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With the global energy crisis and environmental issues becoming increasingly severe, 

building energy efficiency has emerged as a key societal concern. Phase change energy 

storage materials (PCMs) are gaining prominence in the field of building energy 

conservation due to their ability to absorb and release large amounts of latent heat during 

temperature fluctuations, thereby achieving a self-regulating temperature effect. Although 

numerous studies have explored the properties of PCMs and their applications in buildings, 

most have focused on optimizing material performance and conducting tests in laboratory 

settings, often overlooking the complex thermal dynamics in real-world building 

environments. This study establishes a mathematical model of PCMs in building walls, 

defines the initial and boundary conditions, and conducts error analysis to systematically 

investigate the self-regulating temperature mechanism and the energy-saving effects of 

these materials. The findings of this research will provide new theoretical support and 

practical references for the advancement of building energy-saving technologies. 
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1. INTRODUCTION

With the increasing severity of the global energy crisis and 

environmental issues, building energy conservation has 

become a focal point of societal concern. The proportion of 

energy consumption by buildings in the total global energy 

consumption is increasing year by year, particularly in the 

areas of heating and cooling, which account for a significant 

portion [1-5]. To effectively reduce building energy 

consumption, many new materials and technologies have been 

introduced into the field of building energy conservation [6, 7]. 

Among them, PCMs have gradually attracted the attention and 

application of researchers due to their ability to effectively 

absorb and release large amounts of latent heat during 

temperature changes, thereby achieving a self-regulating 

temperature effect. 

The application of PCMs in building walls can not only 

absorb solar radiation during the day and release it at night to 

regulate indoor temperature, reduce air conditioning load, and 

improve indoor thermal comfort, but also effectively reduce 

the energy consumption of buildings and decrease carbon 

dioxide emissions [8-10]. Therefore, studying the self-

regulating temperature mechanism and energy-saving effects 

of PCMs in building walls is of great significance for 

promoting the development of building energy-saving 

technologies and also provides theoretical and practical basis 

for achieving green buildings and sustainable development [11, 

12]. 

Although many studies have explored the properties of 

PCMs and their applications in buildings, most studies have 

mainly focused on optimizing material performance and 

conducting tests in laboratory environments [13-16]. Existing 

research often overlooks the complex thermal environment of 

buildings and actual usage conditions in practical applications, 

lacking systematic studies on the dynamic thermal 

performance of PCMs in building walls [17, 18]. Meanwhile, 

traditional experimental research methods have the drawbacks 

of being time-consuming, costly, and having poor 

repeatability, making it difficult to widely promote and apply 

them [19-21]. Therefore, it is necessary to use mathematical 

models for simulation analysis, combined with actual 

conditions, to systematically study the thermal performance 

and energy-saving effects of PCMs in building walls. 

The main research content of this paper includes three parts: 

First, establishing a mathematical model of PCMs in building 

walls, revealing the self-regulating temperature mechanism 

through theoretical analysis and numerical simulation; Second, 

determining the initial and boundary conditions of the model, 

and conducting simulation analysis based on the actual 

building environment; third, performing error analysis to 

verify the accuracy and reliability of the model. By 

systematically studying the thermal performance and energy-

saving effects of PCMs in building walls, this research not 

only enhances existing theories but also provides reference for 

practical engineering applications. This study will provide 

new ideas and methods for the development of building 

energy-saving technologies, with important academic and 

practical value.
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2. SELF-REGULATING TEMPERATURE AND 

ENERGY-SAVING MECHANISM 

 

The working principle of PCMs is based on their ability to 

absorb or release a large amount of latent heat during the phase 

change process. When the ambient temperature changes to the 

phase change temperature of the PCMs, the PCMs undergo a 

phase transition, such as from a solid state to a liquid state or 

from a liquid state to a solid state. During this process, the heat 

absorbed or released by the material is referred to as latent heat. 

When the ambient temperature rises to the melting point of the 

PCMs, the PCMs begin to absorb heat and melt, changing 

from a solid state to a liquid state. During this process, the 

PCMs absorb a large amount of heat, but the temperature 

remains nearly constant. This helps to stabilize the 

surrounding environment's temperature and prevent further 

temperature rise. When the ambient temperature drops to the 

freezing point of the PCMs, the PCMs release the stored heat 

and solidifies, changing from a liquid state to a solid state. 

During this process, the PCMs release a large amount of heat, 

but the temperature remains nearly constant. This helps to 

maintain the surrounding environment's temperature during 

cold periods, preventing a sharp temperature drop. 

The application of PCMs in building walls can utilize their 

phase change properties to achieve temperature regulation and 

energy-saving effects. Specifically, PCMs are typically 

embedded in building materials, such as wall panels, gypsum 

boards, or coatings, to form an energy storage system. This 

system can regulate indoor temperature throughout the day by 

absorbing and releasing heat. During the daytime in summer, 

when the outside temperature is high and solar radiation is 

intense, buildings are prone to overheating. The PCMs 

embedded in the wall absorbs heat and undergoes phase 

change as the temperature rises, preventing a sharp increase in 

indoor temperature. This process not only improves living 

comfort but also reduces the frequency of air conditioning use 

and energy consumption. During nighttime in summer or cold 

periods in winter, when the outside temperature is low, the 

indoor temperature tends to drop. At this time, the PCMs 

release the heat stored during the day and undergoes reverse 

phase change, helping to maintain indoor temperature stability 

and reducing the use of heating equipment, thereby saving 

energy. 

Since PCMs can absorb and release a large amount of heat 

during the phase change process, they can balance the 

temperature fluctuations inside the building, reducing the 

operating time and frequency of air conditioning and heating 

equipment. This directly lowers the building's energy 

consumption and improves energy efficiency. When air 

conditioning and heating systems operate under high loads, 

their efficiency usually decreases, and the wear and failure rate 

of the equipment increases. By regulating the temperature, 

PCMs enable these systems to operate under more stable loads, 

improving the operating efficiency of the equipment and 

extending its service life. Meanwhile, PCMs are passive 

energy-saving materials that can function without additional 

energy input. By integrating with the building structure, PCMs 

utilize its physical properties to achieve temperature regulation, 

further enhancing the building's passive energy-saving effect. 

The reasonable application of PCMs in building design can 

reduce reliance on traditional cooling and heating systems and 

optimize the building's overall energy strategy. For example, 

embedding PCMs in walls can reduce the wall's heat transfer 

coefficient, improve the wall's thermal insulation performance, 

and thereby increase the overall energy efficiency of the 

building. 

 

 

3. MATHEMATICAL MODEL 

 

The application of PCMs in building walls is a highly 

promising technology that can regulate indoor temperature by 

absorbing and releasing latent heat. However, the realization 

of this process requires overcoming a series of complex 

challenges related to phase change heat transfer. The phase 

change process in building walls involves heat conduction 

within the solid phase, heat conduction and convection within 

the liquid phase, and the absorption or release of latent heat 

during the phase change, all of which constitute a complex 

multi-physical field coupling system. In this process, the 

movement of the phase interface, also known as the Stefan 

problem, is a major challenge. Since the phase change 

temperature is not a precisely fixed value, the phase interface 

often manifests as a fuzzy mushy zone of solid and liquid 

phases, which makes solving the phase change heat transfer 

problem more difficult. Moreover, as the phase change process 

progresses, the material may undergo melting and 

solidification, accompanied by natural convection in the liquid 

phase region and the mushy characteristics of the solid-liquid 

two-phase region, further complicating the analysis and 

calculation of the heat transfer process. 

The use of PCMs in building walls also requires 

consideration of their performance in real building 

environments, particularly the heat exchange with the wall 

structure and external environment. This involves accurately 

modeling the initial and boundary conditions to reflect the real 

temperature gradients and environmental changes. The 

volume change during the phase change process can also affect 

the physical stability and thermal performance of the wall, 

which must be carefully considered. Therefore, the study of 

the phase change heat transfer mechanism of PCMs in building 

walls needs to particularly focus on the dynamic behavior and 

coupling effects of the phase interface, as well as the impact 

of natural convection and structural changes on the heat 

transfer process. Solving these challenges not only helps to 

enhance the energy-saving effects of the material but also 

provides important theoretical support for optimizing the 

thermal environment of buildings. 

In this paper, the enthalpy-porous medium method and the 

Solidification/Melting model are used to solve the 

melting/solidification problem of PCMs in building walls, to 

study their self-regulating temperature mechanism and 

energy-saving effects. The enthalpy-porous medium method 

treats the phase change enthalpy as a source term in the energy 

equation and solves the momentum and energy equations of 

the solid-liquid two phases of PCMs in the fixed grid region 

of the building wall, effectively solving the energy transfer 

problem at the solid-liquid two-phase interface of PCMs. At 

the same time, the mushy zone model of the solid-liquid phase 

interface of PCMs is regarded as a porous medium region, and 

the different phase fractions are represented by the liquid 

phase fraction, thereby handling the discontinuous changes in 

the physical properties of the solid-liquid two phases of PCMs. 

In addition, the Solidification/Melting model is used to 

effectively simulate the complex phase change heat transfer 

process, particularly the energy exchange and dynamic 

changes at the interface between different phases. 

To study the self-regulating temperature mechanism and 
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energy-saving effects of PCMs in building walls, this paper 

adopts a simplified three-dimensional model for the melting 

and solidification process of the energy storage unit. Since the 

energy storage unit in building walls has symmetry, to reduce 

computation time and resource consumption, only half of the 

structure is used to establish a physical model in the three-

dimensional coordinate system. This simplified model can 

effectively describe the energy exchange between the solid 

and liquid phases, natural convection, and dynamic changes of 

the phase interface during the phase change process. In the 

solidification process, a physical model without fins is first 

established, and structured mesh generation is performed 

using ICEM-CFD software. This method accurately simulates 

the internal heat transfer and phase change process of the 

material and obtains the evolution of the phase change 

interface over time. To further explore the effect of fins on the 

phase change process, a physical model with fins is also 

established, and structured mesh generation is similarly 

performed to compare the heat transfer efficiency and energy-

saving effects under different structures. For the melting 

process of the energy storage unit, a corresponding physical 

model is established, and mesh generation is performed for the 

computational domain. Through numerical simulation of the 

simplified model, the heat transfer behavior of PCMs in real 

building environments can be effectively studied, particularly 

the self-regulating temperature capability of the material 

during the melting and solidification processes. 

To study the self-regulating temperature mechanism and 

energy-saving effects of PCMs in building walls, a series of 

assumptions were made for the three-dimensional model of the 

melting and solidification processes to ensure the effectiveness 

and convenience of numerical calculations, and to maintain 

consistency with the thermal storage units used in experiments. 

The specific assumptions are as follows: 

(1) Neglecting shell thickness and contact thermal 

resistance: In practical applications, shell thickness and 

contact thermal resistance may affect heat transfer. However, 

to simplify the calculations, this paper assumes that these 

factors are neglected, focusing on the heat transfer 

characteristics of the phase change energy storage material 

itself. 

(2) No heat loss in the thermal storage unit, external wall 

surface insulated: It is assumed that there is no heat loss in the 

thermal storage unit during the entire phase change process, 

and the external wall surface is insulated. This assumption 

simplifies the calculations and focuses on the heat transfer 

process within the phase change material, avoiding the 

influence of the external environment on the results. 

(3) Constant inlet temperature of the heat transfer fluid: To 

simplify the model and ensure the stability of the calculations, 

it is assumed that the inlet temperature of the heat transfer fluid 

remains constant. This helps to clarify the impact of the heat 

transfer fluid on the system during the melting and 

solidification processes of the phase change material. 

(4) Both the heat transfer fluid and liquid paraffin are 

incompressible fluids, satisfying the Boussinesq assumption: 

In the actual phase change heat transfer process, changes in 

fluid density may affect buoyancy and flow characteristics. 

This paper assumes that both the heat transfer fluid and liquid 

paraffin are incompressible fluids, satisfying the Boussinesq 

assumption, which considers density changes only in the 

buoyancy term, while other physical parameters remain 

constant. This assumption simplifies the solution of the fluid 

dynamics equations and improves computational efficiency. 

To study the self-regulating temperature mechanism and 

energy-saving effects of PCMs in building walls, this paper 

constructs detailed steps in the three-dimensional model of the 

melting/solidification process, focusing on the following 

aspects. 

For the heat transfer fluid, it is first necessary to establish 

the continuity equation to describe the mass conservation of 

the fluid. This equation ensures that the fluid's mass does not 

change during the heat transfer process, forming the 

foundation of the entire model and ensuring the correct 

simulation of fluid flow during heat transfer. Assuming that 

the density, velocity vector, specific heat, thermal conductivity, 

and expansion coefficient of the heat transfer fluid and paraffin 

are represented by ϑd, ϑ, id, i, Zo, j, and α, respectively, the 

calculation formula is: 

 

( ) 0d
d di

s





+ =


 (1) 

 

Next, the momentum equation is established to describe the 

flow behavior of the fluid around the phase change energy 

storage material. For the heat transfer fluid, since the Rayleigh 

number is less than 109, the standard laminar flow model is 

used for calculations. This model is suitable for natural 

convection scenarios, ensuring accurate simulation of fluid 

flow under low-speed conditions. 

 

( ) ( ) ( )0
d d

d d d d d d

i
i i O i h

s


   


+ = − +  + −


 (2) 

 

For the phase change material, since it undergoes phase 

transitions during melting and solidification, the momentum 

equation needs to consider the flow characteristics of the solid-

liquid two-phase region and accurately describe the dynamic 

changes of the solid-liquid interface. The mushy zone constant 

is represented by XMU, the reference temperature by SRE, the 

enthalpy value at the reference temperature by gRE, the total 

enthalpy by G, and the liquid phase fraction of the phase 

change material by ε. The calculation formula is: 
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( )
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2

0 3
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MU
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s

h iX
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 


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 


+ = − + 



−
+ − +

+

 (3) 

 

The energy equation is the core equation describing heat 

transfer, used to simulate the temperature changes that PCMs 

undergo during the melting and solidification processes. This 

equation needs to account for the material's thermal 

conductivity and latent heat characteristics, appropriately 

handling the absorption and release of energy during the solid-

liquid phase transition. Additionally, the energy equation 

needs to be closely coupled with the continuity equation and 

momentum equation to ensure that the mutual influence 

between heat transfer and fluid flow is accurately reflected. 

 

( ) ( )0 0 0h S S   − = − −  (4) 
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s



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
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G g M= +  (6) 

 

RE

S

RE o
S

g g Z fS= +   (7) 

 

In the simulation of phase change materials, the liquid phase 

fraction ε is an important parameter used to describe the 

proportion of solid and liquid phases during the melting and 

solidification processes. By using the liquid phase fraction, the 

distribution of the material's phases at different time points can 

be dynamically reflected. This step represents the liquid phase 

fraction through a field variable, thereby simplifying the 

explicit solution of the solid-liquid interface and accurately 

simulating the evolution of the phase interface over time. The 

introduction of this parameter makes the simulation of the 

phase change process more intuitive and accurate. 
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 
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−
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 (8) 

 

 

4. INITIAL AND BOUNDARY CONDITIONS 

  

Figure 1 shows a three-dimensional schematic diagram of 

the experimental platform for the melting/solidification 

process in building walls. When studying the three-

dimensional model of the melting/solidification process of 

PCMs in building walls, to reveal their self-regulating 

temperature mechanism and energy-saving effects, this paper 

first sets the initial and boundary conditions for the 

solidification process in detail. The following are the initial 

and boundary conditions for the model during the 

solidification process. At the initial moment (s=0), the 

temperatures of both the phase change material and the heat 

transfer fluid are constants, where the temperature of the phase 

change material is set to SPC=S0=361K, and the temperature of 

the heat transfer fluid is set to SAI=S1=356K. Since S1<S0, this 

setting ensures that at the start, the temperature gradient causes 

the phase change material to begin transferring heat to the heat 

transfer fluid, thereby initiating the solidification process. 

Figure 2 shows a schematic diagram of the phase change layer 

arrangement during the experiment in this paper. 

Regarding the boundary conditions, for the adiabatic 

surfaces in the thermal storage unit, all surfaces except the 

coupling surface in contact with the heat transfer fluid are set 

as adiabatic surfaces. This means that these surfaces do not 

allow heat transfer, ensuring that all heat exchange occurs only 

through the coupling surface in contact with the heat transfer 

fluid. This setting simulates the actual application scenario 

where the thermal storage unit is isolated from the external 

environment, making the computational model more realistic. 

 

0
W A

S

c −


=


 (9) 

 

The coupling surface of the thermal storage unit is the only 

surface that exchanges heat with the heat transfer fluid. During 

the period when s > 0, the phase change material inside the 

thermal storage unit exchanges heat with the external heat 

transfer fluid through this coupling surface. This setting 

ensures that during the solidification process, the phase change 

material transfers heat to the heat transfer fluid through the 

coupling surface, gradually lowering its temperature and 

undergoing phase change. Accurate simulation of this process 

is crucial for studying the self-regulating temperature 

mechanism and energy-saving effects of phase change 

materials in building walls. 

 

0 10, , PC AI
d PC AI

S S
i i S S j j

v v

 
= = = − = −

 
 (10) 

 

 
 

Figure 1. Three-dimensional schematic diagram of the 

experimental platform for the melting/solidification process 

in building walls 

 

 
 

Figure 2. Schematic diagram of the phase change layer arrangement 
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The initial and boundary conditions during the melting 

process are detailed as follows. At the initial moment (s=0), 

the temperatures of both the phase change material and the 

heat transfer fluid are constants, where the temperature of the 

phase change material is set to SPC=S3=301K, and the 

temperature of the heat transfer fluid is set to SAI=S4=359K. 

Since S4 is higher than S3, this setting ensures that at the start, 

the temperature gradient causes the heat transfer fluid to 

transfer heat to the phase change material, thereby initiating 

the melting process. 

In the thermal storage unit, all external wall surfaces except 

the coupling surface in contact with the heat transfer fluid are 

set as adiabatic surfaces. This means that these surfaces do not 

allow heat transfer, ensuring that all heat exchange occurs only 

through the coupling surface in contact with the heat transfer 

fluid. This setting simulates the actual application scenario 

where the thermal storage unit is isolated from the external 

environment, making the computational model more realistic. 

 

0
WA

S

z


=


 (11) 

 

The coupling surface of the thermal storage unit is the only 

surface that exchanges heat with the phase change material. 

During the period when t>0, the phase change material inside 

the thermal storage unit exchanges heat with the heat transfer 

fluid inside the U-shaped tube wall through this coupling 

surface. This setting ensures that during the melting process, 

the phase change material absorbs heat from the heat transfer 

fluid through the coupling surface, gradually increasing its 

temperature and undergoing phase change. Accurate 

simulation of this process is crucial for studying the self-

regulating temperature mechanism and energy-saving effects 

of phase change materials in building walls. 

 

0, PC WA
d PC WA

S S
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 
= = − = −
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5. MEASUREMENT ERROR 

  

In the study of the self-regulating temperature mechanism 

and energy-saving effects of PCMs in building walls, accurate 

measurement of temperature and flow rate is crucial, as errors 

in these measurements directly affect the accuracy of phase 

change heat transfer calculations. Therefore, analyzing the 

errors in temperature measurement and circulating water flow 

rate measurement is a key step in ensuring the reliability of 

experimental data. 

Figure 3 shows the distribution of sensors in the phase 

change wall. In this experiment, temperature measurement 

was performed using T-type thermocouples. The maximum 

absolute error of the T-type thermocouple measurement is 

0.3℃, which means that the error in a single measurement will 

not exceed 0.3℃ throughout the entire temperature 

measurement process. Considering that the temperature 

measurement range in the experiment is greater than 80℃, the 

relatively large temperature difference helps to more 

accurately capture the temperature changes during the phase 

change process. However, the maximum relative error in 

temperature measurement is a critical parameter to consider, 

as it directly impacts the calculation of the temperature 

gradient, thereby affecting the accuracy of the phase change 

heat transfer model. Although the single measurement error is 

relatively small, cumulative errors over multiple measurement 

points and long-term monitoring may impact the experimental 

results. Therefore, it is necessary to consider this error range 

in the experimental design and to perform error correction and 

data smoothing during data processing to improve the 

accuracy of temperature measurements. 

 

0.375%
S

S





 (13) 

 

The flow rate of the circulating hot water during the energy 

storage process was measured using an SA10-15 

electromagnetic flowmeter. The measurement accuracy of this 

flowmeter is 2.0%, and the range is between 50 and 250 L/h. 

This range covers the expected flow range in the experiment, 

ensuring the applicability of the flowmeter. An accuracy of 

2.0% means that the maximum absolute error at the maximum 

range will reach 5 L/h. This level of error has a significant 

impact on the heat balance calculation of the entire system, as 

accurate flow measurement is fundamental to calculating the 

heat transfer amount. To reduce the impact of this error on the 

experimental results, the average of multiple measurements 

can be taken to reduce random errors, and error correction 

methods can be applied during data analysis to enhance the 

reliability and accuracy of the data. The maximum absolute 

error calculation formula is: 

 

( )250 50 2.0% 4 /N M g = −  =  (14) 

 

The maximum measurement error of the circulating water 

flow rate can be calculated by the following formula: 

 

4.45%
N

N





 (15) 

 

In addition to the aforementioned direct measurement errors, 

indirect measurement error analysis is also crucial. In the study 

of PCMs, the main measurement variables include 

temperature, circulating water flow rate, and time. 

Temperature is usually measured by thermocouples, the 

circulating water flow rate by electromagnetic flowmeters, and 

time is a relatively simple but crucial variable. Furthermore, 

we need to understand how these errors are propagated 

through calculations to the final indirect measurement results. 

Indirect measurement error analysis helps us identify the 

degree of influence each variable has on the final result. Let 

the indirect measurement b be a function of the direct 

measurements a1, a2, ..., av, with the functional expression 

represented by b = d (a1, a2, ..., av). The absolute errors of the 

direct measurements a1, a2, ..., av are denoted by ∆a1, ∆a2, ..., 

∆av, and the absolute error of the indirect measurement b is 

denoted by ∆b. The error transfer coefficient is represented by 

i∂d/∂au, and the absolute error of the indirect measurement b 

can be calculated by the following formula:  
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Figure 3. Distribution of sensors in the phase change wall 

 

The relative error of b can be calculated by the following 

formula: 

 

22 2

1 2

1 2

v

v

b d d d
a a a

b a a a

       
=  +  + +     

       
 (17) 

 

 

6. EXPERIMENTAL RESULTS AND ANALYSIS 

 

According to the data in Figure 4, the variation in bottom 

surface temperature and liquid fraction over time demonstrates 

the temperature regulation effects of different contents of 

PCMs. The bottom surface temperature gradually increases 

over time, but the higher the PCM content, the slower the 

temperature rise. Specifically, when the PCM content is 20%, 

the bottom surface temperature is only 40℃ at 1000 minutes, 

significantly lower than the 55.5℃ observed with 0% PCM 

content. Additionally, the liquid fraction increases with time, 

and the higher the PCM content, the faster the liquid fraction 

rises and reaches equilibrium in a shorter time. For example, 

the liquid fraction of 20% PCM approaches 0.93 at around 400 

minutes, while 5% PCM reaches a similar value at around 600 

minutes. Compared to low PCM content, higher PCM content 

exhibits stronger heat absorption and storage capabilities. 

 

 
 

Figure 4. Variation trends of the bottom surface temperature 

and liquid fraction of PCMs in building walls over time 

 

According to the data in Figure 5, as time increases, the top 

surface temperature rises under different PCM contents, but 

the higher the content, the slower the temperature rise. For 

example, the surface temperature of 0% PCM reaches 70℃ at 

500 minutes, while 20% PCM only reaches 45℃. This 

indicates that the higher the PCM content, the more significant 

its temperature regulation effect. The liquid fraction data 

further supports this point, showing the heat absorption during 

the phase change process with different PCM contents. The 

liquid fraction of 5% PCM is 0.92 at 500 minutes, while 20% 

PCM reaches 0.93 at 400 minutes and stabilizes. This shows 

that high PCM content absorbs more heat and completes the 

phase change in a shorter time, thereby maintaining a stable 

surface temperature over a longer period. 

The experimental results clearly show that increasing the 

PCM content can significantly reduce the rate of temperature 

rise on the surface of building walls, thereby achieving 

effective temperature regulation. This is because PCMs absorb 

a large amount of latent heat during the phase change process, 

maintaining a stable temperature near the phase change 

temperature and reducing heat transfer to the interior. The 

variation trend of the liquid fraction shows that PCMs 

continuously absorb heat during the phase change process and 

gradually reaches a saturated state, indicating that PCMs can 

balance temperature changes over a long period, thereby 

reducing the need for air conditioning and heating systems. 

Through this self-regulating temperature mechanism, PCMs 

can significantly save energy in building walls, optimize 

energy use, and improve overall building energy efficiency. 

 

 
 

Figure 5. Variation trends of the top surface temperature and 

liquid fraction of PCMs in building walls over time 

 

According to the data in Table 1, different types of building 

walls exhibit different temperature regulation effects in 

temperature simulation calculations. The external wall surface 

temperature of ordinary walls fluctuates between a maximum 

of 42.6℃ and a minimum of 26.5℃, while the internal wall 

surface temperature fluctuates between a maximum of 27.8℃ 

and a minimum of 26.8℃. In contrast, the external wall 

surface temperature of the exterior PCM wall fluctuates 

between a maximum of 42.4℃ and a minimum of 26.3℃, and 

the internal wall surface temperature fluctuates between a 

maximum of 27.3℃ and a minimum of 26.5℃. The external 

wall surface temperature of the sandwich PCM wall fluctuates 

between a maximum of 42.2℃ and a minimum of 26.2℃, and 

the internal wall surface temperature fluctuates between a 

maximum of 27.5℃ and a minimum of 27.2℃. The external 

wall surface temperature of the interior PCM wall fluctuates 

between a maximum of 42.3℃ and a minimum of 27.4℃, and 

the internal wall surface temperature fluctuates between a 

maximum of 27.2℃ and a minimum of 27.3℃. These data 
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indicate that PCMs can significantly reduce temperature 

fluctuations on the internal and external surfaces of walls, with 

the temperature regulation effect of the sandwich PCM wall 

being the most significant. 

According to the data in Table 2, different types of building 

walls show significant differences in temperature attenuation 

factors and peak delay times. The external wall surface 

amplitude of the ordinary wall is 15.4℃, the internal wall 

surface amplitude is 1.12℃, the attenuation factor is 14.2, and 

the delay time is 9.4 hours. In contrast, the external wall 

surface amplitude of the exterior PCM wall is 15.2℃, the 

internal wall surface amplitude decreases to 0.65℃, the 

attenuation factor increases to 23.2, and the delay time extends 

to 11.4 hours, with an attenuation increase of 68.2% and a 

delay increase of 2 hours. The external wall surface amplitude 

of the sandwich PCM wall is 15.3℃, the internal wall surface 

amplitude further decreases to 0.58℃, the attenuation factor 

reaches 25.6, and the delay time is also 11.4 hours, with an 

attenuation increase of 86.5% and a delay increase of 3 hours. 

The external wall surface amplitude of the interior PCM wall 

is 15.6℃, and the internal wall surface amplitude is the lowest 

at only 0.44℃, with the highest attenuation factor of 34.2 and 

the longest delay time of 12.25 hours, with an attenuation 

increase of 144.2% and a delay increase of 2.68 hours. These 

data indicate that PCMs can significantly increase the 

temperature attenuation factor and peak delay time of walls, 

with the effect being most significant in interior PCM walls. 

According to the data in Table 3, there are significant 

differences in the heat storage coefficient of the external wall 

surface among different types of building walls. The heat flux 

density amplitude of the ordinary wall is 75.26 W/m², the 

temperature amplitude is 7.66℃, and the heat storage 

coefficient is 9.85 W/(m²·K). The heat flux density amplitude 

of the exterior PCM wall is 76.24 W/m², the temperature 

amplitude decreases to 6.45℃, and the heat storage coefficient 

increases to 11.23 W/(m²·K), which is an increase of 20.1% 

compared to the ordinary wall. The heat flux density amplitude 

of the sandwich PCM wall is 75.36 W/m², the temperature 

amplitude is 7.85℃, and the heat storage coefficient is 9.87 

W/(m²·K), with an increase of -0.2%. The heat flux density 

amplitude of the interior PCM wall is 75.85 W/m², the 

temperature amplitude is 7.69℃, and the heat storage 

coefficient is 9.65 W/(m²·K), with an increase of -0.1%. These 

data indicate that the exterior PCM wall significantly improves 

the heat storage coefficient, while the heat storage coefficients 

of the sandwich and interior PCM walls are not much different 

from that of the ordinary wall. 

The experimental results show that the exterior PCM wall 

performs best in improving the heat storage performance of 

walls, mainly due to the effective absorption and release of 

heat by the phase change energy storage material at the 

external wall surface, significantly reducing the temperature 

amplitude and thereby increasing the heat storage coefficient. 

The exterior PCM wall, through the thermal capacity effect of 

the phase change material, absorbs solar radiation heat during 

the day and releases heat at night, thereby significantly 

increasing the heat storage coefficient by 20.1% compared to 

the ordinary wall. The sandwich and interior PCM walls, due 

to the deeper position of the phase change material and the 

longer heat transfer path, do not perform as well in heat storage 

as the exterior PCM wall but still help to mitigate temperature 

fluctuations to some extent. This mechanism suggests that the 

application of PCMs in building walls can effectively improve 

heat storage performance, thereby enhancing building energy 

efficiency, reducing energy consumption, and achieving 

sustainable building design. By reasonably configuring the 

position and content of PCMs, the thermal performance of 

building walls is optimized, which helps improve indoor 

comfort and energy utilization efficiency. 

According to the data in Table 4, the application of different 

thicknesses of phase change energy storage material layers in 

building walls shows different peak-valley heat flux density 

attenuation rates. The 5 mm thickness phase change layer, at 

suitable phase change temperatures of 26℃, 28℃, and 30℃, 

has a maximum peak-valley heat flux density attenuation rate 

of 75.6%. The attenuation rate increases to 87.6% for the 10 

mm thickness phase change layer at suitable phase change 

temperatures of 28℃, 30℃, and 32℃. The 15 mm thickness 

phase change layer, at suitable phase change temperatures of 

26℃, 28℃, and 30℃, further increases the attenuation rate to 

92.3%. The 20 mm thickness phase change layer, at suitable 

phase change temperatures of 28℃, 30℃, and 32℃, achieves 

an attenuation rate of 95.4%. The 25 mm thickness phase 

change layer, at the same suitable temperatures, has an 

attenuation rate of 96.3%. The 30 mm thickness phase change 

layer, at suitable phase change temperatures of 28℃, 30℃, 

and 32℃, has the highest attenuation rate of 97.5%. These data 

indicate that as the thickness of the phase change layer 

increases, the peak-valley heat flux density attenuation rate 

significantly improves. 

 

Table 1. Summary of temperature simulation calculation results for different types of building walls 

 

Wall Type 
Comprehensive Air 

Temperature 

External Wall Surface 

Temperature 

Internal Wall Surface 

Temperature 

 Max Min Max Min Max Min 

Ordinary wall 

42.3℃ 25.1℃ 

42.6℃ 26.5℃ 27.8℃ 26.8℃ 

Exterior PCM wall 42.4℃ 26.3℃ 27.3℃ 26.5℃ 

Sandwich PCM wall 42.2℃ 26.2℃ 27.5℃ 27.2℃ 

Interior PCM wall 42.3℃ 27.4℃ 27.2℃ 27.3℃ 

 

Table 2. Summary of temperature attenuation factors and peak delay time calculation results for different types of building walls 

 

Wall Type 

External Wall 

Surface 

Amplitude (℃) 

Internal Wall Surface 

Amplitude (℃) 

Attenuation 

Factor 

Delay 

Time 

Attenuation 

Increase 

Delay 

Increase 

Ordinary wall 15.4 1.12 14.2 9.4h - - 

Exterior PCM wall 15.2 0.65 23.2 11.4h 68.2% 2h 

Sandwich PCM wall 15.3 0.58 25.6 11.4h 86.5% 3h 

Interior PCM wall 15.6 0.44 34.2 12.25h 144.2% 2.68h 
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Table 3. Summary of heat storage coefficient calculation results for the external wall surface of different types of building walls 

 

Wall Type 
External Wall Heat Flux 

Density Amplitude (W/m²) 

External Wall Surface Temperature 

Amplitude (℃) 

Heat Storage Coefficient 

W/(m²·K) 
Increase 

Ordinary wall 75.26 7.66 9.85 / 

Exterior PCM wall 76.24 6.45 11.23 20.1% 

Sandwich PCM wall 75.36 7.85 9.87 -0.2% 

Interior PCM wall 75.85 7.69 9.65 -0.1% 

 

Table 4. Summary of optimal combinations of phase change layer thickness and building walls for PCMs 

 
Phase Change Layer 

Thickness 
Suitable Phase Change Temperature 

Maximum Peak-Valley Heat Flux Density Attenuation 

Rate 

5 mm 26℃, 28℃, 30℃ 75.6% 

10 mm 28℃, 30℃, 32℃ 87.6% 

15 mm 26℃, 28℃, 30℃ 92.3% 

20 mm 28℃, 30℃, 32℃ 95.4% 

25 mm 28℃, 30℃, 32℃ 96.3% 

30 mm 28℃, 30℃, 32℃ 97.5% 

 

 
 

Figure 6. Comparison of the change in heat flux density on 

the inner wall surface of building walls during summer 

 

 
 

Figure 7. Comparison of the change in heat flux density on 

the inner wall surface of building walls during winter 

 

According to the data shown in Figure 6, the change in heat 

flux density on the inner wall surface of building walls during 

summer was compared between the PCM wall and the 

ordinary wall over a period of 25 days. The heat flux density 

on the inner wall surface of the PCM wall was relatively low 

in the first few days, for example, 4.8 W/m² on the 5th day, 

while the ordinary wall had a heat flux density as high as 9.8 

W/m² on the same day. Over time, the heat flux density 

fluctuations of the PCM wall remained small, generally 

between 4-6 W/m², for example, 4.4 W/m² on the 10th day, 6 

W/m² on the 15th day, and 5 W/m² on the 20th day. In contrast, 

the heat flux density fluctuations of the ordinary wall were 

larger, with data ranging between 2-14 W/m², for example, 4.6 

W/m² on the 10th day, 10.6 W/m² on the 15th day, and 4.8 

W/m² on the 20th day. The PCM wall exhibited relatively 

stable heat flux density throughout the period, while the 

ordinary wall showed more pronounced fluctuations in heat 

flux density. 

According to the data shown in Figure 7, the change in heat 

flux density on the inner wall surface of building walls during 

winter was compared between the PCM wall and the ordinary 

wall over a period of 30 days. The heat flux density on the 

inner wall surface of the PCM wall was relatively stable in the 

first few days, for example, 6 W/m² on the 5th day, while the 

ordinary wall had a heat flux density of 7.8 W/m² on the same 

day. Over time, the heat flux density fluctuations of the PCM 

wall remained small, mainly between 5-15.6 W/m², for 

example, 4 W/m² on the 10th day, 7 W/m² on the 15th day, and 

8.6 W/m² on the 20th day. In contrast, the heat flux density 

fluctuations of the ordinary wall were larger, with data ranging 

between 2-15.6 W/m², for example, 3 W/m² on the 10th day, 

10 W/m² on the 15th day, and 10 W/m² on the 20th day. The 

PCM wall exhibited relatively stable heat flux density 

throughout the period, while the ordinary wall showed more 

pronounced fluctuations in heat flux density. 

The experimental results indicate that the application of 

PCMs in building walls during winter significantly reduced 

the fluctuations in heat flux density on the inner wall surface, 

thereby effectively stabilizing the indoor temperature. This is 

due to the phase change material's ability to absorb and release 

large amounts of heat during the phase change process, 

maintaining a relatively stable heat flux density on the inner 

wall surface through the self-regulating temperature 

mechanism. The PCM wall exhibited smaller fluctuations in 

heat flux density throughout the experiment, reflecting its 

better thermal stability, while the ordinary wall showed larger 

fluctuations, indicating poorer thermal stability. The phase 

change material, by absorbing heat during the day and 

gradually releasing it at night, reduced the sudden rise and fall 

of indoor temperature, enhancing the thermal comfort of the 

building. Furthermore, the application of phase change 

materials can reduce the frequency and load of heating systems, 

thus achieving energy-saving effects. Overall, the application 

of PCMs in building walls not only improves the thermal 

comfort of buildings but also significantly increases energy 

efficiency, offering broad promotion value. 
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7. CONCLUSION 

 

This paper established a mathematical model of PCMs in 

building walls, combined with theoretical analysis and 

numerical simulation, to reveal the self-regulating temperature 

mechanism of PCMs. The experimental results include the 

trends of temperature and liquid fraction changes on the 

bottom and top surfaces of PCMs in building walls at different 

times, as well as the temperature simulation calculation results 

for different types of building walls. Through the summary 

analysis of the optimal combination of phase change layer 

thickness and suitable phase change temperature, it was found 

that PCMs can significantly reduce the fluctuations in heat flux 

density on the inner wall surface of building walls, thereby 

effectively improving the stability and comfort of indoor 

temperature. In addition, the comparative analysis of the heat 

flux density on the inner wall surface of building walls during 

summer and winter further verified the significant energy-

saving effects of PCMs. This study reveals that the application 

of PCMs in building walls can significantly regulate indoor 

temperature by absorbing and releasing heat, reducing 

temperature fluctuations, improving thermal comfort, and 

reducing energy consumption. The experimental data and 

simulation results provide experimental evidence supporting 

the potential application value of phase change materials in 

energy-saving building design. The application of PCMs can 

reduce the load on air conditioning and heating systems, 

thereby reducing energy consumption and achieving the goal 

of energy conservation and environmental protection. 

Although this study revealed the significant effects of PCMs 

in building walls, there are certain limitations in the research. 

Firstly, the experimental conditions and simulation 

environment may not fully reflect the complexity and diversity 

of actual building environments. In addition, this study 

focused primarily on phase change materials with specific 

thicknesses and temperature ranges, and did not 

comprehensively cover the diversity of material properties and 

application conditions. Future research can further explore the 

effects of different phase change materials and broader 

application conditions. Future studies should further expand 

the scope of research on PCMs, including different types and 

compositions of phase change materials, as well as their 

application effects under different climate conditions and 

building types. Additionally, the thickness and phase change 

temperature of phase change materials can be further 

optimized to find more efficient and economical material 

combinations. Through long-term testing in actual building 

environments, the long-term stability and energy-saving 

effects of PCMs in different application scenarios can be 

verified. Furthermore, research should focus on how to 

combine intelligent control systems to further enhance the 

temperature regulation effect of phase change materials, 

achieving more efficient building energy-saving goals. 

 

 

ACKNOWLEDGMENT 

 

This paper was supported by Science and Technology 

Research Project of Chongqing Municipal Education 

Commission (“Study on self-regulating temperature 

mechanism and applicability of phase change energy storage 

building wall structures”). 

 

 

REFERENCES  

 

[1] Blumberga, A., Cilinskis, E., Gravelsins, A., Svarckopfa, 

A., Blumberga, D. (2018). Analysis of regulatory 

instruments promoting building energy efficiency. 

Energy Procedia, 147: 258-267. 

https://doi.org/10.1016/j.egypro.2018.07.090 

[2] Koirala, B.S., Bohara, A.K. (2021). Do energy efficiency 

building codes help minimize the efficiency gap in the 

US? A dynamic panel data approach. Energy & 

Environment, 32(3): 506-518. 

https://doi.org/10.1177/0958305X20943881 

[3] Adly, B., El-Khouly, T. (2022). Combining retrofitting 

techniques, renewable energy resources and regulations 

for residential buildings to achieve energy efficiency in 

gated communities. Ain Shams Engineering Journal, 

13(6): 101772. 

https://doi.org/10.1016/j.asej.2022.101772 

[4] Baek, S.G. (2021). Plan for the sustainability of public 

buildings through the energy efficiency certification 

system: Case study of public sports facilities, Korea. 

Buildings, 11(12): 589. 

https://doi.org/10.3390/buildings11120589 

[5] Preda, A., Popescu, L.L., Popescu, R.S. (2018). 

Increasing the energy efficiency of existing buildings. In 

Advanced Topics in Optoelectronics, Microelectronics, 

and Nanotechnologies IX, 10977: 705-708. 

[6] Faranda, R.S., Fumagalli, K., Oliva, F. (2023). Tips for 

buildings energy saving: Results of some research. 

Energies, 16(3): 1284. 

https://doi.org/10.3390/en16031284 

[7] Hinkle, L.E., Wang, J., Brown, N.C. (2022). Quantifying 

potential dynamic façade energy savings in early design 

using constrained optimization. Building and 

Environment, 221: 109265. 

https://doi.org/10.1016/j.buildenv.2022.109265  

[8] Liu, Z., Teng, R., Sun, H. (2022). Application of phase 

change energy storage in buildings: Classification of 

phase change materials and packaging methods. Thermal 

Science, 26(5): 4315-4332. 

https://doi.org/10.2298/TSCI211122045L 

[9] Li, C., Yu, H., Song, Y., Liu, Z. (2019). Novel hybrid 

microencapsulated phase change materials incorporated 

wallboard for year-long year energy storage in buildings. 

Energy Conversion and Management, 183: 791-802. 

https://doi.org/10.1016/j.enconman.2019.01.036 

[10] Musiał, M., Lichołai, L., Katunský, D. (2023). Modern 

thermal energy storage systems dedicated to autonomous 

buildings. Energies, 16(11): 4442. 

https://doi.org/10.3390/en16114442 

[11] Sonare, S.N., Jaiswal, S.J., Mahanwar, P.A. (2022). 

Review on applications of microencapsulated phase 

change material in buildings for thermal storage system. 

Journal of Polymer Research, 29(9): 365. 

https://doi.org/10.1007/s10965-022-03212-1 

[12] McKenna, P., Turner, W.J., Finn, D.P. (2021). Thermal 

energy storage using phase change material: Analysis of 

partial tank charging and discharging on system 

performance in a building cooling application. Applied 

Thermal Engineering, 198: 117437. 

https://doi.org/10.1016/j.applthermaleng.2021.117437 

[13] Louanate, A., Otmani, R.E., Kandoussi, K., Boutaous, 

M.H. (2021). Dynamic modeling and performance 

assessment of single and double phase change material 

1383



 

layer–integrated buildings in Mediterranean climate zone. 

Journal of Building Physics, 44(5): 461-478. 

https://doi.org/10.1177/1744259120945361 

[14] Zsembinszki, G., Fernández, A.G., Cabeza, L.F. (2020). 

Selection of the appropriate phase change material for 

two innovative compact energy storage systems in 

residential buildings. Applied Sciences, 10(6): 2116. 

https://doi.org/10.3390/app10062116 

[15] Sarcinella, A., De Aguiar, J.L.B., Lettieri, M., Cunha, S., 

Frigione, M. (2020). Thermal performance of mortars 

based on different binders and containing a novel 

sustainable phase change material (PCM). Materials, 

13(9): 2055. https://doi.org/10.3390/ma13092055 

[16] Rathore, P.K.S., Gupta, N.K., Yadav, D., Shukla, S.K., 

Kaul, S. (2022). Thermal performance of the building 

envelope integrated with phase change material for 

thermal energy storage: An updated review. Sustainable 

Cities and Society, 79: 103690. 

https://doi.org/10.1016/j.scs.2022.103690 

[17] Waqas, A., Ji, J., Ali, M., Alvi, J.Z. (2018). Effectiveness 

of the phase change material-based thermal energy 

storage integrated with the conventional cooling systems 

of the buildings–A review. Proceedings of the Institution 

of Mechanical Engineers, Part A: Journal of Power and 

Energy, 232(6): 735-766. 

https://doi.org/10.1177/0957650917754033 

[18] Zhang, Y., Wang, X., Wei, Z., Zhang, Y., Feng, Y. 

(2018). Sodium acetate–urea composite phase change 

material used in building envelopes for thermal 

insulation. Building Services Engineering Research and 

Technology, 39(4): 475-491. 

https://doi.org/10.1177/0143624417743491 

[19] Fullenkamp, K., Montané, M., Cáceres, G., Araya-

Letelier, G. (2019). Review and selection of EPCM as 

TES materials for building applications. International 

Journal of Sustainable Energy, 38(6): 561-582. 

https://doi.org/10.1080/14786451.2018.1543307 

[20] Jeon, J., Park, J.H., Wi, S., Yang, S., Ok, Y.S., Kim, S. 

(2019). Latent heat storage biocomposites of phase 

change material-biochar as feasible eco-friendly building 

materials. Environmental Research, 172: 637-648. 

https://doi.org/10.1016/j.envres.2019.01.058 

[21] Navarro, L., Solé, A., Martín, M., Barreneche, C., 

Olivieri, L., Tenorio, J.A., Cabeza, L.F. (2019). 

Benchmarking of useful phase change materials for a 

building application. Energy and Buildings, 182: 45-50. 

https://doi.org/10.1016/j.enbuild.2018.10.005 

 

1384




