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In order to explore the thermal characteristics and thermal storage performance
analysis of energy-saving phase change heat storage materials in buildings, tak-
ing the common exterior wall insulation composite wall structure in southwestern
China as an example, the influence of insulation board structure thickness design
on the total cost of residential air conditioning energy consumption and insulation
board cost is studied, thus clarifying the concept and calculation origin of econom-
ic insulation thickness. The experimental results show that by drawing mathemat-
ical functions of energy consumption cost, total cost, and insulation material cost
in the same 2-D co-ordinate, it is intuitively demonstrated that the minimization
of total cost can be ensured when the insulation thickness is in an economic state,
and the specific economic thickness can be accurately calculated through example
data. Therefore, specific measures for improving external wall insulation from re-
fined insulation structure design are proposed. It has been proven that the design
of the exterior wall insulation layer structure is an important way to improve the
overall energy-saving benefits of building exterior wall insulation.
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Introduction

Since the beginning of the 20" century, the growth rate of human energy consumption
has greatly exceeded the growth of population. In the first 75 years of the 20" century, the world
population has increased by 1.5 times, while energy consumption has skyrocketed by 10 times,
if growth continues at this rate, there will inevitably be energy depletion worldwide. Moreover,
the uncontrolled exploitation and unreasonable use of fossil fuels have also caused serious air
and water pollution, resulting in various environmental issues such as SO,, NO, and global
warming. Therefore, energy issues have become a major issue for human society and global
sustainable development [1].

The human demand for architecture has gone through four stages: shelter, comfortable
building, healthy building, and green building. The first stage is low or even zero energy con-
sumption, the second and third stages are high energy consumption, and the fourth stage is high
energy efficiency, extensive use of renewable energy, unused energy, and being close to nature
and protecting the environment. In developed countries, building energy consumption accounts
for approximately 30-40% of total energy consumption [2].

* Author’s e-mail: xc_403621@126.com
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China is an energy scarce country. In terms of energy application, as an important
material foundation of the national economy, electricity has been vigorously developed through
the efforts of several generations, especially the implementation of the multi household electric-
ity policy in the late 1980's. At present, China’s power generation and installed capacity have
ranked second in the world. However, China’s power supply is still very tight. In 2005, there
was a phenomenon of power shortage in multiple provinces in China, especially with a large
peak valley difference in the power supply system. For example, the maximum peak valley
difference of the Northeast Power Grid is already 37% of the maximum load, while the North
China Power Grid has reached 40%. During peak periods, there is a severe shortage of elec-
tricity, which requires power cuts and restrictions, while during low periods, small loads result
in a large amount of electricity being wasted on the power grid. In order to address this issue,
the country introduced the Peak Valley Electricity Price Policy in 1994 and The 1995-2000
Electricity Saving Plan, which clearly stated that saving peak electricity will be an important
part of alleviating the contradiction of power shortage. The goal of shifting peak electricity
consumption 10-12 million kW by 2000 was proposed to alleviate the current contradiction. In
order to encourage users to level off their peak electricity consumption, power departments in
various provinces, cities, and regions have announced electricity policies and peak valley time
of use electricity prices, using economic means to promote the realization of shifting peak to
valley electricity. For example, the North China Power Grid has announced the implementation
of time of use electricity prices, which have a peak valley difference of nearly five times. The
application of phase change energy storage technology can fully utilize the policy of shifting
peak to valley electricity, utilize the price difference between peak and valley electricity, and
store heat and cold in buildings during low power periods, thereby achieving the goal of energy
conservation.

In recent years, a hot topic in the research of phase change and chemical reaction ener-
gy storage has been its application in the fields of building energy conservation and HVAC. On
the one hand, this is due to the fact that the construction industry is a crucial industry in various
countries around the world, and its technological progress will generate significant economic
and social benefits. On the other hand, it is due to the increasing emphasis on environmental
protection and energy conservation, as well as the economic drive generated by the day and
night electricity pricing system. The International Energy Agency (IEA) project team, energy
conservation through energy storage (ECES), discussed and confirmed the launch of Annex 10
(with the theme of phase change and chemical reaction heat storage) in 1999, which lasted for
three years [3]. The application of phase change and chemical reaction heat storage in buildings
is also listed as the main research direction. In the field of HVAC, due to the increasing demand
for comfort in indoor environments, the corresponding building energy consumption has also
increased, resulting in rapid energy consumption and intensified environmental pollution. The
combination of phase change energy storage materials with building structures provides an
effective way to improve building comfort, reduce energy consumption, and improve negative
environmental impacts.

Adding basic components such as phase change energy storage wall panels to the build-
ing envelope structure cannot only improve the thermal comfort of the room, reduce and shift the
load of air conditioning and heating, but also reduce the frequency of opening air conditioning and
heating equipment, truly achieving the goal of energy conservation. The application research of
phase change energy storage theory and technology in the fields of building energy conservation
and HVAC involves multiple disciplines such as architecture, materials, engineering thermophys-
ics, HVAC, and belongs to interdisciplinary issues, studying the theory and technology of phase



Chen, X.: Analysis of Thermal Characteristics and Thermal Storage ...
THERMAL SCIENCE: Year 2024, Vol. 28, No. 2B, pp. 1509-1517 1511

change energy storage to create a hygienic, comfortable, and energy-saving building environment
has become a hot topic of concern. It has significant scientific significance and practical value for
building energy conservation and sustainable development, laying a theoretical foundation and
technical guidance for China’s high comfort and low energy buildings.

Literature review

With the increasing energy consumption in buildings and the increasing demand for
indoor thermal comfort, the research on phase change heat storage technology in building en-
ergy conservation has received widespread attention. By driving changes in the physical state
of PCM through changes in environmental temperature, building temperature regulation or
auxiliary heat storage can be achieved, thereby alleviating the contradiction of mismatched
energy consumption in time and space in buildings. Paraffin wax has the advantages of being
less prone to supercooling and phase separation, low corrosiveness and toxicity, stable per-
formance, and low cost, making it widely used in buildings. However, due to its poor thermal
conductivity, it may lead to untimely and insufficient heat storage/release when combined with
enclosure structures, reducing the utilization rate of latent heat. By designing a phase change
heat storage component, fig. 1, for the inner surface of the wall, using metal aluminum as the
packaging material for paraffin wax and the material for internal heat transfer strengthening
ribs, the packaging problem is solved while improving the thermal conductivity of paraffin
wax. Compared to the fixed PCM wall, it has a higher energy storage density and does not need
to consider the impact of heat transfer strengthening materials on the latent heat, durability, and
other aspects of the phase change material, and it has many advantages in preparation, installa-
tion, and performance.
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Figure 1. Physical model of composite wall of phase change heat storage member

To improve the performance of phase change thermal storage systems, Cui ef al. [4]
proposed a novel method of adding TiO, nanoparticles, metal foam, and ultrasonic fields to
investigate their synergistic effects on the enhancement of conduction and convection heat
transfer. The thermal characteristics of the TES system, including the TES time distribution
and power consumption, are discussed to evaluate the effects of TiO, nanoparticles and the
ultrasonic field on the TES rate and TES efficiency. The results show that when the pressure of
TiO, nanoparticles is 5.0 wt.% and the ultrasonic power is 100 W, the short-term TES capac-
ity reaches 46.50, while the TES efficiency decreases to 10.66. Kiyokawa et al. [5] attempted
to measure the rotational energy of TES using tetrabutylammonium acrylate (TBAc) hydrate
as a phase change material. Adding mechanical agitation or ultrasonic vibration separate the
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adhesive from the hydrates in the heating system increases thermal resistance. The impact of
external forces is also evaluated by changing their rotation and frequency. Teja et al. [6] anal-
ysis of the influence of Al,O; nanoparticles volume fraction (0, 2, 5) on paraftinic PCM and
alcohol on the heater function (bottom and side walls) of a 2-D square thermal energy storage
machine. Thermal changes at 500 seconds, 1000 seconds, and 3000 seconds were investigated
in ANSYS FLUENT R18.1. The solidification and melting behavior of nanoPCM were investi-
gated under laminar flow conditions using the enthalpy pore model. We created an independent
rating network and selected 115538 of the best products. The results show that the addition of
nanoparticles to PCM can improve its thermal properties.

The author’s main research direction is building exterior wall insulation and energy
conservation. After fully introducing the research background at home and abroad, the cur-
rent domestic research overview, and the concept and practice classification of exterior wall
insulation systems, based on certain research theories, taking the common exterior wall insu-
lation composite wall structure in southwestern China as an example, this study investigates
the impact of insulation board structure thickness design on the total cost of residential air
conditioning energy consumption and insulation board cost, in order to clarify the concept and
calculation origin of economic insulation thickness, and then propose targeted ways to improve
the energy-saving performance of building exterior wall insulation.

Theoretical basis for research

The following is the theoretical basis for the impact of insulation layer structure de-
sign on the energy-saving of building exterior wall insulation: Related experiments have found
that there is an inherent mathematical relationship between the total cost of achieving a cer-
tain level of comfort in building exterior wall insulation and energy conservation, as well as
the thickness and performance of insulation materials, as well as the cost of air conditioning
consumption maintain a certain level of indoor comfort [7]. Among these factors that have an
inherent relationship, there is a thickness of insulation materials, we call it economic insulation
thickness, which not only ensures the insulation and comfort of the indoor environment, but
also minimizes the total cost of achieving this goal. The specific mathematical calculation mod-
el for this economic insulation thickness:

0, =0, +0; (1)
_ kx HDD18x 86400 )
W 3600 %1000
kx CDD26 % 86400
= 3
= 3600 x1000 )

where O, [kWhm™] is the uses a simplified algorithm to calculate the annual total building heat
transfer load based on the number of air conditioning days and heating days, taking into account
only the impact of the final heat dissipation loss transmitted through the enclosure structure on
the thickness of the insulation material, Q,,[kWhm™] — the winter load, O, [kWhm™] — the sum-
mer load, HDD18 and CDD26 [°C per day] are heating degree days and air conditioning degree
days, respectively. The value of £ [Wm=K™'] is the heat transfer coefficient of the building’s
exterior wall, expressed in. The calculation formula for £:
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where R; is the heat transfer resistance of the inner surface of the exterior wall, which can be
queried through design specifications, R, — the heat transfer resistance of the external surface
of the exterior wall, which can be queried through design specifications [8], R;, [m*’KW] — the
thermal resistance of the insulation material, and R,, — the thermal resistance of the base wall.
The calculation formula for R,,:

o

Rin = z (5)

where A [Wm™K™"] is the indicates the thermal conductivity of the insulation material it self and
0 [m] — the thickness of insulation material.

The cost calculation formula for external wall insulation consumption:

c, -2 c, (6)
cor

C, = &Ce (7
EER

where C, is the cost of using air conditioning in the winter of the year, C; — the cost of using
air conditioning in the summer of the year, both in Yuan per m?, COP — the heat efficiency ratio
of air conditioning systems, EER — the energy efficiency ratio of air conditioning refrigeration,
and C, [Yuan per kWh] — the electricity price. Considering the impact of inflation, the air condi-
tioning cost is discounted to the current current current value using the present value coefficient
method. The calculation formula:

—(1+17)"
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where PWF is the present value coefficient, g — the inflation rate, / — the loan interest rate, and
N [year] — the life cycle of the insulation material.

Therefore, the calculation formula for the total cost of external wall insulation com-
posed of insulation material costs and energy consumption costs for air conditioning:

€= (Cy +C,)x PWF+6%C,y = 0.024x PWFxC ( HDD _CDD +oxC,
( 5j COP  EER (11)
Ry +—
A
R, =R +Ry+R, (12)

where C,, is the selling price of insulation materials, expressed in Yuan per m® and
R, [m’KW'] — the total thermal resistance of the building’s exterior wall without insulation
materials. The derivative of eq. (11) is taken:

dCtotal =0

do

the obtained J economic insulation thickness mentioned previously is expressed mathematically:
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Case studies

As previously mentioned, we can establish and study a mathematical model to mini-
mize the total cost of air conditioning energy consumption and insulation material costs while
maintaining a certain comfortable indoor temperature. At this point, the insulation material
thickness is called the economic insulation thickness. Next, the author takes the composite wall
structure commonly used in buildings in southwestern China as an example to conduct a specif-
ic case study [10]. It is found that due to its high cost benefit, it is the commonly used thermal
insulation material in the energy-saving structure of the building exterior wall in southwest Chi-
na. For example, the economic insulation thickness of cement mortar, reinforced concrete wall,
energy-saving phase change heat storage material foam board and gypsum mortar composite
wall structure is calculated as an example. Based on the theoretical basis introduced by the
previous author, we assume that the selling price of energy-saving phase change heat storage
materials in the market is 400 Yuan per m?, and as insulation materials, they have a lifespan of
20 years. The inflation rate in 2019 was 4.8%, and the loan interest rate was 7.65%, resulting
in a PWF of 15.42.

Assuming that local residents in the southwest region use heat pump air conditioning
and the air conditioning is in operation all day, CDD26 and HDD18 are 241 °C per day and
1073 °C per day, respectively, with a COD value of 3.0, EER of 2.6, R; of 0.11 m*K/W, R0
of 0.05 m*K/W, and C, of 0.52 Yuan per kWh,
according to eq. (11) in the previous theoretical
o » introduction, the total cost can be calculated.
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Table 1. Comparison of Nusselt numbers

Sm}pht_‘led . Th_ermal Thermal The heat transfer
combination of Thickness | resistance .. .
Wall type . conductivity coefficient
composite wall [mm] value [Wm K] [m2KW-1]
structure [m’KW1]
Cement mortar 20 0.02 0.93
Phase change Reinforced 200 011 174
heat storage concrete wall ’ ’ 117
material heat | phase change thermal '
preservation wall | gtorage materials 30 0.71 0.04
Plastering adhesive 5 0.01 0.93

As shown in fig. 3, as the thickness of the insulation material increases, the price of
heat insulation material increases linearly, while the energy consumption of cold air decreases.
After reaching a certain level, the rate of decrease in energy consumption of the air conditioner
is generally uniform, but the total cost curve quickly decreases to a minimum value and then
shifts to an increase. As can be seen from the figure, the total value reaches the minimum value
when the thickness of the insulation layer on the outer wall of the building is 80 mm. Therefore,
in the aforementioned situation, it can be seen that the thickness of commercial insulation is
80 mm.

The previous conclusion is calculated under the condition that both summer cooling
and winter heating of air conditioning are operating throughout the day. Due to the fact that in
real life, the intensity of air conditioning usage is far from reaching this level, the following cal-
culation is based on the air conditioning work- 35 60
ing for 8 hours per day, and the mathematical Mo
function obtained from the previous theoretical 2
basis introduction is also used, by combining
the energy consumption cost, total cost, and in-

%‘Twacost
nate, fig. 4 can be obtained [11]. It can be seen o I 1 II II I i ‘ I‘ ‘ ‘ I‘ || 0

sulation material cost in the same 2-D co-ordi- 0
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that, with other parameters unchanged, if the air Insulation material thickness
conditioning is changed to work eight hours a  Figure 4. Relationship between the total
day, the economic insulation thickness of the re-  cost and the thickness of the thermal
gion is 40 mm. insulation materials

In the calculation process of the aforementioned example, it can be seen that thick-
ening the insulation layer thickness is one of the effective ways to resist the total heat loss of
buildings. However, in daily use, based on the relationship between the total cost of energy
consumption and building insulation costs and the thickness of insulation boards, it can be seen
that in the economic insulation thickness, the value of building external wall insulation energy
conservation can be maximized when the total cost is minimized. Therefore, the design of ex-
ternal wall insulation layer structure is an important way to improve the overall energy-saving
benefits of building external wall insulation [12].

Research has found that different materials have different thermal conductivity, den-
sity, and combustion performance. The size of the vertical stress area affects the compressive
strength of the material. The thickness of insulation materials directly affects the insulation
effect. The construction ratio of materials affects the comprehensive performance and lifespan
of the structural layer. Therefore, in order to ensure the strength, performance coefficient, and
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overall quality of external wall insulation of the materials themselves, it is necessary to pay

attention the selection of insulation materials, the structural design of insulation layers, and the

construction ratio of building materials. Therefore, the optimal values and combinations of var-

ious structural design parameters can be ensured from three aspects: refined structural design,

selection of excellent insulation and energy-saving materials, and improvement of construction

technology. Due to the application of energy-saving phase change heat storage materials in

building insulation walls in southwestern China, the author mainly focuses on the economic

structural thickness of insulation materials [ 13]. Therefore, the author will then propose specific

implementation methods to improve the energy-saving performance of building exterior wall

insulation through refined structural design:

— Develop and continuously optimize and update existing structural design standards.

— Select insulation layer structure design scheme according to local conditions.

— Improve and refine the design elements of various insulation layer structures.

— Strictly monitor the construction phase to minimize the impact of construction on the insu-
lation layer.

— Learn and introduce excellent structural design ideas and principles.

— Increase the training of structural design personnel from both theoretical and practical per-
spectives [14].

Conclusion

The author takes the research on energy conservation of building exterior wall insu-
lation as the main direction, and based on the application of energy-saving phase change heat
storage materials in building walls, studies the influence of insulation material thickness on
the energy-saving performance of exterior wall insulation through mathematical theoretical
models. By drawing mathematical function graphs of energy consumption cost, total cost, and
insulation material cost in the same 2-D co-ordinate, the author intuitively demonstrates that the
minimization of total cost can be ensured when the economic insulation thickness is in place,
and the specific economic thickness can be accurately calculated through example data, thus
proposing specific measures to improve external wall insulation from refined insulation struc-
ture design. I hope the author’s research can provide some guidance for the design of exterior
wall insulation structures or improvement ideas for building exterior wall insulation energy
conservation in practice.

References

[1] Sundaram, P., Kalaisselvane, A., Effect of Different Additives on Freezing Characteristics and Stability
of GNP-Aqueous-Based PCM for Cold Thermal Storage, Journal of Thermal Analysis and Calorimetry,
53(2022), 1, pp. 843-861

[2] Xu, D., et al., Analysis of Winding Temperature Field under Dynamic Variable Load of Oil-Immersed
Transformer, Thermal Science, 25 (2021), 4B, pp. 3009-3019

[3] Shen, Z. G, et al., Heat Transfer Performance of a Finned Shell-and-Tube Latent Heat Thermal Energy
Storage Unit in The Presence of Thermal Radiation, Journal of Energy Storage, 6 (2022), 1, pp. 149-154

[4] Cui, W, et al., Combined Effects of Nanoparticles and Ultrasonic Field on Thermal Energy Storage Per-
formance of Phase Change Materials with Metal Foam, Applied energy, 9 (2022), 4, pp. 5250-5258

[5] Kiyokawa, H., et al.,Thermal Energy Storage Performance of Tetrabutylammonium Acrylate Hydrate as
Phase Change Materials, Applied Sciences, 11 (2021), 11, 4848

[6] Teja, P.N.S., et al., Numerical Analysis Of Nanomaterial-Based Sustainable Latent Heat Thermal Energy
Storage System by Improving Thermal Characteristics of Phase Change Material, Environmental Science
and Pollution Research, 68 (2021), 1, pp. 389-401

[71 Lin, X. Z. X., Research Progress of Phase Change Storage Material on Power Battery Thermal Manage-
ment, Energy Technology: Generation, Conversion, Storage, Distribution, 9 (2021), 4, 185



Chen, X.: Analysis of Thermal Characteristics and Thermal Storage ...
THERMAL SCIENCE: Year 2024, Vol. 28, No. 2B, pp. 1509-1517 1517

[8] Ahn, Y. H., et al., Incorporation of Phase Change Materials into Fibers for Sustainable Thermal Energy
Storage, Industrial and Engineering Chemistry Research, 60 (2021), 8, pp. 698-699

[91 Ma, Y., et al., Thermal Performance Improvement of a Low-Temperature Thermal Energy Storage with
Configuration Optimization, Journal of Energy Storage, 27 (2023), 4, pp. 1-24

[10] Koide, H., et al., Performance Analysis of Packed Bed Latent Heat Storage System for High-Temperature
Thermal Energy Storage Using Pellets Composed of Micro-Encapsulated Phase Change Material, Ener-
2y, 8(2022), 12,971

[11] Wen, B., et al., Thermal Analysis of Cylindrical Roller Bearing Considering Thermo-Mechanical Cou-
pling, Journal of Physics: Conference Series, 2185 (2022), 1, 012010

[12] Chavan, S., et al., Performance Assessment of Composite Phase Change Materials for Thermal Energy
Storage-Characterization and Simulation Studies, Recent Patents on Mechanical Engineering, 14 (2021),
3, pp. 1500-1519

[13] Wang, Z., et al., Structural Optimization Design and Heat Transfer Characteristics of Multi-Degree-of-
Freedom Spiral Plate Type Agricultural Machinery Equipment Heat Exchanger, Thermal Science, 23
(2019), SA, pp. 2525 - 2533

[14] Guo, B., Hou, H., Friction Heat Energy Recovery System Based on Hydraulic Brake System by Wire of
Heavy Vehicle, Thermal Science, 27 (2023), 2, pp. 1159-1166

Paper submitted: March 25, 2023 © 2024 Society of Thermal Engineers of Serbia
Paper revised: June 2, 2023 Published by the Vinca Institute of Nuclear Sciences, Belgrade, Serbia.
Paper accepted: September 17, 2023 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions



