer on the outer surface of the lightweight building
envelope, W; Qco is the convective heat transfer of the outer surface of the lightweight building
envelope, W; Quco is the heat conduction from the outer surface to the inner surface of the
building envelope, W.

In equation (2-1), the calculation formula of Qro is as follows:
Qro =Qso +Qao + Qqro + Quro + Qar (2-2)

Where Qso is the solar radiation heat gain from the outer surface of the light building
envelope, W; Qno is the atmospheric long-wave radiation heat gain from the outer surface of
the building envelope, W; Qcro is the ground reflected radiation heat gain from the outer surface
of the building envelope, W; QgHo is the ground thermal radiation from the outer surface of the
building envelope, W; Qg. is the long-wave radiation heat from the outer surface of the

lightweight building envelope and the surrounding buildings, W.

In equation (2-2), the calculation formula of Qso is as follows:
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Qso = IDa + Ida (2'3)

Where @ is the inclination angle of the arbitrary surface; 1,,is the direct solar radiation
received by the lightweight building envelope, W; 1, is the sky scattered radiation received

by the outer surface of the lightweight building envelope, W.

For a horizontal plane, @ =0, its received direct solar radiation is:
lop=lpn =l siny (2-4)
For the vertical plane, € =90< its received direct solar radiation is:
I 5p=1on=l7y COSyCOSG (2-5)
Based on the solar radiation, the sky scattered radiation can also be calculated as:

ly=ltn — lon (2-6)

Where I, and I, are horizontal, normal solar total radiation values, separately, W, which
can be directly measured by the solar radiometer; y , ¢ are the solar altitude angle, and azimuth,

respectively. The joint equations (2-3)-(2-6) can be obtained as follows.

The total solar radiation intensity in the horizontal plane is:
Qoo = lon +lyp = lry — oy + Iy SINY (2-7)
The total solar radiation intensity in the vertical plane is:
Qso =lpn + 14y =7y — Iy SiNy + 14 COSyCOSG (2-8)
In addition, the calculation formula of Qao in equation (2-2) is as follows:
Quo = il soPro (2-9)
Where «, is the absorption rate of atmospheric long-wave radiation on the outer surface

of lightweight building envelopes; lao is the atmospheric long-wave radiation received by the

outer surface of the lightweight building envelope, W.

In equation (2-2), the calculation formula of Qgro is as follows:
.0
Qsro = %polere = Apgley| 1—COS P (2-10)

Where 1., is the ground reflected radiation received by the outer surface of the

GRé

lightweight building envelope, W; 1, is the solar radiation received by the ground, W.
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In equation (2-2), the calculation formula of Q,,,, is as follows:

TV
Qsro =Cv&, [ﬁj @s (2-11)

Where C, is the blackbody radiation constant; & is the wall blackness; Tg is the ground
temperature, K.

In equation (2-2), the calculation formula of Qg is as follows:
Qe =G5, [(¢s +dsés )Tw04 ISR ] (2-12)

Where ¢, , ¢, are the angular coefficients of the outer surface of the lightweight
building envelope facing the sky and the ground, respectively; & is the ground blackness; T
is the sky's effective temperature, K.

For the horizontal plane, the approximation values are taken as ¢, =1, ¢, =0, then:
QBL = Cbgo |:Tw04 _T54:| (2-13)
For the vertical plane, the approximation value is taken as ¢ + ¢, =0.5, then:

Qg =0.5C, ¢, [(1 + &g )Two4 —&Uprp ~ gGTG4:| (2-14)

Furthermore, according to the heat balance of the outer surface of the building envelope,
the short-wave radiation, long-wave radiation, convective heat exchange and heat transfer to
the inner surface by the outer surface of the lightweight envelope are in equilibrium, as shown

in the following equation.

0 T Y
sy | poPno + 0py (1—cosz—j+c 50(—Gj 2
(OCDnge +(ng|d(9)+ S47AOTAO poeo 2 ° 100 ¢
+Cyé, [(¢s +dsés )Two4 ~fotsTs" _¢ST54] (2-15)

+h0ut (T ut _T ) + TWO _TWi 0

0 wo —é'i:
25

Where T

out

is the outdoor air temperature, °C; T, ,T  are the inner and outer surface

temperatures of the lightweight building envelope, respectively, °C; &, is the thickness of the
i layer material in the lightweight envelope, m; 4, is the thermal conductivity of the i layer

material, W/(m K).
(2) Lightweight building envelope inner surface heat balance
The heat gain of the inner surface of the lightweight building envelope comes from four
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sources, namely, the heat conduction from the outer surface to the inner surface, the short-wave
radiation heat gain of the inner surface, the long-wave radiation heat gain, and the convection

heat transfer between the inner surface and the indoor air. The equation is as follows:

Qi (A T) = (QSI +Qg +Quc +Qq )A T (2-16)

Where Q,, is the short-wave radiation heat gain for the inner surface of the building
envelope, W; Qg is the long-wave radiation heat gain from the inner surface of the building
envelope, W; Q,., is the heat conduction from the outer surface to the inner surface of the
building envelope, W; Q. is the convective heat transfer between the inner surface of the

building envelope and the indoor air, W.

According to the literature, the heat gain from short-wave radiation received by the inner
surface of the building envelope can be approximated as absorbed by the ground and the inner

surface of the envelope, respectively, and the following equation can be obtained as follows:

e Qa Qq
Qs —O.BZ'A\Ni +0.7 ZAfi (2-17)

Where Qg is the heat gain from solar radiation entering the room through the transparent
envelope of the lightweight building, W; Aui, Asi is the area of the interior walls and floors of

the lightweight building, respectively, m?.

For a lightweight building in a steady state, the radiation heat gain through the transparent

envelope into the room is shown in the following equation:

h.
Qy = ch Fy (aoglo + ad&'d&)(ﬂg + hm PQJ (2-18)
out

Where Cq is the shading coefficient; Fq is the light-transmitting area of the transparent

envelope, m?  a,, is the sky-scattered radiation absorption rate; 1, is sky-scattered radiation,
W/m?;  a,,is the absorption rate of direct solar radiation; 1, is the direct solar radiation, W/m?;

n, is the light-transmission coefficient of the transparent envelope; h, , h,, are the combined

in ' " out
heat transfer coefficients of the inner and outer surfaces of the envelope, respectively, W/(m?K);

p, is the absorption coefficient of the building envelopes.

Additionally, according to the heat balance of the inner surface of the lightweight building
envelope, the radiation heat transfer and convection heat transfer of the inner surface, as well

as the heat conduction to the inner surface by the outer surface of the building envelope are in
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equilibrium. The heat balance equation of the inner surface is presented as follows.
-T

Two wi Qgt Qgt _
hiy (T =T ) + 5 +0.3ZAM+0.7—ZAﬁ_o 219
4

Where, h, isthe combined heat transfer coefficients of the inner surfaces of the envelope,

W/m? K; T, is the indoor air temperature of a lightweight building, T; T,

wi !

T,. are the inner
and outer surface temperatures of the lightweight building envelope, respectively, T; &, is the
thickness of the i" layer material in the lightweight envelope, m; 4, is the thermal conductivity
of the i layer material, W/(m K).

The expressions for the inner and outer surface temperature of the lightweight building
envelope can be derived from the simultaneous equations (2-15) and (2-19) as equation (2-20):
Qq Q T,

hT +0.3 +0.7 =% 4 —wo
o ZANI ZAfi Zﬂ
4
T, = 1 (2-20)
h, + Zﬂ
A
h T +0.3 Z?ZN +0.7 ;‘; +al +h,T,,
TWO _ i fi
1 (2-21)
hin + 5 hout
25
222 Indoor air heat balance

The heat exchange of building indoor air includes convection heat transfer, radiation heat
transfer and air infiltration heat transfer, as depicted in Fig. 2-2. Among them, the radiation heat
gain from the inner surface of the envelope includes: solar radiation heat gain through the
transparent envelope and long-wave radiation heat gain from each wall surface. Moreover,
another way of heat gain from the inner surface of the building envelope is through heat
conduction to the inner surface, and then through convection heat transfer to exchange heat
with the air in the room. At the same time, the indoor air is also directly exchanged with the

outdoor air through infiltration.
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Fig. 2-2. Building indoor air heat balance diagram.

In order to comprehensively express the influence of the outdoor thermal environment on
the indoor of the building, the comprehensive outdoor temperature (T ) is introduced, which

is the expression of the comprehensive effect of outdoor air and environmental radiation on the
outer surface of the lightweight building envelope. On the basis of introducing the

comprehensive outdoor temperature (T, ), the equation for the heat gain per unit area of the

outer surface of the lightweight building envelope can be changed to:

out

| —
QRo + Qco = hom I:[%%OQIO + Toul J - Two:l = hout (Tsa _Two ) (2'22)

Where h,, is the combined heat transfer coefficients of the outer surfaces of the building
envelope, W/m? K; [W/(m#K)]; a,,is the absorption rate of direct solar radiation; 1,,is the
direct solar radiation, W/m?; Q, is the total long-wave radiation received by the outer surface
of the building envelope, W/m? T, is the outdoor air temperature of the lightweight
building,°C; T, is the outer surface temperature of the lightweight building envelope, °C; T

is the comprehensive outdoor air temperature of the lightweight building, <C.

Besides, it should be stated thatT_, is the comprehensive result is based on the short-wave

solar radiation, the total long-wave radiation received by the outer surface and the outdoor
ambient temperature of the lightweight building. So, the T can be obtained from equation (2-
22) as follows:

T, = %oolo0 =Q '59 Qo 1, (2-23)

out

The heat gain of indoor air comes from the short-wave solar radiation through the
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transparent envelope, air infiltration and heat conduction from the outer surface to the inner
surface of the building envelope. Based on the expression of the comprehensive outdoor
temperature in the heat balance of the envelope surface, the heat conduction of the envelope
can be transformed into the expression of the comprehensive outdoor temperature, and then the
comprehensive outdoor temperature can be linked with the indoor air heat balance to obtain the

heat gain of indoor air in lightweight buildings under steady state, as in equation (2-24).

hin
ZC aDB D0+ad6|d0)£’7g +h_ng
out

N.Co2oVro0m (Tout —
+

) (2-24)
oV room \ 'out |n z
3600 Z Kto ( - |n T )

Where n, is the number of indoor air changes in lightweight buildings, 1/h; c, is the
specific heat capacity of the outdoor air of the lightweight building, ki/kg K; p, is the density
of outdoor air in lightweight buildings, kg/m?; V.

room

is the room volume of a lightweight

building, m%;, T

out

is the outdoor dry bulb temperature of the lightweight building, °C; T, is
the indoor air temperature of light building at time 7, °C; K, is the heat transfer coefficient of
the lightweight building envelope, W/(m? K); F, is the heat transfer area of the lightweight

building envelope, m?.

In the time interval Az =1h, the change of the indoor air temperature isT, —T, _,, then
the heat gain of the indoor air in lightweight building at time Az is as follows:
Qt (AT) = Ci pivroom (Tin,r _Tin,r—l) (2'25)

Where c, is the specific heat capacity of the indoor air of the lightweight building,

kl/kg K; p, is the density of indoor air in lightweight buildings, kg/m3; T, is the indoor

inz—1

air temperature of the lightweight building at the time z-1, <C.

building at the time 7, as indicated by the following equation:

Bringing (2-23) and (2-24) into (2-25) obtains the indoor air temperature of the lightweight
36002(39 Fg (aDH Iy + adﬁldé)[ng +
_ e 3P0V oom Tou +3600C, 0V, T

hin j
hout
room "in,7-1

+3600C, pV,qn +3600> K, F,

(2-26)

OpO room

As a result, the inner and outer surfaces temperature of the lightweight building envelope
can be obtained respectively, when the equation (2-26) is brought into the equations (2-20) and
(2-21).
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2.2.3 Indoor thermal environment analysis of lightweight building

The indoor air temperature of lightweight buildings (equation (2-26)) is further deformed

to equation (2-27).

hin
ZC aDH D9+ad€|d€)[ng+h ] N2C0 26V ro0m.
) out 3600 T
" MJ&-/)-V +ZK = M+C-pv o
3600 1 I~ room to" to 3600 1 1~ room
(2-27)
+Z Kto Fto
+ nc.p v Cipivroom -I—T_1
W + Ci pivroom + z Klo Fto

Then, the difference between indoor and outdoor air temperature in lightweight buildings

can be obtained as equation (2-28).

hin
ZC aoe Da"'adelde)(’?g"‘h J

out Cipivroom

Tin,r _Tout ,0 \V + n.c ,DV Tin,r—l

ﬁ + Ci pivroom + z Kto Fto W + Ciinroom
+Z Kto Fto (2_28)
_ Ci P inoom + Z Kto Fto T
n.c pV out
a~olo room | ~ 5\/ + K E
3600 i PiVroom Z to' to

Hence, the reason why the indoor air temperature appears much higher than the outdoor
in lightweight buildings can be explained theoretically by equation (2-28). Namely, the

difference between indoor and outdoor air temperature (T, ) is directly related to the

inz out

initial temperature (T, _, ) of the lightweight building and is positively related to solar radiation,
and is negatively correlated with outdoor air temperature and long-wave radiation. The
following further discusses the theoretical basis for the phenomenon that the indoor air

temperature is higher than the outdoor when the thermo-physical parameters of the buildingC,,

For pgr @My Ny Ny Co o 2o+ Vieam » Kio » B @re the same.

to !

When the sum of the initial indoor air temperature and the solar radiation entering the
room through the transparent envelope is greater than the energy sum of the long-wave radiation

entering the room and the outdoor air temperature in the same volume, that is:
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CoP Mo + 3000L G F, (ng g, j #3600 K, F, oviosCavlso
out out (2_29)

>36OOZ KmeiQBLJrnaco V. T

h 0 " room " out
out

At this time, T, -T,,>0, namely, the indoor air temperature of the light building is

higher than the outdoor air temperature at time z. When solar radiation is strong during the
daytime, lightweight buildings are prone to the phenomenon that the indoor air temperature is
much higher than the outdoor air temperature. Typically, the indoor-outdoor temperature
difference (AT ) in lightweight buildings is very large under strong solar radiation in summer,

resulting in a poor indoor thermal environment in lightweight buildings.

2.3 Heat transfer analysis of phase-change composite walls
23.1 Heat transfer characteristics of the building envelope (wall)

Since the focus of this study is on the heat transfer characteristics of phase-change
composite walls, only theoretical analysis of heat transfer characteristics of the non-transparent

envelope (wall) is conducted in this part.

The change law of indoor and outdoor temperature affects the thermal insulation design
of buildings. As the indoor and outdoor temperatures change, heat is constantly transferred in
and out through the envelope. When the outdoor temperature is lower than the indoor
temperature in winter, the heat will be absorbed by the wall surface and transferred from the
building envelope to the outdoor and then released through the outer surface. In comparison,
when the outdoor temperature is higher than the indoor temperature in summer, the heat transfer
is the opposite of that in winter. The following selection of winter outdoor temperature is lower
than the indoor temperature analysis. Strictly considered, each heat transfer process is from
surface heat absorption to structural heat transfer and then to surface heat release (see Fig. 2-3
(@), which is generally referred to as "surface heat transfer” [1]. In the process of surface heat
transfer, there is both convection and heat conduction between the surface and the surrounding
air, and radiation heat transfer between the surface and other surrounding surfaces. In addition,
in the heat transfer process of the building wall, except for a few special structures, most of the
buildings are flat-walled heat transfer. The heat transfer of a flat-wall is generally a three-
dimensional heat transfer process, but because the width and height of the wall is much greater
than the thickness of the wall, its heat transfer always occurs between the inner and outer
surfaces, so the process of heat transfer through the flat wall can be considered as a one-

dimensional heat transfer along the thickness direction.
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Additionally, in the heat transfer process of the wall, due to the existence of some pores in
the pores more or less in the interior of the general building materials, there is radiation and
convection heat transfer in addition to heat conduction. However, due to the small proportion
of convection and radiation heat transfer, only heat conduction through the wall is considered

in the thermal calculation process.

(a) Indoor 4 Outdoor (b) T4 ((‘) T
i‘ E Twi /L
| N | e
| | e
i T, LT, \
Heat i \’iJ’— " T,\ T
absorption E Heat transfer iHaaf release | U g | 14| ... wo
§>§>§> : §>§>§> : §>§>§> dx . q | ‘
( | 0 o L ) 4/ L )
04 0, 0,1 O,

Fig. 2-3. (a) Heat transfer process of the building envelope; (b) one-dimensional heat

conduction model of the flat-wall; (c) multi-layer flat-wall heat conduction.

The exterior envelope wall is generally composed of multiple layers of different materials,
which can be regarded as a flat-wall heat conduction model consisting of multiple layers of
materials in the calculation. To simplify the analysis process this paper takes a single-layer
homogeneous flat wall as an example, and the heat transfer model is given in Fig. 2-3(b).
Assuming that t there is only heat transfer in the wall thickness (x direction), i.e., one-
dimensional heat transfer. It is considered that only heat conduction is transferred in the flat
wall, and the inner surface and outer surface temperatures of the wall are T, and T, , respectively,

andT, > T, , then the heat flux intensity gx (W/m?) through the unit cross-sectional area in the
unit time is:
oT,
q =—A— (2-30)
aX
The temperature gradient at each point is:
d_T__TWi_Two 2.31
d S ( - )

X

Substituting equation (2-31) into (2-30), the heat flux intensity (q) for a single

homogeneous flat-wall at one-dimensional steady heat transfer is obtained:

(2-32)

Equation (2-32) shows that the heat flux intensity through a flat-wall section during steady

heat transfer is proportional to the thermal conductivity (4, W/(m K)) of the material and the
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temperature difference between the inner and outer surfaces, and inversely proportional to the
thickness of the material (6, m). Also, &/ is defined as the resistance of heat transfer from

the inner surface to the outer surface of the flat-wall, is also known as material thermal
resistance R, (m? K)/W.

The heat conduction and thermal resistance of the flat-wall composed of multiple-layers
material can be regarded as consisting of multiple single-layer flat-walls (as shown in Fig. 2-

3(c)), and the heat flux intensity of each layer (q,,q,,......q, ) is calculated separately using

equation (2-30). According to the steady-state heat transfer characteristics, the heat flux

intensity of the flat wall is: q=q, =q, =q, =...=q,, S0 as to obtain:
q, = Twi _Two _ Twi _Two
* 9, % 6 R+R+..+R, (2-33)
A A z

The total thermal resistance of multi-layer flat wall heat conduction is:

R=R +R,+..+R, (2-34)

Considering that in the process of stable heat transfer of flat-wall, the inner surface gets
heat under the combined action of convection heat transfer and radiation heat transfer, and the

outer surface dissipates heat by convection and radiation, it is concluded that:

T, T T, T
= = .= = w Wo = = - = K T i _T
q qi qWI qwo 1 é‘l 1 R +R+R " 0 ( WI WO) (2-35)
Bl Zi +— in ou
hin //LI hout
1 1 1
Ky=—= =
R 1, 3 6,1 R, +R+R, (2-36)
hin /,LI hout

Where K, is the heat transfer coefficient of the building envelope, W/(m? K); R, is the
heat transfer thermal resistance of the envelope, (m? K) /W; h, andh ,are the heat transfer
coefficient of the inner and outer surface of the walls, W/(m? K); T, andT,, are the inner and
outer surface temperatures of the walls, °C; &, is the thickness of each material layer, m; A,

is the thermal conductivity of each material layer, W/(m K).

The above result is analyzed only in winter when the outdoor temperature is lower than
the indoor temperature. However, the heat transfer process is similar in summer and winter, it

is not repeated here.
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2.3.2  Thermal characteristics of phase-change composite walls

The main thermal parameters involved in the analysis of the thermal characteristics of the
phase-change composite wall include thermal resistance, heat storage coefficient and thermal
inertia, which can be obtained by calculation based on the thermo-physical parameters (density,
specific heat, thermal conductivity) of each layer of the phase-change composite wall. The
thermal resistance reflects the ability of the wall to prevent the heat flux from crossing, which
is the most important index to evaluate the thermal insulation performance of the phase change
composite wall. The calculation equations are shown in (2-33) and (2-34). The heat storage
coefficient reflects the capacity of the wall to store heat. When the outdoor environment of the
wall is in a non-steady state of cycle fluctuation, the wall material with a larger heat storage
coefficient can effectively weaken the inner surface temperature fluctuation of the wall and
reduce the heat exchange with the indoor air. Thermal inertia reflects the ability of a material
to resist temperature changes, which is directly related to thermal resistance and heat storage

coefficient. The heat storage coefficient and thermal inertia are calculated as demonstrated in

equations (2-37) and (2-38).
5=, |24 (2-37)
3.6T

D=R-S (2-38)

Where S denotes the heat storage coefficient of the wall, W/(m2 K); A indicates the
thermal conductivity of the material, W/(m K); ¢ represents the specific heat capacity of the
material, kJ/(kg K); , is the density of the material, kg/m?; T is the temperature wave period
(h), generally taken as 24h; "n" is the circumference rate, taken as 3.14; D is a thermal inertness

of the wall (dimensionless); R is the thermal resistance of the wall, (m? K) /W.

For lightweight buildings, the indoor temperature is much higher than the outdoor
temperature in summer, which is directly related to the thermal resistance and thermal inertia
index of lightweight walls being too small. When the lightweight wall is integrated with PCM,
the heat storage coefficient, thermal resistance and thermal inertia of the wall increase. As a
result, in the summer daytime, the temperature rise of the inner surface of the phase-change
composite wall decreases, then reducing the convective heat transfer between the inner surface
of the wall and the indoor air and improving the indoor thermal environment of the lightweight
building. In contrast, at night in summer, the inner surface temperature of the phase-change
composite wall decreases without the influence of solar radiation. However, due to the large
heat storage coefficient of the phase-change composite wall, when the inner surface temperature

is reduced by 1 <C, the heat released into the lightweight building interior increases, which
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leads to the negative effect of heating the interior of the lightweight building at night in summer

after the composite PCM.
2.3.3  Theoretical analysis of heat transfer of phase-change composite wall
(1) Mathematical description

On the premise of ensuring the accuracy and reliability of simulation results, to simplify
the complex heat transfer process between each layer, the following assumptions are proposed

in this paper when building the analytical model, viz.:

« The heat is assumed to be transferred only in the thickness and height direction due to the
heat transfer always occurs between the inner and outer surfaces, namely, two-dimensional
heat transfer.

« The volume change during the melting process of PCM and the undercooling effect during
the solidification process of PCM are ignored.

« Specific heat capacity and density of PCM do not change with temperature.

« The physical properties of other solid materials are constant.

« PCM in the phase-change layer is homogeneous and isotropic.

« The thermal contact resistance between layers is negligible.

o Liquid of PCM is Newton incompressible fluid and obeys Fourier heat conduction.

The heat transfer equilibrium equations of PCM and other solid materials are established
by defining x and y as the thickness and height direction of the wall. The detailed mathematical
expression of the two-dimensional governing equations of the melting behavior of the PCM is

written as following [2-4]:

a0 2-39
X oy (2-39)
ou ou au 1P ufdu &
S HUS TV = et TS, (2-40)
ot ox oy pox ploxt oy
v v v 1P u(dv v
S TUS AV = T-T,)+S ]
aa pax+p[6x2+6y2]+“’g( WS (@
1(1-5)
= s 2-42
ﬂ(ﬁ3+f)A"h (2-42)
1(1-p)
=y s/ 2-43
P(,B3+§)A“h (2-43)
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Where u and v are velocity components in the x, y directions, m/s; t is the time, s; P is air
pressure, Pa/s; u is the dynamic viscosity, (N s)/m?; p denotes the material density, kg/m?; T is
the temperature, <C; Twr is the reference temperature, <C; g, o are the gravitational
acceleration, and the coefficient of thermal expansion, m/s? and 1/K respectively; f and Amush
are the PCM liquid fraction and the mushy constant, respectively. Among them, the Amysh is

taken to be 10° in this study and the ¢ is taken to be 102 to avoid division by zero as

recommended by [2,5].

(2) Three types of boundary conditions of heat transfer process

The initial conditions and three types of boundary conditions for the heat storage and
release process of PCM are shown below. Among them, the first type of boundary conditions
is the temperature field of the given phase-change interface; the second type of boundary is the
heat flux density of the given phase-change interface; the third type of boundary is the heat

transfer coefficient of the given phase-change interface.

Initial condition: given the initial value of the variable to be solved —T (x,y,t)|t:o:'l'i
 Type | boundary: the temperature value on the given boundary T, =T,

« Type Il boundary: gradient value of temperature on a given boundary —k% =0,
« Type Il boundary: given the function relationship between the boundary temperature

gradient and the boundary temperature —k% =k(T,-T,)

For the boundary conditions of the phase-change composite wall, the indoor temperature
also changes periodically because the outdoor solar radiation and air temperature of the
lightweight building show an unsteady periodic change. Therefore, in the unsteady heat transfer
process of the phase-change composite wall, the outer surface of the building envelope and the
outdoor air interface, and the inner surface and the indoor air interface are the first boundary
conditions, that is, the given interface temperature. Meanwhile, the periodic fluctuations of the

ambient air temperature at the interface can be simplified.
(3) Heat transfer model

The exact analytical solutions of heat transfer problems are mainly focusing on one-
dimensional infinite and semi-infinite regions with simple boundary and initial conditions and
constant physical properties (or ordinary walls [6-9]). It is difficult to obtain analytical solutions
for one-dimensional finite regions and multidimensional cases due to their inherent non-linear

nature at moving interfaces [10]. While the multidimensional phase-transition problem under

2-15



CHAPTER TWO: THEORETICAL ANALYSIS OF THE CAUSES OF OVERHEATING IN LIGHTWEIGHT
BUILDINGS AND HEAT TRANSFER PROCESSES IN PHASE-CHANGE COMPOSITE WALLS

complex conditions, the numerical solution is almost the only feasible method. Literature [11-
13] considered the problem with convection to find the approximate solution of the Stefan
problem in one or two-dimensional geometries using several numerical methods, that is, the
movement of the fluid particles and their influence on the change of location of the interface.
Currently, the numerical solution method mainly includes the interface tracking method [14]
and the fixed-grid method [15]. Among them, the interface tracking method also includes the
level set method [16], moving mesh method [17], volume of fluid method [18] and immersed
boundary method [19]. But special interpolation and coordinate transformation are required in
the above solution, and the methods are extremely complex. In contrast, the fixed-grid method
does not require tracking the location of the solid-liquid two-phase interface and is solved as a
whole, to the moving boundary problems with moving PCM is much easier and also produces
desired accuracy. It mainly includes the effective heat capacity method [20,21] and the enthalpy
method [22]. While the enthalpy method is one of the most popular methods to solve the solid-
liquid phase-change problems, it can effectively deal with phase-change problems occurring in
both cases at a fixed temperature and in a range of temperature [22,23]. Up to now, the enthalpy

method has been widely applied for phase-change problems [24,25].

In this study, the PCM in lightweight building is considered as a whole due to the fact that
it is no need to consider the variation interface of the solid-liquid phase. Therefore, to simplify
the solution of PCM heat transfer and not explicitly track the solid-liquid interface, the enthalpy

model [26-29] is used in this paper.

According to energy conservation laws, considering the difference in heat transfer between
PCM and other materials, the energy conservation equations of OSB, Glass wool, and gypsum

board are described as follows [30]:

otk (T, o,
EREACA: &
pi

In addition, The effectiveness of the enthalpy method for solving phase-change problems

(solid-liquid) in both a fixed or range of temperatures has been widely proved [22-24,26]. Its
main idea is to establish a unified energy equation in the whole region (solid phase, liquid phase,
and two-phase interface) by taking enthalpy and temperature together as the solved function,
calculating the enthalpy distribution by numerical method, and then determining the two-phase
interface [31]. The energy equation for the liquid and solid PCM are described by the following
equation [2]:
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oH, oH, oH 6 1, asz asz
+u +V ==t (2-45)
ot OX oy  pc,| Ox oy
oH, A, asz asz
— = 5 (2-46)
ot pc,| Ox oy
The enthalpy value (Hp) of the wall phase-change layer can be expressed as:
H,=h, + jTT ¢,dT + AL, (2-47)
The liquid fraction () is introduced as follow [26,28,32]:
0 (T <T S)
T-T,
= > T<T<T, -
Pl (WST<T) (2-48)
1 (T<T)

The thermal conductivity of PCM is assumed to change linearly with temperature in the

phase changing state [26,32], so that the thermal conductivity of PCM is described as:
lp:’lp,s +ﬁ(’lp,l -APYS) (2-49)

For the interface between two layers of materials, its heat is kept conservative, as given by

follow equation:

oT.

iy 2 2-50

ox ! ox (2-50)
Where Jps and Ap, are the solid and liquid thermal conductivity of PCM, respectively,

[W/(m K)]; cpis the material specific heat, J/(kg'K); hr is the reference enthalpy at reference

temperature Trer; Lp is the latent heat of PCM (kJ/kg); Ts and T, are the PCM solidus and liquid

temperature (°C).
2.34 Boundary condition setting

Considering the above factors, the composite wall of the building envelope realizes indoor-

outdoor heat exchange through the inner and outer surfaces.

In the process of heat transfer along the wall thickness direction, a two-dimensional
coordinate system is established at the coordinate origin in the thickness direction x (as shown
in Fig. 2-2(b)), where the inner surface of the wall is set to x=0 and the outer surface is set to
x=0, and the bottom and top surfaces are set to y=0 and y=h. As a result, on boundary
conditions, the adiabatic boundaries were applied to the bottom and top surfaces ( y=0 and y=h),
while the convective heat transfer boundaries were adopted on inner and outer surfaces ( x=0

and X=0 ) can be expressed by equations (2-51) and (2-52):
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oT oT
-2—| =0, y=0  -i—| =0, y=h (2-51)
y=0 y=h
- Aﬂ =h, (T = T) x=0
X |yo
oT (2-52)
| Zhyy (Tow =T ) +al X=5
aX X=0

Where Tout and Ty are the temperature of outdoor air and outer surface, respectively, <C;
Tin and Ty, are the temperature of indoor air and inner surface, respectively, <C; 1 is the solar
radiation intensity, W/m?; « is the solar radiation absorptivity of outer surface; hin and hoy are

the convective heat transfer coefficients of inner and outer surfaces, W/(m?K).
2.3.5 Model validation

In this study, the series of above equations in sections are iteratively solved by the full
implicit difference scheme, and the computational region is divided into uniform grids along
the thickness direction of the wall. In addition, the second-order central difference is used to
discrete the equation. The computational convergence is declared when the following criterion

is satisfied:

<10°° (2-53)

The experimental results obtained by Kuznik, F and Virgone, J [33] on the dynamic
thermal response of PCM integrated with the multi-layer lightweight wall are utilized to
validate to ensure the accuracy and reliability of the numerical model. The experimental walls
include 2mm aluminum, 60mm polyurethane foam, and 5mm PCM-2 from outside to inside.

The thermophysical parameters are given in Table 2-1.

Table 2-1 Thermo-physical parameters of wall materials [32,33].
A[WI(m K)], Solid

Material tn(°C)  Lp(kd/kg) d(m) (Liquid) co[J/(kg K)]  p(kg/m3)
17.8-
PCM-2 23 72.4 0.005 0.18(0.22) 2400 900
Aluminum - - 0.002 230 8800 2700
Pol th
olyurethane ; 0.06 0.04 1210 35
foam

During the experiment, the test wall was placed in a chamber with a sinusoidal temperature
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variation of 15-30<C. The test point was set at the center of the inner surface of the wall (sensor
error is #).25<C), and the data were collected every 2 min by multiplexer-multimeter data
acquisition. Fig. 2-4(a) shows the variation in air temperature with time. Fig. 2-4(b) compares
the present numerical value with the experimental [33] and the numerical result from Zhang et
al. [32], two metrics: root mean square error (RMSE) and coefficient of variation (CV rwmsg))
were employed [34,35] to ensure the validation accuracy. RMSE measures the average spread
of errors which provides a measure for the model's dispersion [34,36], CV(rmsg) iS the

coefficient of variation in RMSE, as expressed by equations (2-54) - (2-55), respectively, as

RMSE= /%zn:(Mt -S,)’ (2-54)

(2-55)
= %SE x100%

t

follows:

Cv

(RMSE)

It is found by calculation that the RMSE and CV (rusg) Of the present numerical results are
0.98°C and 4.32%, respectively, compared to experimental results[33], while the RMSE and
CV rwse) are only 0.28°C and 1.25% compared to the values of Zhang et al. [32]. These results
meet the ASHRAE criterion of CV(rmsg) less than 30% [37] and indicate that the numerical
models can be used to solve the heat transfer problem of lightweight walls integrated with PCM

in this paper.

Outdoor air temperature Indoor air temperature

] 2 PR I IR ST ST T T T T

364 Numerical simulation results from Zhang et al
g_) 1 © Experimental results from Kuznik, F

‘L’ Present numerical simulation results

b

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)

Fig. 2-4. Comparison of the present numerical results with the experimental values [33]

and other numerical values [32].
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2.3.6 Evaluation indexes

For the thermal performance of walls, the delay time (¢) and attenuation rate (f) of the
inner surface temperature are two important factors affecting indoor comfort, and the peak heat
flux (gpeak) and average heat flux (gave) Of the inner surface are essential elements affecting the
energy-saving [28,38]. Therefore, the above evaluation indexes are utilized to analyze the effect
of different kinds/configurations of PCM on the thermal performance improvement of walls
under different thermal boundaries in this study, as described in equations (2-56) - (2-59)
[1,27,28,39]:

p= tT,wi,max _tT,out,max (2'56)

Twi max _Twi min
f=——=—"""-x100% (2-57)

out,max ' out,min
qpeak = q (t)max (2_58)

t
] _Lact)et (2-59)
ave t
Where t . and t ... arethe time appeared of maximum inner surface temperature

and outdoor comprehensive temperature (solar-air), respectively, h; Twimax and Twimax are
respectively the maximum and minimum values of inner surface temperatures, C; Toutmax and
Tout,min are respectively the maximum and minimum values of outer temperatures (solar-air), <C;
Opeak aNd Qave are the inner surface peak and average heat flux, W/m?, separately, where they are

negative in summer (heat gain) and positive in winter (heat loss).

2.4 Summary

In this chapter, mathematical modelling and theoretical analysis of the causes of the indoor
thermal environment of lightweight buildings and the heat transfer process to phase-change
composite walls are carried out, and then evaluation indexes for the effect of PCM on the

thermal performance of lightweight wall are proposed. The main conclusions are as follows.

(1) The difference between indoor and outdoor air temperature (T

in,z

-T,,) is directly
related to the initial temperature (T, , ) of the lightweight building and is positively related to

solar radiation, and is negatively correlated with outdoor air temperature and long-wave

radiation.

(2) When theT, -T,,>0, lightweight buildings are prone to indoor temperatures much
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higher than outdoor in summer, which is directly related to the thermal resistance and thermal
inertia index of lightweight walls being too small. When solar radiation is strong during the
daytime in summer, the indoor-outdoor temperature difference (AT ) in lightweight buildings

is very large, which leads to a poor indoor thermal environment in lightweight buildings.

(3) When the lightweight wall is integrated with PCM, the heat storage coefficient, thermal
resistance and thermal inertia of the wall increase. As a result, in the summer daytime, the
temperature rise of the inner surface of the phase-change composite wall decreases, then
improving the indoor thermal environment of the lightweight building. In contrast, at night in
summer, more heat is released into the room due to the large heat storage of phase-change

composite walls, which leads to a negative impact on the room, but the opposite is in winter.

(4) The enthalpy method model is determined to be used to solve the heat storage and

release process of the phase-change composite wall, and it is validated.

(5) The delay time (p) and attenuation rate (f) of the inner surface temperature, and the
peak heat flux (gpea) and average heat flux (qave) Of the inner surface are proposed to evaluate
the thermal performance improvement of lightweight walls integrated with different PCM

thermo-physical parameters.
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Nomenclature

tm

Qpeak

X 2F

—

S

- | ™™ T

3

n
Subscripts

X

Phase-transition temperature, (°C)

Phase change latent heat, (kJ/kg)

Material thickness, (m)

Thermal conductivity, [W/(m K)],Solid (Liquid)

Specific heat, [J/(kg K)]

Density, (kg/m?)

Material temperature, (°C)

PCM temperature, (°C)

Phase-transition temperature ranges, (°C)

Convective heat transfer coefficient of inner surface, [W/(m?-K)]
Convective heat transfer coefficient of outer surface, [W/(m?-K)]
Inner surface peak heat flux, (W/m?)

Inner surface average heat flux, (W/m?)

Enthalpy of PCM, (kJ/kg)

Measured temperatures at each hour, (°C)

Simulated temperatures at each hour, (°C)

Average of the measured data values, (°C)
Temperature, (°C)

Time, (s)

Solar radiation absorptivity of outer surface, -
Solar radiation intensity, (W/m?)

Wall thickness, (m)

Wall height, (m)

Liquid fraction, -

Delay time, (h)

Attenuation rate, (%)

Internal iteration number, -

Total number of hours, t

Wall thickness direction

Wall height direction

Representatives OSB, glass wool or gypsum board
Phase-change materials

Solid states
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| Liquid states

0 Initial value
w,in Inner surfaces
w,out Outer surfaces
out Outdoor

T,w,in,max Inner surface peak temperature
T,out,max  Outdoor air peak temperature
Abbreviations

PCM Phase-Change Materials

OSB Oriented Strand Board

TMY2 Typical Meteorological Year 2
RMSE Root Mean Square Error

CVwrusey  Coefficient of Variation of the Root Mean Square Error
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CHAPTER THREE: EFFECT OF PCM PARAMETERS ON THE THERMAL PERFORMANCE OF
LIGHTWEIGHT WALL

3.1 Introduction

Lightweight buildings are widely favored by people due to their better seismic resistance,
environmental protection and short construction period. However, lightweight buildings usually
have sizeable indoor temperature fluctuations due to lower thermal mass. Specifically, the delay
and attenuation of solar radiation heat irradiated on the exterior wall in summer are not obvious,
resulting in high indoor temperature. The measured results show that the indoor temperature of
lightweight buildings can reach 42.5<C in summer when the average daily outdoor temperature
is about 31<C [1]. Higher temperature fluctuation not only affects indoor thermal comfort but
also increases air conditioning load. Therefore, phase-change materials (PCM) have become
the focus of research to improve the low thermal inertia of lightweight buildings. Within a
specific temperature range, PCM can change their physical state (solid-solid, solid-liquid) by
using the temperature difference between environment and materials as the driving force to
achieve thermal storage and release [2]. This characteristic is widely used in building envelopes,

air conditioning and heating systems [3,4].

The application of PCM in building envelopes mainly includes directly soaking [5],
blending [6], and figuration phase-change [7]. Kissock [8] and Feldman et al. [9] made phase-
change wallboard by soaking and blending methods, respectively found that phase-change
wallboard could significantly reduce indoor temperature fluctuations, improve comfort, reduce
and transfer peak load, its thermal storage capacity was ten times higher than common
wallboard. Kuznik and Virgone [10] and Xu et al. [11] installed shape-stabilized PCM in
lightweight building walls (LBW) found that PCM could effectively control the fluctuation and
the rise of indoor air temperature in summer. Further, considering the uncontrollability of
experimental tests, Adilkhanova et al. [12-15] studied the effect of PCM applied to lightweight
buildings based on different climatic conditions by numerical simulation (EnergyPlus). The
studies found that PCM could effectively reduce indoor discomfort, but the energy-saving rate
depended on climatic conditions and the thermal insulation characteristics of the envelope. In
addition, Sarri et al. [16] found that PCM combined with shading equipment under natural
conditions was more conducive to improving indoor thermal comfort hours, and its energy-
saving potential can reach 44.13%~59.11%. Fateh et al. [17] studied the effects of solar
radiation (solar radiation was regarded as the time-varying heat source at the boundary) and
concluded that the appropriate PCM could save 75% of the heat load. For the study of thermal
performance of walls, Zhou et al. [18] compared the thermal performance of shape-stabilized
PCM, brick, foam concrete and expanded polystyrene (EPS) under outdoor periodic
temperature based on the enthalpy method model. Their results showed that the delay time and

attenuation coefficient of shape-stabilized PCM was the best.
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For PCM, multiple parameters greatly affect the performance of PCM integrated LBW,
including the PCM location, the phase-transition temperature, thickness, latent heat, density
and thermal conductivity [19]. Some studies have also been carried out on PCM parameters to
maximize the performance of PCM. Among them, Mohseni et al. [20] showed that the phase-
transition temperature and thickness of PCM have optimal values by analyzing the energy
consumption of residential buildings in Australia. Stovall [21], Neeper [22], and Fateh et al.
[17] pointed out that PCM has the best performance when the phase-transition temperature is
close to the internal temperature. Wang et al. [23] indicated that different room locations were
suitable for different phase-transition temperatures. Moreover, different researchers have
different views on the optimal location of PCM. Zwanzig et al. [24] presented the best location
of PCM depends on the thermal resistance between the PCM layer and external boundary
conditions. Yang et al. [25] obtained by experimental tests that setting PCM on the inner surface
could reduce the temperature fluctuation by 32.4% compared with the outer surface, and the
delay time was increased by 1.2h. Jin et al. [26,27] reported that the best PCM location was
1/5th of wall thickness from the inner surface. Fateh et al. [17,28] noted the optimal PCM
location was near the middle of the wall. Jin et al. [29,30] suggested that the optimal location
was affected by several parameters, including exterior and interior temperature conditions as
well as PCM thermophysical properties like phase-transition temperature, thickness, latent heat

and others.

By previous studies, it can be easily found that PCM plays a very positive role in improving
the thermal performance of LBW, but its application effect depends not only on climatic
conditions but also on PCM parameters [12-15,19,23,24,29,30]. Most of the researches were
mainly focused on the energy-saving of existing PCM and indoor thermal comfort, and there
were insufficient studies on the heat transfer performance of LBW based on PCM parameters.
However, several PCM parameters have been studied mainly on the phase-transition
temperature, location and thickness [17,20-31]. For PCM integrated LBW, PCM latent heat,
density, thermal conductivity will also greatly affect the thermal performance of the wall. Zhou
et al. [19] pointed out that there were relatively optimal values of PCM latent heat under a
certain external heat disturbance. The thermal conductivity has little effect on the phase-
transition keeping time (i) but has a great effect on the decrement factor (f). Kishiore et al. [32]
showed that the PCM transition temperature is the strongest parameter affecting thermal load
modulation, followed by PCM location and PCM thickness. PCM latent heat and density are
next in the order of priority, specific heat and thermal conductivity showed no impact. As a
result, previous studies have revealed the necessity to conduct a comprehensive analysis PCM

parameters better to utilize the PCM. Meanwhile, although the effect of PCM parameters has
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been studied previously [32], the application effect and optimization parameters of PCM in
different climate zones are quite different. Therefore, Atypical summer climate (TMY2) [33,34]
in Fukuoka (Japan) was adopted as the thermal boundary and a typical two-dimensional LBW
numerical model was built in this paper with the heat transfer process of melting-solidifying
and validated. Based on this, the influence rules of each parameter on its thermal performance
were analyzed in-depth, and the relative optimal value of each parameter was obtained. The
research results can provide reference and data support for the application and preparation of
PCM in local lightweight buildings.

3.2 Methodology
3.2.1 Physical model description

Fig. 3-1 shows the schematic diagram of LBW. Among them, Model-0 is a reference wall
(no PCM) with three layers, from outside to inside are exterior wallboard (12mm oriented strand
board-OSB), insulation material (60mm glass wood) and interior wallboard (10mm gypsum
board). On the basis of Model-0 (reference wall), Model-(1-3) places PCM in different locations
of reference wall (outside, middle and inside of the insulation material) to study the dynamic
thermal behavior of the wall to seek the best PCM phase change parameters and locations. Table

3-1 shows the relevant thermophysical parameters of wall materials.

Model-0 . Model-1 ~ Model-2
YA PCM-1 10mm
¥

Outdoor

Gdoor

: vad lOnﬂlﬁ =
N\
U

“Gypsum board 10mm

Gypsum board- 10nmn -

~ Gypsum board 10mm

Insulation material 60(30*2)mm
Fig. 3-1. Schematic diagram of the two-dimensional geometric model of the LBW and
the location of the PCM.

Table 3-1 Thermo-physical parameters of wall materials.

Material tm(°C)  Lp(kJ/kg)  dp(mm) ;()[x\é/((TI;TJ)I](j) Co[J/(kg K)]  p(kg/md)
PCM-1 18-28 216 10 0.5(0.25) 1785 1300
0osB - - 12 0.105 1400 593
Glass wool - - 60 0.035 1220 40
Gypsum board - - 10 0.33 1050 1050
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3.2.2 Indoor and outdoor thermal boundary description

In this study, outdoor thermal boundary data were selected from July to August based on
the typical summer climate (TMY2) [33,34] in Fukuoka (Japan). The TMY?2 are datasets of
hourly values of solar radiation and meteorological elements for a 1-year period and it was
downloaded from the National Renewable Energy Laboratory [35]. The numerical simulation
time is from July 1st to August 5th. However, in order to eliminate the difference between the
initial temperature and the actual temperature, the data of 7 days were selected with higher
relative temperatures from July 30th to August 5th for analysis. Fig. 3-2 shows the variation of
outdoor air temperature and solar radiation intensity from July 30th to August 5th (7
consecutive days). In addition, for the indoor temperature, the relevant Japanese energy-saving
norms (Criteria for Clients on the Rationalization of Energy Use for Houses, CCREUH)
stipulate that the indoor set temperature of an air-conditioned room < 27°C [36]. While some
research [37] found that the comfortable temperature range needs to be from 25°C to 28°C when
the PMV is between -0.5and 0.5 in the air-conditioned room in summer. Therefore, considering
energy-saving and human thermal comfort, the indoor air temperature maintains 26 <C.
Adiabatic boundaries were applied to the top and bottom surfaces of the numerical model, while

the convective heat transfer coefficients hiy and how are 8.7W/(m*K) and 19W/(m*K),

respectively [38,39].
40 1600
1 Outdoor air temperature Solar radiation intensity
0y L 1400
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@) 1 2
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e ] e D
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g 161 600 =
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Time (TMY02, July30-Aug.5, h)

Fig. 3-2. Variation of outdoor air temperature and solar radiation intensity with time.
3.3 Selection of phase-transition temperature of PCM

The phase-transition temperature of PCM determines the degree of phase change.
However, the degree has a significant impact on the thermal performance of the wall when

PCM is integrated into building walls. The phase change will not occur or quickly complete
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when the phase-transition temperature is lower or higher than the actual temperature range, but
both whether and how much the phase change of PCM happens depends on the overlap ratio
between its temperature fluctuation and its phase-transition temperature [49]. As a result,

gaining a suitable phase-transition temperature is the primary task in this study.

Fig. 3-3 gives the variation of inner surface temperature with time under different phase-
transition temperatures for different locations. It can be seen that there are large differences in
the internal surface temperatures at different phase-transition temperatures no matter where the
PCM is installed. When the PCM is close to the outer surface, the phase change occurs rapidly
at a lower transition temperature due to its strong interaction with the outdoor temperature,
which leads to the weakening of the thermal storage efficiency. This is also why the peak
temperature of the inner surface occurs at different times under different phase-transition
temperatures. Secondly, the fluctuation amplitude of inner surface temperature decreases
gradually with the increase of phase-transition temperature, indicating that appropriate
transition temperature can improve the thermal storage and release capacity of PCM. In addition,
there are many overlapping curves for different phase-transition temperatures when the PCM
is installed in the middle or inside, which main reason is that the actual temperature change of
PCM is in the range of phase-transition temperature under the interaction of the outdoor and
indoor temperature. It further illustrates that the optimal phase-transition temperature of PCM
is determined by the actual temperature change. As a consequence, the suitable phase-transition
temperatures are initially determined as 30-40°C for Model-1, 22-32°C, 24-34°C and 26-36°C
for Model-2, 18-28°C, 20-30°C, 22-32°C and 24-34°C for Model-3.

28
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Fig. 3-3. Variation of inner surface temperature with time under different phase-
transition temperatures for Model 1-3.
Fig. 3-4 depicts the variation of PCM temperature and liquid ratio with time under different
phase-transition temperatures for different locations. It can be drawn that the actual
temperatures of the PCM are all above 26 <C. The PCM is always in the liquid state only sensible

heat reaction occurred when the phase-transition temperature is lower than 26<C. Taking
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model-1 as an example, it can be concluded that the temperature changes of the PCM within
27.04<C-51.18<C when the PCM is close to the outdoor side due to the high outdoor
temperature. Furthermore, the PCM temperature is higher than 32<C for 41% of the time when
the phase-transition temperature is selected to be22<C-32<C, during which the PCM is fully
saturated with thermal storage and reaches a sensible heat state. Nevertheless, when the PCM
temperature is reduced to 32<C, then it begins to decrease slowly with the decrease of outdoor
temperature due to the latent heat, and that the temperature will drop rapidly after the heat
release is completed. The above phenomenon is mainly because the PCM has less thermal

storage resulting in shorter phase change maintenance time.

Moreover, more importantly, the temperature variation of PCM gradually decreases and
approaches the phase-transition temperature as phase-transition temperature rise. Such as, when
the phase-transition temperature is defined as 30-40<C, the PCM temperature fluctuates at
30.90C-38.39<C. At this time, the phase-transition temperature completely covers the actual
temperature change and the thermal performance of the PCM is better developed, which is also

the reason why the temperature fluctuation curves overlap in Model-2 and Model-3.

Besides, it can be seen from the liquid ratio change of the PCM in Fig. 3-4 that the
difference is huge at different phase-transition temperatures when the phase-transition
temperature is relatively appropriate. Taking model-2 for example, when the suitable phase-
transition temperature is chosen to be 22-32<C, 24-34<C and 26-36 <C, the liquid ratio fluctuates
range (average value) in 74.49%-96.56% (85.78%), 54.45%-76.56% (65.77%) and 34.46%-
56.57% (45.79%) respectively. It means that the liquid ratio will be larger as the actual
temperature of PCM gets closer to the maximum value of phase-transition temperature. As a
result, choosing the PCM with a low phase-transition temperature at a suitable temperature will
exert higher thermal storage capacity for transitional seasons. The outdoor temperature selected
during this study is the highest of the year, so the appropriate phase-transition temperatures are
determined to be 30-40<C, 22-32<C and 18-28 <C for Model-1, Model-2 and Model-3, severally.
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Fig. 3-4. Variation of PCM temperature and liquid ratio with time under different
phase-transition temperatures for Model 1-3.

3.4 Effects of other parameters of PCM
34.1 Effect of the PCM location

The different locations of PCM in the wall determine the degree of interaction with the
indoor and outdoor environment [17]. But for the thermal performance analysis of the wall, the
delay time () and attenuation rate (f) of the inner surface temperature are two important factors
affecting the indoor comfort, and the peak heat flux (qpeax) and average heat flux (gave) Of the
inner surface are essential elements affecting the energy-saving [40]. Based on this, Table 2
lists the indexes evaluating the thermal behavior of LBW under suitable phase-transition
temperatures. Compared with Model-0 (no PCM), the peak temperature (Toeak) decreases by
about 1<C at different PCM locations, and the average temperature (Tae) changes are slight.
The ¢ is enhanced by 3.57h-4.4h from 0.86h, and the f is decreased by 72.78%-91.57% from
5.34%. It shows that the PCM has a potent inhibition on the fluctuation of the inner surface
temperature at a suitable phase change temperature, but the thermal insulation is poor.
Meanwhile, liken to Model-0 (no PCM), the qpeax is reduced by 7.32W/m?-8.78W/m? (reduction
rate reach 52.81%-63.35%), while the gaw is reduced only by 1.13W/m?-1.54W/m?, and the
cumulative heat gain (Qc) is reduced by 3.45%-8.18%. The results show that the PCM can

restrain the higher temperature but raise the lower temperature due to latent heat, which leads
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to the energy-saving effect of higher temperature period is significant than other periods, while
the total energy-saving effect is small. Furthermore, it finds that the difference in evaluation
indexes of the three models are relatively small, but all evaluation indexes are the best for
Model-2 by comparison. The results indicated that the PCM installed in the middle of the wall
is better than the outside or inside at a suitable phase-transition temperature.

Table 3-2 Thermal performance of LBW with different PCM location and suitable
phase-transition temperatures

i PCM Inner surface temperature Inner surface heat fluxes
Location
(t OC) TPCM ,B Tpeak Tave (1) f Qpeak qave Qc
" ) () (O C) () () Wim’) (W/m?) (W h/im?)
Model-0
(No - - 27.60 2656 0.86 534 13.86 6.02 824.88
PCM)

Model-1 30.90- 13.29-
(30-40) 38.39 83.01
Model-2 29.89- 78.86-
(22-32) 3119 92.14
Model-3 26.43- 84.29-
(18-28) 27.06 90.09

26.75 26.55 4.43 137 6.48 4.71 796.43

26.59 26.52 529 045 5.08 4.48 757.39

26.76 26.54 457 140 6.54 4.70 794.58

3.4.2 Effect of the PCM thickness

The total thermal storage and release capacity of the wall is directly determined by the
amount of PCM when other parameters are fixed. Based on the above analysis, PCM installed
in the middle (Model-2) is studied on subsequent related issues in this paper. The phase-
transition temperature is chosen to be 22-32<C, and other parameters are set according to the
basic value in table 1. Fig. 3-5 shows the thermal performance indexes in the inner surface with
different thicknesses of PCM. As shown, the thickness not only affects the ¢ and f but also has
a significant effect on the g. As shown in Fig. 3-5 (), the ¢ presents an increasing linear trend
with the increase of PCM thickness on the reference wall, the ¢ increases by 3.43h, 4.43h, 5.71h
and 7.28h for each 5mm increase, respectively. However, the f gradually weakens when the

thickness is added more than 10mm.

Furthermore, the q is presented in Fig. 3-5 (b). For each increase of 5mm on the basis of
Omm, the reduction rates of Qpeax are 51.88%, 23.84%, 9.45% and 8.26%, respectively. The Qave
reduction rates are 22.26%, 4.27%, 5.80% and 6.63%, respectively. The above data can be
concluded that the reduction rate of gpeax tends to be smooth gradually when the thickness is
more than 10mm, while the increase of PCM thickness (more than 5mm) has little effect on the
Jave. This phenomenon is because thicker PCM provides a higher heat storage capacity per unit

surface, which leads to a higher thermal regulation mechanism. However, the additional PCM
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added only plays a certain role of thermal resistance for the relatively stable heat from the
outside, and the total heat storage and release capacity are not fully utilized. This result is
consistent with the literature [32], but the latter gives an increase in total heat flux with
increasing thickness. This differentiation mainly from the thermal resistance of basic layer (no
PCM) varies with the PCM thickness in [32], as a result, the above also further illustrates that
the advantage of PCM is not thermal insulation but thermal adjustment. To sum up, if blindly
increasing the thickness of PCM with the thermal resistance of the basic layer unchanged,
although the purpose of energy-saving can be achieved, the energy-saving effect will gradually
stabilize with the increase of thickness, and the cost of PCM will increase linearly. Therefore,
the PCM thickness of 10mm is more suitable to achieve a better application effect. In this case,
the ¢ is 5.29h (increased by 4.43h), the f is reduced from 5.34% (no PCM) to 0.45%, and the
Opeak @Nd Qave are also reduced by 63.35% and 25.58%.
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S BES
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4 1 \ <
* I
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16
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O T
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Fig. 3-5. Variation of (a) Delay time and attenuation rate of inner surface temperature
and (b) inner surface heat flux under different PCM thicknesses.
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3.4.3 Effect of the PCM latent heat

The thermal storage and release capacity of PCM is mainly measured by PCM latent heat
at the appropriate phase-transition temperature. The use of PCM in buildings can effectively
improve the thermal mass of the wall under a small mass, but the improvement effect is closely
related to the latent heat of PCM. For this reason, seven groups of data are selected as the
research indicators from 25kJ/kg to 325kJ/kg with an interval of 50kJ/kg, and other non-
research parameters are set according to the basic values. Fig. 3-6 depicts the changes of various
evaluation indicators under different phase change latent heats. As shown in Fig. 3-6(a), the
larger the latent heat results longer ¢ and lower the f. When increasing from 25kJ/kg to175kJ/kg,
the ¢ increased by 2.28h-4.28h, and the f decreased from 5.34% to 0.54% (reduced by 89.89%)
compared with the reference wall (no PCM). But from 175kJ/kg to 325kJ/kg, the ¢ only
increased by 0.86h, and the f is only reduced from 0.54% to 0.29%. It shows that its benefit is
relatively high when the latent heat is taken as 175kJ/kg and then continues to increase, the ¢

and f will be weakened.

From Fig.7(b) can be seen that the qpeax decreases gradually with the increase of latent heat.
When the latent heat is increased from 25kJ/kg to 325kJ/kg, the qpeak can be reduced by 37.37%-
66.52% compared with no PCM. However, it is obvious that the gpeax reduction rate has leveled
off when the latent heat is higher than 175kJ/kg. This phenomenon has a similar conclusion to
the increased PCM thickness, that is, its heat storage capacity is improved with the increase in
latent heat, but beyond a certain value, its effect gets stable because of the limited outdoor heat.
These results are quite different from the previous findings [32], where the effect tends to be
relatively stable after latent heat exceeds 50 kJ/kg. It shows that different outdoor thermal
boundaries and the thermal resistance of the basic layer (no PCM) can affect the contribution
efficiency of PCM. Furthermore, the change range of different from the Qpea, the gave does not
change much with the strengthening of phase change latent heat. This further illustrates that the
PCM only adjusts the temperature fluctuation through its inherent thermal mass but does not
weaken the heat transfer effect to a certain extent. A high thermal storage capacity and superior
thermal regulation mechanism of the wall can bring certain energy-saving effects for the g, but
its benefit can be ignored when the latent heat is higher than a specific value (175kJ/kg). The
Qpeak 1S ONly 0.7w/m? (13.33%) higher than the dae When the phase change latent heat is 175
kJ/kg, while compared with the reference wall (no PCM), the (peak and gave are reduced by 62.12%
and 24.41%, respectively.
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Fig. 3-6. Variation of (a) Delay time and attenuation rate of inner surface temperature
and (b) inner surface heat flux under different PCM latent heats.

3.4.4 Effect of the thermal conductivity coefficient of PCM

The thermal conductivity coefficient affects the thermal insulation performance of the
material, indoor comfort and energy consumption of the building. Thus, five groups of different
thermal conductivity coefficient values [solid (liquid), W/(m K)] of PCM from minor to large
are selected for analysis, and other parameters are set according to the basic value except for
the above optimization parameters. As shown in Fig. 3-7 (a) indicates a change range of f is
small only from 0.45% to 0.25% as the thermal conductivity coefficient is decreased from
0.75(0.375) to 0.05(0.025), but the ¢ increases by 4.42h. The results are caused by a high total
thermal resistance (due to low thermal conductivity coefficient) of the wall prevents the impact
of outdoor temperature peak period on indoor temperature, and the thermal storage effect of
PCM is also delayed. In the meantime, the reference wall is compared to suggest that the ¢

enhances 4.43h-8.85h and the f reduces 91.57%-95.32% respectively. It can be clearly shown

3-11



CHAPTER THREE: EFFECT OF PCM PARAMETERS ON THE THERMAL PERFORMANCE OF
LIGHTWEIGHT WALL

that the phenomena are mainly caused by the PCM latent heat.

Meanwhile, reducing the thermal conductivity coefficient of PCM from 0.25(0.125) to
0.05(0.025), the effect on the ¢ and f is higher than that from 0.75(0.375) to 0.25(0.125). Similar
conclusions are also drawn in Fig. 3-7 (b), that is, the influence degree on the g is more evident
after reducing from 0.25(0.125) to 0.05(0.025). At the same time, it is worth noting that the
Opeak and Qave change less from 0.75 (0.375) to 0.05 (0.025) during the reduction of the thermal
conductivity of the PCM, which is only 0.87 W/m? and 0.63 W/m?. It is mainly due to the
thinness of the PCM (only 10mm), whose variation in thermal conductivity has a small effect
on the total thermal resistance of the wall, which is consistent with the results of the literature
[32,49]. In addition, when the smaller thermal conductivity coefficient is selected as 0.05
(0.025), compared with other values, the Qpea and Qave are reduced by 8.87%-17.13% and
7.64%-14%. However, compared with the reference wall (no PCM), the Qpeak and Qave are
reduced by 69.62% and 35.71%.
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Fig. 3-7. Variation of (a) Delay time and attenuation rate of inner surface temperature
and (b) inner surface heat flux under different thermal conductivity coefficients of PCM.
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345 Effect of the PCM density

Based on the above-optimized parameters, the influence of PCM density on the thermal
performance of the wall is further studied in this paper. From Fig. 3-8(a) can be concluded that
the ¢ exhibits linear growth with the increase of density, conversely, the f tends to be reduced.
Indicating that a higher density reduces the influence of outdoor temperature on the indoor due
to the enhancement of thermal inertia of the wall. However, when the density is greater than
1000 kg/m3, the impact on the f is minimal and tends to be smooth, although the ¢ is increased
continuously. Increasing density from 250 kg/m3to 1000 kg/m?, f lowered from 2.64% to 0.48%,
while from 1000 kg/m? by 2000 kg/m?, f decreased by only 0.29%. What’s more, increasing the
density positively affects reducing the qpeax and a little effect on gave, as observed in Fig. 3-8(b).
With the increase of PCM density from 250kg/m? to 1000kg/m?3, the reduction rate of Qpeax
increases by 27.13%, but it is only raised by 4.54% from 1000 kg/m? to 2000 kg/m®. It indicates
that although increasing the density can improve the peak energy-saving rate, the effect is
basically negligible when its value exceeds 1000kg/m?. At the same time, found by calculation
that the Q. changed little with adding density from 250kg/m? to 1000kg/m?, and then it only
began to decline when it exceeds 1000kg/m?. This result can well explain that a lower material
density cannot well boost the thermal inertia of the wall for the thinner PCM (only 10mm), and
the thermal regulation effect mainly comes from the latent heat of PCM at low density. In
conclusion, considering the characteristics of lightweight walls, selecting the PCM with a
density of 1000kg/m? based on the above suitable analysis parameters can reduce the Qpeax by
66.38%, the gave by 33.39% and the Q. by 15.16% compared with the reference wall (no PCM).
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Fig. 3-8. Variation of (a) Delay time and attenuation rate of inner surface temperature
and (b) inner surface heat flux under different densities of PCM.
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Fig. 3-8. (Continued).
3.4.6 Effect of the PCM specific heat

Fig. 3-9 demonstrates the thermal performance of the inner surface under different specific
heat of PCM, and it is found that the change of specific heat does not have much effect on it.
When the specific heat is increased from 500J/(kg K) to 2000J/(kg K), the ¢ increased by only
0.43h, the f decreased from 0.54% to 0.51%, the Qpeax is reduced only 0.11W/m?, the variation
of gae approaches to 0%. The main reason is that the specific heat of PCM is very small
compared with the latent heat (only about 0.5% of the latent heat). The main reason is that the
specific heat of PCM is very small compared with the latent heat (only about 0.5% of the latent
heat). The equivalent specific heat resulting from the conversion of the latent heat is much
larger than the specific heat of the PCM in the solid or liquid state, so that heat gain caused by
the specific heat of PCM is negligible for the heat gain of PCM integrated wall. Meanwhile,
the specific heat of PCM close to the basic value of 2000 is selected for analysis in this paper.
Compared with the reference wall (no PCM) in the above PCM parameters are taken to the
relative optimal value, the ¢ is added to 6.86h, the f is cut down from 5.34% to 0.51%, and the
Opeak aNd Qave reduced by 66.52% and 33.39%. As a result shows that although the PCM is
thinner (only 10mm), its high heat storage and release capacity after selecting appropriate PCM,
which not only ensures the stability of indoor temperature but also be prominent in the energy-

saving of light buildings.
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Fig. 3-9. Variation of (a) Delay time and attenuation rate of inner surface temperature
and (b) inner surface heat flux under different specific heats of PCM.

3.5 Summary

Although PCM integrated wall was widely studied, previous studies mostly focused on
indoor thermal environment and energy consumption. Few studies on the heat transfer
performance of lightweight building walls (LBW) based on PCM parameters. Therefore, the
effects law of different PCM parameters (location, transition temperature, thickness, latent heat,
thermal conductivity, density, specific heat) on the thermal performance of LBW is roundly

analyzed in this paper by numerical simulation. The main conclusions are gained as follows:

« PCM integrated into the LBW can significantly improve the thermal inertia and reduce the
fluctuation of the inner surface temperature and peak heat flux (gpeak) but has little effect
on the average temperature (Tave), average heat flux (qawe), and cumulative heat gain (Qc).

» The suitable phase-transition temperature is also different when the PCM is installed in
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different locations. PCM installed in the middle of the wall is better than the outside or
inside at a suitable phase-transition temperature.

The thickness, latent heat and density of PCM have a positive correlation with the delay
time (p) and a negative correlation with the attenuation rate (f) and gpeax. That is, as their
value is increased, the ¢ is increased, the gpeax and f are reduced. However, the influence
begins to be weakened when it exceeds a particular value and there are relatively optimal
values for different parameters. What’s more, the specific heat of PCM has basically no
effect on thermal performance.

Considering the cost and thermal performance, PCM-thickness should not exceed 10mm.
In addition, the influence begins to weaken when the PCM-latent heat exceeds 175kJ/Kkg.
The influence is more apparent when the thermal conductivity coefficient of PCM is less
than 0.25 (0.125)W/(m K), and it can be ignored above this value. Furthermore, selecting
the PCM with a density of 1000kg/m? is suitable considering the characteristics of
lightweight walls.

Under suitable PCM parameters compared to the reference wall (no PCM), the ¢ increases
by 6.86h, the f decreases by 90.45%, the Qpeak, Jave and Q. reduced by 66.52%, 33.39% and
18.24%. Furthermore, the liquid ratio of PCM can reach 78.86%-92.14% at the appropriate
phase-transition temperature (22-32°C), which is conducive to adjust different outdoor

thermal environments.
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Nomenclature
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Subscripts

nw © -

peak

Phase-transition temperature, (°C)

Phase change latent heat, (kJ/kg)

Thickness, (mm)

Thermal conductivity, [W/(m K)], Solid (Liquid)

Specific heat, [J/(kg K)]

Density, (kg/m?)

The material temperature, (°C)

The temperature of PCM, (°C)

Convective heat transfer coefficient of inner surface, [W/(m?K)]
Convective heat transfer coefficient of outer surface, [W/(m?K)]
Inner surface temperature amplitude, (°C)

Outdoor air temperature amplitude, (°C)

Cumulative heat gain, (W Hh/m?)

The enthalpy of PCM, (kJ/kg)

Temperature, (°C)

Time, (S)

Solar radiation absorptivity of outer surface, -
Inner surface heat flux, (W/m?)

Solar radiation intensity, (W/m?)

Wall thickness, (m)

Wall height, (m)

Liquid fraction, -

Delay time, (h)

Attenuation rate, (%)

the internal iteration number, -

Wall thickness direction

Wall height direction

Representatives OSB, Glass wool or Gypsum board
Phase-Change Materials

Solid states

Liquid states

Peak value
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Abbreviations

LBW Lightweight Building Walls
PCM Phase-Change Materials

OSB Oriented Strand Board

TMY?2 Typical Meteorological Year 2
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CHAPTER FOUR: INFLUENCE OF PCM PARAMETERS ON THE THERMAL PERFORMANCE OF
LIGHTWEIGHT WALL WITH DIFFERENT THERMAL RESISTANCE

4.1 Introduction

In recent years, lightweight buildings have been widely developed due to their
construction convenience and sustainability. Nevertheless, although lightweight buildings have
higher thermal insulation performance, their thermal mass (i.e., thermal storage capacity) is
lower, and the suppression of temperature fluctuations is poor compared to traditional buildings
[1]. However, phase-change materials (PCM) as innovative materials, within a specific
temperature range, can change their physical state (solid-solid, solid-liquid) by using the
temperature difference between environment and materials as the driving force to store and
release large amounts of heat in small volumes and have the advantages of small temperature
change and high energy storage density[2]. A related study [3] was proved that a 25mm-thick
PCM wall can store the equivalent thermal energy as a 420mm-thick concrete wall. Lightweight
walls integrated with PCM can directly improve their thermal inertia, stabilize the indoor
thermal environment, and improve building energy savings. Therefore, lightweight buildings
combined with PCM have become widely studied. Soares et al. [4] investigated the
performance of adding PCM to lightweight steel buildings in Europe and found that PCM can
reduce the energy demand by about 10-60% in various climate zones. Lei et al. [5] showed that
PCM can reduce the heat gain of the building envelopes by 21%-32% per year in Singapore.
Long et al. [6] concluded that in humid subtropical climates, the annual energy consumption of
lightweight buildings with integrated PCM can be reduced by 23.85%.

Moreover, for the study of thermal performance of different walls, Zhou et al. [7]
compared the thermal performance of shape-stabilized PCM, brick, foam concrete and
expanded polystyrene (EPS) under outdoor periodic temperature based on the enthalpy method
model. Results showed that the delay time and attenuation rate of shape-stabilized PCM were
the best. Gao et al. [8] filled PCM in hollow bricks and found that the results could reduce the
attenuation rate from 13.07% to 0.92%-1.93% and increase the delay time from 3.83h to 8.83h-
9.83h. While Jia et al. [9] revealed that Integrating both thermal insulation material and PCM
could improve the thermal performance of hollow bricks comprehensively in the thermal
resistance and thermal inertia. In addition, Li et al. [10] derived from EnergyPlus simulation-
based analysis that integrating PCM in a normal foamed concrete wall could reduce the yearly
heating energy consumption by 4.74%. Meanwhile, Liu et al. [11] found that for LBW
integrated with suitable PCM, the delay time increased to 6.86h, the attenuation rate decreased
by 90.45%, the peak heat flux (gpeax) and average heat flux (gave) were reduced by 66.52% and
33.39% compared with the reference wall (no PCM). Besides, to evaluate the thermal inertia of

LBW integrated with PCM, Ling et al. [12] proposed a simplified method for calculating the

4-1



CHAPTER FOUR: INFLUENCE OF PCM PARAMETERS ON THE THERMAL PERFORMANCE OF
LIGHTWEIGHT WALL WITH DIFFERENT THERMAL RESISTANCE

heat storage coefficient of PCM by dimensional analysis and numerical simulation. Based on
this method, Sun et al. [13] concluded that the thermal inertia index of LBW could be improved
by 60.3% when a suitable PCM was used. In summary, PCM has been widely studied for
applications in buildings, but there are considerable differences in the contribution efficiency
of PCM integrated into different walls. For this reason, Wu et al. [14] analyzed the effect of
wall thermal performance on the contribution efficiency of the PCM layers by establishing a
phase-change heat transfer model. The results found that the wall thermal performance had a
large influence on the contribution efficiency of the PCM layer. The higher the heat transfer
coefficient or the lower the thermal inertia, the better the phase-change thermal storage capacity

operation.

In addition, related studies found that multiple parameters of the PCM greatly affected the
performance of walls integrated with PCM [15,16]. Kishore et al. [17] revealed that the PCM
transition temperature was the strongest parameter affecting thermal load modulation, followed
by PCM location and PCM thickness. PCM latent heat and density were next in the order of
priority, specific heat and thermal conductivity showed no impact. The results of Berardi [18]
and Bimaganbetova et al. [19] showed that PCM with different melting temperatures had
different contribution efficiency on reducing the cooling load. Neeper [20] studied the
thermodynamic properties of PCM wallboard and concluded that the optimal phase-transition
temperature depended on the average room temperature, outdoor temperature and thermal
resistance of the original walls (Rui). The same conclusion was reached by Adilkhanova et al.
[21]. Moreover, different researchers have further views on the optimal location of PCM. Wang
et al. [22] experimentally concluded that optimizing the sequence of wall material layers (PCM
layer, insulation layer, and structural layer) can reduce indoor air temperature fluctuations by
31%, with the best effect of PCM layer installed on the inner side. Al-mudhafar et al. [23] found
by simulation (Fluent) that the installation of PCM with higher phase-transition temperature on
the outside for concrete walls (200mm) could significantly reduce the peak internal surface
temperature and peak heat gain. Instead, Tuncbilek et al. [24] argued that PCM close to the
exterior could not save energy, suggesting locating the PCM layers close to the interior.
Bhamare et al. [25] believed that for ceilings (concrete slab) PCM was best installed near the
interior side (bottom). In addition, Gao et al. [8] discovered that the inner cavities were the
better choice for hollow blocks to fill PCM. Liu et al. [11] concluded that the middle was the
best PCM location for LBW.

Furthermore, Meng et al. [26] studied the effect of different PCM thicknesses on indoor
thermal environments in winter and found that 30-40mm-thick PCM was the best. Xiao et al.

[27] discussed the effect of PCM thickness on the thermal performance of shape-stabilized
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PCM wallboard in Beijing in summer and pointed out that the thickness should not exceed
20mm. While Boh&quez-Ordenes et al. [28] concluded that different structures correspond to
different PCM thicknesses, the ideal PCM layer thickness of the ceiling and walls was 4 and 8
mm, respectively. Secondly, the latent heat of PCM is a major factor affecting the thermal
storage capacity of PCM after the thickness was determined. when the PCM was integrated into
different walls, different researchers believe that the optimal latent heat value was 178 kJ/kg
[29], 175 kJ/kg [11], 125 kJ/kg [8], 90 kd/kg [7] and 50 kJ/kg [15], respectively, but the same
conclusion was reached by them that the PCM contribution efficiency started diminishing when
the latent heat exceeds a certain value (optimization). This further illustrates the importance of
selecting appropriate PCM parameters for different envelope structures. Also, the thermal
conductivity of PCM is another important factor affecting the thermal performance of the wall,
which directly affects the phase-transformation rate of PCM [30, 31]. Zhang [32] and Zhou et
al. [7] discovered by simulation that 0.5W/(m K) was the critical value, above which the effect
was smaller. However, Liu et al. [11] pointed out that the influence was more apparent when
the thermal conductivity coefficient of PCM was less than 0.25 W/(m-K) for LBW. Xie et al.
[33] considered that the latent heat utilization of PCM was higher when its thermal conductivity
was about 0.6 W/(m-K) for a wall [k = 0.58 W/(m?-K)].

With the above review, PCM has a very positive effect on the improvement of the thermal
performance of walls. Nevertheless, it can be obtained that the thermal performance of the
original walls has a large impact on the contribution efficiency of the PCM layer [14] and the
appropriate PCM parameters are also different for different walls. For LBW, although it has
good thermal insulation (greater Rw), its thermal storage capacity is poor. Besides, different
LBW have large differences in the Rw due to different insulation materials, whereas the R
represents the ability of the envelope to resist heat transfer. When PCM is integrated into LBW,
the different Rw: directly affects the heat absorption and release efficiency of the PCM and then
affects the contribution efficiency of PCM to improve the thermal performance of LBW.
However, current research on the building walls integrated PCM are mostly focusing on a fixed
structure or thermal resistance, which makes the research conclusion of PCM applicable to
LBW is greatly limited. Also, the contribution efficiency of PCM in optimizing the thermal
performance of different building walls is not very clear, especially for LBW with low thermal
inertia. Therefore, to find the suitable application of the PCM in LBW, a typical two-
dimensional LBW of different R.: models was built with the heat transfer process of melting-
solidifying and validated in this paper, and the enthalpy model is used to explore the influence
laws of PCM parameters on the thermal performance of LBW with different Ru:. The research

conclusions are more informative for improving the indoor thermal environment and energy
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saving of different types of lightweight buildings.
4.2 Material and methods
421 Research flow

In this paper, CFD numerical simulation method is used for the study. The relevant
parameters (PCM parameters and thermal resistance of the original walls, Rw) are first
determined. Meanwhile, to simulate the application of different PCM parameters on different
Rwt, typical two-dimensional model of LBW with different Ry are built with the heat transfer
process of melting-solidifying and validated. Afterward, the appropriate phase-transition
temperatures are analyzed in section 3.1 with different Ry and PCM layer locations. Then, in
section 3.2, the suitable PCM location and contribution efficiency with different Rw are
discussed under the suitable phase-transition temperature obtained by section 3.1 through the
proposed evaluation index. Subsequently, to obtain the effect rules of PCM thickness for
different Rw;, PCM thickness is analyzed at suitable phase-transition temperature and location
in section 3.3. Further on, the effect of PCM latent heat is analyzed in section 3.4. Eventually,
the effect and contribution efficiency of different PCM thermal conductivity with different R
are described in section 3.5 based on the above-optimized parameters. The whole research flow

can be seen in Fig. 4-1.

Effect and selection of PCM
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Fig. 4-1. Flow diagram of the study.
4.2.2  Physical model

To compare and analyze the effect of PCM parameters on the thermal performance of
LBW with different Ru, the physical model in Chapter 3 is used as the basis for a typical two-
dimensional wall to be built, as shown in Fig. 4-2, and the thermo-physical parameters of wall
materials are given in Table 4-1 [11,36,37]. On the basis of this, by changing the thermal
conductivity of the insulation material, 2.0(m? K)/W is taken as the minimum value, four levels

are selected at an interval of 1.0(m? K)/W as Ry« based on relevant energy-saving standards [34]
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and it can be calculated by equation (1) [35]:
Ra=2-" (4-1)

Model-1 Model-2
YA PCM 10mm

Gypsum board [0mm "

D
i g
< O
< &
- =

wn)
* ol
s
9

Glass wool 60(30*2)mm

Fig. 4-2. Schematic diagram of the two-dimensional geometric model of the LBW and
the location of the PCM [11].

Table 4-1 Thermo-physical parameters of wall materials [11,36,37].

Material . L

(°0) (kJ/kg) (m) Solid (Liquid) [U/(kg K)] (kg/m?)
PCM-1 18-28 216 0.01 0.5(0.25) 1785 1300
0oSB - - 0.012 0.105 1400 593
Glass wool - - 30/60 0.035 1220 40
Gypsum board - - 0.01 0.33 1050 1050

423 Thermal boundaries

In order to explore the effects of PCM thermo-physical parameters on the different thermal
resistances of the original walls (Rw) under the same thermal boundary conditions, this paper
still uses the outdoor climatic conditions of Fukuoka summer from July-August in Chapter 3
(data from Typical Meteorological Year 2, TMY2 [38,39]) as the outdoor thermal boundary for
numerical simulation analysis. In the meantime, to obtain the outdoor comprehensive
temperature thermal boundary (solar- air, Tsa), the solar radiation absorption coefficient (o) of
the outer surface of the wall is taken as 0.48. Fig. 4-3 gives the variation of comprehensive
temperature under outdoor air temperature and solar radiation intensity from July 30th to
August 5th (7 consecutive days). In addition, the indoor air temperature still maintains 26 <C.
Adiabatic boundaries were applied to the top and bottom surfaces of the numerical model, and
the convective heat transfer coefficients of the inner surface (hin) and outer surface (hou) are
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still 8.7W/(m?K) and 19W/(m?-K) [9,40].

1600
70 4 Comprehensive temperature, 7, =T, towh,,, , a=0.48
] Outdoor air temperature, T, [ | Solar radiation intensity, | 1400
60 Tae &G
57.53 jomex 57.27  55.02 3802 54373 55371 1200 =
o 504 -
£ L 1000 2
- 5
s 404 =
= 800 .E
2 ] g
g 301 L 600 E
N BT /| 254 K
4 233 ' 235 =
20 23\ T s min 29 F400 =
10 4 F200
0 T T T T (]

0 24 48 72 9% 120 144 168
Time (TMY02, July30-Aug.5, h)

Fig. 4-3. Variation of outdoor air temperature and solar radiation intensity with time

[11,39,40].

4.3 Effect and selection of PCM phase-transition temperatures

The phase-transition temperature of PCM determines the degree of phase-change, which
in turn directly affects the heat absorption and release efficiency of the PCM. When the PCM
is integrated into the Lightweight building walls (LBW), the thermal resistance of the original
walls (Rw) and the phase-transition temperature are two important factors affecting the thermal
performance of the walls under relatively stable outdoor thermal fluctuations. When the phase-
transition temperature is lower or higher than the actual PCM temperature, the phase-change of
PCM will not occur or rapidly occur and lead to its only thermal insulation. Moreover, Ry also
directly affects the heat absorption and heat release of the PCM when the phase-transition
temperature is appropriate. Therefore, gaining a suitable phase-transition temperature is the

primary task in this study.

431 Effect of PCM phase-transition temperatures on the inner surface temperature

of walls

Fig. 4-4 gives the effect of different phase-transition temperatures of PCM on the inner
surface temperature at different locations and Rw, which clearly shows that the fluctuation of
the inner surface temperature varies widely for different phase-transition temperatures at the
same location and Ry Taking Model-1 as an example, the fluctuation is gradually decreased
with the phase-transition temperature raises, indicating that a suitable phase-transition
temperature can obviously improve the total heat storage and release capacity of the LBW.

Based on the suitable phase-transition temperature (30-40<C), the fluctuation amplitude of the
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inner surface temperature is reduced by 1.17<C compared with that of the reference wall
(1.57<C) when the Ryt is 2.0(m? K)/W. However, when the Ry is increased to 5.0(m? K)/W, the
fluctuation amplitude only decreases from 0.64°C (reference wall) to 0.16°C. This result
indicates that the effect of PCM is weakened as the Ryt is enhanced. The main reason for this
phenomenon is that the higher Rw: suppresses the interference caused by outdoor temperature
fluctuations. Meanwhile, the PCM is installed on the outer side, and its superior heat storage
and release capability result in less temperature fluctuation on the outer surface, following the

temperature transferred to the inner surface is further weakened due to the increased Rux.

In addition, it can be seen that the curves of different phase-transition temperatures appear
to overlap when the PCM installation location is shifted from the outside to the inside at the
same Ryt For Model-2 (middle), there are three curves (22-32<C,24-34<C and 26-36 C) that
completely overlap, while the Model-3 (inside) overlap curves are 18-28<C,20-30<C,22-
32C,24-34<C, respectively. This phenomenon is mainly caused by the actual temperature
change of PCM is within the phase-transition temperature range during the interaction between
indoor and outdoor, which further proves that the actual temperature change of the PCM layer
determines the optimal phase-transition temperature. It is also observed that the suitable phase-
transition temperature from Model-1 to Model-3 gradually descends, which indicates that the
suitable phase-transition temperature is different for different PCM locations, the closer to the
inside, its optimal value is also closer to the indoor temperature due to the stronger the PCM is
affected by the indoor temperature under the Rw. Moreover, the suitable phase-transition
temperature (the number of overlapping curves) remains unchanged with the change of R
under the same PCM location, while the fluctuation of the inner surface temperature is
significantly reduced, under the higher Ry It shows that the increase of Ry does not affect the
selection of the suitable phase-transition temperature, but it will reduce the contribution
efficiency of PCM. As a consequence, the suitable phase-transition temperatures are initially
determined as 30-40<C for Model-1, 22-32<C, 24-34<C, and 26-36C for Model-2, 18-28C,
20-30<C, 22-32<C and 24-34<C for Model-3.
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Fig. 4-4. Variation of inner surface temperatures with time under different phase-

transition temperatures and Ry for Model 1-3.
4.3.2  The variation of liquid fraction under different phase-transition temperatures

For the same PCM location, the PCM at different phase-transition temperatures has
different degrees of phase-change. Taking Model-2 as an example, Fig. 4-5 depicts the variation
of the liquid fraction (%) of PCM with time under different phase-transition temperatures. It
can be drawn that the liquid fraction can reach 95.8%-100% (average value) when the phase-
transition temperature is low (18-28<C). While, the liquid fraction gradually decreased with the
phase-transition temperature raises under a certain thermal resistance (Ru,1), the average liquid
fraction is reduced from 99.49% to 45.90% by increasing the phase-transition temperatures
from 18-28<C to 26-36<C. It shows that the PCM with lower phase-transition temperatures is
basically in the liquid state under the action of higher indoor and outdoor temperatures, and its
function is close to zero. This is why the above lower phase-transition temperature has a less
inhibitory effect on the temperature fluctuation. So, selecting the appropriate phase-transition
temperature can make the heat storage and release capacity of PCM play better. In addition,
when the phase-transition temperatures are taken as 22-32<C, 24-34<C and 26-36<C,

respectively (initially determined optimal values), taking the Ru: as 2.0(m? K)/W can yield the
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liquid fraction ranges (average value) of 79.54%-91.66% (85.93%), 59.50%-71.65% (65.91%)
and 39.50%-51.66% (45.90%), respectively. As a result, the main reason is that when the phase-
transition temperature is high, the actual temperature change of the PCM focuses on the low
value of the phase-transition temperature ranges, and the parts above this value are basically no
phase-change resulting in a lower liquid fraction. Therefore, choosing the PCM with a low
phase-transition temperature at a suitable temperature will exert higher thermal storage capacity

for transitional seasons.

Moreover, although the Ru has less influence on the choice of phase-transition
temperatures, the greater Rw, the lower phase-change for PCM with the same phase-transition
temperature. Reference to 22-32<C, the liquid fraction decreased from 79.54%-91.66%
(85.93%) to 78.96%-84.46% (81.84%) when the Rw increased from 2.0(m? K)/W to
5.0(m? K)/W, and the fluctuation amplitude is reduced from 12.12% to 5.5%. It is suggested
that the greater Rw, the more stable liquid fraction within the proper phase-transition
temperatures. The reason is that higher Ry inhibits the heat transfer from outdoor to indoor,
which makes the heat absorbed by the PCM tend to be relatively constant. Based on the above
analysis, the suitable phase-transition temperatures for Model-1, Model-2 and Model-3 are
finally determined to be 30-40<C, 22-32<C and 18-28<C, respectively.
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Fig. 4-5. Variation of PCM liquid fraction with time under different phase-transition

temperatures and Rw: for Model-2.

4.4 Effect of other PCM parameters on evaluation indexes under different thermal

resistance of original walls (Rw)
441 Effect of the PCM location under different Ry

The different locations of PCM in the wall determine the degree of its interaction with the
indoor and outdoor environment [29]. For the thermal performance analysis of the wall, the
delay time (p) and attenuation rate (f) of the inner surface temperature are two important factors
affecting the indoor comfort, and the peak heat flux (gpeax) and average heat flux (gave) oOf the

inner surface are essential elements affecting the energy-saving [8,11]. Therefore, based on the
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above suitable phase-transition temperatures, the effects of different PCM locations on the
thermal performance of the LBW with different Ry: are shown in Fig. 4-6 and it can be found
that Model-1 and Model-3 have basically the same effect, all evaluation indexes are the best for
Model-2 by comparison. This finding is quite different from previous studies [8,22,23,25],
indicating that the suitable PCM location is strongly related to the building wall type. Compared
with Model-0 (no PCM), the smaller the Rw, the more significant the contribution of PCM,
from Fig. 4-6(a) can be seen that the f is reduced by 4.64% for Model-2 when the Ry is set to
2.0(m? K)/W, and only 1.97% at the Rw increased to 5.0(m? K)/W. The reason for this
phenomenon is that the effect of outdoor on the indoor will be suppressed with the increase of
the Rut and the heat absorbed by the PCM is also reduced, and the contribution efficiency of
PCM will be gradually substituted by the Rw. The same conclusion can be drawn from the
decreasing difference between Model-1 (Model-3) and Model-2 due to the change in Ru.
Moreover, as shown in Fig. 4-6(b), the ¢ can be added by 3.71h-4.86h by applying PCM
compared with model-0, while the change in ¢ is less as the Rw is increased. This result is
consistent with the literature [14]. Similarly, it can be also observed from Model-2 that the ¢
increases only by 0.43h when the Ru is increased from 2.0(m? K)/W to 5.0(m? K)/W. This
means that the effect of PCM application on ¢ is nearly independent of the Rw under the same
PCM location.

From Fig. 4-6 (c) and (d) can be concluded that the Qpeax and gae can be significantly
reduced when the LBW is integrated with PCM, with percentages as high as 53.02%-63.47%
and 22.50%-26.01%. However, the Qpeax is reduced from 6.85W/m?-8.2W/m? to 2.76W/m?-
3.59W/m? as the Ry is improved from 2.0(m? K)/W to 5.0(m? K)/W, the contribution efficiency
of PCM is lowered by 40.29%-43.78%. The result suggests that the PCM contribution
efficiency is higher for LBW of lower Ry and it is resulted from that the lower Rw: allows the
PCM layer received the thermal disturbance with the high-temperature amplitude, so it can be
absorbed/released more thermal quantity. Meanwhile, the gpeax differences between Model-2
and Model-1 (Model-3) only decrease from 1.35(1.39)W/m? to 0.83(0.79)W/m? when the R
is enhanced from 2.0(m? K)/W to 5.0(m? K)/W, which can be considered that the Ry has
basically no effect on the selection of the suitable PCM location under the suitable phase-
transition temperature. In addition, it can be easily observed that the Qae is reduced by
1.48W/m?, 1.09W/m?, 0.91W/m? and 0.74W/m? for Model-2(optimal location) compared to
Model-0 (no PCM) as the Ry is improved from 2.0(m? K)/W to 5.0(m? K)/W, which is a small
difference. It can summarize a conclusion that the contribution efficiency of PCM to Qave is less
influenced by the Rw, This further illustrates that the core contribution from the PCM layer is

not thermal insulation improvement but thermal adjustment enhancement.
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Fig. 4-6. The (a) attenuation rate, (b) delay time, (c) peak heat flux and (d) average heat
flux under the different PCM locations and Rux.

442 Effect of the PCM thickness under different Ryt

The total thermal storage and release capacity of the wall is directly determined by the
amount of PCM when other parameters are fixed. Based on the above analysis, PCM installed
in the middle (Model-2) is studied on subsequent related issues in this paper. The phase-
transition temperature is chosen to be 22-32<C, and other parameters are set according to the
basic value in table 1. As a result in Fig. 4-7(a) can be derived that even if the PCM is thinner
(only 5mm) can still reduce the f by 79.56% for a small Ry [2.0(m? K)/W], however, the f is
reduced by 0.67%, 0.1% and 0.09% respectively for every 5mm added. The above data can be
easily determined that the contribution efficiency of PCM is not proportional to its thickness,
the f gradually tends to a relatively stable state when the thickness exceeds 10mm. Furthermore,
when the Ru is increased from 2.0(m? K)/W to 5.0(m? K)/W based on 10mm PCM, the
difference in f is reduced from 4.64% to 1.97%, which is equivalent to the PCM contribution
efficiency is reduced by 57.54%. Meanwhile, the contribution efficiency between different
PCM thicknesses also tends to be the same with the Rw is enhanced. This phenomenon is
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sufficient to explain that the optimal thickness exists in PCM applications, and its value shows
a certain correlation with the Rw.. The optimal thickness of PCM is 10mm when the Ry is
determined to be 2.0(m? K)/W, while it is recommended that the PCM thickness should not
exceed 5mm when the Ry is enhanced to 5.0(m? K)/W or higher. Nevertheless, the above
findings differ significantly from the literature [26-28], which may be caused by different PCM
application environments (wall structural forms and outdoor climatic conditions). In addition,
it is drawn from the ¢ shown in Fig. 4-7(b) that the thicknesses of PCM have an obvious effect
on it, the ¢ can be added by 3.57-4h compared to Omm when the PCM thickness is taken as
5mm. While the ¢ can be increased by 6.57h-6.86h (increased by 71.5%-84.03%) when the
thickness is added to 20mm compared to 5mm. Meanwhile, the ¢ shows some increase (0.43h)
with enhancing the Ry when the thickness of PCM is less than 10mm, but beyond 10mm, the

Rw has little effect on the ¢ (only 0.29h) under the same thickness.

Furthermore, it is observed in Fig. 4-7(c) that the conclusion is similar to Fig. 4-7(a), that
is, the gpeak Under the different PCM thicknesses gradually tends to be stable (same contribution
efficiency) with the increase of Rw, Meanwhile, the contribution efficiency of the PCM to
inhibit the qpeax is declined by 57.07% when the Rw: is increased from 2.0(m? K)/W to
5.0(m? K)/W with the thickness is taken as 10mm. The above shows that it is meaningless to
blindly increase PCM thickness. Meanwhile, the gave are presented in Fig. 4-7(d) shows that the
increase in PCM thicknesses (more than 5mm) has little effect on it (even if the R is small).
The gave is only reduced by 0.52W/m? [Rus, 2.0(m? K)/W] and 0.22W/m? [Rut, 5.0(m? K)/W] as
PCM thickness is increased from 5mm to 20mm. This phenomenon is because thicker PCM
provides a higher heat storage capacity per unit surface, which leads to a higher thermal
regulation mechanism. However, the additional PCM added only plays a certain role of thermal
resistance for the relatively stable heat from the outside, and the total heat storage and release
capacity are not fully utilized. This further illustrates that the main function of PCM is thermal
regulation rather than thermal insulation. In summary, considering the cost of materials and
thermal performance improvement effect, the PCM thickness should not exceed 10mm for
different Rw;, and the PCM contribution efficiency to the performance improvement of low Ry
is much higher than the high Ry for the same thickness. The main reason is that it not only
suppresses the influence of outdoor temperature on the indoor but also reduces the heat storage

and release of the PCM when the Ru is large.
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Fig. 4-7. The (a) attenuation rate, (b) delay time, (c) peak heat flux and (d) average heat
flux under the different PCM thicknesses and Ru.

443 Effect of the PCM latent heat under different Ry

The thermal storage and release capacity of PCM is mainly measured by PCM latent heat
under the appropriate phase-transition temperature. The thermal inertia of LBW can be
enhanced by integrating PCM, but the magnitude is closely related to the latent heat of PCM.
For this reason, five groups of data are selected as the research indicators from 25 kJ/kg to 225
kJ/kg with an interval of 50 kJ/kg based on the above-optimized parameters to analyze the
effects of different latent heats on the thermal performance of walls with different Rut. As shown
in Fig. 4-8(a) and (b), the greater the latent heat, the lower the f and the greater the ¢ at the same
Rut. With the latent heat increasing from 25kJ/kg to 225kJ/kg, the f can be reduced by 86.67%-
84.72% and the ¢ is improved by 1.57h-2h. The f is reduced by 92.99%-97.04% and the ¢ can
be increased by 2.43h-5h compared to the reference wall (no PCM). Furthermore, the effect of
increasing latent heat on the f and ¢ is more noticeable when the Rw is small. As the R
increased from 2.0(m? K)/W to 5.0(m? K)/W, the contribution efficiency of the latent heat
increment (from 25 kJ/kg to 225 kJ/kg) on the f decreased by 79.9%, and the ¢ decreased from
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2h to 1.57h. Meanwhile, it is easy to find that the f and ¢ also have a substantial improvement
even if the latent heat is chosen to be small 25kJ/kg, the contribution can be 54.11%-77.83%
and 282.56%-300.88% compared to the reference wall. It means that the heat storage and
release capacity of the wall have a remarkable effect on thermal performance. In addition, it is
easy to see that the PCM contribution efficiency is significantly reduced as the latent heat
continues to increase beyond 125 kJ/kg. From 25 kJ/kg to 125 kJ/kg at low Ryt [2.0(m? K)/W],
the f decreases by 1.59%, yet is reduced by only 0.35% from 125 kJ/kg to 225 kJ/kg. Similar
conclusions are also drawn in Fig. 4-8(b). This phenomenon has a similar conclusion to the
increased PCM thickness, that is, its heat storage capacity is improved with the increase in

latent heat, but beyond a certain value, its effect gets stable because of the limited outdoor heat.

Besides, it is also evident from Fig. 4-8(c) that the smaller the Rw [2.0(m? K)/W], the
higher the contribution on the reduction of gpeak (40.66%) when the latent heat is raised from
25 kJ/kg to 225 kJ/kg, while its contribution drops to 31.76% when the Ry is set to 5.0(m? K)/W.
Meanwhile, when the latent heat is determined (such as125 kJ/Kkg), the Qpeak decreases by
7.51W/m?, 5.41W/m?, 4.17W/m?, and 3.42W/m?, respectively for each 1.0(m? K)/W increase
in Ryt from 2.0(m? K)/W to 5.0(m? K)/W. This phenomenon is mainly due to the increase in
Rw inhibiting the heat absorption and release of the PCM, resulting in a lower contribution
efficiency of the PCM in reducing the Qpea. The results show that the latent heat is not
proportional to the improvement of thermal performance, the differences of latent heat basically
converge with the Ry is boosted. So it can be presumed that the optimal value of latent heat
under higher Ru is less than that of a low Rw.. However, these results are quite different from
the previous findings, where the effect tends to be relatively stable after latent heat exceeds 178
kJ/kg [29], 175 kJ/kg [11], 125 kJ/kg [8], 90 kJ/kg [7] and 50 kJ/kg [15]. It indicates that
different structures (or Ry) are a very important factor affecting the optimal latent heat selection
of PCM. Furthermore, Fig. 4-8(d) reveals that the gave reduction rate is less affected by the latent
heat is heightened for the same Rw, although these difference starts to increase under different
latent heats as the Rw: is enlarged, the result is negligible which is only increased from 0.05
W/m? to 0.18 W/m?. This further illustrates that the PCM only adjusts the temperature
fluctuation through its inherent thermal mass but does not weaken the heat transfer effect to a

certain extent.
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Fig. 4-8. The (a) attenuation rate, (b) delay time, (c) peak heat flux and (d) average heat
flux under the different PCM latent heat and Ru.

4.4.4 Effect of the thermal conductivity coefficient of PCM under different Ry

The thermal conductivity coefficient affects the thermal insulation performance of the
material, indoor comfort and energy consumption of the building. Thus, four groups of different
thermal conductivity coefficient values [solid (liquid), W/(m K)] of PCM from minor to large
are selected for analysis, and other parameters are set according to the basic value in table 1
except for the above optimization PCM parameters (includes: middle location, 22-22°C, 10mm
thickness, 125 kJ/kg latent heat). As shown in Fig. 4-9(a) indicates the f change is small when
the thermal conductivity is changed from 0.75 (0.375) to 0.05 (0.025), and the difference is
smaller (only 0.07%) as the R is heightened [5.0(m? K)/W]. It is mainly due to the thinness of
the PCM (only 10mm), whose variation in thermal conductivity has a small effect on the total
thermal resistance of the wall, which is consistent with the results of the literature [8,17].
However, Fig. 4-9(b) shows that the smaller the thermal conductivity, the longer ¢. While the
high ¢ cannot be noticed for indoor thermal comfort under the small f (only 0.06%-0.73%,
which leads to internal surface temperature fluctuations of less than 0.5<C [8]). Meanwhile, it
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can be clearly seen that the ¢ variation range is 0.28h-0.85h for different Ry when the thermal
conductivity is reduced from 0.75(0.375) to 0.25(0.125), while the ¢ variation range is
increased to 1.57h-2.86h when the thermal conductivity is reduced from 0.25(0.125) to
0.05(0.025). The results are caused by a high total thermal resistance (due to low thermal
conductivity coefficient) of the wall prevents the impact of outdoor temperature peak period on
indoor temperature, and the thermal storage effect of PCM is also delayed. In the meantime,
the reference wall is compared to suggest that the ¢ enhances 5.85h-7.86h and the f reduces
90.98%-97.04% respectively when the thermal conductivity is determined to be 0.05(0.025). It

can be clearly shown that the phenomena are mainly caused by the PCM latent heat.

Similar conclusions are also drawn in Fig. 4-9(c) and (d), that is, the influence degree on
the q is more evident after reducing from 0.25(0.125) to 0.05(0.025). It shows that the
contribution efficiency of PCM thermal conductivity less than 0.25 (0.125) is higher when the
PCM is integrated into the LBW, however, this contribution gradually tends to be the same as
the Rw: is increased. In addition, taking the optimal value of 0.05 (0.025) as an example,
compared to the reference wall when the Ry is increased from 2.0(m? K)/W to 5.0(m? K)/W,
the reduction of gpeax is reduced from 8.54W/m? to 3.56W/m? and the Qave is reduced from
1.91W/m? to 0.73W/m?. It is clear that even if the thermal conductivity is low, its contribution
efficiency will be decreased as the Rw: increases. However, it can still reduce 66.10%-66.92%
of the gpeak and 30.8%-33.57% of the gave compared to the reference wall (no PCM). As a result,
a suitable PCM integrated into LBW can not only suppress temperature fluctuations but also

help to improve the building energy-saving.
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Fig. 4-9. The (a) attenuation rate, (b) delay time, (c) peak heat flux and (d) average heat

flux under the different thermal conductivity coefficients of PCM and Ru.
4.5 Summary

The effect of PCM on the thermal performance of lightweight building walls (LBW)
depends mainly on the heat absorption and release of PCM. However, the absorption and release
efficiency of the PCM is influenced by the thermal resistance of the original walls (Rw), which
then affects its contribution efficiency to improve the thermal performance of LBW. Therefore,
typical two-dimensional heat-transfer models of LBW with different Rw: were built in this paper
to analyze the influence laws and contribution of PCM parameters on the thermal performance

of LBW with different Rw. The main conclusions are gained as follows:

e LBW with integrating PCM can significantly improve their thermal performance. The
suitable phase-transition temperature of PCM is more correlated with PCM location and
less correlated with R, but the greater the Ry the lower the degree of phase-change of the
PCM.

e Under asuitable phase-transition temperature, the difference between PCM installation on
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the inside and outside is small and the suitable PCM location is almost independent of Ry,
the middle of the wall is the best choice for PCM installation.

o Based on suitable phase-transition temperature (22-32°C) and location (middle), PCM
thickness is not proportional to its contribution efficiency, and its influence is more
noticeable as the Ry decreased. Also, the contribution efficiency between different PCM
thicknesses tends to be the same with the Ryt is enhanced. In addition, the optimal thickness
exists in PCM applications, and its value shows a certain correlation with the Ry The
optimum thickness is 10mm when the Ry is 2.0(m? K)/W, while no more than 5mm is
recommended when the Ry is enhanced to 5.0(m? K)/W or higher.

e The smaller the Rw;, the more obvious the effect of PCM latent heat. The optimal latent
heat corresponding to low Rw: is 125 kJ/kg, beyond which the contribution efficiency of
latent heat increment can be neglected. Meanwhile, the optimal value and its contribution
efficiency are diminished and gradually converge with the Ryt is boosted.

e The influence and contribution efficiency with thermal conductivity less than
0.25(0.125)W/(m K) are more prominent, while its advantages gradually disappear with
the increase of Rut.

e Under suitable PCM parameters compared to the reference wall (no PCM), when the R
increased from 2.0(m? K)/W to 5.0(m? K)/W, the attenuation rate (f) can be reduced by
90.98%(4.99%)-97.04%(2.03%), the delay time (¢) increases 5.85n(0.86h)-7.86h(1.14h),
the peak heat flux (Qpea) and average heat flux (gae) can be reduced by
66.10%(12.92W/m?)-66.92%(5.32W/m?) and  33.57%(5.69W/m?)-30.8%(2.37W/m?),

respectively.

This paper delves into the appropriate parameters and applications of PCM under different
Rwt of LBW, and the research conclusions are more informative for improving the indoor
thermal environment and energy saving of different types of lightweight buildings. However,
the study in this paper is analyzed in the same thermal environment, but the application effect
of PCM is not only related to PCM parameters and Ru: but also different climates have different
effects on the application of PCM. Meanwhile, the outdoor thermal environment of the wall in
different directions is also quite different due to the shading effect of the actual building,
especially the solar radiation intensity. This difference directly determines the thermal boundary
conditions of the walls in different directions. Therefore, the application of PCM in different

climates (or walls with different directions) will be the focus of future research.
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Nomenclature

Rt Thermal resistance of the original walls, [(m? K)/W]
tm Phase-transition temperature, (°C)

Lp Phase change latent heat, (kJ/kg)

d Material thickness, (m)

y) Thermal conductivity, [W/(m K)],Solid (Liquid)
k Heat transfer coefficient, [W/(m? K)]

Cp Specific heat, [J/(kg K)]

p Density, (kg/m?)

Ti Material temperature, (°C)

Tp PCM temperature, (°C)

hin Convective heat transfer coefficient of inner surface, [W/(m?-K)]
Nout Convective heat transfer coefficient of outer surface, [W/(m?K)]
Opeak Inner surface peak heat flux, (W/m?)

Oave Inner surface average heat flux, (W/m?)

Hp Enthalpy of PCM, (kJ/kg)

M Measured temperatures at each hour, (°C)

St Simulated temperatures at each hour, (°C)

M, Average of the measured data values, (°C)

T Temperature, (°C)

t Time, (s)

a Solar radiation absorptivity of outer surface, -

q Inner surface heat flux, (W/m?)

U Solar radiation intensity, (W/m?)

) Wall thickness, (m)

h Wall height, (m)

il Liquid fraction, -

o Delay time, (h)

f Attenuation rate, (%)

m Internal iteration number, -

n Total number of hours, t

Subscripts

X Wall thickness direction

y Wall height direction

i Representatives OSB, glass wool or gypsum board
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p Phase-change materials
S Solid states
| Liquid states

Abbreviations

LBW Lightweight Building Walls
PCM Phase-Change Materials
OSB Oriented Strand Board

TMY2 Typical Meteorological Year 2
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CHAPTER FIVE: THERMAL PERFORMANCE ANALYSIS OF LIGHTWEIGHT WALL IN DIFFERENT
DIRECTIONS INTEGRATED WITH PCM

5.1 Introduction

Buildings have attracted worldwide attention due to their high energy consumption in
today's relatively energy-poor situation [1]. Energy consumption for air-conditioning is rapidly
increasing to create a comfortable indoor thermal environment, which has a detrimental impact
on sustainable development. However, the energy consumption of air-conditioning and heating
caused by the heat transfer of building envelope accounts for more than 70% of the whole life
cycle energy consumption [2]. Improving the thermal performance of the building envelope is
a common way to obtain a stable indoor thermal environment and reduce energy consumption
[3]. Heavy structures (such as concrete and clay brick) are used as traditional techniques to
enhance the thermal stability of buildings [4,5]. With the widespread development of
lightweight buildings in recent years, traditional methods of heat storage no longer meet the
requirements. Nevertheless, lightweight buildings usually have sizeable indoor temperature
fluctuations due to lower thermal mass. Specifically, the delay and attenuation of solar radiation
heat irradiated on the exterior wall in summer are not obvious, resulting in high indoor
temperature. Wang et al. [6] found that the indoor temperature of light buildings in summer was
up to 10<C higher than outdoor by measurements. High indoor temperature fluctuations not
only diminish indoor thermal comfort but also increase the energy consumption of air-
conditioning. However, phase change materials (PCM) have been concerned as innovative
materials for architecture by absorbing large amounts of heat at higher temperatures with small
volumes and releasing it at lower temperatures to reach the purpose that suppressing indoor

temperature fluctuations [7,8].

Kuznik and Virgone [9] and Xu et al. [10] installed shape-stabilized PCM in lightweight
building walls (LBW) and found that PCM could effectively control the fluctuation and rise of
indoor air temperature in summer, with the maximum indoor temperature could be reduced by
8.5<C. Liu et al. [11] installed shape-stabilized PCM in passive heating buildings observed that
it could reduce the non-uniformity of radiant temperature by 20%. In addition, to evaluate the
thermal inertia of PCM integrated LBW, Ling et al. [12] proposed a simplified method for
calculating the heat storage coefficient of PCM by dimensional analysis and numerical
simulation. Based on this method, Sun et al. [13] concluded that the thermal inertia index of
LBW could be improved by 60.3% when a suitable PCM was employed. Moreover,
Adilkhanova et al. [14-17] assessed the effect of PCM applied to lightweight buildings based
on different climatic conditions by using EnergyPlus. According to the studies, PCM can
effectively minimize indoor discomfort, but the energy-saving rate depends on climatic

conditions and the thermal insulation features of the envelope.

5-1



CHAPTER FIVE: THERMAL PERFORMANCE ANALYSIS OF LIGHTWEIGHT WALL IN DIFFERENT
DIRECTIONS INTEGRATED WITH PCM

It can be determined from numerous studies that the PCM applied to LBW can enhance
their thermal performance and keep indoor temperature fluctuations within a specific comfort
level [18,19]. However, its thermal performance improvement effect mainly depends on the
heat storage and release capacity of PCM, while the latent heat storage and release capacity of
PCM are highly dependent on the exchange between the wall surface and the ambient thermal
environment for PCM integrated LBW. [13]. As a result, many scholars have evaluated the
effects of PCM on LBW under different outdoor thermal environments. Among them, Sarri et
al. [20] pointed out that PCM combined with shading equipment under natural conditions was
more conducive to improving indoor thermal comfort hours in most climate zones of Algerian,
and its energy-saving potential can reach 44.13-59.11%. Sun et al. [21] studied the influence of
PCM integrated LBW on energy consumption in humid environments. It was presented that the
energy-saving rate dropped from 1.64% to 1.32% when the humidity increased from 40% to
90%, but the effect was not significant in winter. Fateh et al. [22] investigated the effects of
solar radiation (solar radiation was regarded as the time-varying heat source at the boundary)
and concluded that the appropriate PCM could save 75% of the heating load. Zwanzig et al.
[23] discovered the high dependence of PCM performance on weather conditions through
energy-saving potential analysis and emphasized the necessity of selecting different PCM in
different climatic regions. For PCM itself, several parameters obtained by Kishore et al. [24]
will greatly affect the performance of PCM, mainly including PCM location, phase-transition
temperature, thickness, and latent heat. Zhou et al. [25] studied the effect of different PCM
parameters on the delay time and attenuation coefficient of shape-stabilized phase change
material wallboard based on the enthalpy method model and revealed that the phase-transition
temperature was an important factor affecting the evaluation index, and there were relatively
optimal values of PCM latent heat and thickness under a certain external heat disturbance. Wang
et al. [26] used EnergyPlus single-zone model to study the thermal performance of PCM wall
panels in lightweight buildings in Shanghai from the points of phase-transition temperature,
location, and thickness. It was found that the appropriate phase-transition temperature varied
for different room locations and it had seasonal differences due to different solar radiation

intensities.

From previous studies, we can easily find that the integration of PCM in LBW has been
widely studied and optimized, which proves its effectiveness in reducing energy consumption
and improving indoor thermal comfort, but its application effect is affected by PCM parameters
and outdoor thermal environment [14-17, 24, 26]. Most of the research was mainly focused on
the influence of PCM on the thermal performance of LBW and the indoor thermal environment

in different climatic zones or uniform climatic environments. However, the outdoor thermal
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environment of the wall in different directions is quite different, especially the solar radiation
intensity, due to the shading effect of the building (or itself). This difference directly determines
the thermal boundary conditions of the walls in different directions, while the latent heat storage
and release of PCM are highly dependent on the heat exchange between the wall surfaces and
the ambient environment [13]. Hence, a small-scale lightweight building was manufactured in
Qingdao and the outdoor thermal environment of the wall in different directions was tested.
Based on this, a typical two-dimensional numerical model of LBW integrated PCM was built
in this study and validated by experiment to evaluate the influence rules and difference of PCM
on the thermal performance of the walls in different directions. At the same time, the suitable
PCM parameters and the important ordering of PCM applications for the walls in different
directions were proposed. The research results can provide theoretical reference and data

support for the use of PCMs in lightweight buildings to maximize economic benefits.
5.2 Physical model and thermal boundaries
521 Physical model description

The main purpose of this chapter is to evaluate the appropriate PCM parameters and
configurations for the walls of lightweight buildings with different orientations (different
thermal boundaries). Therefore, the establishment of physical models is still based on the two-
dimensional physical model in Chapter 3. However, in order to visualize more in this chapter
the physical model corresponding to the study, the heat transfer model of the typical lightweight
wall with different PCM locations is described again, as shown in Fig. 5-1. Among them,
Model-0 is still a reference wall without PCM, then, Model-1, Model-2 and Model-3 are used
as comparison models to explore the suitable PCM location in different directions for walls.

The relevant thermo-physical parameters of materials are listed in Table 1.

Model-0 Y, Model-1 ‘A Model-2 Y Model-3

PCM 10 mm

OSB 12 mm
Glass wool 60(30%2) mm

X Glass wool 60 mm

y

A

Gypsum board 10 mm

) Out In Outfs
! 0 s " 0

Fig. 5-1. Schematic diagram of the two-dimensional geometric model of the LBW and
the location of the PCM.
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Table 5-1 Thermo-physical parameters of wall materials [10,27].
A[WI(m K)], Solid

Material tm(°C)  Lp(kJ/Kg) (Liquid) co[J/(kg K)] p(kg/m?)
PCM 18-26 216 0.5(0.25) 1785 1300
OSB - - 0.105 1400 593
Glass wool - - 0.035 1220 40
Gypsum board - - 0.33 1050 1050
Plywood - - 0.17 2510 600
EPS - - 0.039 1380 20

5.2.2 Experimental system and indoor and outdoor thermal boundaries

To obtain the outdoor thermal environment variation over time for different orientations
of LBW, a small-scale lightweight building was manufactured and tested in Qingdao (China),
which is presented in Fig. 5-2. The test parameters mainly include solar radiation intensity of
walls in different directions, indoor and outdoor air temperature, inner and outer surface
temperature, inner surface heat flux intensity, and outdoor wind speed. The lightweight building
(experimental system) is composed of a 1.2m>1.0mx1.0m lightweight timber structure with
walls are 12mm Plywood, 20mm EPS, 20mm PCM, and 5mm Plywood in order from the
outside to the inside and the relevant material parameters are shown in Table 1. For testing, four
JTRO5 dual-channel thermal environment testers were placed in different directions of their
walls (East, West, South, North) to test the solar radiation intensity and air temperature in
different directions. The inner and outer surface temperature and inner surface heat flux of the
walls were recorded by the JTNT-A multi-channel temperature and heat flux tester. The JTR13
Multi-parameter outdoor weather station measured the outdoor wind speeds. Table 2 gives the
accuracy and measurement range of the test instruments. The above data was recorded at 15min
intervals and the test site was unobstructed during the test period, which lasted 168h from 18-

24 July 2021(the hottest month of the summer).

12mm Plywood
20mm EPS
20mm PCM
Smm Plywood

afvm (s

® Thermocouples

B Heat flux meter

h | : 2 ] T < # <
| 1 . | L -
T
" g ¥ 8( = 000mm
JTR13 Multi-parameter A < $ r
Outdoor Weather Station = = J

(] Solar radiometer " '
(JTNT-A) 074 o (JT-ROS5)

Fig. 5-2. Experimental system and measurement point arrangement.
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Table 5-2 Related parameters of experimental instruments.

. Brand and .
Test parameters Picture Range Accuracy Resolution
Model
Surface
Jantytech, -50°C-120°C ~ %0.5°C 0.1°C
temperature JTNT-A
Surface heat flux 0-2000W/m? +4% 0.1W/m?

Solar radiation
. e i@ Jantytech, 0-2000W/m? +2% 1W/m?
intensity 0

JTRO5
Air temperature -50°C-50°C +0.5°C 0.1°C
Wind speed ; . - +1 A
. L v : 16 directions
Wind direction JTR13 +5% 1<
(3609

Considering the stability of the experimental equipment and the typicality of the weather
data, the data of July 22-24 (consecutive 72h) are selected for analysis in this study, as shown
in Fig. 5-3. It can be obtained that the outdoor thermal environment of the wall differs
considerably in different directions where the maximum difference in temperature can be 5-
6<C and the difference in solar radiation intensity is up to 68-72%. The results show that
different thermal boundaries exist for the walls in different directions, which means that their
thermal performance will also be quite different under different thermal boundaries. For this
reason, this paper provides an in-depth analysis of the effect of different directions of LBW
integrated PCM on the thermal performance of the wall based on the meteorological parameters
of the measured data in different directions (see Fig. 5-3) as the outdoor thermal boundary. The
indoor air temperature maintains 26<C. Adiabatic boundaries were applied to the top and
bottom surfaces of the numerical model. The indoor convective heat transfer coefficient (hin) is
taken as 8.7W/(m?K) [28,29]. However, for the outdoor convective heat transfer coefficient
(hout), it is necessary to point out that the outdoor wind speed (v) fluctuates considerably (the
daily wind speed measured between 1.6m/s and 13.8m/s, with an average of 5m/s) due to the
climatic characteristics of Qingdao (oceanic temperate monsoon climate). To facilitate the
analysis of the numerical results, the average wind speed of 5m/s is used as the calculation

boundary of the hay, and it is obtained by equation (1) [28]:

h, =5+ 3.6V (5-1)

out
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Fig. 5-3. Variation of outdoor air temperature and solar radiation intensity over time in

different directions of building.
523 Model validation

To ensure the accuracy and reliability of the numerical model, the inner and outer surface
temperatures of walls in different directions in the experimental system were used to validate.
Fig. 5-4 gives the measured and numerical results of the walls integrated with PCM in different
directions, and it can be easily found that the numerical results have the same variation trend
with experiments. However, to ensure the validation accuracy, two metrics: root mean square
error (RMSE) and coefficient of variation (CV (rmsg)) were employed in this study to evaluate
[30,31]. Of those, the RMSE measures the average spread of errors which provided a measure
for the model's dispersion [30,32], CVrwmsg) is the coefficient of variation in RMSE, it is

described by Equations (2-54) and (2-55), respectively.

Table 3 gives the RMSE and CV rwmsey 0f numerical results for the outer and inner surfaces
in different directions, and it can be obtained that the maximum RMSE/CV grusg) are
2.62°C/8.22% for the outer surface and 1.07°C/3.14% for the inner surface. The main reasons

for the errors are that: (1) On the convective heat transfer boundary, the stable convective heat
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transfer coefficients used in the simulation, while its convective heat transfer conditions are
unstable in the experimental test due to the more complex environment, which will also make
the results produce certain errors [25]; (2) The experimentally tested PCM has some
supercooling effect but the supercooling was ignored in this study; (3) Considering the ideality
of numerical simulation, the sensitivity and accuracy of the experimental instruments will also
have some influence on the experimental results. Nevertheless, the above errors (see Table 3)
are still small compared to the ASHRAE criterion of CV(rumsg) less than 30% [33], indicating

that the numerical models in this study can be used to solve the heat transfer problem of LBW
integrated with PCM.

Numerical values ¢ Quter surface of i Quter surface of i Outer surface of
< 55| ® Experimental values i i

o Inner/ surface  Inner surface of West-Wall Inner surface of South-Wall Inner surface of North-Wall
of East-Wall 1 ’ ’

20 T

T T T T T T T T T T T T T T
0 12 24 36 48 60 72(0) 12 24 36 48 60 72(0) 12 24 36 48 60 72(0) 12 24 36 48 60 72
Time (h) Time (h) Time (h) Time (h)

Fig. 5-4. Comparison of numerical and experimental results of the inner and outer

surface temperatures of walls in different directions.

Table 5-3 RMSE and CV of results for the outer/inner surface in different directions.

Directions (outer surface/ inner surface) East West South North
RMSE (°C) 2.62/0.88 2.35/0.64 2.05/0.79 0.99/1.07
CV(rmsk) (%) 8.22/2.46 7.03/1.84 6.49/2.24 3.22/3.14

5.3 Selection of phase-transition temperature of PCM for walls in different directions

The phase-transition temperature of PCM determines the degree of phase change. The
phase change will not occur or quickly complete (only acts as thermal resistance) when the
phase-transition temperature is lower or higher than the actual temperature range, but both
whether and how much the phase change of PCM happens depends on the overlap ratio between
its temperature fluctuation and its phase-transition temperature [34]. However, when PCM is
integrated into building walls, the degree of phase change is mainly decided by the heat
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transferred through the wall under the interaction of indoor and outdoor thermal environments
and it has a significant impact on the thermal performance of the wall. As a result, gaining a

suitable phase-transition temperature is the primary task in this study.

Fig. 5-5 depicts the variation of the inner surface temperature of LBW in different
directions under different phase-transition temperatures and PCM locations. It can be noted that
the amplitude of internal surface temperature varies greatly under different phase-transition
temperatures. Taking Model-1 as an example, the effect of inhibiting the fluctuation of internal
surface temperature is weak when the phase-transition temperature is chosen to be low. This is
mainly due to the PCM undergoing a rapid phase transition due to the strong thermal interaction
with the outdoor temperature when the phase-transition temperature is low so that the thermal
regulation ability of PCM is substantially weakened, which is proved in our previous studies
[35]. However, the temperature fluctuation of the inner surface is remarkably reduced as the
phase-transition temperature is raised. It indicates that an appropriate phase-transition
temperature can improve the thermal storage and release capacity of PCM to suppress the effect
of outdoor temperature fluctuations on the indoors. In addition, one obvious characteristic that
can be seen is that many overlapping curves appear when the inner surface temperature
fluctuations are minimal no matter where the PCM is installed (different locations or directions).
From Model-1 can be drawn that the phase-transition temperatures corresponding to the inner
surface temperature overlap curves (relative optimal) within the east and south-facing walls are
26-36C, and 28-38 T respectively, while the west-facing wall has no overlap, with an optimum
value of 28-38<C. The north-facing wall has the most overlapping curves, which are 24-34<C,
26-36C, and 28-38 C severally. The main reason is that the actual temperature change of PCM
is in the range of phase-transition temperature under the interaction of the outdoor and indoor
temperature [35]. Meanwhile, it can also be obtained that the same phase-transition temperature
exhibits different thermal performance on walls in different directions due to differences in the
outdoor environment. For example, the north-facing walls at 24-34°C have reached the
optimum for suppressing inner surface temperature fluctuations, while the walls in other
directions need higher phase-transition temperatures. The above phenomenon indicates a
significant difference in the choice of suitable phase-transition temperatures for the walls in

different directions even at the same PCM location.

Furthermore, different PCM installation locations in the same wall direction also exhibit
different phase-transition temperature overlapping curves. Taking the east-facing wall as an
example, the phase-transition temperature of the overlapping curve decreases gradually from
the outside to the inside of the PCM installation location. It shows that the heat transferred from

the outdoor to the PCM gradually decreases when the PCM is located away from the outside
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due to the thermal resistance of the original walls. The influence of indoor temperature on PCM
is stronger than that of outdoor at this time, which is also why the phase-transition temperature
is taken to be lower (or close to indoor temperature) when the PCM is installed on the inside.
Based on the above results, it can be considered that the suitable phase-transition temperature
of PCM should be selected according to different wall directions and PCM locations to
maximize the characteristics of PCM. However, it needs to be pointed out that although the
effects of suppressing the fluctuation of the inner surface temperature are similar (or same) at
the above suitable phase-transition temperatures (phase-transition temperatures under the
overlapping curve) mentioned, the liquid fraction of PCM is gradually decreased as the phase-
transition temperature is enlarged at the lowest suitable temperature, i.e., the PCM utilization
starts to be reduced, which have been found in our previous study [35]. As a result, selecting
the PCM with low phase-transition temperatures among suitable phase-transition temperatures
will also play a greater role in the transition season. Since the outdoor temperature selected in
this study is the highest of the year, it is determined that the suitable phase-transition
temperatures for Model-1 in different directions are 26-36 <C (East and South), 28-38 C (West),
and 24-34<C (North) respectively. Model-2 are 20-30<C (East, South, and North) and 22-32<C
(West). Model-3 is 18-28<C in all directions.

28

Model-1 East West | South | North

Inner surface temperature (°C)

No PCM —— 20-30°C : i
——22.32°C 24-34°C | Covering for 26-36°C,28-38°C | Covering for 24-34°C,26-36°C,
25 26-36°C —— 28-38°C : i 28-38°C

(28) | Model-2 East West | South | North
Covering for 20-30°C,22-32°C 24-34°C : i

— 18-28°C —— 20-30°C Covering for 22-32°C,24-34°C Covering for 20-30°C,22-32°C, Covering for 20-30°C,22-32°C,

Inner surface temperature (°C)

25 22-32°C ——24-34°C | 24-34°C 24-34°C

(28) | Modei-3 East West South North

. = \ \
No PCM 14-24°C

16-26°C 18-289C | Covering for 18-28°C,20-30°C, | Covering for 18-28°C,20-30°C, | Covering for 18-28°C,20-30°C,
20-30°C ——22:32°C | 22:32°C | 22.32%C P 22320
25 T T T T T T T T T T T T T T T T T 1 T T T T T

0 12 24 36 48 60 720) 12 24 36 48 60 720) 12 24 36 48 60 72(0) 12 24 36 48 60 72

Time (h) Time (h) Time (h) Time (h)

Inner surface temperature (°C)

Fig. 5-5. Variation of inner surface temperature of the wall in different directions with

time under different phase-transition temperatures and locations of PCM.
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5.4 Effect of the other PCM parameters on the walls of different directions
54.1 Effect of the PCM location on the walls of different directions

The different locations of PCM in the wall determine the degree of interaction with the
indoor and outdoor environment [24]. Meanwhile, for the thermal performance analysis of the
wall, the attenuation rate (f) and delay time (¢) of the inner surface temperature are two
important factors affecting the indoor comfort, and the peak heat flux (qpeax) and average heat
flux (gawe) Of the inner surface are essential elements affecting the energy-saving [34]. Thus,
based on the above suitable phase-transition temperatures, it can be noted from Fig. 5-6(a) that
the selection of suitable PCM for different PCM locations can markedly reduce the f (72.7-
93.4%) and improve the ¢ (2.34h-6h). Nevertheless, the f and ¢ still appear to vary considerably
even if the PCM is given the suitable phase-transition temperature at different locations. Model-
1 and Model-3 have basically the same effect on the thermal performance of the walls in
different directions, while Model-2 performs more prominently. From the east-facing wall can
be drawn that Model-1 and Model-3 can reduce the f by 75.7%-76.6% and improve the ¢ by
376% compared to the reference wall, whereas the Model-2 is noticeably better than Model-1
and Model-3, with the f can continue to be reduced based on Model-1(3) by 16%(17%) and a
1h (1h) increase in ¢. The results show that a reasonable choice of PCM location at a suitable
phase-transition temperature is also an effective way to improve the thermal performance of
LBW. In addition, PCM location have nearly the same effect on the f in different directions
under the appropriate phase change temperature, but the differences in ¢ are distinct. The ¢ of
the west-facing wall is the shortest compared to the reference wall, basically 2.34h-2.67h, while
the other directions are basically between 4.33h-6h. The above result illustrates the difference
in thermal performance of the walls in different directions even though the PCM parameters

are the same.

Based on the above findings, the Qpeak and gave Of the wall in different directions are
presented in Fig. 5-6(b), and it is derived that the gpeak can be lowered obviously after adding
suitable PCM to the wall in different directions, but still the best performance is Model-2. Also,
taking Model-2 as an example, it can be obtained that the ggeax reduction rate of the walls in
different directions is 64.8%, 64.4%, 62.9%, and 52.9% for the east, west, south, and north,
respectively compared to the reference wall (no PCM). The result indicates that the application
effects of PCM are more pronounced on the east and west-facing walls. In addition, it can be
seen that the variation of PCM location has less effect on gave for the wall in different directions,
but there is still some divergence on its optimal PCM location. Among them, Model-1 is more

suited to north-facing walls, while Model-2 performs optimally in east-facing walls for all
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evaluation indicators. Moreover, it can be seen for west-facing walls that although Model-2 is
more beneficial in the f and qpeax, Model-3 outperforms Model-2 and Model-1 in terms of the ¢
and the gave. Nevertheless, it is necessary to point out that the fluctuations of the inner surface
temperature are only less than 0.5<C under the f differs by 0.97% compared to Model-2, which
can be ignored for indoor thermal comfort, and the gpea is also only 1.15W/m? in difference.
As aresult, combining indoor thermal comfort and energy savings over the whole cycle, Model-
3 is preferable for west-facing walls, where it reduces the gpeak by 55.7% and the gave by 14.4%
compared to the reference wall. The above analysis concludes that there is an optimal PCM
location for the LBW, but the optimal location is affected by the walls in different directions.
East and south-facing walls are better suited to the middle of the LBW, while the inside and

outside for west and north-facing walls.
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wall directions and PCM locations.
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5.4.2 Effect of the PCM thickness on the walls of different directions

The amount of PCM is another major factor affecting the thermal performance of the LBW
when other parameters are fixed. For this reason, the effect of increasing different PCM
thicknesses on the thermal performance of the walls in different directions is analyzed in this
paper based on the above suitable phase-transition temperature and the optimum location. The
rest of the unstudied parameters are set according to the actual values. Fig. 5-7(a) demonstrates
that the f can be reduced by 45.9-97.5% and the ¢ can be added by 2h-8h for the wall in all
directions are endowed with PCM from 5mm to 20mm based on the reference wall, suggesting
that the thicker the PCM is, the better its effect on suppressing temperature fluctuations, but it
is clear that its influence begins to diminish beyond a certain thickness. Taking the east-facing
wall as an example, it can be found each increase of 5mm on the basis of 5mm that the f only
decreases by 0.74%, 0.16%, and 0.04%, and the ¢ increases by 2h, 0.66h, and 1h. From the
above data, it is smaller changes in the evaluation index (f and ¢) and cannot be noticed for
improving indoor thermal comfort when the thickness exceeds 10mm (f changes only 0.04%-
0.16%, which leads to internal surface temperature fluctuations of less than 0.5°C), which was
also mentioned in the literature [34,36]. Furthermore, it is different regarding the f and ¢ of
walls in different directions when the same thickness is increased. Among them, the influence
on east and south-facing walls is the most prominent, followed by the north and west-facing
walls. Taking 5mm as an example, the f can be cut by 76.6% and 79.1% and the ¢ added by

4.34h and 4h for east and south-facing walls respectively, while for the west and north-facing
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walls, the fis only cut by 52.8% and 45.8% and the ¢ is only added by 2h and 3.33h. By contrast,
in the west and north-facing walls reach the same results as the east and south-facing walls, its
PCM thickness needs to be enlarged to 10mm or more. Therefore, it can be summarized that

there are some differences in the amount of PCM in different directions.

However, the energy-saving effect under different thicknesses can more accurately reflect
the optimal amount of PCM when the cost of PCM (increase linearly [37]) is considered. For
this reason, Fig. 5-7(b) displays the heat flux of different directional walls at different
thicknesses. It can be observed that the reduction effect of the gpeax is Weakened at thicknesses
above 10mm, but it is discrepant for walls in different directions. The PCM thickness is
increased from 10 mm to 20 mm with Qpeax reduction rates of 7.6%, 17.7%, 7.4%, and 9.4% for
east, west, north, and south-facing walls, respectively. This phenomenon is mainly related to
the different heat gain of PCM due to the different ambient environments in different wall
directions, which further shows that the PCM parameters should be determined according to
different directions to better perform the function of PCM. Furthermore, based on the changes
in the gave it can be concluded that the increase in thickness has less effect on the gae While
some differences still appear for different wall orientations. For example, for each 5mm growth
based on 5mm, the gave can be reduced by 0.6%, 1.2%, and 1.5% for east-facing walls, while
the west-facing walls by 0.5%, -0.5%, and -0.7% respectively. From the above data, the energy-
saving effect varies for the same thickness of PCM in different directions. The gave of the west-
facing wall has a negative change with increasing PCM thickness, and this feature is more
noticeable in the north-facing wall. The main reason is that although the PCM can lower the
peak temperature at different outdoor thermal boundaries (different directions), the additional
increase in PCM is not utilized only acts as a thermal resistance due to the limited outdoor heat,
and its thermal regulation capacity is gradually replaced by the increase in thermal resistance
due to the thickness is added [36], which can also explain why the reduction in Qpeax is gradually
weakened with the increase in PCM thickness. At the same time, the minimum temperature is
raised due to the PCM heat release, and the higher thermal resistance will lead to the indoor
temperature being difficult to be transferred to the outdoors so that the gave grows rather than
falls, which is similar to the conclusion of insulation materials [38]. The above results are
sufficient to explain that PCM thickness is not thicker the better when integrating PCM in LBW.
Considering the cost [37] and energy-saving of PCM, blindly increasing the thickness of PCM
cannot yield higher benefits, and relatively optimal thickness exists for walls in different
directions. Finally, founded on the above analysis, the appropriate PCM thickness for the east
and west-facing walls is determined to be 10mm, and for the south and north-facing walls is

5mm when PCM application effectiveness and cost are considered simultaneously.
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Fig. 5-7. The (a) attenuation rate, delay time and (b) inner surface heat flux for different

wall directions and PCM thicknesses.
543 Effect of the PCM latent heat on the walls of different directions

The thermal inertia of LBW can be enhanced by integrating PCM, but the magnitude is
closely related to the latent heat of PCM. For this purpose, five groups of data are selected from
25kJ/kg to 225kJ/kg in 50kJ/kg intervals to analyze the thermal performance of the wall in
different directions. As shown in Fig. 5-8(a), the f and ¢ change linearly as the latent heat of
PCM is increased, with the higher the latent heat, the lower the f and the greater the ¢. Yet, the
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change of the f and ¢ of walls in different directions are different for the same latent heat being
raised. The east-facing wall is most prominent, while the ¢ for the west-facing wall and the f
for the north-facing wall are less affected. For each 50kJ/kg increase based on 25kJ/kg, the
decline in f are 45.1%, 37.1%, 34.6% and 31.4% for the east-facing wall and 15.1%, 13.3%,
22.5% and 17.9% for the west-facing wall respectively. In terms of the ¢, the east-facing wall
can be upped to a maximum of 6h and the west-facing wall is only 2.67h. Meanwhile, it can be
found that the ¢ of the west-facing wall is basically unchanged when the latent heat is increased
exceeds 175kJ/kg, and the f is only reduced by 0.29%, whereas the other directions of the wall
also show different degrees of attenuation for improving the f and ¢. The above data indicates
the effect of increasing the latent heat in different directions can be considered not very
meaningful when beyond a specific value under the relatively stable outdoor heat, the relative

optimum value exists in different directions, which is similar conclusions with PCM thickness.

In addition, from Fig. 5-8(b) can be discovered that the gpeax is greatly diminished and the
Jave iS less variable as the latent heat is heightened. It is further explained that the main function
of PCM is to regulate indoor temperature fluctuations by their superior heat storage and release
capacity rather than to reduce energy consumption through insulation. At the same time, using
125kJ/kg as an example, the gpeax €nergy-saving rates for all walls compare to the reference
wall can be drawn as 59.1% (East), 52.7% (West), 42.8% (South), and 20.3% (North)
respectively. It shows that there is still a large distinction in the energy savings in different
directions with the same latent heat, and the change in latent heat has the least effect on the
north-facing walls. In another way, considering the energy savings over the whole cooling cycle,
it can be concluded from the gave that for east and north-facing walls the lower the latent heat,
the more energy-saving it is, nevertheless, it is still recommended 125 kJ/kg for the latent heat
when the indoor thermal comfort (f and ¢) are considered. By contrast, the west and south-
facing walls show a decrease and then increase with the enhancement of latent heat, and the
highest energy savings are observed at 175kJ/kg and 75kJ/kg with 13.9% and 22.3%
respectively. It is mainly because the higher PCM latent heat reduces the peak temperature
while also increasing the minimum temperature value by releasing latent heat that reduces the
energy-saving effect in the whole cooling period. Moreover, a clear feature is displayed that
even if the latent heat is chosen to be smaller at 25kJ/kg, the thermal performance of the wall
is remarkably improved compared with the reference wall, the Qpeax and the gave €nergy-saving
rate can also reach 7.7-43.0% and 11.8-21.0% in different directions. As a result, it shows that
improving the thermal storage capacity of the wall not only improves the indoor thermal

environment but also helps to enhance building energy-saving.
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Fig. 5-8. The (a) attenuation rate, delay time and (b) inner surface heat flux for different

wall directions and latent heats of PCM.

54.4 Effect of the thermal conductivity coefficient of PCM on the walls of different

directions

The thermal conductivity coefficient affects the thermal insulation performance of the
material, indoor comfort and energy consumption of the building. Thus, Fig. 5-9 depicts the
variation of wall thermal performance on different PCM thermal conductivity [solid (liquid)]

based on the above all optimized parameters. From Fig. 5-9(a), a lower thermal conductivity
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can dramatically reduce the f and extend the ¢. However, the f and ¢ of the walls in different
directions differ for the same thermal conductivity. For example, with a value of 0.05 (0.025)
W/(m K), the f of the east and west-facing walls can be reduced by 81.5% and 85.4%, and the
¢ increased by 5.34h and 5h respectively, while the south and north-facing walls can only
reduce the f by a maximum of 44.4% and 53.0%, and the ¢ is increased only 2.33 h and 3.33h.
Additionally, although there are different thermal performances in different directions with the
change of thermal conductivity, all show a common characteristic that its impact on the fand ¢
is more significant when the thermal conductivity is less than 0.25 (0.125) W/(m K), above this
value, its impact is very small. The main reason is that the lower thermal conductivity improves
the total thermal resistance of the wall, thus blocking the disturbance from outside to inside.
Moreover, the change of thermal conductivity has the most significant influence on the east-
facing walls in terms of the ¢, followed by the west and north-facing walls, with a lesser effect

on the south-facing walls.

In addition, as can be seen from the variation of g given in Fig. 5-9(b), the gpeak and the
Jave OF the wall in different directions can be reduced by 10.1-25.3% and 5.5-14.7% when the
thermal conductivity of PCM is reduced from 0.25 (0.125) W/(m K) to 0.05 (0.025) W/(m K),
whereas, the reduction of the gpeax and Jave is only 1.7-6.6% and 0.9-2.9% when it is decreased
from 0.75 (0.375) W/(m K) to 0.25 (0.125) W/(m K). The results show that reducing the
thermal conductivity of PCM can effectively improve the energy-saving of LBW in both qpeax
and Qgave, While the effects are more noticeable after decreasing to 0.25 (0.125) W/(m K), which
is consistent with previous studies [35]. Nonetheless, the energy-saving of the same thermal
conductivity still shows some diversity for walls in different directions. Taking the optimal
value of 0.05 (0.025) W/(m K) for example, compared with the reference wall, the reduction
of the Qpeax IS 62.8% (East), 66.4% (West), 41.9% (South), and 34.8% (North), and the ga.e being
reduced by 29.5% (East), 28.2% (West), 27.5% (South) and 27.9% (North), respectively. The
above data point out that the gpeax €nergy-saving is highest for west-facing walls at the optimum
PCM parameters, followed by east, south, and north-facing walls. However, unlike the qpeax
(West > East > South > North), the reduction of qave is ordered as East > West > North > South.
The difference in this order is mainly caused by the solar radiation intensity received by the
walls in different directions. The stronger the solar radiation, the higher the heat gained by the
PCM and the higher the heat released at the same time, which can also be explained by the
west-facing wall. That is, while the gpeak Of the west-facing wall exhibits the highest energy
saving, its gave Still exhibits a higher level. This result is also sufficient to indicate that the
application potential of PCM will be different due to the difference in the building environment

caused by different directions. Based on the above results, the east and west-facing walls are
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preferred when PCM is installed on LBW under the application potential and cost of PCM are

considered simultaneously, followed by the south and north-facing walls.
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Fig. 5-9. The (a) attenuation rate, delay time and (b) inner surface heat flux for different

wall directions and thermal conductivity coefficients of PCM.

5.5 Summary

The effect of PCM on the thermal performance of lightweight wall is highly dependent on
the exchange between the wall surface and the ambient environment. However, the outdoor

thermal environment of the wall in different directions is quite different due to the shading
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effect of the building (or itself). Therefore, the effect rules and suitable parameters of PCM on

the thermal performance of LBW in different directions are discussed in-depth and obtained

based on measured outdoor thermal boundaries in this paper. The main conclusions are gained

as follows:

o))

2

@)

(4)

(®)

(6)

PCM can effectively improve the thermal performance of LBW, but the suitable phase-
transition temperature is different for different PCM installation locations (inside,
middle, and outside). The suitable phase-transition temperature for Model-1 is 26-
36<C (East and South), 28-38<C (West), and 24-34<C (North) respectively. Model-2
are 20-30<C (East, South, and North) and 22-32<C (West). Model-3 is 18-28<C in all
directions.

There are different optimal locations of PCM in different directions of the wall at an
appropriate phase-transition temperature. Among them, PCM installed in the east and
south-facing wall is more adapted to the middle location, while the inside and outside
is optimal for the west and north-facing walls, respectively.

PCM is not the thicker the better when PCM application effectiveness and cost are
considered simultaneously. Optimum thicknesses exist for walls in different directions,
the east and west-facing walls are 10mm and 5mm for the south and north-facing walls.
Walls with different directions exhibit different thermal performance for the same
PCM latent heat. For east and north-facing walls the lower the latent heat the more
energy-saving (it is recommended 125 kJ/kg when considering indoor comfort), while
the west and south-facing walls show a decrease and then increase as the latent heat is
increased, with the highest energy savings at 175kJ/kg and 75kJ/Kkg.

The thermal performance of the wall can be improved when the thermal conductivity
of PCM is dropped, its improvement can be more evident for the value less than
0.25(0.125) W/(m K) based on other suitable parameters.

Under suitable PCM parameters compared to the reference wall (ho PCM), the greatest
improvement in thermal performance are observed in the east and west-facing walls,
which reduced the gpeax by 62.8% and 66.4% and the qawe by 29.5% and 28.2%, as well
as the fis reduced by 81.5% and 85.4%, and the ¢ is added by 5.34h and 5h respectively.
By contrast, the thermal performance improvement in the south and north-facing walls
are relatively minor but still reduces the Qpeax and gave by 34.8-41.9% and 27.5-27.9%.
Meanwhile, the f is declined by 44.4-53.0%, and the ¢ added 2.33h-3.33h, severally.

As a result, the east and west-facing walls are given priority in PCM installation.
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Phase-transition temperature, (°C)

Phase change latent heat, (kJ/kg)

Thermal conductivity, [W/(m K)],Solid (Liquid)
Specific heat, [J/(kg K)]

Density, (kg/m?)

Material temperature, (°C)

PCM temperature, (°C)

Convective heat transfer coefficient of inner surface, [W/(m?%K)]
Convective heat transfer coefficient of outer surface, [W/(m?%K)]
Outdoor wind speed, (m/s)

Inner surface peak heat flux, (W/m?)

Inner surface average heat flux, (W/m?)
Enthalpy of PCM, (kJ/kg)

Measured temperatures at each hour, (°C)
Simulated temperatures at each hour, (°C)
Average of the measured data values, (°C)
Temperature, (°C)

Time, (s)

Solar radiation absorptivity of outer surface, -
Inner surface heat flux, (W/m?)

Solar radiation intensity, (W/m?)

Wall thickness, (m)

Wall height, (m)

Liquid fraction, -

Delay time, (h)

Attenuation rate, (%)

Internal iteration number, -

Total number of hours, t

Abbreviations

LBW
PCM
OSB
EPS
TMY?2

Lightweight Building Walls
Phase-Change Materials
Oriented Strand Board
Expanded Polystyrene
Typical Meteorological Year 2
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CHAPTER SIX: EFFECTIVENESS OF DIFFERENT KINDS/CONFIGURATIONS OF PCM FOR
IMPROVING THE THERMAL PERFORMANCE OF LIGHTWEIGHT WALL IN SUMMER AND WINTER

6.1 Introduction

Nowadays, most people spend 90% of their daily lives indoors and rely on mechanical
heating and air conditioning, making the building industry considered the single largest
contributor to the world's energy consumption and greenhouse gas emissions [1,2]. Of these,
more than 70% of total energy consumption is caused by the heat transfer loss in building
envelopes [3], so it is vital to improve the thermal performance of the building envelopes. At
present, improving the thermal performance of walls can be done by enhancing their heat
storage and release capacity, including both sensible and latent heat storage. However, sensible
heat storage has been used by architects to passively store/release thermal energy for centuries,
but to store the same amount of energy requires a much larger volume of material compared to
latent heat storage, especially in lightweight buildings (lower thermal mass), which will lead to
a significant increase in building costs. So a new material is urgently needed for traditional

insulation forms [4-6] to change the current composition of heat storage materials for envelopes.

Phase change materials (PCM) are used in different heat-related applications to overcome
the mismatch between heat supply and demand as an advanced energy storage material that can
store and release large amounts of heat in a small volume during phase change [7-12].
Simultaneously, in high-energy consumption buildings, integrating PCM into the envelopes to
regulate the indoor thermal environment and reduce energy consumption has also proven to
have a high potential [13-16]. For example, Lei et al. [17] found that it could reduce envelope
heat gain by 21-32% in summer for Singapore in a tropical climate, and Soares et al. [18]
concluded it could reduce energy demand by 10-60% in different climates of Europe for
applying PCM to lightweight building walls (LBW). Meanwhile, Marin et al. [19] studied the
impact of PCM applied to lightweight buildings on energy consumption under different climatic
conditions, and it observed that the potential for PCM to reduce heating and cooling energy
consumption was more remarkable in arid and warm temperate climates areas, while it was
limited in tropical and snowfall-dominated areas. In addition, Li et al. [20] derived based on
simulation analysis (EnergyPlus) that integrating PCM in a normal foamed concrete wall could
reduce the yearly heating energy consumption by 4.74% in hot summer and cold winter zone
(China). In the meantime, PCM applications in microclimatic environments have been studied
by many scholars. Sun et al. [21] studied the energy-saving potential of PCM-integrated
lightweight buildings in humid environments, and it was presented that the energy-saving rate
decreased from 1.64% to 1.32% when the humidity increased from 40% to 90% in summer,
while the effect was not significant in winter. Sarri et al. [22] found that PCM combined with
shading equipment under natural conditions was more conducive to improving indoor thermal

comfort hours in most climate zones of Algerian, and its potential could reach 44.13%~59.11%.
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Fateh et al. [23] explored the effects of solar radiation (solar radiation was regarded as the time-
varying heat source at the boundary) and concluded that the appropriate PCM could reduce heat
gain by 75% in summer. Moreover, the related reviews [24-28] also summarized the high
application potential of PCM in other building envelopes, including different types of walls,

roofs, ceilings, floors, and windows.

However, PCM operates effectively in the envelope and is mainly accomplished by
absorbing (heat storage) the heat transferred through the walls under the interaction between
the indoor and outdoor thermal environment during the high-temperature hours (day-time) and
releasing it during the low-temperature hours (night-time) [29]. In this case, energy wastage
and demand are further mitigated and reduced [30]. Nevertheless, whether PCM can effectively
operate in building envelopes are dependent on many factors, including the indoor and outdoor
thermal environment [18,19,31], the thermal properties of original walls [32,33], and the PCM
parameters [34,35] (phase-transition temperature, location, thickness, latent heat, thermal
conductivity). It is also the reason for the large differences in the application potential of PCM
in the different findings mentioned above [17-28]. Therefore, many studies have also been done
to optimize the application of PCM, and results were obtained by experiments or numerical
simulations. Jangeldinov et al. [36] used EnergyPlus to evaluate the effectiveness of eleven
melting temperature ranges of PCM in eight cities with warm summer humid continental
climates. The results demonstrated that the optimum PCM was PCM24-26<C in cities where
cooling energy savings were the highest, while it was found to be PCM 21<C in cities where
heating energy savings were the highest. Kabdrakhmanova et al. [37] used DesignBuilder to
simulate eight cities in subtropical climate regions, and the findings were that PCM 24<C
showed high energy efficiency for most cities, while for Nanning and Asuncion PCM 27 <C was
the most efficient. Meanwhile, Nurlybekova et al. [38] concluded that PCM18<C had the best
effect on reducing peak temperatures and temperature fluctuations in winter, while the higher
temperature of PCM was required in summer and transition seasons, and found that the
performance of PCM was related to local climatic conditions. However, Mohseni et al. [39]
considered the optimum phase-transition temperature to be seasonal and arrived at a suitable
phase-transition temperature of 25<C in summer and 21<C in winter. Furthermore, Kishore et
al. [40] suggested that the phase-transition temperature range (AT) was also a critical factor in
PCM utilization, with increasing the AT would result in lower daily utilization but higher
annual utilization of PCM for which the optimum value existed (AT=4°C). Staszczuk et al. [41]
believed that the effective use of PCM was required to precisely adjust the AT to suit the actual
building conditions. In addition, Meng et al. [42] evaluated the thermal behavior of double-

layer PCM (with different phase-transition temperatures) in lightweight buildings. 1t was found
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that indoor temperatures could be reduced by 4.28-7.7<C and temperature fluctuations by 28.8-
67.8% in summer and that temperature increases were 6.93-9.48<C, and temperature
fluctuations were reduced by 17.7-25.4% in winter. Bhamare et al. [43] established a
mathematical model using MATLAB to assess the effectiveness of different phase-transition
temperatures in different climatic zones of India, and found that the effectiveness of PCM was

strongly dependent on climatic conditions.

Additionally, Kishore et al. [40] found that the utilization and effectiveness of PCM would
also be affected by the latent heat and the thickness of PCM, and its effectiveness and load
transfer capacity were improved with increasing latent heat and thickness. Elawady et al. [14]
also concluded that the thicker the PCM, the better the performance. While Wijesuriya et al.
[44] observed by EnergyPlus that PCM was integrated into the building envelopes, the
flexibility of its impact on load was saturated when the thickness and latent heats were more
than 1.91cm and 200kJ/kg, respectively. Nonetheless, different scholars still have different
views on the above conclusions. Kuznik [45], Xiao [46], Cheng [47], and Meng et al. [48]
believed that the PCM thicknesses of 10mm, 20mm, and 30-40mm, respectively, were the most
effective for their applications by studying different types of walls. By contrast, Boh&quez-
Ordenes et al. [49] based on simulations (DesignBuilder) found that different optimum
thicknesses existed for different locations, with ideal PCM layer thicknesses of 4mm and 8mm
for ceilings and walls separately. Moreover, concerning latent heat, different scholars deemed
its optimum values to be 178 kJ/kg [50], 120 kJ/kg [51], and 90 kJ/kg [52] when PCM was
integrated into different walls. As a consequence, in our previous study [33], we evaluated the
influence rules and contribution efficiency of PCM parameters on the thermal performance of
LBW with a different thermal resistance of the original walls (Rwt). The results showed that the
effectiveness (contribution efficiency) of PCM was gradually replaced with Ry was boosted. It
is clear from the above findings that there are many obstacles to applying PCM in buildings, a
fundamental one being that different structures have different requirements for the thermal
properties of PCM. It is imperative to assess the effectiveness of PCM-related parameters in

buildings.

With the above review, it is not difficult to discover that PCM can effectively improve the
thermal performance of the walls, but its application effect varies greatly in different regions.
Among these, the ambient temperature is a determining factor in the thermal performance of
PCM-integrated building components [19,21-23,36-43,53-56]. However, most studies on PCM
applications have focused on a specific season, and the study that both consider the
effectiveness of PCM in different seasons, especially in summer and winter (vary considerably)

is insufficient. For PCM, the inherent phase-transition temperature may have satisfactory
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results in summer (winter) but may have unsatisfactory or negative consequences in winter
(summer). Finding the optimum PCM kinds and configurations to improve the thermal
performance of buildings in different climates/seasons has not been well solved. Furthermore,
compared to traditional buildings, lightweight buildings have been widely developed owing to
their sustainability advantages [33], but their lower thermal mass (i.e., thermal storage capacity)
results in a poorer ability to suppress temperature fluctuations [57]. Hence, based on the
previous research [34], the typical summer and winter climate (TMY?2) [58,59] in Fukuoka
(Japan) was adopted as the thermal boundary, and a typical two-dimensional LBW numerical
model was built in this study with the heat transfer process of melting-solidifying and validated.
Based on this, the influence laws and effectiveness of different PCM kinds/configurations on
the thermal performance of LBW in summer and winter are evaluated in-depth and suitable
PCM for both summer and winter is proposed. The research results are helpful in achieving
long-term thermal comfort and low-energy operation of lightweight buildings, and it can also
provide data support and theoretical references for the efficient application and maximize

economic benefits of PCM in lightweight buildings for local or other regions.
6.2 Physical model and boundary conditions
6.2.1 Physical model

In our previous study [34], it was found that suitable phase-transition temperatures for
different PCM locations in the LBW (outside, middle, and inside) were significantly different.
However, the influence of PCM locations on the thermal performance of LBW (including the
LBW with the different Rw: [33]) is small under the suitable phase-transition temperatures, the
middle (22-32<C) was the best choice by comparing all evaluation indexes. Therefore, based
on the previous research results [34], a reference model (Model-0, without PCM) and four
comparison models (Model-1 to Model-4) are built in this study, as shown in Fig. 6-1. Among
them, on the basis of Model-0, two models (Model-1 and Model-2) of different phase-transition
temperatures (14-24<C and 22-32<C) are proposed to explore the thermal behavior of LBW
integrated with different PCM types under winter and summer. Then, to find a PCM
configuration that applies to both summer and winter, the Model-3 (double-layer PCM) with
different phase-transition temperatures is established at the same thickness based on Model-1
and Model-2. A special note here is that the order of the PCM is ignored in this Model-3. Due
to this fact, the order of the two PCM is not important when the PCM thickness is small (<0.5
in. or 1.27cm), which was found through a relevant study [40]. Simultaneously, Model-4 is also
presented as a comparison to analyze the effectiveness of the double-layer PCM in different

configurations (location and phase-transition temperatures) in winter and summer. Table 1
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shows the relevant thermophysical parameters of wall materials [60-63].

Model-0 - Model-1 ~ Model-2  Model-3  Model-4
s PCM 10mm ) PCM Smm 7
12

h 4 h

® @

:3: —>x 0 '1\ £ 0 ‘T £ 0 i s

Glass wool 60(30*2)mm

=

I 30-40°C
BN 22-32°C
14-24°C

Indoor

OSB. 12mm .

Omd(§

-~ OSB 12mm
~ OSB 12mm
Gypsum board 10mm

Fig. 6-1. Schematic diagram of the two-dimensional geometric model of the LBW with

different PCM kinds/configurations.

Table 6-1 Thermo-physical parameters of wall materials [60-63].

R tm Lp dp /I[W/(m K)], Cp p
Material e s
(°C) (kJ/kg) (mm) Solid (Liquid) [J/(kg K)] (kg/m?)
30-40/22-
PCM 32/14-24 216 5/10 0.5(0.25) 1785 1300
OSB - - 12 0.105 1400 593
Glass wool - - 30/60 0.035 1220 40
Gypsum board - - 10 0.33 1050 1050

6.2.2 Boundary conditions

In this study, to analyze the thermal behavior of LBW integrated with PCM under summer
and winter conditions, the numerical simulations were carried out using weather conditions
from Jul. 1 to Aug. 5 in the summer climate (Typical Meteorological Year 2, TMY2) [58] and
from Jan. 1 to Jan. 29 in winter in Fukuoka (Japan). The TMY?2 is a dataset of hourly values of
solar radiation and meteorological elements for a one-year period, and it was downloaded from
the National Renewable Energy Laboratory [59]. The first simulation period (Jul. 1 to Jul. 29
and Jan. 1 to Jan. 22) was done to eliminate the influence of the initial temperature distribution,
and the second simulation period (Jul. 30 to Aug.5 and Jan. 23 to Jan. 29) (7 consecutive days)
was carried to analyze the wall thermal behavior. Fig. 6-2 shows the variation of outdoor air
temperature and solar radiation intensity from Jul. 30 to Aug.5 (summer) and Jan. 23 to Jan. 29

(winter). The indoor air temperature maintains 26 <C in summer and 20<C in winter.
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Fig. 6-2. Variation of outdoor air temperature and solar radiation intensity with time in
(@) summer and (b) winter.

6.3 Utilization versus effectiveness of the PCM under different models
6.3.1  The variation of temperature and liquid fraction of PCM with different models

Considering that the actual temperature of the PCM determines the degree of phase change
[34,64], Fig. 6-3 gives the variation of temperature and a liquid fraction (%) of PCM with time
for different models to analyze the thermal behavior of different kinds/configurations (different
models) of PCM in winter and summer. As can be seen in Fig. 6-3(a), the magnitude of the
actual temperature fluctuations of PCM at different Models varies considerably under summer
conditions due to the interaction of indoor and outdoor temperatures when PCM is integrated
into LBW. Taking Model-1 and Model-2 as an example, when the phase-transition temperature

is taken as the appropriate temperature of 22-32<C (Model-1) [34], the PCM temperature is
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29.45-31.66<C. Whereas the PCM temperature is 25.58-37.60<C when it is chosen as 14-24<C
(Model-2), and its temperature fluctuation increased by 444.9% compared to Model-1. The
main reason is that the PCM is basically in the solid or liquid state when the phase-transition
temperature of the PCM selected is lower or higher than the actual temperature change of PCM,
and its temperature change is mainly dominated by sensible heat, and its latent heat utilization
rate is close to zero. The above phenomenon can be more intuitively derived in Fig. 6-3(b). The
PCM liquefies rapidly and its liquefaction rate is maintained at 100% (liquid fraction) when the
selected phase-transition temperature is low (14-24<C) in summer. It is mainly caused by the
fact that the temperature transferred to the PCM through the wall is above 24<C under the
interaction of the indoor and outdoor thermal environment in summer. In comparison, the above
phenomenon for winter is often the opposite. From Fig. 6-3(c), it can be concluded that although
the PCM (22-32<C) is suitable in summer (Model-1), its actual temperature variation in winter
is 12.26-20.21<C, which is much lower than the minimum value (22 <C) of the phase-transition
temperature, and its temperature fluctuation also appears to be higher compared to summer
(2.21<C), reaching 7.95<C. By contrast, for PCM (14-24 <C) with poor performance in summer
(Model-2), the actual temperature in winter is 14.19-16.03 <C, and its changes are all in the
phase-transition temperature range (14-24<C). Concurrently, in Fig. 6-3(d) the liquid faction is
found to be 0% for PCM (Model-1 and Model-3) at 22-32<C and 1.9-20.3% for PCM (Model-
2) at 14-24<C. The above data are sufficient to explain that the appropriate phase-transition
temperature is not only related to the PCM location but is also influenced by the difference
between the indoor and outdoor temperatures, which is consistent with the findings of the
literature [18,19,31,65,66]. As a result, it can be drawn that it is very essential to choose the
correct PCM for the different thermal environments. Otherwise, the heat absorption and release
capacity of the PCM will not be utilized and will only work as thermal resistance, which reduces

the economic value of the PCM.

Based on the above characteristics, it can be noted from Model-3 that the application of
double-layer PCM results in a significant reduction in PCM temperature fluctuations (see Fig.
6-3 (a) and (c)) compared to Model-2 for summer (25.57-37.60<C) and Model-1 for winter
(14.26-20.21<C), with a reduction of 51.9% and 67.7%, respectively. Nonetheless, there is a
slight increase in PCM temperature fluctuations compared to the optimal Model-1 for summer
and Model-2 for winter, which is mainly related to the PCM thickness [35]. At the same time,
it is also found that occasionally extreme high temperatures in summer (>32<C) also cause a
rapid rise in the PCM temperature even if suitable phase-transition temperatures are adopted.
Under this condition, the liquid fraction remained at 100%. This result also further demonstrates

that the phase-transition temperature range (AT) of the PCM has a significant effect on its
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effectiveness of PCM. In addition, it can be observed from Fig. 6-3 (b) and (d) that the liquid
fraction of PCM is 67.8-100% for 22-32<C in summer and 0.3-26.0% for 14-24<C in winter
when the double-layer PCM (Model-3) is selected. The above data indicates that a layer of
PCM s in operation in winter and summer, allowing the room to remain comfortable for

extended periods.

Simultaneously, Model-4 as a comparison (double-layer PCM), reveals that the
temperature fluctuation and utilization of PCM close to the outside (30-40<C) is high (liquid
fraction is 0-100%), but at this time, the liquid fraction of the inner PCM (14-24<C) remains at
100%. In contrast, the temperature of outside PCM (30-40<C) is 3.9-25.5<C in winter with a
liquid fraction of O, and for the inner PCM (14-24<C), which ranged from 18.9-19.8<C with a
liquid fraction of 49.3-58.1%. This is the same conclusion as Model-3 in that the use of a
double-layer PCM always has a layer of PCM playing a latent heat role in both summer and
winter. A clear difference is that the utilization of PCM in Model-4 is higher than in Model-3
in both summer and winter, but whether this is proportional to its effectiveness in improving

the thermal performance of the walls needs to be further explored.

(a) 52 (b) 140
Summer | Model-1(22-32°C) —— Model-2(14-24°C)  Summer
48 4 Model-3(22-32°C) Model-3(14-24°C)
1204 Model-4(30-40°C) Model-4(14-24°C)
- i = Covering for Model-2,3,4 (14-24°C ) ~_
S 44 = 100 £ Y
E 5
= 40- =
g 2 801
5 E
= 56 T
2 g 604
= 324 =
2 § 404
284
24 20
Covering for Model-3 (14-24°C, 22-32°C) 1
20 T T T T T T 0
0 24 48 72 96 120 144 168 0 24 48 72 96 120 144 168
Time (h) Time (h)
(c) 32 (d) 140 :
Model-1(22-32°C) Model-2(14-24°C) Winter Model-1(22-32°C) Model-2(14-24°C) Winter
28 Model-3(22-32°C) Model-3(14-24°C) Model-3(22-32°C) Model-3(14-24°C)
Model-4(30-40°C) Model-4(14-24°C) 1204 Model-4(30-40°C) Model-4(14-24°C)
\";\ H‘ Model- -.A Madel-1 A' Maondel-2 A' Madel-3 A‘ Madel-4
< 100 v | e pon pow reut
% (22:31°) (142400 122-32°0) 140
’*;'é ) )  tdoor
hay ] e 1T i
b= . 1, 1. ‘ !
g 604
RN el
= 404
Covering for Model-1.3 (22-32°C); Model-4 (30-40°C)
20 /- / [
Covering for Model-3 (lll—E'l C, 22-32°C) 1
0 T T T T T T U premmsmme—— ! o
0 24 48 72 96 120 144 168 0 24 48 72 96 120 144 168
Time (h) Time (h)

Fig. 6-3. Variation of PCM temperatures and liquid fractions with time under different
phase-transition temperatures for summer and winter.
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6.3.2 Effectiveness of different models

From the above study, it is drawn that the PCM of different Models exhibits different
temperature variations and utilization rates in summer and winter. However, whether there is a
positive relationship between PCM utilization and application effectiveness of the integrated
walls considering the thermal resistance of the wall [33] needs further discussion. For this
reason, Fig. 6-4 gives the effects of different Models on the thermal performance of the LBW,
it can be found that different models have remarkable differences in winter and summer, but a
common conclusion can still be drawn that the application of PCM can effectively improve the
thermal performance of LBW. As shown in Fig. 6-4(a), Model-1 performs the best in summer,
with a 91.6% reduction in the f compared to Model-0 (reference wall), followed by Model-3,
Model-4, and Model-2 with 81.0%, 40.4%, and 32.8% reductions respectively. Whereas,
Model-1 shows the smallest reduction in f for winter, which is the opposite in Model-2. It further
illustrates the importance of choosing the proper temperature for the different seasons.
Nevertheless, it can be clearly observed that the f can still be reduced by 32.8% (Model-1 for
winter) and 35.5% (Model-2 for summer), even though the thermal performance is poorer in
the opposite season. This phenomenon shows that the PCM can still play heat-insulated
(summer) and heat preservation (winter) due to its low thermal conductivity when it only has a
sensible heat effect (solid or liquid), which also provides direction for double-layer PCM to use.
As a result, the application of double-layer PCM (Model-3) can reduce the f by 81.0% and 85.1%
in summer and winter. Compared with the optimal Model-1 in summer and Model-2 in winter,
the difference is only 0.53% and 0.32% although the f is raised, which brings the internal surface
temperature fluctuations is less than 0.5<C and it is not worthy of concern for indoor thermal
comfort [64]. Furthermore, Model-4 does not display an absolute advantage compared to the
other three Models for summer or winter. It shows that the application effect of PCM is not
consistent with the utilization rate of PCM. Also, it is important to point out from Fig. 6-4(b)
that the ¢ can be improved from 0.86h to 2.71-5.29h (summer) and 2.86-6h (winter) for
different Models compared to Model-0. Among them, the ¢ for Model-3 is decreased from
5.29h to 4.43h in summer compared to Model-1 but can be added from 2.86h to 5.43h in winter,
which is a more noticeable improvement in winter compared to the reduction rate in summer.
A similar but opposite conclusion can be drawn for Model-3 compared to Model-2. Therefore,
Model-3 is more favorable for improving indoor thermal comfort when considered from a year-

round perspective.

Moreover, Fig. 6-4 (c) and (d) demonstrate the variation of heat flux on the inner surface
under different models, where the energy-saving objective is to reduce heat gain in summer and

heat loss in winter. As observed in Fig. 6-4(c), the gpeak Can be reduced by up to 63.5% (Model-
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1) in summer and 36.5% (Model-2) in winter, but this is not optimal when both summer and
winter are concerned. The best Model-1 in summer only reduces the gpeac by 10.8% in winter,
and the best Model-2 in winter only reduces by 26.9% in summer, but the results still show
certain energy savings. The foremost reason is that the PCM provides thermal insulation due to
its lower thermal conductivity, even though it cannot regulate heat when PCM is in a liquefied
or solidified state. The above results also reveal that the efficient application of PCM is highly
dependent on outdoor climatic conditions. In addition, it can be noticed that the application of
double-layer PCM (Model-3) shows superior thermal regulation in both summer and winter.
The peak heat gain in summer and heat loss in winter can be reduced by 54.8% and 33.6%,
separately. What’s more, it can still reduce 33.4% summer heat gain and 17.4% winter heat loss
when it is compared with Model-4. Further, it can be seen in Fig. 6-4(d) that the PCM integrated
into LBW can reduce the gave by 21.9-25.6% in summer and 11.8-14.8% in winter compared to
Model-0 (no PCM), while the difference between the different Models are minor and can be
ignored, with a maximum difference of 0.22 W/m? in summer and 0.11 W/m? in winter. Based
on the above results, it can be easily concluded that Model-3 is a good choice for year-round
operation. Meanwhile, it is worth pointing out that energy saving (Qpeak Or Qave) IS better in
summer than in winter, contrary to the findings in the literature [39]. It can be attributed to the
fact that the temperature difference between indoors and outdoors in this study is greater in
summer than in winter, considering the role of solar radiation so that the cooling load demand

is higher than the heating load.
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Fig. 6-4. The (a) attenuation rate, (b) delay time, (c) peak heat flux and (d) average heat
flux under the different Models for summer and winter.
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Fig. 6-4. (Continued).
6.4 Utilization versus effectiveness of the PCM under different transition ranges

6.4.1  The variation of liquid fraction of PCM and inner surface temperature with

different transition ranges

Based on the above results, the phase-transition temperature range (AT) is the crucial
factor affecting the utilization of the PCM when the PCM location is determined. A narrower
AT provides higher energy density, but it limits PCM utilization, In contrast, a more extensive
AT can provide a higher utilization rate (longer applicable cycles), while the energy storage
capacity of the temperature change will be diminished [40]. Thus, to analyze the thermal
performance of PCM at different AT, this paper discusses the relevant issues based on Model-
3 (optimal) derived from the above study. Nonetheless, there is worth explaining that the
thermal performance of PCM is the best when the actual PCM temperature of PCM is within
AT, in contrast when the average value of PCM temperature (actual temperature of the PCM)
is close to the maximum or minimum value of the AT, the change of the AT (especially
narrowing the AT) often leads to the situation that PCM cannot be effectively used, which is
also reflected in Fig. 6-3. Hence, to avoid the above situation and to more accurately reflect the
effects of the AT, the AT of 2<C, 6T, 10<C, and 14<C are selected for discussion in this
study, based on the average PCM temperature (30<C in summer and 15<C in winter) of the

double-layer PCM in Model-3 obtained in the above result.

Fig. 6-5 demonstrates the variation of the PCM liquid fraction and the inner surface
temperature over time for different AT. It can still be determined that when the phase-
transition temperature is low in summer and high in winter, it remains in a liquefied (100%
liquid fraction) and solidified (0% liquid fraction) state due to the difference between summer
and winter climatic conditions, which only serve to enhance the thermal resistance of the wall.

Accordingly, in this study, only the parts in the double-layer PCM that are suitable for summer
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and winter are analyzed, it is denoted as PCM-a and PCM-b, respectively. It is evident from
Fig. 6-5(a) and (b) that the PCM liquid fraction (utilization rate) is enlarged with the AT is
narrowed, the mean values of 56.1%/54.4% (AT=14°C), 58.4%/56.1% (AT=10°C), 63.9%/59.8%
(AT=6°C) and 83.5%/74.9% (AT=2°C) for summer/winter. However, it is noticed that the PCM
liquid fraction will reach 100% for a certain time in summer when the AT is narrow (AT=2°C).
The main reason for this is that the temperature transferred to the PCM through the wall is
partially above the phase-transition temperature range due to the interaction between indoor
and outdoor temperatures, causing the PCM to melt rapidly and lose its latent heat storage
capacity. It shows that although the narrow AT improves the daily utilization rate of PCM, the
total utilization rate of latent heat is reduced over longer temperature cycles. Moreover, it can
be derived from the inner surface temperature variation (in summer) given in Fig. 6-5(c), where
the narrower the phase-transition temperature range (AT=2°C), the worse the ability to adapt to
the environment and the inner surface temperature undergoes a rapid response with large
fluctuations due to the melting of the PCM (latent heat is displaced by sensible heat) under
higher outdoor temperature fluctuations. As a result, suitable AT is required to utilize PCM heat
storage and release capacity better. Meanwhile, from the above data, it can be observed that the
liquid fraction of PCM is lowered with the expansion of the AT, but the difference is gradually
minimized. It can be drawn that the utilization rate of PCM is not proportional to the AT.
Furthermore, as shown in Fig. 6-5(c) and (d), the amplitude of the inner surface temperature is
curbed as the AT is reduced, with the best performance being AT=6°C in summer and AT=2°C
in winter. Whereas the fluctuations in internal surface temperature only differ by 0.07<C in
winter AT=2°C compared to AT=6°C. To extend the period of PCM use, AT=6°C is still the

preferred choice.
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Fig. 6-5. Variation of PCM liquid fractions and inner surface temperatures with time
under different PCM transition temperature ranges for summer and winter.
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Fig. 6-5. (Continued).
6.4.2 Effectiveness of different transition ranges of PCM

Fig. 6-6 gives the thermal performance indexes of walls under different AT to more
intuitively analyze the effectiveness of PCM in improving the thermal performance of the wall
under different phase-transition temperature ranges (AT). As shown in Fig. 6-6(a), the narrower
the AT, the greater the reduction in the f. The AT narrows from 14°C to 2°C, and the f can be
reduced from 0.98%/0.96% (summer/winter) to 0.45%/0.18%, a reduction of up to
54.1%/81.3%, indicating that the level of indoor comfort is improved by the narrower the AT.
Nevertheless, it is more noticeable that the f in summer is only decreased from 0.48% to 0.42%
when AT=6°C continues to narrow to AT=2°C, which means that the application effect of PCM
is weakened. In addition, it can be seen from the ¢ in Fig. 6-6(b) that the change in the AT has
a smaller effect in summer, with the ¢ added only by 0.43h from 14°C to 2°C (AT), while the
effect is pronounced in winter, the ¢ can increase 2h. By contrast, the same conclusion can still
be obtained that the AT=6°C is relatively optimal because the increment of the ¢ in winter
shows a certain attenuation as the AT becomes narrower, increasing by 0.58h, 0.71h, and 0.72h
for every 4<C decreases compared to AT=14°C, relatively highest increments of AT = 6°C, after
which it can be neglected.

Meanwhile, with the changes of gpeaxin Fig. 6-6(c), it can be found that the qpeax is reduced
by 56.0%, 58.4%, 61.3%, and 60.5% in summer, respectively, as the AT is reduced (from 14°C
to 2°C) compared to the reference wall (no PCM), with the optimum at AT=6°C (61.3%).
Nevertheless, no obvious inflection point is found in reducing heat loss in winter. The increment
of energy-saving rate is 2.6%, 3.2%, and 2.9% for every 4<C decreases compared with
AT=14°C, while it still can be observed to be progressively weaker after AT=6°C. This further
suggests that there is a relatively optimal value (non-proportional) for AT in the energy savings

of the walls. Besides, from the results in Fig. 6-6(d), it is revealed that the effect of AT on the
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Qave is smaller yet still exists differently. The narrower the AT more energy savings (Gave) it iS in
summer, while the opposite conclusion is obtained in winter. This is mainly related to the
difference in load demand between winter and summer. The inner surface temperature needs to
be lowered in summer and raised in winter. A marrow AT of PCM under the action of latent
heat will lead to an increased demand for heat storage in winter owing to the limited heat from
outdoors. When the appropriate AT is determined to be 6°C, the (peak Can be saved by 61.3%
(summer) and 39.9% (winter), and the gae can be reduced by 22.4% (summer) and 19.2%
(winter) compared to the reference wall (no PCM). As a consequence, the above data confirm
the fact that the double-layer PCM proposed in this study not only regulates the indoor thermal

environment in summer and winter but also has a more noteworthy effect on energy savings.
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Fig. 6-6. The (a) attenuation rate, (b) delay time, (c) peak heat flux and (d) average heat
flux under different PCM transition temperature ranges for summer and winter.

6.5 Effectiveness of the PCM under different thicknesses

The amount of PCM is another important factor influencing the total thermal storage and
release capacity of the wall at a fixed phase change material parameter. Therefore, the effect of

different thicknesses of PCM on the thermal performance of walls in summer and winter is

6-14



CHAPTER SIX: EFFECTIVENESS OF DIFFERENT KINDS/CONFIGURATIONS OF PCM FOR
IMPROVING THE THERMAL PERFORMANCE OF LIGHTWEIGHT WALL IN SUMMER AND WINTER

given in Fig. 6-7 based on the optimal configurations derived from the above conclusions
(Model-3, AT=6°C). 1t is clear that the double-layer of PCM integrated with the LBW exhibits
a noticeable improvement in both summer and winter at suitable phase-transition temperatures
even though the PCM thin is only 5mm (2.5mm+2.5mm). As a presentation in Fig. 6-7(a), 5mm
(2.5mm+2.5mm) double-layer PCM reduces the f by 80.4% in summer and 67.6% in winter
compared to the reference wall (no PCM). The f is reduced by 90.4% and 89.9% in summer
and winter, respectively when the thickness is increased to 10mm (5mm+5mm), and the f
gradually decreases and stabilizes as the thickness continues to increase on this basis. This
means that in a relatively stable indoor and outdoor thermal environment (under comprehensive
outdoor temperature, Tsa=Ta + Gl/hoyt [33]), heat transferred to the PCM through the wall does
not completely melt the thicker PCM. The additional PCM only plays a certain role in thermal
resistance where the heat storage and release capacity has not been exerted. At the same time,
a significant difference can be found that the difference in f between summer and winter is
greater when the PCM thickness is 5mm. This phenomenon is mainly caused by the different
thermal conductivity [W/(m K)] in different states (solid and liquid) of the double-layer PCM.
The 2.5mm PCM-b (12-18<C) of the double-layer is completely liquefied in summer, and its
thermal conductivity (0.25) is lower than that of the 2.5mm PCM-a (27-33<C) in the solid-state
in winter (0.5). The equivalent thickness exhibits different thermal properties in the total
thermal resistance of the wall, which further suggests that the lower the thermal conductivity
of the PCM, the better for the wall, a conclusion that has also been demonstrated in previous
studies [34].

Nonetheless, the above differences are largely eliminated with increasing PCM thickness,
suggesting that the difference in total thermal resistance due to another layer of PCM in a
different season (or different phase state) can be balanced out by the superior thermal regulation
capacity of thicker PCM. As a result, the advantages of the double-layer PCM proposed in this
study in terms of year-round thermal comfort are also further highlighted (the PCM-unutilized
can act as insulation in summer or winter). Moreover, it can be noticed in Fig. 6-7(b) that even
though only a thin layer of PCM (2.5mm) contributes to the thermal regulation, the ¢ can still
be extended to 4.57h (summer) and 4h (winter) with the combined effect of another layer of
PCM (liquid or solid) for thermal insulation. As the PCM thickness increases to 20mm
(10mm+10mm), the ¢ increases to 6.14h (summer) and 6.29 (winter), during which the ¢
increases somewhat linearly in the summer but the advantage of the increase in ¢ can be ignored
in winter after the thickness exceeds 10mm. It is also found that the difference in ¢ between
winter and summer decreases to 0.15h (20mm) from 0.57h (10mm) with increasing PCM

thickness. The above data show that the advantage of PCM in transferring peak temperature
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(the @) in summer over that in winter will gradually become the same with the increase in

thickness.

In addition, Fig. 6-7(c) presents the variation of the gpeax With thickness, and it can be
derived that the gpeax gradually is decreased as the thickness of PCM is increased, but the
reduction does not seem to show a certain significance. Take summer as an example, the Qpeax
reduction rate is 5.8%, 2.1%, and 1.4% for each additional 5mm (2.5mm+2.5mm) on the basis
of 5mm (2.5mm+2.5mm). Thus, it can be obtained that the reduction rate of gpeax does not need
to be noticed when the PCM thickness exceeds 10mm (5mm-+5mm) in consideration of cost.
Further, it can be viewed that the change of gave given in Fig. 6-7 (d) yields a poor correlation
with the increase in PCM thickness. The gave reduction rate increases by only 1.9% [20mm
(10mm+10mm)] in summer after L0mm (5mm+5mm) although the increase of PCM thickness
can reduce the gave to Some extent. By contrast, the gave increases slightly in winter as continued
increases in thickness. This phenomenon can be explained by the fact that the increased PCM
thickness improves the heat storage capacity of the wall in summer to suppress the effect of
outdoor temperatures, while it also increases the heat loss caused by heat absorption from stable
indoors due to the limited outdoor heat in winter. Furthermore, a remarkable feature is that the
difference in Qpeax (Or Qave) is gradually minimized with the PCM thickness added in summer
and winter. The difference in gpeak and dave decreases respectively to 0.25W/m? and 0.18W/m?
when the PCM thickness is increased to 20mm (10mm+10mm) compared to the 5.56W/m?
(Qpeak) and 0.6W/m? (gave) of the reference wall (no PCM), a reduction of 95.5% and 70%. It
can be concluded that the influence of the outdoor environment on the indoors is significantly
mitigated by the superior thermal regulation and insulation capacity of the wall (due to the
increased PCM thickness). In summary, the thickness of the double-layer PCM is recommended

to be 10mm (5mm+5mm) considering the economics of PCM.
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Fig. 6-7. The (a) attenuation rate, (b) delay time, (c) peak heat flux and (d) average heat
flux under different PCM thicknesses for summer and winter.
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Fig. 6-7. (Continued).
6.6 Effectiveness of the PCM under different latent heats

The change of latent heat of PCM is expected to substantially impact the heat storage
capacity of PCM and the application effectiveness of integration in LBW. The literature [40]
found that an increase in latent heat reduces the daily fluctuation range of the PCM liquid
fraction, which implies a reduction in the daily utilization rate of PCM, but whether the thermal
performance of the wall also is affected due to it needs further investigation. Therefore, five
data groups are selected for analysis based on the appropriate PCM parameters/configurations
described above [Model-3, AT=6°C (27-33°C, 12-18°C), Smm+5mm] with an interval of
50kJ/kg and an initial value of 25kJ/kg. Fig. 6-8 shows the variation laws of wall thermal
performance indexes with latent heat in summer and winter. It can be found that there is a
measurable improvement with the increase in latent heat in the thermal performance of the wall
in both summer and winter, but the application effect is still not directly proportional to the
increase in latent heat. Fig. 6-8(a) indicates the f can be cut from 2.35% (summer) and 2.14%
(winter) to 0.77% and 0.77%, respectively when the latent heat is improved from 25kJ/kg to
125kJ/kg. However, increasing latent heat from 125kJ/kg to 225kJ/kg only reduces the f from
0.77% to 0.48% (summer) and 0.45% (winter), and its contribution efficiency is reduced by
81.6% and 76.6%, respectively. The results demonstrate that double-layer PCM applications
still show high benefits when the latent heat is 125kJ/kg in both summer and winter.
Concurrently, the increase in latent heat of the double-layer PCM still eliminates the difference
in f due to seasonal differences, a result similar to that concluded for the increase in PCM
thickness. Moreover, Fig. 6-8(b) illustrates that the ¢ does not change for summer when the
latent heat value exceeds 125kJ/kg, whereas it shows some tendency to increase in winter, but
itisonly a 0.71h increase from 4.86h (125kJ/kg) to 5.57h (225kJ/kg), which it is not noticeable

for the lower f. Additionally, the above results are compared to previous studies [34] where the
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optimal latent heat is taken to be essentially the same, but where previous studies found that a
10mm single layer PCM could achieve effect in summer, the 5mm PCM in the double-layer
PCM proposed in this study (because the heat storage and release capacity of only one layer of
PCM is effectively utilized in summer) can still achieve similar application potential under the
same original wall and ensure the application effectiveness in winter. It shows that the double-
layer PCM proposed in this study has higher economic efficiency for the same PCM thickness
(20mm).

Furthermore, it can be seen from the variation in the gpeax given in Fig. 6-8(c) that the gpeax
reduction rate appears relatively stable after exceeding 125kJ/kg in both summer and winter,
which means that PCM with high latent heat will not bring higher economic benefits (the
effectiveness of PCM is reduced). Simultaneously, it is important to mention that although the
findings are similar to the PCM thickness, the increase in thickness results in a higher peak
energy saving than the increase in latent heat for double-layer PCM, as can be easily seen in
Fig. 6-7 and 8. This result is mainly since the increase in thickness of the double-layer PCM
increases the thermal storage capacity and the total thermal resistance of the wall to a certain
extent (one layer of PCM is the liquid or solid state in summer or winter), whereas the latent
heat can only enhance the thermal storage capacity of the wall and its high latent heat will not
be fully utilized and becomes meaningless due to the relatively stable indoor and outdoor
thermal environment. Another distinguishing feature is that the double-layer PCM shows a
superior result for the energy saving of gpeax (heat gain in summer and heat loss in winter) in
summer than in winter, which means the demand for latent heat is higher in summer than in
winter. Primarily because of the higher outdoor temperature fluctuations in summer in this study,
which results in higher utilization of the PCM (latent heat is fully utilized) and a higher
attenuation effect on its peak temperature, whereas the magnitude of heat absorbed (or released)
by the PCM in winter is lower than in summer due to the lower outdoor temperature under the
same latent heat of PCM. The above is also why the conclusion is contrary to the literature [40].
In addition, it can be observed from Fig. 6-8(d) that the increase in latent heat has little effect
on the gave, With an energy-saving changes rate of only 0.4% (summer) and 1.7% (winter). It
suggests that the PCM only adjusts the temperature fluctuation (peak-cutting and valley-filling)
through its inherent thermal mass but does not weaken the heat transfer effect to a certain extent,
which is in agreement with the findings of [34,64]. Meanwhile, it is clearly exhibited that the
Qave Can still be reduced by 19.0%-22.3% with a small latent heat (25kJ/kg) compared to a
reference wall (no PCM). As a result, it can be verified that the increased thermal storage
capacity of the wall not only improves indoor comfort but also has a positive impact on energy

saving for summer and winter. Based on the above suitable PCM kind/configurations [Model-
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3, AT=6°C, Smm+5mm, 125kJ/kg], the f can be reduced by 84.6%/84.3%, and the ¢ is added
to 5h/4.86h, the Qpeak and gave are reduced by 58.2%/36.4% and 22.1%/19.4% respectively in
summer/winter compared to the reference wall (no PCM). It further demonstrates that the

application of double-layer PCM proposed in this study is helpful for long-term thermal

comfort and low-energy operation of buildings.
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Fig. 6-8. The (a) attenuation rate, (b) delay time, (c) peak heat flux and (d) average heat
flux under different PCM latent heats for summer and winter.

6.7 Summary

The effect of phase-change materials (PCM) on the thermal performance of walls has been
extensively studied. However, the phase-transition temperature of PCM is usually fixed and its
advantages (heat storage and release capacity) are limited to a certain season. Therefore, based
on previous studies, the effectiveness of different kinds/configurations of PCM in lightweight
building walls (LBW) for summer and winter were evaluated in this study, and the influence
rules and energy-saving potential of PCM parameters (phase-transition temperature range,
thickness, and latent heat) on the thermal performance of LBW in summer and winter were

further explored. The main findings are as follows:
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o Conventional single-layer PCM integrated into the LBW performs excellent heat storage
and release capacity only part of the time within the phase-transition temperature range.
In contrast, double-layer PCM applications exhibit superior thermal regulation ability in

both summer and winter under the same PCM thickness.

Double-layer PCM is located together in the middle of the wall is preferable to it being

positioned separately on the outside and inside of the wall (single layer) under suitable

phase-transition temperature.

« The effectiveness of wall thermal performance improved by the double-layer PCM is
poorly correlated with the utilization rate (O<liquefaction rate<100%) of PCM under
appropriate phase-transition temperatures, while it is strongly correlated with the indoor-
outdoor temperature difference at comprehensive outdoor temperature (the common effect
of solar radiation intensity and temperature). In this study, the application effectiveness of

PCM in summer is better than in winter.

« PCM utilization is not proportional to phase-transition temperature ranges (AT), it tends
to be the same as the AT is expanded. The narrower AT results in a higher average
utilization rate (liquid fraction) at a suitable phase-transition temperature. However, the
narrower the AT, the worse the ability to adapt to the environment, which means a lower
application effect. The AT performs best in this study at 6°C (27-33°C, 12-18°C).

« The effectiveness of double-layer PCM reaches saturation when thickness and latent heat
exceed 10mm (5mm+5mm) and 125kJ/kg, respectively. Nevertheless, the difference in
application effect due to different total thermal resistance of the wall caused by another
layer of PCM in different seasons (or different phase states) is diminished by enhancing

the thermal storage capacity of the PCM.

o Compared with the reference wall (no PCM) in summer/winter, the PCM
kinds/configurations [Model-3, AT=6°C (27-33°C, 12-18°C), 5Smm+5mm, 125kJ/kg]
proposed in this study can reduce the attenuation rate (f) by 84.6%/84.3%, the delay time
(p) is added to 5h/4.86h, the peak (Qpea) and average heat flux (qawe) are decreased by
58.2%/36.4% and 22.1%/19.4%, respectively.
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CHAPTER SEVEN: EFFECT OF PCM ON THE THERMAL PERFORMANCE OF LIGHTWEIGHT WALL
AND INDOOR THERMAL ENVIRONMENT UNDER NATURAL CONDITIONS

7.1 Introduction

Recently, lightweight buildings have been widely developed but are less able to suppress
temperature fluctuations compared to conventional buildings [1]. Specifically, the delay and
attenuation of solar radiation heat irradiated on the exterior wall in summer are not obvious,
resulting in high indoor temperature. Wang et al. [2] found that the indoor temperature of light
buildings in summer was up to 10T higher than outdoor by measurements. High indoor
temperature fluctuations not only diminish indoor thermal comfort but also increase the energy
consumption of air-conditioning. However, phase change materials (PCM) have been
concerned as innovative materials for architecture by absorbing large amounts of heat at higher
temperatures with small volumes and releasing it at lower temperatures to reach the purpose

that suppresses indoor temperature fluctuations [3,4].

Soares et al. [5] investigated the performance of adding PCM to lightweight steel buildings
in Europe and found that PCM can reduce the energy demand by about 10-60% in various
climate zones. Lei et al. [6] showed that PCM can reduce the heat gain of the building envelopes
by 21%-32% per year in Singapore. Long et al. [7] concluded that in humid subtropical climates,
the annual energy consumption of lightweight buildings with integrated PCM can be reduced
by 23.85%. Gao et al. [8] filled PCM in hollow bricks and found that the results could reduce
the attenuation rate from 13.07% to 0.92%-1.93% and increase the delay time from 3.83h to
8.83h-9.83h. While Jia et al. [9] revealed that Integrating both thermal insulation material and
PCM could improve the thermal performance of hollow bricks comprehensively in the thermal
resistance and thermal inertia. In addition, Li et al. [10] derived from EnergyPlus simulation-
based analysis that integrating PCM in a normal foamed concrete wall could reduce the yearly

heating energy consumption by 4.74%.

It can be determined from numerous studies that the PCM is applied to LBW can enhance
their thermal performance and keep indoor temperature fluctuations within a specific comfort
level [11]. But its thermal performance improvement effect mainly depends on the heat storage
and release capacity of PCM, while the latent heat storage and release capacity of PCM are
highly dependent on the exchange between the wall surface and the ambient thermal
environment for PCM integrated LBW. [12]. Thus, many scholars have studied the effects of
PCM on LBW under different outdoor thermal environments. Among them, Sarri et al. [13]
found that PCM combined with shading equipment under natural conditions was more
conducive to improving indoor thermal comfort hours in most climate zones of Algerian, and
its energy-saving potential can reach 44.13%~59.11%. Sun et al. [14] studied the influence of

PCM integrated LBW on energy consumption in humid environments, It was presented that the
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energy-saving rate dropped from 1.64% to 1.32% when the humidity increased from 40% to
90%, but the effect was not significant in winter. Fateh et al. [15] studied the effects of solar
radiation (solar radiation was regarded as the time-varying heat source at the boundary) and
concluded that the appropriate PCM could save 75% of the heat load. Zwanzig et al. [16]
obtained the high dependence of PCM performance on weather conditions through energy-
saving potential analysis and emphasized the necessity of selecting different PCM in different

climatic regions.

From the above studies, it is easy to find that the existing studies also mostly focus on
the simulation analysis of lightweight buildings in a specific climate environment, while the
research on the thermal performance of lightweight walls and the indoor thermal environment
regulation by comparing and testing PCM under natural environment for a long time is
insufficient. Meanwhile, numerical simulation is more ideal, and it is more important to analyze
the application of PCM in the lightweight building by real measurement. Therefore, two
experimental rooms (reference room and composite PCM room) of the same size were built in
this paper to compare and analyze the performance of composite PCM in lightweight buildings
by experiment, and to evaluate the energy-saving potential of lightweight buildings with
composite PCM based on experimental data, thus providing important experimental support for

the subsequent research.
7.2 Material and methods
7.2.1 Experimental system description

In this study, to monitor the thermal behavior of composite PCM lightweight buildings at
different times of the year, two small-scale test rooms of the same size were constructed in
Qingdao and exposed to different seasons (summer, transition season and winter) for a longer
time, as shown in Fig. 7-1. In addition, the experimental tests relied on passive solar gain and
ambient environment to activate the composite PCM system without machinery. The
dimensions of the two box rooms are 1200mm (length) ><1000mm (width) ><1000mm (height),
and the envelope is 12mm Plywood, 20mm PCM and 5mm Plywood from the outside to inside
(see Fig. 7-2). The north and south directions of the room each have an 800mm (length) x
600mm (height) double hollow window (6mm+12A+6mm). Among them, Fig. 7-1(a) is the
composite PCM box room, where the tubular PCM is arranged and fixed on the placement grid
matching the size of each inner surface, and then installed on the inner surface around the box
room using a steel frame as support. Considering the practical application, the PCM is located
between EPS and inner Plywood to form a composite envelope structure. Fig. 7-1(b) is a

reference box room without PCM. The experimental test site is located on the roof of a
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university building in Qingdao with no shade around.

Fig. 7-1. Experimental box room.

The PCM used in the experiment is a new material that is easy to composite with the wall
and was developed by the Chavez Institute of Environmental Studies in Canada and the
University of British Columbia (UBC). The PCM is permanently encapsulated in an aluminum
composite diaphragm to form a "TCM tube", also known as a natural temperature-controlled
material. Normally a "TCM" tube weighs 100-120g, 175mm long, 45mm wide and 20-25mm
thick, as shown in Fig. 7-2[17]. The thermal parameters of the relevant materials are given in
Table 1.

Outdoor

20mm PCM-“TCM tube”
20mm EPS
12mm Plywood

Smm Plywood

Fig. 7-2. Diagram of envelope structure and PCM (TCM tube).
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Table 7-1 Thermo-physical parameters of wall materials [17,18].

Material tm, (°C) Lp,(kJ/kg) d,(mm) 2,[W/(m K)] ¢,[I/(kg K)] p(kg/md)

PCM 18-26 216 20-25 0.5(0.25) 1785 1300
Plywood - - 5/12 0.17 2510 600
EPS - - 20 0.039 1380 20

7.2.2 Experimental equipment and test methods

The JTRO5 dual-channel thermal environment tester produced by Beijing Jian Tong
Technology Co., Ltd. was used for outdoor thermal environment testing, it can simultaneously
test and record the total solar radiation and air temperature in the spectral range of 0.3~3.2um.
Its surface is coated with a high absorption rate black layer, the hot junction is on the induction
surface, and the cold junction is in the body, the temperature difference potential generated
between the hot and cold junction can reflect the total solar radiation. JTRO5 storage interval
1-60min can continuously store 4000 groups of data, communication interface RS232.
Moreover, the JTNT-A temperature and heat flux tester was used to record the inner and outer
surface temperature of the wall, indoor air temperature and heat flux density. JTNT-A adopts a
high-precision AD module, which can synchronously measure and record 12-way T-type
thermocouple temperature and 6-way heat flux density, with storage interval 0.5s-60min, built-
in high storage SD card and communication interface RS485. Table 2 gives the related

parameters of the experimental equipment.

Table 7-2 Related parameters of the experimental equipment.

Test
Equipment  Picture Range Accuracy Resolution
parameters
Solar Nonlinearity:#2%;  Sensitivity:
o radiation 0~2000W/m?  Cosine 7~14mv/kw.
JTRO5 ,(w 0 intensity response:<+7% m?
+0.5°C(normal<#0.
Temperature  -50°C~50°C 0.1°C
2°C)
, Heat flux 0~2000W/m? 4% 0.1 W/m?
JTNT-A =
& Temperature -50°C~120°C  +0.5°C 0.1°C

To obtain the solar radiation intensity and temperature variations in different directions of
the room, five JTRO5 units were placed in different directions (east, south, west, north and roof).
Next, 22 thermocouples were arranged in the center of the inner and outer surfaces (top and
five inner surfaces) and the center of the 2 test box rooms, and 10 heat flux meters were placed

in the center of the inner surface in 5 directions. All data were collected by three JTNT-A units

7-4



CHAPTER SEVEN: EFFECT OF PCM ON THE THERMAL PERFORMANCE OF LIGHTWEIGHT WALL
AND INDOOR THERMAL ENVIRONMENT UNDER NATURAL CONDITIONS

and connected to the computer via RS232/RS485 for real-time data recording and output and
the recording intervals were all set to 15 min. To ensure the accuracy of the test data, the
experimental instruments were calibrated before the tests. Meanwhile, the tests were carried
out from Jul. 15 to Jul. 25 (summer), Oct. 16 to Oct. 28 (transition season) and Dec. 22 to Dec.
31 (winter), 2021, respectively to reflect clearly the effect of PCM on the thermal performance

of lightweight buildings in different seasons.
7.2.3 Evaluation indicators

Some evaluation indexes are proposed in this paper to evaluate more intuitively the
influence of PCM on the thermal performance of lightweight building walls (LBW) and the
improvement effect, including the delay time (¢), attenuation rate (f), peak heat flux (qpeax) and

load energy-saving rate (ESR), which are described as equations (1)-(5) [19-20]:

¢ =" yinmax ~ b outmax (7-1)
f= Auin x100% (7-2)

ut
Apeac = A(t) e (7-3)
ESR:%?Z x 100% (7-4)
0=keaT . = (T~ Tominea) (7-5)

indoor
RWI

7.3 Experimental result and analysis

Due to the long test period and more experimental data, only three representative days in
different seasons are selected for analysis in this paper, which is Jul. 22-Jul. 24, 2021 (summer),
Oct. 20-Oct. 22, 2021 (transition season) and Dec. 28-Dec. 30, 2021 (winter), respectively.
Meanwhile, the south-facing wall with typicality is discussed for wall thermal performance
analysis, and the above evaluation indexes are calculated as 3-day average values. Considering
the same thermal resistance (Rw), the equivalent heat flux is used in this paper to evaluate wall
heat flux, i.e. gqm=AT/Ru.

7.3.1 Summer condition

Previous studies [19] found that LBW integrated PCM can effectively suppress inner
surface temperature fluctuations to improve the energy-saving of cooling load during summer.
However, the thermal performance of lightweight buildings and the application effect of PCM
can be revealed more intuitively under non-mechanical operation. Therefore, Fig. 7-3 gives the

variation of the inner surface temperature of the south wall in the natural state in summer. It is
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obvious from Fig. 7-3(a) that the maximum inner surface temperature of the reference room
(without PCM) can reach 49.2<C when the outdoor temperature is high (39.2<C). It shows that
the indoor temperature in summer is far beyond the human thermal comfort range due to the
lower thermal inertia of LBW, which is also an urgent problem to be solved in lightweight
buildings. Meanwhile, from the perspective of comprehensive temperature (Tsa) (considering
the solar radiation effect), the inner surface temperature fluctuation of the reference room is
basically the same as the Ts,, and the average temperature fluctuation is only reduced by 0.16%.
The above phenomenon is mainly due to the low thermal inertia of LBW which does not play
a significant role in delaying and attenuating the solar radiation heat irradiated on the external
walls. However, compared to the reference wall when the LBW is integrated with PCM, the
peak inner surface temperature can be reduced by 2.9<C (average), and the attenuation rate (f)
is reduced by 18.08% from 99.84% to 81.79%, delay time (¢) can be increased from 1.67h to
3.67h. But the difference in the average temperature of the inner surface between the reference
wall (35.31<C) and the composite PCM wall (34.02<C) is only 0.99<C. As a result, it indicates
that the advantage of PCM is not in thermal insulation but in thermal regulation to suppresses
temperature fluctuations and rises and shifts peak temperatures. Moreover, it can be seen from
Fig. 7-3(b) that the peak heat flux (gpeax) Of the reference wall can be reduced by 8.73% and the
delay time of gpeak Can be increased by 6.5h. The above data can be intuitively concluded that
PCM can effectively improve the energy-saving of buildings in high-temperature periods. At
the same time, the heat flux of the composite PCM wall shows negative values (i.e., Twin<Twout)
from 09:00 to 12:00, while the reference wall is continuously increasing at this time, a
phenomenon sufficient to indicate the heat absorption of the PCM during high-temperature
periods. The heat flux of the reference wall rise to the highest point at about 15:00 and then
started to decrease, and tended to O after about 7h, while the composite PCM wall peaked at
about 20:00 and decreased slowly, and no relatively stable trend is found. It means that the
PCM is continuously exothermic and remains relatively stable until the exothermic completion,
which is one of the reasons why PCM can maintain the indoor thermal stability of lightweight

buildings.
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Fig. 7-3. Variation of (a) surface temperature and (b) heat flux with time in summer.
7.3.2 Transitional season conditions

From the above results, it can be drawn that PCM can suppress the summer peak
temperature, but its latent heat application is limited due to the low phase-transition temperature
(basically in the liquefied state) compared to the high temperature. Therefore, Fig.4 depicts the
changes in the thermal performance of the wall during the transition season (Oct. 20-22). From
Fig. 7-4(a), it can be found that the inner surface temperature of the reference wall is still high,

which can reach up to 44.8<C, and the average temperature is at 18.4<C. The temperature
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fluctuation (Awinrer) reaches 34.6 <C, and the f is 99.6%. While there is a significant reduction in
the peak inner surface temperature of the composite PCM wall, with a maximum reduction of
13.9<C and an average of 11.8<C compared to the reference wall, reducing the f to 56.7%
(reduction rate of 42.9%). It means that PCM is better in the transition season than summer for
lightweight buildings, and its application basically maintains all day in a comfortable
temperature range (preventing overcooling and overheating). The main reason is that the phase-
transition temperature is 18-26°C, for summer, the temperature is higher (T >26°C), and the
lower phase-transition temperature makes PCM rapid phase change and basically keeps it in a
liquid state only play the role of thermal resistance. And the PCM storage and release capacity
can be effectively utilized in the transition season due to the large temperature difference
throughout the day (Tsa= 6.2°C- 44.12°C). This is also sufficient to explain that the application
effect of PCM is highly related to the outdoor thermal environment, and the appropriate phase-
transition temperature should be selected for different seasons. Furthermore, the ¢ of the
reference wall is 1.67h, while the composite PCM wall is 4h, indicating that the application of
PCM can effectively shift the time of peak temperature occurrence and improve indoor comfort
while reducing energy use during peak time. It is also obvious from Fig. 7-4(b) that the peak
energy-saving rate of composite PCM walls can reach 50.47% compared to the reference wall.
In addition, it can be found that PCM energy saving contribution increases as the outdoor peak
temperature rises. The phenomenon is mainly beacuse the PCM absorbs heat more fully as the
outdoor temperature fluctuation increases and has a higher latent heat utilization, which can

also be concluded from the change in the negative value of heat flux (Twin <Twout) as well.

(a) 70 T, j~withPCM —e— Qutdoor air temperature(south) I 1000
651 —a— T, ;,-withoutPCM [ ] Solar radiation intensity(south) - 900
60 ~ Comprehensive temperature, T,,=T, +ou/h,, I .
55 - 800
50+ L 700
O 454 oo 2
g 35- L 500 £
2 30+ o0 2
= -400 £
& 254 - S
20 - [300 E
<
154 £ 200 2
10 H I
5+ .
0 ¥ I I I 0

0 6 12 18 24 30 36 42 48 54 60 66 72
Time (h)
Fig. 7-4. Variation of (a) surface temperature and (b) heat flux with time in transition

seasons.
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Fig. 7-4. (Continued).
7.3.3 Winter conditions

In winter, the phenomenon of indoor overcooling or overheating is more obvious under no
mechanical equipment due to the low thermal inertia of LBW. As can be seen from Fig. 7-5(a)
which gives the curve of the inner surface temperature with time in winter, the maximum inner
surface temperature of the reference wall can reach 31.9<C and the minimum temperature is -
4.5<C. The temperature fluctuations all day reached 36.4<C, and the f is 91.69%. It illustrates
that s, the outdoor environment has a greater impact on the indoor due to the low thermal mass
of LBW. Although the indoor temperature can be increased in winter, taking into account the
human thermal comfort needs, all day (24h) thermal comfort hours (16-25°C [21]) only
accounted for 8% (reference building). Nevertheless, the f of composite PCM was 64.74%,
which is 29.39% lower compared to the reference wall, and the ¢ increased from 1h to 4h, and
the thermal comfort hours increased to 27.8%. The peak temperature is decreased from 31.9C
to 23.0C and the minimum temperature is improved by 1.9<C. This is mainly because the solar
radiation heat absorbed by the PCM during the day is released at night when the temperature
drops. Moreover, Fig. 7-5(b) shows that the composite PCM can reduce the Qpeax by 71.14%
compared to the reference wall, meanwhile, the heat flux of the reference wall decreases from
the peak to nearly O (Twin=Twou) in Only 3h, while the composite PCM starts to decrease slowly
when the reference wall drops to the lowest and always remains positive (Twin>Twout) Until the
heat gain of the second day after the heat release is completed (Twin<Twout). This also further

demonstrates that PCM can always ensure that the inner surface temperature is maintained at a
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high level in its natural state due to latent heat, thereby improving indoor thermal comfort.
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Fig. 7-5. Variation of (a) surface temperature and (b) heat flux with time in winter.
7.3.4 Indoor temperature analysis

The above results are sufficient to explain the ability of PCM to improve the thermal
performance of LBW. However, considering the level of indoor thermal comfort, the variation
of indoor and outdoor temperature in different seasons is presented in Fig. 7-6. As observed in

Fig. 7-6(a), when the outdoor temperature is high (37.7°C) in summer, the indoor temperature
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rises rapidly with the outdoor temperature due to the small heat storage and low thermal inertia
of the reference building wall, and the maximum can reach 52.0°C under the higher solar
radiation heat, which is 14.3°C higher than the outdoor temperature. While the composite PCM
box room can better prevent the heat transfer to the room during the period of temperature rise
due to the strong heat storage capacity of PCM, which has the effect of heat attenuation and
temperature delay. The indoor temperature can be reduced by 3.3°C and improve the minimum
by 1.1°C compared with the reference box room and the ¢ for the reference and the composite
PCM box room are 1h and 2.67h, respectively.

However, from Fig. 7-6(b) can be noted that the maximum indoor temperature of the
composite PCM box room can be declined by 8.23<C and the minimum temperature by 1.8<C
compared to the reference box room during the transition season, which is 4.93<C higher than
the peak summer temperature attenuation, suggesting that the thermal regulation effect of PCM
on the transition season significantly better than that in summer. This is mainly due to the phase-
transition temperature is lower (18-26°C) for summer, the outdoor temperature is higher than
26°C for about 80% of the time in the whole day (24h), so the PCM occur rapidly and keep the
liquid state, which only to increase the wall thermal resistance, and its thermal regulation
capacity is not given full play. As a result, shows the importance of choosing the suitable phase-
transition temperature for different seasons or climates. When the PCM with relatively suitable
phase change temperature is adopted in the transition season, the time for the indoor
temperature to remain at 16-25<C all day increases from 2.3h in the reference box to 7.3h. It
shows that PCM can improve the indoor thermal comfort range of lightweight buildings
through thermal regulation without mechanical equipment, which also further reflects the
energy-saving effect of PCM. Furthermore, as can be noted from Fig. 7-6(c), the PCM reduces
the indoor peak temperature by 6.9<C in winter, while the minimum temperature is only
increased by 0.7 <C. The main reason for this phenomenon is that the heat loss from the windows
is higher due to the lower outdoor temperature in winter, which makes the PCM heat release
basically complete before the outdoor temperature reaches the minimum temperature (higher
release rate), resulting in the minimum indoor temperature not being remarkably improved. The
indoor thermal comfort hours (16-25<C) of the composite PCM box room is only 2h higher

than the reference box room for the whole day (24h).
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Fig. 7-6. Variation of indoor temperature in different seasons.
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7.3.5 Energy saving potential analysis

To evaluate the impact of PCM on the energy saving of lightweight buildings, the energy-
saving rate (ESR) method [17,20] is used in this paper to analysis preliminary the energy-saving
potential of air conditioning and heating. However, it should be pointed out that the air
conditioning and heating energy savings rates calculated in this paper are the relative levels
generated by PCM, while the actual energy savings should be calculated in detail based on the
annual operation. The set temperature of the air conditioner is 26°C, and the heating is 18°C
(higher than 26°C for cooling, lower than 18°C for heating). Fig. 7-7 gives the energy-saving
rate of cooling and heating loads in different seasons. It can be observed that the ESR of peak
cooling load in summer is 18.69%, while the average is only 0.11%. The main reason is that
although PCM can reduce the peak load by heat absorption, the average temperature is higher
for the whole day due to the heat released. This further shows that PCM only through the heat
storage and release capacity for thermal regulation but does not weaken the heat transfer effect

of the wall.

Moreover, it can be more easily concluded from the transition season that the peak cooling
load can be saved by 49.63% due to PCM can effectively suppress the overheating of indoor
temperature under a relatively suitable phase-transition temperature. When the outdoor
temperature is lower at night, the PCM can significantly increase the minimum temperature by
releasing heat, which can diminish the heating load by 24.68%. The average ESR for the whole
day (24h) is 50.66% for the cooling and 37.59% for the heating load. Which shows the great
potential for energy savings by using appropriate PCM in different seasons. Finally, it can be
drawn from the winter season that the overheating effect is shorter because of the lower outdoor
temperature and solar radiation compared to the summer. The PCM can basically eliminate the
overheating, and the ESR of peak cooling load can reach 98.66%, and the average can save
77.9%. Despite the higher heat loss from the windows, the PCM can still reduce the heat load
by 15.9% at lower outdoor temperatures and the average ESR is 14.12%. Combining the above
analysis, results can be obtained that lightweight buildings integrated PCM can not only
improve the year-round indoor thermal comfort level but also obviously enhance its energy

saving.
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Fig. 7-7. Energy-saving rate (ESR) for different loads in different seasons.
7.4  Summary

(1) Lightweight building composite PCM can effectively suppress temperature fluctuation and
rise under natural conditions in summer. Compared with the reference wall, the inner
surface peak temperature and the attenuation rate (f) can be reduced by 2.9°C and 18.08%,
the delay time (¢) is increased from 1.67h to 3.67h, the peak heat flux (gpeax) can be lowered
by 8.73%.

(2) In the transitional season, the composite PCM is better than in summer for lightweight
buildings, and its application can basically maintain the all-day temperature in a
comfortable range. The peak and average temperature of the inner surface can be cut by
13.9<C and 11.8<C compared to the reference wall, and the f can be reduced by 42.9%, and

the gpeak €NErgy-saving rate can reach 50.47%.

(3) When the outdoor temperature is lower in winter, the f of composite PCM is reduced by
29.39% and the ¢ is increased from 1h to 4h compared to the reference wall, and the
thermal comfort hours are added to 27.8%. The maximum temperature decreased from

31.9C to 23.0C, and the minimum temperature improved by 1.9<C.

(4) The application effect of PCM is highly related to the outdoor thermal environment, and
PCM with a more suitable phase-transition temperature should be selected in different

seasons to maximize the effect. For indoor temperature, due to the high outdoor
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temperature in summer, the lower phase-transition temperature basically causes the PCM
to be in a liquid state, which only plays a certain thermal resistance. Its indoor peak
temperature can be reduced by 3.3°C, while the whole day is still higher than 26°C for 91%
of the time. However, the peak indoor temperature can be reduced by 8.23°C in the
transition season, and the time that the indoor temperature remains at 16-25°Call day
increases from 2.3h to 7.3h. In winter, the PCM releases heat quickly due to the lower
outdoor temperature and high exterior window heat loss and its all-day indoor thermal

comfort hours improve by only 2h.

(5) Composite PCM has great energy-saving potential. The energy-saving rate (ESR) of peak
cooling load in summer is 18.69%, and the average ESR is only 0.11% due to the high
outdoor temperature. However, the peak cooling load can save 49.63% and the average is
50.66% in the transition season and the ESR of heating load can be improved by 24.68%

in the lowest temperature period at night and the average raises 37.59%.

(6) In winter, the time of overheating is shorter since outdoor and solar radiation is lower than
that in summer. Using PCM can basically eliminate the peak overheating, and the ESR of
peak and average cooling load can reach 98.66% and 77.9%. The valley of heating load
can still reduce by 15.9% through PCM release heat despite the high heat loss from the

windows at lower outdoor temperatures, with an average heat load savings of 14.12%.
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Nomenclature

tm Phase-transition temperature, (°C)

Lp Phase change latent heat, (ki/kg)

d Material thickness, (m)

A Thermal conductivity, [W/(m K)],Solid (Liquid)

c Specific heat, [J/(kg K)]

p Density, (kg/m®)

Tin Indoor air temperature, (°C)

Twin Inner surface temperature, (°C)

Twout Outer surface temperature, (°C)

Tout Outdoor air temperature, (°C)

Awin Inner surface temperature amplitude, (°C)

Aout Outdoor air temperature amplitude, (°C)

Q Cooling or heating load, (W)

F Heat transfer area of the envelope, (m?)

Tsa Outdoor comprehensive temperature, (°C)

Opeak Inner surface peak heat flux, (W/m?)

t Time, (h)

17 Delay time, (h)

f Attenuation rate, (%)

Rt Thermal resistance of the original walls, [(m? K)/W]
Teoolheat Cooling (26°C) or heating (18°C) set temperature, (°C)
t1,winmax Time appeared of the inner surface peak temperature, (h)
t1,0utmax Time appeared of the outdoor air peak temperature, (h)

Abbreviations

LBW Lightweight Building Walls
PCM Phase-Change Materials
EPS Expanded Polystyrene

ESR Energy-Saving Rate
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CHAPTER EIGHT: IMPACT AND ECONOMIC EVALUATION OF THE LIGHTWEIGHT WALL USING
PCM ARE USED IN BUILDING ON REDUCING ENERGY DEMANDS

8.1 Introduction

With the rapid development of the global economy and the increasing demand for thermal
comfort in buildings, the building industry is considered to be the largest single contributor to
world energy consumption and greenhouse gas emissions [1,2]. According to statistics, 24% of
total CO, emissions and 40% of total primary energy consumption worldwide are caused by
the construction sector[3,4] and are still increasing. This alarming situation has prompted
scholars to invest much effort in studying active and passive energy-saving strategies to ensure
indoor thermal comfort while reducing building energy consumption [5-7]. However, many
studies have found that active technologies in building energy saving usually face the problem
of low energy efficiency of equipment [8], so passive energy-saving technologies are widely
concerned [9]. The main includes adding Trombe walls [10,11], lightweight concrete walls [12],
insulation materials [13], phase-change materials (PCM) [14,15], retro-reflective materials [16],

and green roofs [17].

As a result, it is clear from the above energy-saving technologies that improve the thermal
performance of the envelope is the primary measure to reduce building energy consumption.
However, lightweight building envelopes lead to lower thermal comfort and higher energy
consumption due to their lower thermal mass (thermal storage capacity) compared to
conventional buildings [18]. So, to solve the above problem, phase-change energy storage
materials have been developed [19-21], and their application and energy-saving potential have
also been demonstrated in many studies. Among them, Sun [22] and Kalnaes et al. [23] found
that PCM was more effective when applied to lightweight buildings than to heavy-structural
buildings. Liu et al. [14,24] simulated the thermal performance of PCM integrated into
lightweight walls and concluded that the delay time of inner surface temperature was added to
6.86 h and attenuation rate decreased by 90.45% under suitable PCM parameters compared to
without PCM, and the peak heat flux and average heat flux was reduced by 66.52% and 33.39%.
Subsequently, the contribution efficiency of PCM was found to be increased with the decrease
of thermal resistance of the original wall. Rathore and Shukla [25] integrated PCM into the
building envelope through an aluminum tube encapsulation technique and discovered that the
temperature range of the phase-change room was reduced by 40.67% to 59.79%, and the
cooling load was cut by 38.76%. Sun et al. [26] revealed through numerical simulations that
lightweight buildings integrated with PCM could save energy by 2.6%-3.9% in summer under
humid subtropical climate conditions. Soares et al. [27] concluded that applying PCM to
lightweight buildings could reduce energy demand by 10-60% under different climatic
conditions in Europe. In addition, Li et al. [28] concluded by using numerical simulations

(EnergyPlus) that the integration of PCM into plain foam concrete walls could reduce the
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heating load by 4.74% in the hot-summer and cold-winter zone (China).

Although it can be drawn based on previous studies [24-28] that PCM applied to
lightweight buildings can significantly reduce energy consumption, the energy-saving potential
of PCM can be found to be different in different climates and cities. To this end, Adilkhanova
et al. [29] evaluated the energy-saving potential of PCM based on different climatic conditions
using EnergyPlus. It was determined that PCM could effectively reduce indoor discomfort, but
the energy-saving rate depended on the climatic conditions and the insulation properties of the
envelope. Zwanzig et al. [30] also believed that PCM performance was highly correlated with
weather and emphasized that PCMs with different thermal properties should be selected in
different climatic regions. In the meantime, by numerical simulation, Liu et al. [31] analyzed
the effect laws and applicability of PCM parameters on the thermal performance of lightweight
walls with different orientations. The results showed that the application effects and suitable
parameters of PCM in walls with different orientations were different. Furthermore, in addition
to the fact that different outdoor climates affect the effectiveness of PCM applications, Biswas
[32] and Kishore et al. [33] found that PCM parameters (PCM location, phase-transition
temperature, thickness, latent heat, etc.) also greatly affected the energy saving potential of
PCM. For this reason, many researchers have also studied the suitable parameters of PCM for
different climatic zones, and the results are summarized in Table 1. It can be concluded that the

following problems are still not well solved in the current study:

« When PCM is discussed to reduce energy demand, only a few research have traversed all
key parameters of PCM, and most studies focus on some of them. However, other PCM
parameters/configurations can also greatly affect the thermal performance of the wall and
building energy consumption. Consequently, it is necessary to conduct a comprehensive
analysis of different PCM parameters/configurations so as to utilize PCM better to reduce
energy demands. As well, few studies have addressed the importance ranking of each PCM
parameter/configuration in terms of energy saving, which reduces the information
available for reference when PCM is selected to use.

e The effect of PCM applications and the appropriate PCM parameters/configurations are
highly dependent on the surrounding thermal environment for buildings. For real buildings,
the outdoor thermal environment of the wall in different orientations (especially the solar
radiation intensity) is quite different due to the shading effect of the building (or itself).
Furthermore, for PCM, the inherent phase-transition temperature may have satisfactory
results in summer (winter) but may have unsatisfactory or negative consequences in winter
(summer). However, although the suitability of PCM parameters/configurations has been

studied before, it has mostly focused on specific climates or seasons. Finding the optimum
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Table 8-1 Summary of studies on suitable PCM parameters/configurations for different climates/cities.

. Climate Suitable PCM parameters/configurations
Site Season ) PCM types! ESR Ref.
categories Tp AT dp Hp Pc Po
Iraq Summer TDC Paraffin wax - - 20 - - Roof 40% [34,35]
Fukuoka Summer SC TCM 22-32 - 10 175 Middle - 66.52% [22]
Summer; 12-18;27- .
Fukuoka . SC TCM 10 (5+5) 125 Middle - 58.2%;36.4% [36]
Winter 33
Boston Annual TCC SS-PCM 25 - - - - Roof 29.6% [37]
Iraq Summer TDC RT-35/MC28 35 - - - Outside - - [38]
. Ceiling+
Santiago Summer MC PCM23C - - 4/8 - - wall 8.25% [39]
Summer;
Newcastle Winter TCC PCM19-29 21;25 - 10 - - Roof+ wall 23%;12% [40]
Qingdao Summer TMoC PCM 20-30 - - 125 Inside - 57.6% [19]
Anda/Lanzhou/ NTCSMC/TCC  Cetane/Heptadecane/ 14.51%
Kunming/ Annual /SHMC/SMC/  Octadecane/Gypsum 16;20 - 10/20/30 350 Inside Roof 67. 470; [41]
Wuhan/Xiamen SATMMC board/Salt hydrate R
. . . Outside Ceiling+
Baltimore Annual TCC Organic fatty acids - 1 191 200 . 10.8% [42]
+Inside  Floor+ Wall
. RT27/RT31/RT35HC/
Kuwait Summer TDC ] 35 - 40 - - - 40% [43]
Paraffin wax
Chambéy Winter TMaC PCM board 18.1 - 10 150 - - 10% [44]
Phoenix/Las
\Vegas/Baltimor Summer; . . . 3.5%-47.2%;
o i TCC Fatty acids/glycerides 22;24 - Middle - [45]
e/Denver/Billin Winter 0%-13.1%

gs

Note: Tp: Phase-transition temperature, °C;AT: Phase-transition temperature range, °C; dp: PCM thickness, mm; Hp: PCM latent heat, kJ/kg; P.: Location of PCM in the wall,-; Po: PCM installation orientation,-;
ESR: Energy-saving rate, %; 1: Specific PCM type can be found in the relevant references. TDC: Tropical desert climate; SC: subtropical climate; TCC: temperate continental climate; MC: Mediterranean-style
climate; TMoC: temperate monsoon climate; NTCSMC: northern temperate continental semi-arid monsoon climate; SHMC: subtropical highland monsoon climate; SMC: subtropical monsoon climate; SHMC:
subtropical highland monsoon climate; SATMMC: south Asian tropical maritime monsoon climate; TMaC: Temperate maritime climate.
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PCM to reduce energy demands for lightweight buildings in different thermal environments

(different climate zones, seasons, wall orientation) have not been well solved.

Hence, in order to better solve the problem of optimal configuration of PCM parameters
under different climate characteristics, this study summarizes the key factors
(parameters/configurations) affecting the use performance of PCM in previous studies [14,24,
31-33,42,46], including phase-transition temperature, phase-transition temperature range, PCM
thickness, PCM latent heat, PCM installation location in the wall, PCM installation orientation,
at the same time, different level taking values for above each factor was proposed. Obviously,
optimizing the configuration of PCM multi-parameters for different climates and thermal
comfort demands (cooling and heating) requires a multi-factor analysis. In this case, the

following issues deserve to be considered:

o How do design fractional factorial experiments to cover the important features of the
problem understudied?

e How to derive the most suitable parameters/configurations of PCM for different climatic
conditions?

e How to determine the parameters that need to be prioritized when PCM is selected in

different climates?

Based on the above problems, an efficient and important mathematical evaluation method
was proposed for multiple levels under different factors, namely, orthogonal experiments,
which can obtain more accurate and reliable optimization conclusions with a fewer number of
experiments [47-50], and has been validated and applied in various fields [51-55]. Additionally,
the economics of PCM is also the focus of current researchers and decision-makers due to its
relatively high-cost price currently. Among them, Mi [56] and Ye et al. [57] pointed out that the
payback period of PCM differs for different climates/cities even though suitable PCM was
applied in buildings to reduce energy demands. The investment in some regions that were low
in energy-saving effects could not be recovered at current PCM cost prices. Further, Hou et al.
[58] suggested that it is necessary to select and develop a suitable PCM by sensitivity analysis
of acceptable price. Overall, although many scholars have discussed the economics of PCM a
lot, most of them have focused on the specific building structure and region. However, when
PCM is selected for use, the PCM cost, energy-saving potential in different buildings (or energy
demands) and energy price in different regions are also the key factors affecting its application
value. Therefore, to better solve the above problems, orthogonal experiments and numerical
simulations (EnergyPlus) are used in this study to explore the suitability and optimal solution

of PCM parameters and configurations (single and double layer PCM) for lightweight buildings
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to reduce energy demands in different climatic characteristics, and the influence degree of these
parameters/configurations. Meanwhile, the economic applicability of different PCM usage
(thickness and utilization area) are discussed based on different energy demands and energy
prices. The research findings can maximize the application benefits of PCM, and provide a
reference for decision-makers to weigh the selection and application of PCM from the
perspective of energy saving and economy, as well as data support for the preparation of suitable
PCM for lightweight buildings in the future.

8.2 Methodology
8.2.1 Climate zones division and representative cities

From previous studies, it can be easily found that lightweight buildings integrated with
PCM can effectively reduce building energy consumption and improve indoor thermal comfort.
However, climatic conditions are one of the main factors affecting the effectiveness of PCM in
reducing energy demand [59]. China, as a country with diverse climate characteristics, it is
divided into five climate zones according to the need for building thermal design [51], namely,
severe cold zone (SCZ), cold zone (CZ), hot-summer and cold-winter zone (HSCW), hot-
summer and warm-winter zone (HSWW), and moderate climate zone (MCZ), as shown in Fig.
8-1(a). The detailed information can refer [60,61]. As to Japan, according to the current energy
efficiency standards and Heating Degree Day (HDD), the whole country can be divided into
six zones (I-VI) as shown in Fig. 8-1(b) [59,62]. Meanwhile, the typical cities representing
different climate zones in Japan and China have been marked in Fig. 8-1. In detail, the chosen
cities ordered from northern to southern areas are Harbin (HRB), Beijing (BJ), Shanghai (SH),
Kunming (KM) and Guangzhou (GZ) in China, as well as Sapporo (Sap.), Hachinohe (Hac.),
Sendai (Sen.), Tokyo (Tok.), Kagoshima (Kag.) and Naha (Na.) in Japan. Detailed information
of the chosen cities is presented in Appendix A [59].

(a) China (b) Japan

Climate Zones
W | (HDDI183500)
11 (3000 < HDDIS < 3500)
11 (2500 < HDDI8 < 3000)
IV (1500 < HDDI18 < 2500)
WV (500 < HDDIS < 1500)
I V1 (HDDI8 <500)

1200 < HDD18 < 2000 & Shanghai - 3 ]
O z

/'} Pz ’\2‘ N
s afft dé\ e
% % (L ,«v "~ Tokyo
v\ y 7. S
4 K
« V‘Vj L4 !
Kagoshi{n.a/ ﬁNaha

Fig. 8-1. Climatic zones of China and Japan and the location of the typical cities [60-62].

AN
- \700 < HDD18 < 2000
( °Kunming
B Severe Cold Zone
Cold Zone 1).:
Moderate Climate Zone
Hot Summer and Cold Winter Zone
B Hot Summer and Warm Winter Zone

Guangzhou
HDDI18 <500
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8.2.2 Physical model and boundary conditions

To compare and analyze the energy-saving effect of integrating PCM with different
performances in lightweight buildings under different climates, a typical lightweight building
and its walls/roof are built, and it is displayed in Fig. 8-2. Among them, Fig. 8-2(a) is a reference
wall/roof (no PCM) with three layers, from outside to inside are exterior wallboard (12mm
oriented strand board-OSB), insulation material (Xins, mm), and interior wallboard (10mm
gypsum board). Based on Fig. 8-2(a), Fig. 8-2(b)-(f) investigates the dynamic thermal behavior
of the wall/roof by placing PCM in different locations of the reference wall (L1, Lz, Ls, La, Ls)
to seek the ideal PCM parameters and locations. It should be stated that the total thickness of
the wall/roof (dwtal) Will change with the PCM thickness (dp), and the thickness of the insulation
material (Glass wool, Xis) remains constant to ensure the same thermal resistance of the original
wall (Rwt) [14]. The relevant thermophysical parameters of materials are listed in Table 2. At
the same time, in order to explore the variation of building cooling and heating loads in different
climates, a typical lightweight building with 3800mm (length) >6600mm (width) >2700mm
(height) is used in this study as a simulation model, and two 1700mm (length) < 1500mm
(height) double hollow window (6mm+12A+6mm) are set on the north and south-facing of the
room (the heat transfer coefficient (HTC) is 2.8 [W/(m? K)], and solar heat gain coefficient
(SHGC) is 0.49), which is presented in Fig. 8-2(g).

Moreover, the “Ideal Loads Air System (ILAS)” [28] of EnergyPlus is utilized to simulate
building cooling and heating load due to it returns precisely the energy that must be supplied to
the room. Considering the residential behavior of the building, the personnel density of the
room is set to 2 people whose activity is 72W/person (sitting and slight movement), the power
used for indoor lighting is set to 2 W/m?, and other equipment (TV and refrigerator) is set to
15W/m? [11,63,64]. The ILAS has a constant heating setpoint of 20°C and a constant cooling
setpoint of 26°C [65,66], and the indoor air change rate per hour was set to 1/hr. Meanwhile,
considering the low thermal inertia [18] and poor indoor thermal comfort [66, 67] of lightweight
buildings, the energy simulation time (ILAS running) of the building is set to the whole year
(January 1 to December 31). In the process of energy simulation, the meteorological data are
selected for the simulation with EPW format meteorological file, which comes from Typical
Meteorological Year x (TMYX) [68-70], and it can be downloaded from the online repository
[71]. TMYX files are typical meteorological files derived from ISD (US NOAA's Integrated
Surface Database [72]) with hourly data through 2021 using the TMY/ISO 15927-4:2005
methodologies [73]. Then it is constructed by choosing data for each month from different years
so that the data for a given month is the most “typical” among the years present in the long-

term data set [70]. The use of TMYX has gained wide consensus in the building simulation field
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Fig. 8-2. (a)-(f) schematic diagram of the lightweight wall/roof and (g) typical lightweight
building.

Table 8-2 Thermo-physical parameters of wall materials [60,77].

Material T, (°C) Hp (kJ/kg) d (mm) g G P
WImK)]  [ikgK)]  (kg/m?)
PCM 16/20/24/28/  25/75/125/175  5/10/15/20/ 0.5(0.25) 1785 1300
32 1225 25
0SB - - 12 0.105 1400 593
Glass wool - - 60 0.035 1220 40
Gypsum board - - 10 0.33 1050 1050

8.2.3 Orthogonal experiment

As mentioned earlier, orthogonal experimental design is an important mathematical
method for the analysis of a specified target based on a multi-factor system, and it is designed
to be based on tabular forms with random errors for interaction among multiple factors and
indicators, which is an efficient, fast and economical arrangement for experimental factors [78].
The orthogonal experiment is used to arrange and test the performance of the proposed
optimization strategies and further explore the feasible region of the energy optimization
problem. In addition, the orthogonal table is the foundation of the orthogonal experimental

design, and it can be found in related books [79], which forms as follows:
Lo (Q") (8-1)

where L represents the symbol of the orthogonal experiment, D denotes the number of rows or
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tests, Q indicates the number of levels, and M represents the number of columns or factors
[48,80].

The results of the orthogonal experiment are usually analyzed by the average of
experimental results (kim) and range analysis value (R,). Among them, the ki is to determine
the impact of different levels corresponding to each factor on the evaluation index by using the
average of experimental results. The R, aims to measure and demonstrate the influence degree
of each factor using the difference between the maximum and minimum mean values of test
results. In this study, to evaluate the optimal level (optimum combination) and influence degree
of each factor selected, the kim and Ry are calculated by Egs. (8-2) and (8-3), where a larger Ry
means a more considerable impact on the target, a lower kin shows a smaller load and means

the corresponding parameter level is optimal for the target [48,51].
ki,m: Ki,m/si,m (8—2)
R,=Max{k,,k,,...k } = Min{k;k,,...k;} (8-3)

where Kinm is the sum of experimental results at level i of factor m,-; sim represents the number

of occurrences of level i of factor m,-.

Based on previous studies [14,24, 31-33,42,46], five PCM parameters and installation
orientations are selected as six factors in this paper to explore the energy-saving effects of
lightweight buildings integrated with different parameters/configurations of PCM. The six
factors (parameters/configurations) are A-Phase-transition temperature (T,, °C), B-Phase-
transition temperature range (AT, °C), C-Location of PCM in the wall (P, -), D-PCM
thicknesses (de, mm), E-PCM latent heats (Hp, ki/kg) and F-PCM installation orientation (Pp,
-). Meanwhile, Each factor contains five levels (it is listed in Table 3), so the Orthogonal

experiment table L,s(5°) is used for the design (it can be seen in Table 5).

Table 8-3 Five levels of each factor (parameter/configuration) designed.
Levels A(Tp,°C) B(AT,°C) C(P.-) D(de,mm) E(Hp, ki/kg) F (Pp,-)

1 16 2 L: 5 25 East
2 20 4 L, 10 75 South
3 24 6 Ls 15 125 West
4 28 8 L4 20 175 North
5 32 10 Ls 25 225 Roof
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8.2.4 Numerical simulation

The numerical software EnergyPlus v8.9 [81] is adopted to simulate the performance of
PCM-integrated buildings. EnergyPlus is a building energy time-to-time simulation software
developed by the U.S. Department of Energy (DOE) and Lawrence Berkeley National
Laboratory (LBNL) based on BLAST and DOE-2, which applies an integrated and
synchronized load/system/equipment simulation method [82]. The heat conduction of the
envelope is usually calculated using the CTF (conduction transfer function) method in this
software [83,84]. However, it is worth noting that the CTF is usually used for construction
materials with constant properties [84]. For the more advanced materials, such as PCM or
variable thermal conductivity, a more accurate method (conduction finite difference (CondFD)
solution algorithm) is incorporated into EnergyPlus to model the heat transfer of PCM [85,86],
which includes two different options for the specific scheme or formulation used for the finite
difference model, namely, the fully implicit scheme and the Crank— Nicholson scheme [85,87].
In this study, the fully implicit scheme is employed. The algorithm applies the implicit finite
difference scheme coupled with an enthalpy-temperature function to account for phase change
energy [59,85], and it is described in Eq. (8-4).

T (TE-T
C pAx- i =
NS N

(TijIl _-|-_j+1)

AX

(8-4)

+ ke

where C, is the specific heat of the material, J/kg K; p is the density of the material, kg/m?; Ax
is finite difference layer thickness, m; At is calculation time step, s; T is node temperature, °C;
i stands for node being modeled; i+1 stands for the adjacent node to the interior of construction;
i-1 stands for the adjacent node to the exterior of construction; j+1 stands for new time step; j
stands for the previous time step. kw is thermal conductivity for interface between i node and
i+1 node, W/(m K); ke is thermal conductivity for interface between i node and i-1 node,
W/(m K).

Further, it should be explained that EnergyPlus uses the following four types of nodes for
the above schemes, as shown in Fig. 8-3. The grid for each material is established by specifying
a half node for each edge of the material and equal size nodes for the rest of the material.
Equations such as these are formed for all nodes in construction, and the formulation of all node

types is also basically the same [85].
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Fig. 8-3. Node depiction for conductionfinite difference model.

Additionally, in the CondFD model, the surface discretization depends on the space
discretization constant (¢), the thermal diffusivity of the material («, m?/s), time step (At, S), as

shown in Eq. (8-5), and the default value of ¢ is 3 in the program [85].
AX =A+ea\t (8-5)

In addition, the indoor air temperature is not only affected by the heat transfer through the
surface of the envelopes but also by the heat penetration from outdoor air and the heat gain
from internal loads. The computational process of EnergyPlus is based on the integrated
processing of multi-program modules [88,89] whose core is the basic heat balance principle. It
can be simplified as Eqg. (8-6) [9,48,90].

Ny o Nurfaces Nzones o

ZQ+ > hA(T,-T,) ch T,=T,)+m; C,(T.-T,)+Q,. =0 (8-:6)

i=1

In addition, the air heat balance in EnergyPlus can be formulated as Egs. (8-7) and (8-8).

N

surfaces

Z hA (T, - T)+fnﬁc T,-T)+m, C,(T.-T,)+Q,.  (87)

X
Cz :paiGCCT (8-8)

The heating and cooling loads of zones can be satisfied by air systems to provide hot or

cold air. Thus the system energy provided to the zone, Q can be formulated from the

sys
difference between the enthalpy of supply air and that of air leaving the zone as Eq. (8-9):

sts = m.sys Cp (Tsup _Tz ) (8'9)

If the air system has sufficient capacity (based on the desired zone air temperature) to meet
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the zone conditioning requirements, i.e., Q.. =Q,., , SO, the heating and cooling loads, Q,, .

can be expressed as Eq. (8-10) :

sl e N surfaces N zones  ® A

Ql;ad :‘NZ:Qi + Z hiA (Tsi _Tz)+ Z m; Cp(Tzi _Tz)+ M Cp (Too _Tz) (8'10)

i=1 i=1

Since the model in this paper has no adjacent rooms, the third term on the right-hand side
of Eqg. (8-9) can be deleted and written in Eq. (8-11).

sl e Nsurfaces .

Ql;ad = NZQu + Z hiA (Tsi _Tz)+ M Cp (Too _Tz) (8‘11)

Nsl - Nsurfaces

where > Q, represents the sum of the internal convective loads, J; Z hA(,; -T,)
i=1 i=1

represents the convective heat transfer from the zone surfaces, W; m.

inf

C, (T, —T,)represents

NZOHES .
heat transfer due to infiltration of outside air, J/s; > m,C_ (T, —T,)represents heat transfer
i=1

due to interzone air mixing, J/s; Q

sys

is air systems output, J; C, dd-l;z represents energy stored

in zone air, J/kg; o, is the zone air density, kg/m?; C, is zone air specific heat, J/(kg K);

C, is sensible heat capacity multiplier, J/(kg ).

8.2.5 Model validation

The reliability and accuracy of EnergyPlus in predicting PCM performance have been
verified by much research [27,57,91,92]. In this study, a small-scale lightweight building was
manufactured and tested in Qingdao (China), which is presented in Fig. 8-4(a). The lightweight
building (experimental system) is composed of a 1200mm (length) ><1000mm (width)
x1000mm (height) lightweight timber structure with walls are 12mm Plywood, 20mm EPS,
20mm PCM-2, and 5mm Plywood in order from the outside to the inside. Among them, the
PCM-2 (TCM tube) used in the experiment is a new material that is easy to composite with the
wall. It was developed by the Chavez Institute of Environmental Studies in Canada and the
University of British Columbia [93]. The thermo-physical parameters of the above relevant
materials are given in Table 4. In addition, the north and south directions of the lightweight
building (experimental system) each have an 800mm (length) x600mm (height) double hollow
window (6mm-+12A+6mm, Heat Transfer Coefficient (HTC) was 2.8 [W/(m? K)], and SHGC

was 0.49). The experimental test site is located on the roof of a university building in Qingdao
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with no shade around it. The test parameters mainly include indoor and outdoor air temperature,
relative humidity, solar radiation intensity, outdoor wind speed, and so on. Among them, the
indoor air temperature was measured using Testo-174H-Mini with a temperature range of -20-
70 °C and an error of £0.5 °C. The outdoor ambient parameters were measured by using JTR13-
Multi-parameter Outdoor Weather Station within a range of temperature: -30°C-70°C (error:
0.5 °C), relative humidity: 0-100%RH (error: #3%), solar radiation intensity: 0-2000W/m?
(error: 22%) and wind speed: 0-30m/s (error: L m/s). The recording intervals were all set to 15
min. The experimental instruments were calibrated before the tests, and the tests were carried

out from Jul. 15 to Jul. 25 (summer) to ensure the accuracy of the test data.

Table 8-4 Thermo-physical parameters of wall materials [60,94].

Material Tp Lp A Cp p
(°C) (kIkg)  [W/(m K)], Solid (Liquid)  [J/(kgK)] (kg/m?)
PCM-2 18-26 216 0.5(0.25) 1785 1300
Gypsum board - - 0.33 1050 1050
Plywood - - 0.17 2510 600
EPS - - 0.039 1380 20

Considering the stability of the experimental instruments, the data of July 22-24
(consecutive 72h) are selected for validation in this study, during which the measured outdoor
meteorological data are taken as the boundary conditions [58]. Fig. 8-4(b) gives the comparison
between the measured and simulated hourly air temperature in the test room. It is apparent that
the trends of simulated values and measured values are basically similar. In order to assess the
error more exactly, two metrics: root mean square error (RMSE) and coefficient of variation
(CV(rmsg)) are employed [14,51], while RMSE measures the average spread of errors which
provides a measure for the model's dispersion [94], CV rmsg) is the coefficient of variation in

RMSE, as expressed by Egs. (8-12) and (8-13), respectively, as follows:

1 n
RMSE= JHZ( M, -S,)’ (8-12)
t=1
RMSE
CV(RMSE): M x100% (8-13)

t

It is found by calculation compared to experimental results that the RMSE of the present
numerical results and the CV (rmsg is only 1.66°C and 4.65%. These results meet the simulation
requirements with the ASHRAE criterion of CV (rmsg) less than 30% [95] and further indicate

the reliability and accuracy of the CondFD solution algorithm and Phase-Change Hysteresis
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module embedded in EnergyPlus for predicting the targets in this study.
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Fig. 8-4. (a) Composition of the experimental system and (b) comparison of humerical

indoor air temperature with experimental results.
8.3 Analysis of energy simulation results
8.3.1 Energy simulation results for reference building in different climates/cities

Different climatic conditions not only determine the local demand for cooling and heating
loads in buildings but also further influence the building energy-saving optimization objectives
[51]. Therefore, Fig. 8-5 presents the percentage of cooling and heating load demand for a
typical lightweight building (no PCM) in different climates in China and Japan. It can be easily
seen that the heating and cooling demand varies greatly between different climates/cities. For
China, the heating demand in Harbin accounts for 73% of the annual total load. By contrast,
the high heating demand is gradually replaced by the cooling with the increase of the annual
average temperature increases (latitude approaching the equator) for different cities, and the
heating load in Guangzhou only covers 0.96%. Simultaneously, a similar characteristic occurs
in Japan, where the heating load in Naha with a high average annual temperature can be ignored
(only 0.37kWh/m?). As a result, it is sufficient to demonstrate the importance of determining
energy-saving design aim according to different climatic conditions and cooling and heating

load requirements.

Moreover, the variability of different climates/cities in China is much higher than in Japan
in terms of total annual load, where the demand in Kunming is the lowest by 65.09%, 52.18%,
48.08%, and 61.39%, respectively, compared to Harbin, Beijing, Shanghai, and Guangzhou.
The main reason is that Kunming is a moderate climate, which is comfortable throughout the
year. Nonetheless, there is still a demand for heating and cooling, especially cooling. It mainly

relies on the fact that lightweight buildings usually have sizeable indoor temperature
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fluctuations due to lower thermal mass. Specifically, the delay and attenuation of solar radiation
heat irradiated on the exterior wall in summer are not obvious, resulting in high indoor
temperatures [31]. It is also why lightweight buildings must focus on improving the indoor
thermal environment compared to other heavy buildings. In comparison, the differences in total
annual load demand in the other cities (different climate zones) except Naha are smaller in
Japan, but it is also highly different in the proportion of heating and cooling demand due to
different geographic locations and climatic characteristics. Such as Sapporo and Tokyo, whose
total loads differ by only 1.12 kWh/m?, but Sapporo's heating demand (112.96 kWh/m?) is
234.60% higher than Tokyo's (33.76 kWh/m?), while the cooling load (Sapporo and Tokyo is
55.88 kWh/m? and 133.66 kWh/m?, respectively) is 58.19% lower. Furthermore, it is a
noticeable feature that the difference in energy demand between China and Japan is larger even
if the latitude (North latitude) is close (see Appendix A [59]). For example, the heating and
cooling load in Beijing (N39°54”) is 31.72% and 32.91% higher compared to Sendai (N38°15°).
As a result, it further illustrates the differences in energy demand and energy-saving benefits
between China and Japan. At the same time, the energy prices [13,96,97] in Japan are relatively
high than in China. Consequently, discussing and comparing the energy-saving benefits of PCM
in China and Japan can also better reflects the future application value and energy-saving
potential of PCM.
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Fig. 8-5. Energy simulation results for the reference building (no PCM) in different
climates/cities.

8.3.2 Energy simulation results for each typical city based on orthogonal experiment

In order to estimate the effect of different PCM thermo-physical properties on cooling and
heating load in different climates/cities, the typical cities in China and Japan are compared
based on an orthogonal experiment. Taking Harbin as an example, the result is given in Table

5, and it can be derived that the energy savings of PCM are highly correlated with its
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parameters/configurations, different PCM parameters/configurations corresponding to different
cooling and heating loads. Among them, E5 performed best in 25 orthogonal combinations and
can save 12.2%, 5.08%, and 7.0% of the cooling load (CL), heating load (HL), and total load
(TL), respectively, compared to the worst E1. In the meantime, it can save 12.31% of the
cooling load, 5.05% of the heating load, and 7.01% of the total load compared with the
reference building (no PCM). The above data demonstrate that appropriate PCM
parameters/configurations can effectively improve building energy saving. However, a
significant feature can be found to be that the worst combination E1, has an energy saving rate
of 0.12% (cooling load), -0.04% (heating load), and 0.006% (total load) compared to the
reference building. It shows that PCM is highly correlated with its parameters/configurations
in reducing energy demand. Unsuitable PCM fails to achieve energy savings and also causes a
negative result. For this reason, it is imperative to study the suitability of PCM

parameters/configurations for different climates considering the cost of materials.

Likewise, Fig. 8-6 exhibits the cooling and heating load of each typical city in different
regions of China and Japan with different PCM parameters/configurations (orthogonal
combinations). A consistent result can be drawn that E5 still performs best. The result can be
fully explained by the previous study [36] that PCM can function over a more extended period
when the phase-change temperature range (AT) is wide. Meanwhile, the roof receives more heat
than the walls, and the higher heat storage capacity (high thickness and latent heat) can be used
to a greater extent. Nevertheless, a remarkable fact is that although E5 performs optimally, its
energy savings vary considerably in different climates/cities. It is further evidenced that the
climatic suitability of PCM parameters/configurations selected and applied should be given
sufficient attention. As an example, in China, it can be found that the highest energy saving
compared to the reference building (no PCM) is Kunming, whose cooling, heating, and total
load can be saved by 18.13%, 63.16%, and 24.92%, respectively, which mainly because
Kunming is a temperate region [51] with more comfortable throughout the year, the superior
thermal regulation capability of PCM basically eliminates the impact of abnormal weather (high
or low temperature). Then, it is observed that the energy savings of cooling load is decreased
as the cooling demand is increased from Harbin to Guangzhou (except for Kunming)by 9.46%
(Harbin), 6.81% (Beijing), 4.83% (Shanghai) and 2.83% (Guangzhou), respectively. In contrast,
the energy-saving of the heating loads are improved from 5.91% to 89.23%. Comparable
conclusions can be clearly drawn in Japan. It shows that there are climatic differences in the
application of PCM in terms of energy reduction, which means that the possibility of PCM
application has to be considered when the cost of PCM is highlighted (due to its high price

currently).
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In addition, comparing China and Japan reveals that there is also a notable difference in
the energy-saving effect of PCM even though the latitude is basically the same. In the case of
Harbin and Sapporo, the energy savings of Harbin is lower than that of Sapporo, with a
difference of 3.3%, 5.5%, and 4.99% in cooling, heating, and total load, separately. This result
is also related to their cooling and heating demand. Thus, it can also be concluded that the
application potential of PCM is more popular in Japan when energy costs (higher in Japan than
in China) are taken into account. In summary, considering that PCM is usually not replaced
seasonally, the most suitable cities (ranking) for PCM installation in view of total load energy
saving are Kunming (24.92%) > Beijing (10.97%) > Shanghai (8.58%) > Harbin (6.87%) >
Guangzhou (3.66%) in China and Kagoshima (13.14%) > Sendai (12.60%) > Tokyo (12.16%) >
Hachinohe (11.89%) > Sapporo (11.86%) > Naha (1.92%) in Japan.

Table 8-5 Orthogonal experiment arrangements and results (take Harbin as an example).

No Design Parameters Evaluation index (Harbin)
" A(Tp) B(AT) C(P) D(de) E(He) F (Po) CL HL TL
El 1(16) 1(2) 1(Ly) 1(5) 1(25) 1(East) 80.98 21891 299.89
E2 1 2(4) 2(L2) 2(10) 2(75) 2(South) 79.71 216.56 296.27
E3 1 3(6) 3(Ls) 3(15) 3(125) 3(West) 7831 21541 293.72
E4 1 4(8) 4(Ls) 4(20) 4(175) 4(North) 79.28 216.54 295.82
ES 1 5(10) 5(Ls) 5(25) 5(225) 5(Roof) 711 207.79 278.89
E6 2(20) 1 2 3 4 5 76.69 213.83 290.52
E7 2 2 3 4 5 1 78.21 21557 293.78
E8 2 3 4 5 1 2 78,53 215.68 294.21
E9 2 4 5 1 2 3 77.67 21455 292.22
E10 2 5 1 2 3 4 80.36 218,55 298.91
E1l 3(24) 1 3 5 2 4 7981 21751 297.32
E12 3 2 4 1 3 5 76.03 2158  291.83
E13 3 3 5 2 4 1 7443 213.81 288.24
El4 3 4 1 3 5 2 79.51 216.89 296.4
E15 3 5 2 4 1 3 78.65 216.09 294.74
E16 4(28) 1 4 2 5 3 7795 216.58 294.53
El7 4 2 5 3 1 4 78.96 217.18 296.14
E18 4 3 1 4 2 5 79.27 21527 294.54
E19 4 4 2 5 3 1 79.15 216.67 295.82
E20 4 5 3 1 4 2 79.38 217.78 297.16
E21 5(32) 1 5 4 3 2 78.67 216.5 295.17
E22 5 2 1 5 4 3 79.33 216.41 295.74
E23 5 3 2 1 5 4 80.74 218.75 299.49
E24 5 4 3 2 1 5 78.1 215.66 293.76
E25 5 5 4 3 2 1 788  216.72 295.52

Note: CL= Cooling Load, kWh/m?; HL= Heating Load, kWh/m?; TL= Total Load, KWh/m?.
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Fig. 8-6. Cooling/heating loads for typical cities under different climates and PCM

parameters/configurations, based on orthogonal experiment.

8-17




CHAPTER EIGHT: IMPACT AND ECONOMIC EVALUATION OF THE LIGHTWEIGHT WALL USING
PCM ARE USED IN BUILDING ON REDUCING ENERGY DEMANDS

8.4 Optimal level and influence degree of each factor (parameter/configuration) under

different climates/cities
8.4.1 Suitability level of each factor

Based on the above orthogonal results, it is discovered that different PCM
parameters/configurations have different effects on reducing energy demand in different
climates/cities with large disparities. However, although the result on the optimal level of PCM
parameters/configurations for different climates/cities can be intuitively derived from the
orthogonal table for orthogonal experiments, it is not necessarily optimal for all possible level
pairings (5°=15625). Accordingly, Fig. 8-7 gives the influence laws of each factor (m) with
different levels (i) on loads (cooling, heating, and total) based on the average of experimental
results at level i of factor m (kim) (the different PCM parameters/configurations are expressed
as factors A-F, and the levels of each factor are expressed as 1-5, and the detail values are shown
in Table 3). Taking factor A (Tp) of Harbin as an example, the kim of cooling load is shown in
Fig. 8-7(a), and the corresponding five levels (1-5) are 77.88 kWh/m?, 78.29 kWh/m?, 77.69
kWh/m2, 78.94 kWh/m? and 79.13 kWh/m?, respectively. The data shows that the lowest
cooling load is at Level 3, which means that A is more energy-saving for cooling load at level
3. In the same way, the optimal levels of factors B, C, D, E, and F are Level 5, Level 5, Level
5, Level 5, Level 5, and Level 5, respectively. As a consequence, a new optimal combination
represented by AsBsCsDsEsFs is generated. Similarly, the optimal combination of cooling load
for the other cities can be derived by the above calculation. Yet, by comparison, the fact is
revealed that there are climate/city differences in the optimal levels for the same factor. For
example, factor E (Hy) corresponds to an optimal level of E5 (225 kJ/kg) in Harbin and E4 (175
kJ/kg) in other cities. This is mainly because the higher latent heat of the PCM suppresses the
heat transfer from daytime to indoors in summer, but it results in an increase in cooling load at
night due to the exothermic behavior of the PCM. Conversely, the above phenomenon is often
an advantage for winter (see Fig. 8-7(b)). Simultaneously, the comparison of Fig. 8-7 (a) and
(b) shows that the optimal level is not the same at different cooling and heating demands. For
instance, A3 (24 <C), the best performer in the energy saving of the cooling load for all cities, is
not as good as Al (16 <C) in heating load. In addition, this result (the energy saving of heating)
does not hold for Guangzhou and Naha, with a similar climate characteristic, whose optimal
level is A2 (20<C).

Furthermore, for factor B (AT), it can be noticed from Fig. 8-7 (a) and (b) that although
B5 (AT = 10<C) is optimal, its variation is not linear in energy saving for both cooling and

heating loads regardless of the city. The energy-saving advantage of B3 (AT = 6°C) gradually
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approaches B5 with the enhancement of the annual cooling demand (annual heating demand
decreases), and it is the optimal choice in Guangzhou (heating) and Naha (cooling and heating).
This result is sufficient to explain that the wider AT is not better in cities with high cooling
demand., The wider AT is, the better its ability to adapt to the environment, but it is worse to
suppress temperature fluctuations, AT = 6 T is relatively optimal, which has been demonstrated
in previous studies [36]. Further, the optimal level is C5 (Ls) in both China and Japan for factor
C (Lp), and C1 (L1) performs worst, which is different from the previous study [24] (optimal
location in the middle), it mainly related to the outdoor boundary condition action period. The
boundary condition used by seven consecutive days in the summer high-temperature period for
the literature [24], while the outdoor boundary condition of 8760h (whole year) is utilized in
this study. This difference in boundary conditions results in different energy-saving effects,
which in turn will have different effects on the optimal location of PCM [31]. It further
illustrates the necessity to analyze the application effects of PCM from a year-round perspective.
Concurrently, it is found that the cooling and heating load are reduced by 0.73-3.25 kWh/m?
(average: 1.65 kwWh/m?) and 0.068-1.68 kWh/m? (average: 1.21 kWh/m?) as the level changed
from C1 (L:) to C4 (L4), respectively. However, as a comparison, the cooling and heating load
are reduced by 0.78-3.67 kWh/m? (average: 1.79 kWh/m?) and 0.07-3.37 kWh/m? (average:
2.19 kwh/m?) from C4 to C5. The data show that the advantage of PCM being installed in the
interior (Ls) of the wall is much higher than in other locations. Additionally, the cooling and
heating loads are reduced by 0.59%-7.98% and 1.49%-42.81% when the level changes from
C1 to C5, respectively, indicating that the change in location has a higher impact on the heating

load than the cooling load under the appropriate PCM parameters/configurations.

In addition, a common result for the factor D (dg) in China and Japan is that the best
performance is D5 (25 mm) followed by D2 (10 mm) in reducing cooling load (Figure 7(a)).
However, a remarkable feature is that the cooling load shows an enhancement as D2 (10 mm)
is increased to D4 (20 mm), continuing to increase to D5 (25 mm) the minimum value occurs.
The phenomenon is produced because the thicker PCM increases the thermal resistance of the
wall, and the latent heat effect of the PCM is gradually replaced by the thermal resistance, which
has been found in the previous study [14]. It also further explains why D5 is the optimal value
in the heating load (Fig. 8-7(b)). In parallel, factor E (Hp) has a similar conclusion to factor D.
That is, the increase in wall thermal storage capacity does not produce higher energy savings
for limited outdoor heat [24,36]. The E4 (175kJ/kg) is the best for cooling loads (except for
Harbin is 225kJ/kg), and E5 (225kJ/kg) is for heating loads in all cities. Afterward, the factor F
(Dp) has the same conclusion on the optimal level of cooling load in both China and Japan,

namely, F5 (Roof) is the preferred choice for the PCM installation orientation (largest energy
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savings contribution), followed by F1 (East), F3 (West), F2 (South) and F4 (North), which is
consistent with the previous study [31]. In contrast, the roof (F5) is still the most energy-saving
in heating load, but there are notable distinctions in the ranking for other orientations in
different cities. Most cities are F1 (East) > F3 (West) > F2 (South) > F4 (North), Harbin and
Beijing show F3>F1>F2 > F4 and F2 > F3 > F1 > F4. In the meantime, the above-mentioned
is more obvious in Japan and also very different from China, where Sapporo, Hachinohe, and
Sendai are F3 > F1 > F2 > F4, whereas Tokyo, Kagoshima, and Naha are F3 > F2 > F1 > F4,
F1>F3>F2>F4and F1 > F2 > F3 > F4, respectively. It shows that this difference of factor
F is not only related to the cooling and heating demand but also to the altitude, solar radiation

intensity, and sunshine hours of different climates/cities.

Additionally, Fig. 8-7(c) presents the total annual load at different levels of each factor,
yielding that the phase-transition temperature of 16 <C (Al) is more suitable for cities with a
higher annual heating load demand while 24<C (A3) shows the best energy saving effect in
Kunming, Guangzhou and Naha (high annual cooling load). As for factor B, B5 (AT = 10C)
perform optimally in both China and Japan (except Naha is B3), but it can still be observed that
the advantage of B3 (AT = 6 <C) becomes prominent as the proportion of cooling load demand
is increased in different cities (the difference between B3 and B5 is weakened). It is mainly
caused by the small effect of the AT on the cooling load in summer for the cities with high
heating demand based on an annual standpoint [36]. Also, PCM installed in the interior (C5, Ls)
of the wall is still the best choice for all cities, and it is also found that the differences in energy
saving for PCM installed in different locations of the interior (L2, Ls, L4) of the wall are smaller,
but all show the characteristic of more energy saving the further inside the house. Factor D still
shows the best with D5 (25 mm), followed by D2 (10 mm). However, for E, except for
Guangzhou and Naha, where E4 (175 kJ/Kkg) is preferred, the larger the latent heat of other cities
contributes to energy savings, but this energy-saving effect is gradually weakened, which has
been proved in the literature [24]. Apart from that, the best order of factor F (Dg) is F1 > F3 >
F2 > F4, except F5 is optimum for reducing the total load, but it is found that the difference in
energy savings between F1 and F5 is reduced as the cooling load demand is boosted. For
example, the difference is 4.74 kWh/m? for Harbin and 1.70 kWh/m? for Guangzhou, which
has similar findings in Japan. It shows that for cities with a high percentage of cooling demand,
the energy saving in east-facing walls is not negligible in addition to roofs as a priority choice,
especially in Guangzhou and Naha. In summary, the differences for different climates/cities in
the selection of the parameters and configurations of PCM to maximize the benefits of PCM

applications should be taken seriously.
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Fig. 8-7. Suitability level (kim) of each PCM factor (parameter/configuration) on (a)

cooling load, (b) heating load and (c) total load in different climates/cities.

8.4.2 Influence degree of each factor

Based on the above result, it is obtained that there is a noticeable distinction in the energy

saving rate of the different cities for both heating and cooling loads by increasing the level of

different factors from 1 to 5. Particularly, factor C (Lp) has a markedly higher change rate than

the other factors, further indicating those parameters/configurations that should be the primary

focus when choosing a PCM to apply. Therefore, the influence degree (Rv) of each factor on the

evaluation index (cooling and heating load) is expressed in Fig. 8-8. It can be discovered that

the importance ranking of each factor on the influence of cooling, heating, and total load varies

considerably among which factors C (Lp) and F (Dp) have the highest degree of influence. It

means that the installation location (factor C) and orientation (factor F) of PCM are the key
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considerations for energy saving. Despite this, it can be viewed from Fig. 8-8(a) that the factors
C and F still have some importance ordering in terms of cooling load energy saving, except for
Harbin, Kunming and Sendai, where C > F, the other cities are F > C. Meanwhile, most of the
cities show consistency in the importance ranking of other factors, that is, A (Te) > E (Hp) > D
(de) > B (AT). Harbin is E > A > D > B. The results show that the phase-transition temperature
(factor A) is the most important parameter to be considered after determining the installation
location (factors C and F) to reduce cooling load, while the phase-transition temperature range

(factor B) is the least important.

Nonetheless, the above results are dissimilar in the heating load, as shown in Fig. 8-8(b).
It can be found that factor F, which has the greatest impact on cooling load, is less important
than C in terms of heating load in most cities, that is, C > F (except Harbin and Beijing for F >
C), and the factor B is still not a priority. Furthermore, for the factor D with a low influence on
the cooling load, the influence on the heating load cannot be neglected, especially in Harbin,
Beijing of China, and Sapporo, Hachinohe of Japan, where it is second only to F and C, with
F>C>D>A>E > B (Harbin and Beijing) and C > F > D > A > E > B (Sapporo and
Hachinohe), respectively. This is mainly related to the low thermal conductivity of PCM, and
the thickness of PCM is increased to provide more advantages in thermal insulation and thus
greatly reduces the heating load. On the contrary, the influence degree of factor D gradually
decreases for different cities as the average annual temperature increases (annual cooling load
demand is raised), whereas the importance of A is enhanced, for Shanghai in China and Sendai,
Tokyo, Kagoshima in Japan are C > F >A> D > E > B . Guangzhou and Kunming are C > F >
A > E > D > B. Factor A is more influential than F in Naha, whichisC>A>F>E >D >B.
As a result, it suggests that the priorities of paying attention to the parameters/configurations of
PCM are different when choosing to apply it in areas with different heating and cooling
demands. For example, areas with higher annual heating demand should pay more attention to
factor D and areas with higher cooling demand should focus on factor A. At the same time,
factor E is found to be more important in summer than in winter. Moreover, regarding the
different thermal zones between China and Japan (see Appendix A), the importance of each
PCM parameter/configuration is also substantially different. For instance, in terms of heating
load reduction, most of the thermal zones (111, 1V, V) in Japan are F > C > A>E > D > B, while
only HSCW in China shows this performance. Thus, it can be concluded that there are not only
seasonal (summer and winter) but also regional differences in the importance degree of each
PCM factor and that the appropriate PCM should be selected according to different cooling and

heating requirements and climate characteristics to maximize its performance.

Considering the inherent thermal properties (not changing with the season) of PCM and
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its effectiveness, Fig. 8-8(c) provides the influence degree of each factor based on the total
annual load. It can be shown that the importance of factors C and F are still maximum and B
minimum, which means that determining the appropriate PCM installation location/orientation
can dramatically improve the building energy saving under other relatively suitable PCM
parameters. Then, factor A is more influential (after C and F) in most cities of China (Shanghai,
Kunming, and Guangzhou), with C>F >A>D > E > B (Shanghai), C>F>A>E>D>B
(Kunming) and F > C > A > E > D > B (Guangzhou), respectively. In contrast, factor A is more
important in the Japanese region only in Tokyo. Meanwhile, in the northern regions of China
(higher heating load), such as Harbin, Beijing, and in Sapporo, Hachinohe, and Sendai of Japan,
the influence of factor D on the total annual load is higher than A, withF>C>D>A>E>B
(Harbin, Sapporo), F>C >D > E > A > B (Beijing) and C > F > D > A > E > B (Hachinohe
and Sendai), respectively. In addition, it is found that the influence degree of factor E is rather
low (only higher than B) in Harbin and most cities in Japan (except Kagoshima and Naha). It
is further concluded that PCM latent heat plays a limited role in the energy saving of total
annual loads in areas with high annual heating requirements. In the above case, the application
of PCM may not be superior to insulation material when the cost of PCM is considered, and
the PCM economic applicability should be considered more. In comparison, the importance of
factors A and E is heightened in Guangzhou (China) and Naha (Japan), whichisF>C > A >
E > D > B (Guangzhou) and F > C > E > A > D > B (Naha). This result is sufficient to show
that PCM is more suitable for areas with higher temperatures throughout the year (higher
cooling demand) or in summer. Notwithstanding, the importance of factor E is found to be
ranked after A in Guangzhou and before A in Naha, indicating that there are still regional or
microclimatic differences in the priority of the PCM thermal parameters to be considered when
selecting a PCM. In general, it is especially necessary to determine PCM according to the
influence degree of parameters/configurations to maximize the effectiveness of PCM

applications.
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Fig. 8-8. Influence degree (R,) of each PCM factor (parameter/configuration) on the (a)

cooling load, (b) heating load and (c) total load in different climates/cities.

8.5 PCM optimal configuration and energy-saving evaluation based on orthogonal

experiment

8.5.1 Energy-saving and suitability of different PCM configurations (single and double
layer)

Based on the above orthogonal results, Table 6 gives the optimized combination scheme,
importance ranking, and energy-saving effect of PCM parameters/configurations under
different climates/cities. It can be drawn that when only summer or winter energy savings are
considered choosing the appropriate PCM parameters/configurations between different
climates/cities can save 4.11%-21.52% (China) and 3.25%-16.20% (Japan) for the cooling load,
the heating load reductions are 5.91%-96.54% (China) and 11.41%-100% (Japan), and the total
annual load energy savings 5.02%-28.58% (China) and 3.40%-13.14% (Japan). It shows that a
suitable PCM can not only improve indoor thermal comfort (reduce indoor temperature

fluctuations [14,24,31,36]) but also dramatically reduce energy consumption, especially in
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areas with low heating load demand, where choosing a suitable PCM can make the heating load
reach nearly zero energy consumption (NZE). Moreover, the inherent thermal properties of
PCM do not meet the optimal requirements for energy savings in both seasons (summer and
winter) simultaneously. PCM configurations that are superior in reducing the cooling load
(optimal combination) are different in heating load, especially in PCM phase-transition
temperature. As well, the optimal PCM configuration selected, even in terms of total annual
load, is only biased towards the side with high cooling or heating demand, which means that
the energy-saving potential of PCM is weakened for annual energy savings (PCM only works

in one season for thermal regulation).

As aresult, a double-layer PCM configuration is proposed in this study based on the above
results, taking Harbin as an example, as shown in Fig. 8-9. Each layer is determined by the
optimal PCM parameters/configurations for summer and winter, respectively, and the thickness
is 1/2 of the single-layer PCM to ensure the total amount of PCM. Table 7 shows the cooling
and heating loads and total annual load for the optimal configuration of the double-layer PCM,
which can be obtained that although the energy-saving of double-layer PCM is less than single-
layer PCM in terms of cooling or heating load, it is superior for the total annual load. In the
case of Harbin, the energy savings of single-layer PCM for cooling and heating loads are 12.31%
and 5.91%, respectively, compared to 11.95% and 5.81% for double-layer PCM, which are 0.36%
and 0.1% higher, but the total annual load savings is 0.6% lower. Considering that PCM is not
replaced intermittently due to seasonal differences when applied to building walls, double-layer
PCM is a more advantageous option, which was also mentioned in a previous study [36].
Conversely, the above conclusions cannot be justified in areas with higher and moderate
temperatures throughout the year. For example, in Guangzhou, the cooling and heating load of
double-layer PCM under the optimal configuration can be saved by 3.86% and 98.08%, and
single-layer PCM is 4.11% and 96.54%, respectively. As an outcome, although the double-layer
PCM can further reduce the heating load by 1.54% compared with the single-layer, the double-
layer PCM is 0.26% lower than the single-layer PCM for the energy-saving of total annual load
due to the large difference in the percentage of its cooling and heating load (the cooling load
accounts for 99.04% of the total load). Hence, it can be drawn that the double-layer PCM is not
applicable in areas where the heating demand is close to zero (Guangzhou and Naha) or mild

year-round (Kunming), and the single-layer PCM is better for their energy savings.
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Table 8-6 Optimal strategies/configurations and order of influencing factors of single- layer PCM for different cities in summer/winter and the whole year based

on orthogonal design.

Summer Winter Whole year
) Optimal Cooling Optimal Heating Optimal
Country  City Factor Impact Factor Impact Factor Impact Total (KWh/m?)
Strategy (KWh/m?) Strategy (kWh/m?) Strategy
. Degree . Degree . Degree
(Single) (Single) (Single)
Harbin AsBsCsDsEsFs ~ C>F>E>A>D>B  71.10(12.31%)  AiBsCsDsEsFs  F>C>D>A>E>B  205.90(5.91%)  AiBsCsDsEsFs  F>C>D>A>E>B  279.31(6.87%)
Beijing AsBsCsDsEsFs  F>C>A>E>D>B  114.26(8.14%)  AiBsCsDsEsFs  F>C>D>A>E>B  79.00(16.45%)  AiBsCsDsEsFs  F>C>D>E>A>B  194.91(10.97%)
China Shanghai AsBsCsDsEsFs  F>C>A>E>D>B  159.82(6.13%)  AiBsCsDsEsFs  C>F>A>D>E>B  22.33(28.92%)  AiBsCsDsEsFs  C>F>A>D>E>B  184.37(8.58%)
Kunming A3sBsCsDsEsFs  C>F>A>E>D>B 69.79(21.52%)  AiBsCsDsEsFs ~ C>F>A>E>D>B 5.81(63.16%) AsBsCsDsEsFs ~ C>F>A>E>D>B 74.77(28.58%)
Guangzhou  AsBsCsDsEsFs  F>C>A>E>D>B  256.89(4.11%)  A2BsCsDsEsFs  C>F>A>E>D>B 0.09(96.54%) AsBsCsDsEsFs  F>C>A>E>D>B  256.92(5.02%)
Sapporo AsBsCsDsEsFs  F>C>A>E>D>B  46.83(16.2%)  AiBsCsDsEsFs  C>F>D>A>E>B  100.07(11.41%)  AiBsCsDsEsFs F>C>D>A>E>B  148.82(11.86%)
Hachinohe  AsBsCsDsEsFs  F>C>A>E>D>B  58.26(13.47%)  AiBsCsDsEsFs  C>F>D>A>E>B  78.20(13.01%)  AiBsCsDsEsFs  C>F>D>A>E>B  138.53(11.89%)
Sendai AsBsCsDsEsFs C>F>A>E>D>B  75.06(10.06%)  AiBsCsDsEsFs  C>F>A>D>E>B  52.71(18.36%)  AiBsCsDsEsFs  C>F>D>A>E>B  129.37(12.6%)
Japan
P Tokyo AsBsCsDsEsFs  F>C>A>E>D>B  123.00(7.97%) AiBsCsDsEsFs  C>F>A>D>E>B  22.41(33.62%)  AiBsCsDsEsFs  C>F>A>D>E>B  147.06(12.16%)
Kagoshima  AsBsCsDsEsFs  F>C>A>E>D>B  119.57(9.69%)  AiBsCsDsEsFs  C>F>A>D>E>B 21.86(33.5%) A1BsCsDsEsFs ~ C>F>E>D>A>B 143.56(13.14%)
Naha AsB3CsDsEsFs  F>C>A>E>D>B  247.22(3.25%)  A2B3CsDsEsFs  C>A>F>E>D>B 0.00(100%) AsB3CsDsEsFs  F>C>E>A>D>B  247.22(3.40%)
(a) Single-PCM Hirbis ®) Double-PCM Harbin:
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Table 8-7 Cooling/heating and total load for different cities under the double-layer PCM

optimization strategy/configuration.

Cooling Heating Total (kWh/m?)
Country City Optimal Strategy (Double-PCM)
(kwWh/m?) (kwWh/m2)
HB (A1+A3)BsCs(Ds/2+Ds/2)EsFs 71.39(11.95%) 206.11(5.81%)  277.50(7.47%)
BJ (A1+A3)BsCs(Ds/2+Ds/2)(Es+Es)Fs  114.39(8.03%)  79.48(15.94%)  193.87(11.45%)
China SH (A1+A3)BsCs(Ds/2+Ds/2) (Es+Ea)Fs  160.28(5.86%)  22.25(29.17%)  182.53(9.49%)
KM (A1+A3)BsCs(Ds/2+Ds/2) (Es+E4)Fs  70.00(21.28%)  5.52(65.00%)  75.52(27.87%)
Gz (A2+A3)(B3+Bs)Cs(Ds/2+Ds/2)EsFs  257.57(3.86%)  0.05(98.08%)  257.62(4.76%)
Sap. (A1+A3)BsCs(Ds/2+Ds/2)(Es+Es)Fs  47.08(15.75%) 100.74(10.82%) 147.82(12.45%)
Hac.  (A1+As3)BsCs(Ds/2+Ds/2)(Es+Eq)Fs  58.62(12.93%)  78.55(12.62%)  137.17(12.75%)
Japan Sen.  (A1+As3)BsCs(Ds/2+Ds/2)(EstEs)Fs  75.32(9.75%)  53.04(17.85%)  128.36(13.28%)
Tok.  (A1+As3)BsCs(Ds/2+Ds/2)(Es+Es)Fs  122.93(8.03%)  22.10(34.54%)  145.03(13.37%)
Kag.  (A1+As)BsCs(Ds/2+Ds/2)(Es+Eo)Fs  119.74(9.57%) 21.71(33.95%) 141.45(14.42%)
Na. (A2+A3)B3Cs(Ds/2+Ds/2)(Es+Ea)Fs  247.90(2.99%) 0.00(100%) 247.90(3.13%)

8.5.2 Energy-saving for different PCM amounts (thickness and utilization area)

For PCM, when the PCM parameters and installation location are determined, the amount
(thickness and utilization area) of PCM directly affects the total heat storage and release
capacity of the wall, indoor thermal environment, and energy saving. Thereby, the total annual
load for different thicknesses and installation orientations (utilization area) based on the above
derived optimal parameters/configurations are obtained in this study, as shown in Fig. 8-10. A
common feature is that the thicker the PCM, the higher the energy saving rate. Take Harbin as
an example, and the total load is reduced by 15.77 kWh/m? (5.27%), 19.56 kWh/m? (6.52%),
20.82 KWh/m? (6.94%), 21.68 kWh/m? (7.23%), and 22.41 kWh/m? (7.47%) for every 5 mm
increase in PCM from 0 mm to 25 mm compared to 0 mm (no PCM) when the PCM is installed
in Roof only. However, an apparent result from the above data is that the energy saving rate of
the total load is decreased by 5.27%, 1.52%, 0.42%, 0.29%, and 0.24% for every 5mm is
increased based on Omm. It is demonstrated that the energy-saving effect gradually is weakened
as the thickness of PCM is increased, which is consistent with previous studies [24,36].
Considering the cost of PCM [58], thicker PCM may have a negative impact on building energy
saving, which is a similar conclusion to the continuous increase of insulation materials [13,90].
Furthermore, the energy savings vary greatly with the same thickness of PCM in different
climates/cities. For example, 25mm PCM installed on Roof, for China, the best performance is
Kunming (28.42%), followed by Beijing (11.45%) and Shanghai (9.49%), and the worst is
Guangzhou (5.02%). In contrast, for Japan, the difference in energy savings is slight (12.45%-
14.42%) except for Naha (3.40%), and the most favorable is in Kagoshima (14.42%). The

results illustrate that there are regional differences in the applicability of PCM when energy
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saving is being taken as an essential evaluation indicator. Guangzhou (China) and Naha (Japan),
where PCM is not recommended by comparison, mainly because the percentage of heating
demand in Guangzhou and Naha is close to zero. Although the appropriate PCM
parameters/configurations are chosen, the effectiveness of PCM is only applicable to the higher
temperature period in summer due to their inherent thermal properties, which is a relatively low
energy-saving contribution compared to the whole year. It also means that economic analysis
becomes particularly necessary when PCM is applied to buildings due to the current expensive
PCM [58].

In addition, the priority order of PCM installation with different orientations obtained
through the above results (kim) is Roof, East, West, South, and North, respectively. For that, this
study installed PCM in Roof (R), Roof + East (RE), Roof + East + West (REW), Roof + East
+ West + South (REWS), and Roof + East + West + South + North (REWSN) for energy saving
analysis, and the results are shown in Fig. 8-10. It can be observed that the energy saving laws
are similar to those installed only in Roof with the thickness of PCM is added, which both show
a downward trend and gradually stabilize. When 25mm PCM s installed in REWSN, the
highest energy saving rate is 38.06% in Kunming, and the lowest is in Guangzhou and Naha,
but still, 7.3% and 5.17% can be saved. Other than that, the energy savings in other typical
cities of China ranged from 14.49% to 16.88% and from 18.25% to 20.37% in Japan. However,
it should be noted that the total load is suddenly reduced at 25 mm and 20 mm when PCM is
installed in REWS and REWSN in Harbin compared to other cities, which can be explained by
the fact that the total thermal resistance of the wall caused by the lower thermal conductivity of
PCM is enhanced under the PCM thickness is increased further leading to a higher contribution
rate of the thermal conductivity to energy saving than the latent heat of PCM, the additional
latent heat of PCM will not be fully utilized beyond a certain thickness, as confirmed in a
previous study [14]. Again, when the PCM thickness is determined, all cities show the same
tendencies that the contribution rate of energy saving to continue installing in other orientations
to PCM on the basis of Roof increases but gradually stabilizes. Using 5 mm for Harbin as an
example, the total load is reduced by 15.81 kWh/m? (5.27%), 20.92 kWh/m? (6.98%), 26.29
kWh/m? (8.77%), 29.39 kWh/m? (9.80%) and 29.40 kwWh/m? (9.80%) respectively compared
to the reference building (no PCM) by installing PCM in R, RE, REW, REWS, and REWSN
respectively. Despite this, the energy savings of REWSN compared to REWS, REW, RE, and
R are only improved by 0%, 1.03%, 2.82%, and 4.53%, correspondingly. As a consequence,
installing PCM in all directions is not the best choice, and the RE or REW is recommended, but
whether it is the optimal choice or not needs to be further determined by economic analysis. In

addition, a significant result is found that although PCM installed on Roof has a higher energy-
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saving priority, it does not mean that it brings a higher energy-saving benefit under the same
volume (Vecm) compared to evenly distributed on all orientations (by installation priority).
Taking Harbin as an instance, installing 25mm PCM in Roof (Vecm=0.562mq) reduces the total
load by 22.41 kWh/m? (7.47%), while installing 5mm PCM in REWSN (Vpcw=0.356m?) is
dropped by 46.11 KWh/m? (15.37%). To sum up, as a result, it is more important to analyze the
economics for different amounts (thickness and utilization area) of PCM in different climates

to apply based on the cost of PCM.
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8.6 Economic analysis of energy-saving strategies
8.6.1 Payback period based on PCM cost price

The cost of PCM is a crucial consideration for PCM applications. Higher amounts
(thickness and utilization area) mean higher initial investment for PCM [98]. Therefore, the
static payback period (SPP) is used in this study to explore the economics of PCM for different
amounts (thickness and utilization area) to apply. The SPP was widely used in many techno-
economic analyses due to its simplicity of calculation [56,99,100], and it is expressed by Eq.
(8-14) [56]. Additionally, it should be pointed out that there is no uniform price in the market
for the cost of PCM, so the current prices of PCM were counted in this study through the
relevant literature and listed in Appendix B, and the average (4.6 $/kg) is utilized to analyze.
At the same time, considering the energy profitability, the price of electricity obtained by the
relevant official websites and literature is 0.18 $/kWh [96,97] in Japan and 0.07 $/kWh in China
[13] (1 $=7.24 CNY, 1 $ = 147.69 JPY [101]).

SPP:CPﬂ

(8-14)
where SPP is a static payback period, year; Cpecm is the initial investment of PCM, $/kg; S is the

income generated from energy savings, $.

Further, it is worth mentioning that although the dynamic payback period (DPP) is often
closer to the actual energy management cost based on the time value of money [56,58], this
study focuses mainly on the economic applicability of PCM. The results obtained by DPP will
be more unsatisfactory if SPP does not meet the demand because the DPP is often greater than
SPP. Hence, only SPP is calculated in this study, and the results are shown in Fig. 8-11. It can
be deduced that the payback period of all cities in China is more than 100 years when 25 mm
PCM is installed on REWSN. In the meanwhile, although most cities are below 100 years in
Japan (Naha is above 100 years), all are high than 80 years (82.6-93.4 years). However, the
service life is basically around 50 years [102] for most buildings, which represents an inability
to recover the cost. Also, it is noticed that the payback period in Japan is lower than that in
China for the same installation orientation when the PCM thickness is defined. Taking the 5
mm PCM installed on the Roof as an example, the payback period of cities in different climates
of China ranged is 18.2-49.2 years, and it is 10.4-35.8 years in Japan. The longest payback
period is in Guangzhou (49.2 years) and Naha (35.8 years). Meanwhile, a noteworthy difference
is that the average payback period in other cities of China is 27.2 years (except for Guangzhou),

while in Japan, it is only 11.9 years (except for Naha). This situation is partly influenced by the
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energy saving of the load, but more importantly, the higher energy prices (in Japan are about
2.5 times higher than in China) in Japan lead to a relatively short payback period under little
difference in energy savings. As a result, it further indicates that the rising trend of energy prices
will contribute more positively to the economic benefits of PCM applications in buildings under

the same energy savings per year.

Another, it can be seen when the payback period is set to 20 years that for China, only
Kunming's 5 mm PCM installed on Roof meets the requirement. Comparatively, the amount of
PCM that meets the requirement for all cities in Japan (except Naha) is 5 mm PCM installed on
R, RE and REW for Sapporo, Hachinohe, Tokyo and Kagoshima, 5 mm PCM installed on R
and RE for Sendai, 5 mm PCM installed on REWS for Kagoshima, as well as 10 mm PCM
installed on R for Sapporo, Tokyo, and Kagoshima. The results reveal that the PCM thickness
exceeding 10mm is not the optimal solution based on the current PCM cost, even though it can
reduce the energy demand to a certain extent. Moreover, if 50 years is set as the payback period,
Harbin, Beijing, and Kunming in China are recommended for 5mm PCM installed on REWSN,
and Shanghai for 5mm installed on RE, as this can bring higher energy saving and longer indoor
thermal comfort at the same volume of PCM and Guangzhou does not suggest the installing
PCM. By contrast, for the same payback period, more options are available in Japan, but it is
still recommended to install at most 10mm PCM on REWSN. Naha is only recommended to
install 5 mm PCM on RE. Nevertheless, as a conclusion, it is to be emphasized that the energy
price and PCM cost are assumed to remain unchanged in this study, which means that if the
results of the economic analysis of PCM applications are positive, then higher energy prices

and lower PCM costs will bring higher energy saving benefits to actual projects in the future.
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Fig. 8-11. Payback period for different PCM thickness integrated into different

orientations under certain PCM cost price.
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8.6.2 Acceptable cost price for PCM based on payback period

Based on the above results, it is found that the payback period is highly correlated with
the PCM amount for a particular PCM cost. Similarly, PCM applicability is highly correlated
with PCM cost when the payback period is determined, and higher PCM cost may not positively
impact on energy-saving benefits. Accordingly, the acceptable maximum PCM cost prices are
discussed in this study for different PCM amounts in different climates/cities using 20 years as
the payback period, and the results are shown in Fig. 8-12. It can be seen that the acceptable
PCM price varies significantly due to the different energy-saving of PCM in different regions.
For example, the acceptable PCM price for 5mm PCM installed on Roof is 3.22 $/kg in Harbin
and 1.87 $/kg in Guangzhou. In contrast, the price for PCM in Japan is more relaxed. The
acceptable price is 7.18-8.81 $/kg, except for Naha (2.57 $/kg). Furthermore, taking Harbin and
Sapporo with lower annual average temperatures as examples, it can be found that only 5 mm
PCM installed on the Roof meets the requirement in Harbin, assuming a maximum acceptable
price of 3.22 $/kg. However, there are more options in Sapporo, such as 5 mm PCM can be
installed on R to REWSN, 10 mm PCM can be installed on R and RE, and 15 mm PCM can be
installed on R. It means that Japan is more suitable for PCM applications than China in terms
of current energy prices and PCM cost. Furthermore, a consistent trend is found that the
required PCM price, although lower with the PCM amount (thickness and utilization area) is
added, its difference is gradually narrowed. For instance, in Harbin, the acceptable PCM price
reduction for each additional 5mm in the base of 5mm (3.22 $/kg) is 1.23 $/kg, 0.58 $/kg, 0.31
$/kg and 0.19 $/kg, respectively, when PCM s installed on Roof only. As well, the
corresponding prices are 3.22 $/kg, 2.55 $/kg, 2.29 $/kg, 2.17 $/kg, and 1.89 $/kg when 5mm
PCM is installed on R, RE, REW, REWS and REWSN accordingly, with the reductions of 0.67
$/kg, 0.26 $/kg, 0.12 $/kg, and 0.28 $/kg, separately. This result is mainly due to the more
aggressive energy demand reduction with the increased PCM amount. It also further illustrates
that increasing the PCM usage (thickness and utilization area) will also become a favorable
option when the PCM cost is reduced to an acceptable price range considering the higher indoor
comfort brought by PCM.
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Fig. 8-12. Acceptable maximum PCM cost price for different PCM thickness integrated

into different orientations under fixed payback period (20 years).
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8.7 Summary

The suitable parameters and configurations for PCM to reduce the energy demand in
lightweight buildings in typical cities (with different climatic characteristics and energy prices)
of China and Japan were discussed in this study by numerical simulation and orthogonal
experiment, and the selection priorities (order of importance) and optimal levels of each
parameter/configuration (A-Te , B-AT, C-P., D-dp, E-Hp, F-Pp) were obtained. Meanwhile, the
economic applicability of PCM in different climates/cities and the maximum acceptable PCM
cost price for a given payback period were further evaluated based on the optimal

parameters/configurations. The main conclusions are gained as follows:

(1) PCM s highly correlated with its parameters/configurations in reducing energy
demand. In the meanwhile, the difference in energy demand leads to different optimal PCM

parameters/configurations.

(2) Factors C (P.) and F (Pp) have the highest impact on energy savings, while B (AT) is
the lowest among the PCM parameters/configurations. The importance ordering (influence
degree) of each factor is F > C > A (Te) > E (Hp) > D (dp) > B for reducing the cooling load in
most cities. In contrast, the energy-saving for the heating load is shown as C > F, and the other
factors vary considerably in different climates/cities. Among them, the influence degree of
factor D is diminished with the heating demand decreased (the cooling load is increased), and
the importance of A is enhanced. In addition, factor E is more important to energy-saving in the
cooling load than in the heating load. Meanwhile, the optimal order of factor F is F5 (Roof) >F1
(East) > F3 (West) > F2 (South) > F4 (North) from the perspective of energy saving in total

annual load.

(3) Double-layer PCM on energy-saving is low than single-layer PCM for cooling or
heating loads, but it is superior in total annual load. Nonetheless, single-layer PCM is the

optimal choice in Guangzhou, Naha, and Kunming.

(4) 25mm PCM installed on REWSN (Roof + East + West + South + North) can save up
to 7.3%-38.06% (China) and 5.17%-20.37% (Japan) of the total load under the optimal
parameters/configurations compared to the reference building (no PCM). The lowest energy

savings are in Guangzhou and Naha, and the highest in Kunming and Kagoshima.

(5) Although installing PCM on the Roof has a higher energy-saving priority, the same
volume of PCM (Vecm) evenly distributed on all orientations (by priority: Roof > East > West >

South > North) can bring higher energy-saving benefits.

(6) The payback period is shorter for the same PCM amount applied in Japan than in China
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regarding the current PCM cost price. Meanwhile, the payback period for 5mm PCM installed
on Roof recommended is 18.2-37.1 years for China (Guangzhou is not recommended) and 10.4-
35.8 years for Japan. Additionally, the maximum acceptable PCM cost price is currently 5.05

$/kg in China and 8.81 $/kg in Japan under 20 years as the payback period.

The cities selected in this study represent the climatic characteristics of different regions
in China and Japan, and the proposed PCM parameters and configurations accurately indicate
the factors that need to be considered in the application of PCM. The research results can
provide data references for the optimal application of PCM in lightweight buildings for energy-

saving under different climates.
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Appendix

Appendix A. Detail information of the chosen cities [59].

Annual Climate
Country City Coordinates  average Climate Characteristics  categories
temperature
) E126°40° Long cold winter and TMoC
Harbin 5.6°C
N45°48’ short hot summer
E116°23° Hot and rainy summer WTSSMC
Beijing 12.6°C )
N39°54° and cold and dry winter
) ~ E121°30° Hot summer and cold SMC
China Shanghai 15.6°C )
N31°14° winter
_ E102°41° _ _ SHMC
Kunming 15°C Four seasons like spring
N25°04°
E113°20° Hot summer and warm SMC
Guangzhou 22.3°C )
N23°10° winter
E141°21° Cool summer and icy TMoC
Sapporo 8.9°C ]
N43°04° winter
) E141°30° Cool summer and dry POOC
Hachinohe 10.8°C )
N40°30° winter
) E140°53° Moderate humid summer SMC
Sendai 12.4°C )
N38°15’ and cold winter
Japan
E139°76’ Hot summer and SMMC
Tokyo 16.1°C ) )
N35°68’ generally mild winter
) E130°11° Hot humid summer and SC
Kagoshima 19.2°C i o
N31°21° relatively mild winter
E127°40° Hot humid summer and HTRSTC
Naha 23.1°C )
N26°12° warm winter

Note: TMoC, temperate monsoon climate; WTSSMC, warm temperate semi-humid semi-arid monsoon climate;
SMC, subtropical monsoon climate; SHMC, subtropical highland monsoon climate; POOC, pacific ocean oceanic
climate; SMMC, subtropical maritime monsoon climate; SC, subtropical climate; HTRSTC, high temperature and
rainfall subtropical type climate.
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Appendix B. Cost of some phase-change materials.

Material Cost ($/kg) Ref.

paraffin-based PCM 5.11 [26]

Paraffin Wax (organic) 1.94 [103]

Eicosane-technical grade (organic) 7.04 [103]

Oleic acid (fatty acid) 1.71 [103]

Biodiesel crude glicerine (fatty acid) 0.25 [103]
PCM Energy P. Ltd (min)( salt hydrates) 3.07 [103,104]
PCM Energy P. Ltd (max) ( salt hydrates) 4.94 [103,104]

PCM products 6.63 [104]
Fatty acid PCM product 3.23 [105,106]

Stearic acid (fatty acid) 1.49 [106]

M-27 (commercially available fatty acid) 14.26 [106]

M-51 (commercially available fatty acid) 11.13 [106]
Calcium chloride (inorganic-salt hydrates) 0.20 [104,106]
Latest™29T (commercially available salt hydrates) 4.95 [104,106]

CaCly6H:0 2 [107]

PCM 1.2 [108]

Rubitherm (RT20) 16.31 [109]

Rubitherm (RT 23,25,27) 0.68 [110]

BioPCM 1.30 [111]
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Nomenclature

sts

Pair
Mt

Phase-transition temperature, (°C)

Phase change latent heat, (kJ/kg)

Material thickness, (m)

Thermal conductivity, [W/(m K)],Solid (Liquid)
Specific heat, [J/(kg K)]

Density, (kg/m?)

Phase-transition temperature ranges, (°C)

Symbol of orthogonal experiment,-

the number of rows or tests,-

the number of levels,-

the number of columns or factors,-

Sum of experimental results at level i of factor m,-
Average of experimental results at level i of factor m,-
The number of occurrences of level i of factor m,-
The difference (range-value) between the max and min of ki m,-
Inside surface coefficient of heat transfer, [W/(m? K)]
Heat capacity of zone air and internal thermal mass, [J/(kg K)]
Heat transfer coefficient, [W/(m? K)]

Location of PCM in the wall,-

PCM installation orientation,-

Temperature of Outdoor air, (°C)

Inter zone air temperature, (°C)

Inside surface temperature, (°C)

Zone air temperature, (°C)
Convective internal loads, (J)

Zone air specific heat, [J/(kg K)]
Heat capacity multiplier, [J/(kg K)]

Zone infiltration mass flow rate, (kg/s)
Zone surface area, (m?)

Total building systems load, (J)

Air density, (kg/mq)

Measured temperatures at each hour, (°C)
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St Simulated temperatures at each hour, (°C)

M, Average of the measured data values, (°C)

Coem Initial investment cost of PCM, ($/kg)

S Income generated from energy savings,( $)

Abbreviations

PCM Phase-Change Material

OSB Oriented Strand Board

™Y Typical Meteorological Year

SCz Severe cold zone

cz Cold zone

HSCW  Hot summer and cold winter zone
HSWW  Hot summer and warm winter zone
MCZz Moderate climate zone

ANOVA Analysis of variance

RMSE Root Mean Square Error

CV(rwmse)y Coefficient of Variation of the Root Mean Square Error
SPP Static Payback Period

8-50



9.1 Conclusions

Chapter 9. Conclusions






CHAPTER NINE: CONCLUSIONS

9.1 Conclusions

Phase-change material (PCM) integrated into walls has been extensively studied and
optimized, proving its effectiveness in thermal performance improvement of the wall. Among
them, it can be drawn that the heat storage and release of PCM are affected by various factors,
such as PCM thermo-physical parameters, application objects, installation locations, and
climatic conditions, which are complex and non-linear. However, the current research mostly
focuses on a specific factor, which makes the existing conclusions, rules, and interrelationships
between the obtained influencing factors too absolute and flawed. Therefore, the typical unit
lightweight walls (mainly thermal insulation materials) were taken as the research object to
ascertain the basic scientific problem of the influence laws and suitability of different PCM
thermo-physical parameters of the thermal performance of lightweight walls under different
thermal boundaries through theoretical analysis, numerical simulation, and experiment.
Meanwhile, evaluate the energy-saving potential (cooling and heating) of lightweight walls
using PCM applied to buildings and determined economic feasibility in different climates/cities.

The main findings are as follows:

In Chapter 1, research on background, review and purpose. The current status of
building energy consumption, energy-saving technologies, indoor thermal environment
characteristics of lightweight buildings and PCM characteristics are introduced. Then, the
effectiveness of PCM application in different structural forms is reviewed through a large
number of previous studies, and the difference in the contribution benefits of PCM to reducing
energy demand under different climatic conditions are obtained. Meanwhile, the thermo-
physical parameters of PCM affecting its application effect and the appropriate values are
summarized. Eventually, the problems existing in the application of PCM in buildings are
deeply analyzed based on a large number of literature reviews, and the research contents and

purposes of this paper are clarified.

In Chapter 2, the causes of the indoor thermal environment of lightweight buildings
are analyzed, and the mathematical heat transfer model of lightweight wall using PCM
are established. In addition, the solution method are determined and the evaluation
indexes for the effect of PCM on the thermal performance of lightweight wall are
proposed. It is found that: (1) the difference between indoor and outdoor air temperature is
directly related to the initial temperature of the lightweight building and is positively related to
solar radiation, and is negatively correlated with outdoor air temperature and long-wave
radiation; (2) Lightweight buildings are prone to indoor temperatures much higher than outdoor

in summer, which is directly related to the thermal resistance and thermal inertia index of
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lightweight walls being too small; (3) The enthalpy method model is determined to be used to
solve the heat storage and release process of the phase-change composite wall, and it is
validated; (4) The delay time (p) and attenuation rate (f) of the inner surface temperature, and
the peak heat flux (gpeax) and average heat flux (qae) Of the inner surface are proposed to
evaluate the thermal performance improvement of lightweight walls integrated with different

PCM thermo-physical parameters.

In Chapter 3, the influence rules of PCM thermo-physical parameters on the thermal
performance of lightweight walls are systematically evaluated. It is found that: (1) The
thickness, latent heat and density of PCM have a positive correlation with the delay time (¢)
and a negative correlation with the attenuation rate (f) and peak heat flux (Qpea); (2) The
influence begins to be weakened when each parameter of PCM exceeds a particular value, that
is, it has a relative optimal value; (3) The specific heat of PCM has basically no effect on
thermal performance; (4) PCM installed in the middle of the lightweight wall is better than the

outside or inside at a suitable phase-transition temperature.

In Chapter 4, the influence laws and contribution efficiency of different PCM
thermo-physical parameters on the thermal performance of lightweight walls with
different thermal resistance are assessed. The results show that: (1) The suitable phase-
transition temperature of PCM is more correlated with PCM location and less correlated with
the thermal resistance of the original walls (Rw), but the greater the Rw, the lower the degree of
phase-change of the PCM; (2) Under a suitable phase-transition temperature, the difference
between PCM installation on the inside and outside is small and the suitable PCM location is
almost independent of Ryt; (3) The optimal thickness exists in PCM applications, and its value
shows a certain correlation with the Rw. The optimum thickness is 10 mm when the Ru is
2.0(m?-K)/W, while no more than 5 mm is recommended when the Rw is enhanced to
5.0(m?-K)/W or higher. (4) The optimal value and contribution efficiency of PCM are

diminished and gradually converge with the Ry is boosted.

In Chapter 5, the difference, applicability and appropriate parameters for the
application effect of PCM integrated into different directions of walls are determined. The
results show that: (1) The application effects and suitable parameters of PCM in walls in
different directions are different. PCM location (phase-transition temperature) is adapted to the
middle (20-30 °C) for the east and south-facing wall, while the inside (18-28 C) and outside
(24-34 -C) is optimal for the west and north-facing wall; (2) The thermal performance
improvement with the most noticeable in the east and west-facing walls at suitable PCM

parameters and their peak and average heat flux can be reduced by 62.8-66.4% and 28.2—-29.5%,
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and delay time increased by 5-5.34h compared to reference wall.

In Chapter 6, the effectiveness of different kinds/configurations of PCM on the
thermal performance of lightweight walls in winter and summer are assessed, and suitable
PCM kinds/configurations for both seasons are proposed. The results show that: (1) Double-
layer PCM applications exhibit superior thermal regulation ability in both summer and winter
under the same PCM thickness; (2) The effectiveness of double-layer PCM is closely related to
the temperature difference between indoor and outdoor (comprehensive outdoor temperature),
which is better in summer than in winter; (3) The effectiveness of double-layer PCM reaches
saturation when thickness and latent heat exceed 10 mm (5 mm+5 mm) and 125 kJ/kg,
respectively. Nevertheless, the difference in application effect due to different total thermal
resistance of the wall caused by another layer of PCM in different seasons (or different phase

states) is diminished by enhancing the thermal storage capacity of the PCM.

In Chapter 7, the regulation ability of PCM on the thermal performance of
lightweight walls and indoor thermal environments in different seasons under a natural
environment (no mechanical equipment) is discussed by experimental tests. The results
show that: (1) Under natural conditions, the contribution efficiency of PCM for improving the
thermal performance of lightweight buildings varies in different seasons. In the transitional
season, PCM application can basically maintain the all-day temperature in a comfortable range;
(2) The attenuation rate of the internal surface temperature in different seasons can be reduced
by 18.08%-42.90%, the delay time can be improved to 2.67-4h compared with the reference
wall; (3) Composite PCM can reduce the maximum indoor temperature by 4.9-12.0<C, and

increase by 1.1-2.8 <C when the outdoor temperature is lower.

In Chapter 8, the energy-saving potential (cooling and heating) of lightweight walls using
PCM applied to buildings is evaluated by using EnergyPlus, and the economic feasibility in
different climates/cities are determined by static payback period (SPP). The results show that:
(1) PCM is highly correlated with its parameters/configurations in reducing energy demands;
(2) different PCM parameters/configurations are required for different climates and energy
demands; (3) higher energy saving benefits can be achieved by evenly distributing to all
orientations (priority: Roof > East > West > South > North) under the same PCM volume (Vecwm)
compared to installing only on the Roof; (4) PCM can save up to 7.3%-38.06% (China) and
5.17%-20.37% (Japan) for the total loads based on the optimal PCM parameters/configurations;
(5) the maximum acceptable PCM cost is currently 5.05 $/kg in China and 8.81 $/kg in Japan
based on a payback period of 20 years.

In Chapter 9, the research findings of the each chapters are summarized. The research
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CHAPTER NINE: CONCLUSIONS

results can provide a systematic evaluation method for effect of PCM applied to opaque
envelopes under different thermal boundaries at the theoretical significance. Meanwhile, the
research results can also provide reference for decision-makers to select suitable PCM products
in lightweight wall or building in terms of energy-saving and economics, as well as provide
data support for manufacturers to develop innovative energy-saving lightweight wall products
using PCM.
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