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Abstract: Buildings in cities with pronounced seasonal variations require envelope systems capable of responding to both summer
cooling and winter heating demands. This study proposes a climate-adaptive wall incorporating a single layer of composite phase change
material (CPCM) with two phase change temperatures (PCTs), thereby avoiding the structural complexity of conventional multilayer
phase change material (PCM) walls. A three-dimensional heat transfer model was established and validated to optimize the PCM layer
position, thickness, and target PCTs under the climatic conditions of Nanjing. The results indicate that the optimal configuration places
a 10 mm CPCM layer at the middle of the wall, with target PCTs of 32 °C for summer and 14.5 °C for winter. Based on these targets, a
binary non-eutectic caprylic acid–tetradecanol CPCM with a mass ratio of 3.0:7.0 was prepared, exhibiting two PCTs of 14.67 °C and
36.67 °C and a total latent heat of 143.83 J/g. Compared with an ordinary wall, the CPCM wall reduced indoor surface temperature
amplitude by 39.55% in summer and 18.09% in winter. Relative to a single PCM wall, the corresponding reductions were 25.88%
and 5.71%. The maximum indoor surface heat flux reductions reached 16.23 W/m² in summer and 3.84 W/m² in winter. In addition,
a transferable climate–wall–material design framework was developed for adapting the proposed method to different cities and wall
structures. These findings demonstrate that single-layer dual-PCT CPCM walls can enhance seasonal thermal buffering and support
energy-flexible building design in smart cities.

Keywords: composite phase change material, dual phase change temperatures, seasonal thermal energy storage, climate-adaptive
building envelope, smart cities

1. Introduction

Global climate change induced by rising temperatures poses
unprecedented challenges to human society, with the building sec-
tor accounting for 39% of global energy-related carbon emissions
[1]. As a key contributor to energy consumption, improving build-
ing energy efficiency is critical for achieving carbon neutrality
goals [2].

Phase change materials (PCMs) have gained significant atten-
tion as effective heat storage media in building applications,
owing to their exceptional heat storage capacity and temperature-
stabilizing phase change properties [3, 4]. When integrated into
building envelopes, PCMs absorb excess thermal energy during
their daytime endothermic phase transition. This occurs as solar
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radiation and ambient heat generate heat fluxes that penetrate the
wall structure, effectively delaying ormitigating the peak heat influx
into the interior. As ambient temperatures decline at night, PCMs
release the stored thermal energy to both indoor and outdoor envi-
ronments, stabilizing indoor temperatures. This thermal regulation
improves indoor comfort conditions while simultaneously decreas-
ing Heat, Ventilation & Air-conditioning (HVAC) runtime and
achieving energy savings [5, 6]. Numerical simulations and exper-
imental validation claim that using PCMs in walls can reduce the
total indoor thermal load by 54.12% relative to ordinary walls and
increase the coefficient of performance of indoor air conditioning
by 23%, with significant economic benefits [7].

Current research on PCM-enhanced walls has focused on
three primary integration methods: direct mixing [8], immersion
[7], and macro-encapsulation [9]. Recent advancements by Al-
Absi et al. [10] revealed that microencapsulated PCMs in foam
concrete could reduce peak inner surface temperature by 3.95 °C.

Pdf_Fol io:1

©The Author(s) 2026. Published by BON VIEW PUBLISHING. This is an open access article under the CC BY License (https://creativecommons.org/licenses/by/4.0/).

01

https://doi.org/10.47852/bonviewSSC620211542
https://orcid.org/0009-0003-4629-7567
https://orcid.org/0000-0001-9033-1396
https://orcid.org/0000-0002-9791-7848
mailto:zhaichong@nnu.edu.cn
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Sustainability in Smart Cities Vol. 00 Iss. 00 2026

Similarly, Abbas et al. [11] reported a 23.84% reduction in tem-
perature fluctuations through PCM-incorporated hollow bricks.
Wijesuriya and Tabares-Velasco [12] found a 2–3 °C reduction in
the inner surface peak temperature and 2.5 hours increment in
time lag. These findings prove the efficacy of PCM incorporation
approaches for optimizing building thermal performance [13].

The thermal regulation capacity of PCM walls depends crit-
ically on material characteristics and design parameters. Key
factors include PCM layer thickness [14], phase change tempera-
ture (PCT) [15, 16], integration position [17], and quantity [18].
Sun et al. [19] established that optimal PCM thickness varies
nonlinearly with thermal performance. Li et al. [20] identified
distinct optimal PCT ranges for summer (26–30 °C) and win-
ter (20–24 °C). Wu et al. [21] optimized the position of the
multilayer PCM in the wall to obtain the best thermal flux
and temperature fluctuations. The selection of PCM thickness,
position, and melting point is closely related to the climatic con-
ditions of the region [22]. However, ordinary single-PCT systems
face limitations in regions with significant seasonal variations, as
they cannot simultaneously address summer cooling and winter
heating requirements [23, 24].

Researchers have discovered that the limitation of a single
PCT can be overcome by combining multiple layers of PCMs
with different transition temperatures. Wang et al. [25] applied
a dual-layer material with low and high PCTs of 36.5 °C and
41 °C, respectively, to a battery thermal management system
(BTMS). They proposed three fundamental design principles,
providing theoretical guidance for optimizing BTMS with dual-
layer PCMs. Gao et al. [26] demonstrated that double-layer PCM
walls achieved the best overall annual performance compared to
single-layer systems. Arfi et al. [27] further reported a 15% indoor
temperature fluctuation reduction and a 3 °C surface temper-
ature reduction in summer, a 13 °C indoor temperature heat
flux reduction, and a 2.5% attenuation rate reduction in winter
through optimized dual-PCM arrangements. Louanate et al. [28]
also claimed that a double-layer system in the Mediterranean cli-
mate using two different PCMs achieved an annual energy savings
of 55.41%. While promising, such multilayer designs introduce
construction complexity and may compromise wall structural
integrity [29]. Beyond wall-integrated systems, multilayer PCM
designs have also been explored in roofs, ventilated facades, and
passive ventilation ducts, where they improve thermal buffering
and seasonal adaptability. While effective, these approaches typ-
ically increase structural thickness and construction complexity.
In contrast, the present study introduces a single-layer composite
phase change material (CPCM) wall with dual PCTs, achieving
comparable adaptability in a simpler and more practical form.
Compared with these multilayer PCM configurations, the pro-
posed CPCM approach offers notable advantages. By integrating
dual PCTs into a single composite material layer, it provides sea-
sonal adaptability without the need for multiple PCM layers.
This simplifies the structural design, avoids excessive wall thick-
ness, and reduces construction complexity, while still maintaining
effective thermal regulation in both summer and winter. Such
compactness and feasibility make CPCM-based walls more prac-
tical for large-scale building applications, thereby enhancing their
potential for real-world deployment. This motivates our investi-
gation into CPCMs with dual PCTs as an innovative single-layer
solution, which is more compact and simpler than the two-layer
PCM-based temperature-regulating walls.

In this study, we propose a novel seasonal composite PCM
wall system using binary CPCMs with distinct summer/winter
PCTs. Focusing on the Nanjing climate, we establish a 3D heat

transfer model to systematically investigate the effects of PCM
position, PCT selection, and layer thickness on wall thermal
performance. Through numerical simulations validated by exper-
imental data, we determine optimal design parameters for a
period of 48 hours of operation under actual working conditions.
This research advances the development of seasonally adaptive
building envelopes for enhanced energy efficiency.

2. Climate-Adaptive Design and Methodology

2.1. Building wall model and validation

2.1.1. Physical model
The physical model structure of the wall is shown in

Figure 1; from the outside to the inside, it consists of 15 mm of
cement mortar (Layer I), 180 mm of clay brick masonry (Layer
II), 15 mm of gypsum board (Layer III), and a PCM layer
(Layer IV). The dimensional parameters are 300 mm × 300 mm× 220 mm. This study adopts a macro-encapsulation approach, in
which the CPCM is physically confined within a sealed container
to prevent leakage of the molten material into the surround-
ing wall layers. Besides, the solid–liquid phase transition of the
CPCM layer was modeled using the Solidification/Melting model,
which has been widely applied in PCM-based building envelope
research. The physical properties of these materials are shown in
Table 1.

Figure 1
The physical model structure

To establish a computationally efficient heat transfer model
for the PCM-integrated wall system, the following simplifications
were implemented:

1) The internal part of the PCM wall only considers heat transfer
by conduction;

2) Convection arising from liquid PCM motion is considered
negligible;
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Table 1
Thermal and physical property parameters of the wall structure

Material Thickness /e [mm]
Thermal conductivity /𝜆

[W/(m·K)] Density/𝜌 [kg/m3]
Heat

capacity/Cp [J/(kg·K)]

Cement mortar (I) 15 0.93 1800 1050

Clay brick masonry (II) 180 0.81 1800 1050

Gypsum board (III) 15 0.57 1100 1000

3) Material properties remain temperature-invariant, except for
the PCM’s apparent heat capacity during phase transition;

4) Material properties are treated as homogeneous and isotropic.

2.1.2. Numerical model and boundary conditions
Mesh generation was performed using Gambit software,

employing a type 4 model as an example. The mesh quality anal-
ysis revealed that the number of meshes with a quality value
less than 0.1 accounted for 99%, meeting ANSYS Fluent quality
standards.

A systematic independence study compared four mesh reso-
lutions (3–5 mm minimum size). As shown in Table 2, the 4 mm
mesh (1.28 × 103 elements) achieved <0.1% variation in inner sur-
face temperature compared to finer 3 mm meshes, while reducing
computational time by 41%. This resolution optimally balances
accuracy and efficiency.

Table 2
Grid independence study

Minimum
size/mm Elements/ × 103

Wall inner surface
temperature/K

3.0 219 300.261
4.0 128 300.231
4.5 96 300.191
5.0 79 300.158

Establish the governing equations based on the enthalpy
method model; when PCMs are present in the wall, select the
Solidification/Melting model to simulate the phase change pro-
cess. The indoor air temperature of the wall in summer is
299.15 K, and in winter, it is 291.15 K [30]; the other surfaces are
set as adiabatic boundaries. The initial temperature of the PCT-
regulating wall is set to 299.15 K in summer and 283.15 K in
winter.

Considering the influence of solar radiation and environmen-
tal temperature, this paper adopts the comprehensive outdoor air
temperature (COT) as the outdoor temperature of the wall [31].
Figures 2(a) and (b) show the outdoor ambient temperature, solar
radiation intensity, and the COT of the outdoor wall surface for
summer and winter in Nanjing, respectively.

Toq = T0 + 𝛼 · I
h0

(1)

where Toq is the COT of the outer surface of the wall, K, and
To is the outdoor climate environmental temperature, K. The
outdoor climate environmental temperature data for typical sum-
mer and winter days in Nanjing are measured by the China

Meteorological Administration [32]; 𝛼 is the outer surface solar
absorptivity of the wall; I is the outdoor climate environmental
solar flux density, W/m²; the outdoor climate environmental solar
flux density for typical summer and winter days in Nanjing is
obtained from the Weather Network [32]; and ho is the convec-
tive heat transfer coefficient of the outer surface of the building
wall. The convective heat transfer coefficient is 19 W/(m²·K) in
summer and 23 W/(m²·K) in winter [33].

2.1.3. Model validation
The numerical model was validated against experimental

data from Reference [34] for walls under the same simula-
tion conditions. The thermophysical properties of the panels
and materials used for constructing the reference chamber and
the PCM chamber are presented in Table 3. As demonstrated
in Figure 3, simulation results show excellent agreement with
experimental measurements. The peak temperature difference is
approximately 0.14 K with a time lag of 47.5 minutes, while the
valley temperature difference is 0.96 K with a time advance of
5 seconds.

2.2. Thermal performance evaluation indicators

The thermal efficiency of PCM walls can be assessed by
analyzing two key parameters: temperature delay time and atten-
uation factor. These metrics primarily reflect variations in the
outer surface temperature of PCM wall systems [35, 36].

Temperature delay time is defined as:

𝜑T = 𝜏Ti,max − 𝜏To,max (2)

The temperature attenuation factor is defined as:

fT = Ti,max − Ti,min
To,max − To,min (3)

where 𝜏Ti,max and 𝜏To,max represent the times when the inner and
outer surface temperatures of the PCM wall reach their maximum
values, respectively; Ti,max and To,max represent the maximum
values of the inner surface temperature and the outer surface tem-
perature of the wall, respectively; and Ti,min and To,min represent
the minimum values of the inner surface temperature and the
outer surface temperature of the wall, respectively.

As illustrated in Figure 4, an extended temperature delay
time and a lower attenuation factor signify enhanced thermal
buffering performance, effectively mitigating outdoor temperature
fluctuations on indoor environments.

3. Climate-Driven PCM Layer Optimization

In this study, “optimal” is defined based on the overall
thermal regulation performance rather than a single indicator.
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Figure 2
The outdoor climatic environment in Nanjing: (a) summer outdoor climatic environment and (b) winter outdoor climatic environment

Table 3
Thermophysical properties of the panels and materials used to construct the reference room and the PCM room

Material Density (kg/m3) Thermal conductivity (W/(m·K)) Specific heat capacity (J/(kg·K))

OSB 696.1 0.19 1869
EPS 10.3 0.045 1380
Plasterboard 803.1 0.33 1013
PVC 1367 0.20 1040
CaCl2·6H2O /EG 875 3.2 2516

RT27/EG 875 2.5 2206

Figure 3
Comparative validation of inner surface temperatures between

numerical and experimental results

A longer temperature delay time, a lower attenuation factor, and
a lower inner surface heat flux were jointly considered for the
selection of PCM position and PCT. For PCM thickness, material
usage and cost were additionally considered, and the thick-
ness at which further increases produced only marginal thermal
improvement was selected.

3.1. Optimization of PCM layer position

Six distinct wall configurations were established by vary-
ing the PCM layer placement within the multilayered wall
structure (Figure 5). The injection positions spanned from
exterior-proximal (Type 2) to interior-proximal (Type 6) place-
ments, enabling comparative analysis of thermal buffering effects
relative to wall depth.

3.1.1. Summer performance
The thermal regulation performance of phase change walls

was systematically evaluated through seasonal simulations com-
paring six distinct PCM injection positions (Figure 5). In
summer conditions, Figure 6(a) demonstrates that ordinary
walls (Type 1) exhibited the highest inner surface temperature
fluctuation (305.80 K max vs 301.29 K min), while PCM-
enhanced walls showed reduced thermal variability. Notably, Type
6 configuration (innermost PCM placement) achieved the low-
est peak temperature of 304.87 K, attributable to its proximity
to the interior surface, enabling later phase change initiation.
The observed 4-hour temperature plateau in Type 6 corre-
sponds to the latent-heat absorption period during PCM melting
(Figure 6(a)), effectively buffering external thermal perturbations.

Thermal flux analysis (Figure 6(b)) revealed that all PCM-
integrated walls reduced heat transfer by 8.14 W/m² compared to
ordinary walls. Type 6 exhibits the best performance, featuring the
longest temperature delay time (6.39 h) and the lowest attenuation
factor (0.121), followed by Type 4 with a temperature delay time of
6.25 hours and an attenuation factor of 0.121. This phenomenon
arises from balanced heat propagation dynamics, where centrally

Pdf_Fol io:404



Sustainability in Smart Cities Vol. 00 Iss. 00 2026

Figure 4
Schematic illustration of temperature delay time and attenuation factor

Figure 5
Schematic diagram of building wall models with PCM in different injection locations

located PCM layers effectively intercept thermal waves from both
exterior and interior surfaces.

3.1.2. Winter performance
Figures 6(c) and 6(d) present the winter thermal perfor-

mance of various PCM configurations. The ordinary wall (Type
1) showed maximum and minimum inner surface temperatures of
289.96 K and 287.14 K, respectively (ΔT = 2.82 K). PCM integra-
tion reduced this amplitude by 15–22%, with Type 4 configuration
maintaining the most stable thermal environment (ΔT = 2.22 K).

The daily phase change cycle exhibited distinct winter
characteristics—PCM melting initiated 3.2 hours later than sum-
mer conditions due to reduced thermal driving forces. As shown
in Figure 6(c), all PCM configurations completed solidification
within nocturnal periods, confirming effective diurnal energy
cycling. Heat flux analysis (Figure 6(d)) revealed PCM walls
reduced heat loss by 19–31%, with Type 4 configuration absorbing
4.06 W/m² less than ordinary construction during peak heating
hours. The seasonal adaptation capability demonstrates that mid-
wall PCM placement (Type 4) achieved an 8.61-hour temperature
delay (55% improvement over baseline) and a 0.112 attenuation
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Figure 6
Summer and winter performance of PCM wall at different injection positions: (a) summer inner surface temperature and liquefaction

rate, (b) summer heat flux on the inner surface of the PCM wall, (c) winter inner surface temperature and liquefaction rate, and
(d) winter heat flux on the inner surface of the PCM wall

factor (21% reduction). This configuration extended thermal lag
by 2.05 hours compared to summer operation, highlighting its
responsiveness to seasonal thermal load variations.

Based on the comparison of temperature delay time and
attenuation factor, Type 4 performs best in winter and ranks
second in summer. Considering both seasons, when replacing
two single PCMs with one CPCM, the middle position should
be selected for the PCM layer placement. The balanced thermal
resistance distribution in central positioning minimizes thermal
bridging effects while maximizing PCM utilization efficiency
during phase transitions, making it the optimal configuration
for Nanjing’s continental monsoon climate characterized by
significant seasonal temperature variations.

3.2. Optimization of PCM layer thickness

As shown in Figure 7, PCM layer thickness was varied
from 0 to 15 mm across five configurations (within the thick-
ness range that exerts negligible influence on the wall structure
[37, 38]), balancing thermal mass enhancement against material
cost considerations.

3.2.1. Summer response
To explore the influence of PCM thickness on the thermal

performance of the wall in summer, five distinct thicknesses, as
depicted in Figure 7, were selected for investigation. The tempo-
ral variations of the inner surface temperature of the wall and
the liquefaction rate of the PCM within the wall are presented in
Figure 8(a), while Figure 8(b) shows the changes in the heat flux
density on the inner surface of the wall over time.

As evident from Figure 8(a), all five PCM thickness con-
figurations underwent melting and solidification processes. The
highest inner surface temperature of the 15-mm-thick PCM wall
was 1.46 K lower than that of the 0-mm-thick wall, and it was
comparable to that of the 10-mm-thick wall. This indicates that
PCM layers with thicknesses of 10 mm and 15 mm are more effec-
tive in reducing the inner surface temperature of the PCM wall.
By lowering the inner surface temperature, less heat is transferred
into the indoor space, thereby reducing the energy consumption
required for indoor cooling.

Figure 8(b) reveals that the inner surface of the building wall
is constantly in a state of releasing heat to the indoor environment.
At any given moment, as the thickness of the PCM increases,
the absolute value of the inner surface heat flux density gradually
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Figure 7
Schematic diagram of building walls with PCMs in different injection thicknesses

decreases. Notably, there is no significant difference in heat flux
density between the 10 mm and 15 mm thicknesses.

It can also be observed that as the PCM thickness increases,
the inner surface temperature delay time of the PCM wall
becomes longer, and the attenuation factor becomes smaller.
However, an increase in the PCM layer thickness also leads to a
corresponding increase in cost. By comparing the effects of 10 mm
and 15 mm PCM thicknesses on the inner surface temperature
of the wall in both summer and winter, it was found that the
changes in temperature delay time and attenuation factor are min-
imal. Considering both performance and cost, a PCM thickness
of 10 mm is deemed optimal for summer applications.

3.2.2. Winter response
Figure 8(c) illustrates the temporal variations of the inner

surface temperature of the wall and the liquefaction rate of the
PCM within the wall, and Figure 8(d) shows the changes in the
heat flux density on the inner surface of the wall over time.

Figure 8(c) indicates that melting and solidification processes
occurred for all five material thicknesses. During the night, the
minimum temperature on the inner surface of the 15-mm-thick
wall was higher than that of the 0-, 1-, and 5-mm-thick walls. The
10- and 15-mm-thick PCM layers absorbed the least amount of
heat from the interior, meaning they required less heat to be sup-
plied by the heating system, and their performance in this regard
was similar. Figure 8(d) shows that an increase in PCM thickness
reduces the amount of heat absorbed by the inner surface of the
wall from the indoor environment. This effectively acts as better
insulation, preventing indoor heat from being transferred to the
outdoor environment.

In the ordinary wall without PCM, the inner surface temper-
ature delay time was 5.56 hours, and the temperature attenuation
factor was 0.142. When the PCM thickness was 10 mm, the PCM
wall exhibited the longest inner surface temperature delay time
of 7.22 hours and the smallest temperature attenuation factor of
0.119. Therefore, a 10-mm PCM thickness is recommended for
winter, as it is more conducive to maintaining a stable indoor
temperature and reducing heat loss.

It can be concluded that a PCM thickness of 10 mm is the
most suitable choice for the PCM wall after a comprehensive
evaluation. This thickness strikes a balance between enhancing
thermal performance and controlling costs, making it an ideal
option for practical applications in the Nanjing region. It should
be emphasized that the recommended 10 mm CPCM thickness
is derived from simulations based on the specific wall configura-
tion used in this study, consisting of cement mortar, clay brick,
and gypsum board. The optimal thickness is sensitive to the ther-
mal conductivity, density, and heat capacity of the surrounding
wall layers, as well as construction practices that determine overall
thermal resistance. Therefore, while 10 mm was found to be opti-
mal under the present conditions, the same value may not apply
to other wall assemblies or construction types.

3.3. Identification of target PCTs

We referred to the literature byMeng et al. [39] and selected a
PCT of 18 °C for winter and 29 °C for summer in the simulations.
The results showed that the PCM in the wall was unable to achieve
a complete melting and solidification process.

Therefore, based on the reference literature [40, 41] and com-
bined with the climatic conditions of the Nanjing area, we selected
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Figure 8
Summer and winter performance of PCM wall with different PCM thicknesses: (a) summer inner surface temperature and liquefaction
rate, (b) summer heat flux on the inner surface of the PCM wall, (c) winter inner surface temperature and PCM liquefaction rate, and

(d) winter heat flux on the inner surface of the PCM wall

an optimized temperature range of 23–35 °C for summer and
12.5–20.5 °C for winter to determine the optimal PCT under the
climatic conditions of Nanjing (Table 4).

Table 4
Different PCTs of PCM

PCI/°C
No. Summer Winter

I 23.0 12.5
II 26.0 14.5
III 29.0 16.5
IV 32.0 18.5
V 35.0 20.5

3.3.1. Summer target PCT
To evaluate the effect of PCT on thermal performance, five

distinct PCT configurations listed in Table 4 were simulated.
Figure 9(a) illustrates the temporal evolution of the inner sur-

face temperature and PCM liquefaction rate. PCM layers with
PCTs of 23 °C, 26 °C, and 29 °C undergo daytime melting but fail
to solidify at night, resulting in incomplete phase change cycles.
This phenomenon arises because the low-set PCTs cause the wall

temperature to remain above the solidification point throughout
the night, preventing latent-heat release. In contrast, PCTs of 32 °C
and 35 °C enable full daily phase change cycles: daytime melting
stores excess heat from solar radiation, and nighttime solidifica-
tion releases stored latent heat, stabilizing the indoor environment.
Consequently, these higher PCTs reduce inner surface temperature
fluctuations, enhancing thermal comfort.

Figure 9(b) reveals that all PCM walls exhibit heat-releasing
behavior on their inner surfaces. During peak solar radiation
and ambient temperature (12:00–15:00), the 32 °C and 35 °C
PCT walls demonstrate the lowest heat flux densities, indicating
minimal heat transfer to the indoor space. This outcome aligns
with their ability to sustain latent-heat storage during the hottest
periods, effectively mitigating thermal intrusion.

The 32 °C PCT wall achieves the longest temperature delay
time (6.51 hours) and smallest attenuation factor (0.117), out-
performing other configurations. These results highlight that an
optimal PCT ensures complete phase change cycles, delaying
heat transfer and reducing cooling loads by leveraging latent-heat
storage during summer.

3.3.2. Winter target PCT
For winter conditions, the five PCTs were analyzed, with

results presented in Figure 9(c) (inner surface temperature and
liquefaction rate) and Figure 9(d) (inner surface heat flux density).
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Figure 9
Summer and winter performance of PCM wall with different PCM thicknesses: (a) summer inner surface temperature and the

liquefaction rate, (b) summer heat flux on the inner surface of the PCM wall, (c) winter inner surface temperature and the liquefaction
rate, and (d) winter heat flux on the inner surface of the PCM wall

Figure 9(c) shows that PCTs of 12.5 °C and 14.5 °C facilitate
daily melting-solidification cycles, allowing the PCM to absorb
indoor heat during the day and release it at night. Conversely,
higher PCTs (16.5 °C, 18.5 °C, 20.5 °C) remain in a solid state, as
winter heat flux densities are insufficient to trigger melting. This
indicates that excessively high PCTs render the PCM ineffective
for winter thermal regulation.

Figure 9(d) demonstrates that all PCM walls absorb heat
from the indoor environment, with the 12.5 °C and 14.5 °C PCT
walls exhibiting the highest heat flux densities. This paradox arises
because lower PCTs enable more frequent phase changes, enhanc-
ing heat absorption during the day and releasing stored heat at
night, thereby reducing net heat loss.

The 14.5 °C PCT wall is the optimal performer, featuring
the longest delay time (7.92 hours) and a low attenuation factor
(0.105). These metrics indicate improved thermal inertia, effec-
tively minimizing indoor heat loss and reducing heating energy
demand.

Through comparative analysis of delay times and attenuation
factors, the optimal PCTs are determined as 32 °C for summer
and 14.5 °C for winter. These values strike a balance between
latent-heat utilization and climatic requirements: the higher sum-
mer PCT prevents incomplete melting, while the lower winter
PCT ensures effective heat storage and release under lower ambi-
ent temperatures. This seasonal optimization strategy enhances

the adaptive thermal performance of PCM walls, aligning with
the climatic characteristics of the Nanjing region.

4. Thermodynamic Design of Dual-PCT CPCMs

4.1. Candidate PCM library and binary PCM system

The numerical simulation results indicated that the optimal
PCTs for the PCMs in the PCM wall are 32 °C in summer
and 14.5 °C in winter. Based on the simulated temperature, nine
single PCMs were selected for theoretical calculations: octanoic
acid (OA), caprylic acid (CA), tetradecanol (TD), lauric acid
(LA), paraffin wax (62#), myristic acid (MA), octadecanol (C18),
palmitic acid (PA), and stearic acid (SA). The detailed information
about the candidate PCM is listed in Table 5.

The eutectic points of binary PCMs were determined using
the Schrader equation and phase diagrams among these 9 PCMs.
The eutectic PCT and latent heat of binary PCM combinations
are presented in Figures 10(a) and (b).

4.2. Non-eutectic design of CPCMs

To meet the energy storage requirements of building walls in
both winter and summer and to reduce the energy consumption of
indoor air conditioning equipment in the walls, it is necessary to
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Table 5
Candidate PCM library

Name Molecular formula Molecular weight PCT (°C) Price (yuan/100g)

OA C8H16O2 144.21 16.0~16.5 12.09

CA C10H20O2 172.26 ≥29.0 11.89

TD C14H30O 214.39 36.5~39.5 9.00

LA C12H24O2 200.32 41.0~45.0 11.64

62# CnH2n+2 394.00 60.0~62.0 4.38

MA C14H28O2 228.37 54.0~55.0 14.40

C18 C18H38O 270.49 56.0~68.0 10.36

PA C16H32O2 256.42 62.5~64.5 12.40

SA C18H36O2 284.48 67.0~70.0 8.00

Figure 10
Eutectic PCTs and enthalpy with mass ratio of binary PCM combinations: (a) eutectic phase change temperature and (b) eutectic

enthalpy

select CPCMs with two PCTs. The PCT should be around 32 °C
in summer and around 14.5 °C in winter. Through experimental
studies and theoretical calculations on single PCMs and binary
eutectic PCMs, the suitable PCMs OA, CA, TD, and PA were
selected.

Avoiding the eutectic mass ratios obtained from theoreti-
cal calculations using the Schroder formula, a series of binary
non-eutectic CPCMs were prepared, and their thermophysical
properties are shown in Table 6. As indicated in the table, when the
CA–TD is developed in ratio 2 (3.0:7.0), the low and high PCTs
are 14.67 °C and 36.67 °C, respectively, which meet the temper-
ature requirements for PCMs in PCM walls in the Nanjing area.

4.3. Experimental test of developed CPCMs

The differential scanning calorimetry (DSC) curves of binary
non-eutectic PCMs CA–TD with different ratios are shown in
Figure 11(a). It can be observed that all CA–TD binary non-
eutectic PCMs exhibit two well-defined phase change peaks.
For the ratio 2 (3.0:7.0), the lower PCT is 14.67 °C, and the
higher PCT is 36.67 °C. The lower PCT of 14.67 °C closely

matches the numerical winter target of 14.5 °C, whereas the higher
PCT of 36.67 °C is 4.67 °C above the numerical summer tar-
get of 32 °C. This deviation reflects the practical constraint of
simultaneously tailoring two PCTs within a single non-eutectic
CPCM and is further evaluated at the wall level in Section 5.1.
Notably, the enthalpy values of the high and low components are
approximately equal. This binary non-eutectic PCM thus meets
the temperature requirements for CPCMs in PCM walls in the
Nanjing area.

Figure 11(b) depicts the cooling curves of binary non-eutectic
PCMs CA–TD at different ratios. It is evident that all binary
PCMs CA–TD display two PCTs. For ratios 3 and 4, the higher
PCT shows significant undercooling, with undercooling degrees
of 2.56 °C and 1.24 °C, respectively. In contrast, when the CA
component is at ratios 1 and 2, no undercooling phenomenon
occurs.

A total of 300 thermal cycling tests were conducted on
CA–TD (3.0:7.0). The DSC curves before and after 300 thermal
cycles are shown in Figure 12. After 300 thermal cycles, the low
and high PCTs changed from 14.67 °C and 36.67 °C to 14.64 °C
and 36.62 °C, respectively, corresponding to decreases of only
0.03 °C and 0.05 °C. The corresponding latent heats decreased
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Table 6
Thermophysical properties of binary non-eutectic PCMs

DSC test
Binary non-
eutectic
PCMs Ratio Peak T1(°C)

Enthalpy
H1(J/g)

Peak
T2(°C)

Enthalpy
H2(J/g)

Total
enthalpy
H (J/g)

1 6.02 4.08 29.91 129.86 133.94
OA–CA 2 7.17 36.86 24.61 96.71 132.57

3 8.51 48.93 20.56 40.33 89.26
4 8.15 115.77 – – 115.77
1 2.10 8.39 12.88 113.29 121.68

OA–TD 2 10.95 105.26 – – 105.26
3 4.41 4.86 16.69 101.11 105.97
4 1.98 10.00 15.53 118.26 128.26
1 25.07 38.61 37.00 140.93 179.54

CA–TD 2 14.67 68.29 36.67 73.54 143.83
3 17.03 23.75 24.21 168.53 192.28
4 23.41 62.53 31.53 103.08 165.61
1 34.30 42.95 59.67 119.61 162.56

TD–PA 2 35.73 109.87 54.44 33.79 143.66
3 37.24 33.82 45.47 85.43 119.25
4 38.03 181.49 – – 181.49

Figure 11
Thermal performance test curve of CA–TD with different mass ratios: (a) DSC test and (b) step cooling test

Figure 12
Thermal cycling test curve of CA–TD (3.0:7.0)

from 68.29 and 73.54 J/g to 65.72 and 70.63 J/g, representing
reductions of 3.76% and 3.96%, respectively. These relatively small
variations indicate that CA–TD (3.0:7.0) maintains good ther-
mal stability after 300 thermal cycles. Finally, the CA–TD with
a ratio of 2 (3.0:7.0) was selected as the CPCM to be applied
in the wall, and the detailed thermophysical properties of the
CA–TD (3.0:7.0) are presented in Table 7. The relatively low ther-
mal conductivity of CA–TD (0.21 W/(m·K)) may constrain its
heat charging/discharging rate. Although the 10-mm CPCM layer
can complete the required phase change process under the present
conditions, future work should investigate thermal-conductivity
enhancement using conductive additives or supporting matri-
ces. Although CA–TD (3.0:7.0) showed stable PCTs and latent
heat after 300 thermal cycles, this test duration is much shorter
than the expected 20–30-year service life of building envelopes.
Extended cycling may induce component segregation or grad-
ual degradation in non-eutectic CPCMs, thereby altering their
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thermal properties. Therefore, long-term tests involving thou-
sands of thermal cycles are required to further assess the durability
of the proposed CPCM.

5. Seasonal Thermal Performance of the CPCM
Building Walls

5.1. Summer thermal performance

Figure 13 depicts the temporal variations of the indoor sur-
face temperature and liquefaction rate under summer conditions.
By comparing the indoor surface temperature profiles of the ordi-
nary wall, single PCM wall, and CPCM wall, it was determined
that the maximum and minimum indoor surface temperatures
of the ordinary wall were 306.23 K and 301.35 K, respectively,
resulting in a temperature amplitude of 4.88 K. For the sin-
gle PCM wall, these values were 305.22 K and 301.24 K, with
a temperature amplitude of 3.98 K. The CPCM wall, however,
exhibited the lowest temperature amplitude, with maximum and
minimum indoor surface temperatures of 304.45 K and 301.5
K, respectively, and an amplitude of only 2.95 K. This repre-
sents a reduction of 39.55% and 25.88% in temperature amplitude
compared to the ordinary wall and single PCM wall, respec-
tively, indicating that the CPCM wall experiences the smallest
temperature fluctuations.

When analyzing the liquefaction rate shown in Figure 13, it
was observed that the CPCM started to partially liquefy from the
beginning. This is due to its lower PCT of 287.82 K, which the
temperature of the wall rapidly reached and surpassed. The low-
temperature PCM fully liquefied, absorbing latent heat during the
phase change and continuing to absorb sensible heat in the liquid
state. At 13.06 hours, the high-temperature PCM in the CPCM
began its solid–liquid phase change, which lasted for 5.5 hours.
As the wall temperature decreased, the high-temperature PCM in
the CPCM first released latent heat in the liquid state. At 19.72
hours, when the material temperature dropped to the high PCT, a
liquid–solid phase change was triggered, releasing latent heat until
24.86 hours. Subsequently, the high-temperature PCM released
sensible heat in the solid state, while the low-temperature PCM
released sensible heat in the liquid state. At 35.97 hours, as the
COT increased, a new heat storage cycle commenced, maintain-
ing the stability of the inner surface temperature of the wall. In
contrast, the single PCM started to liquefy at 9 hours, with the
phase change process lasting for 2.64 hours. It then remained in
the liquid phase, storing heat sensibly during the day and releas-
ing it at night to maintain the temperature stability within the
thermally regulated wall.

Figure 14 shows the variation of the indoor surface heat flux
density of the wall over time in summer. From the curve, it can be
seen that at 22.50 hours, compared with the ordinary wall and the
single PCM wall, the CPCM regulated wall had the smallest abso-
lute value of indoor surface heat flux density. This implies that it
transferred the least amount of heat to the indoor space, with a

Figure 13
The variation of inner surface temperature and liquefaction rate

under summer conditions

Figure 14
The variation of heat flux of wall inner surface under summer

conditions

maximum difference in heat flux density of 16.23 W/m². More-
over, the CPCM thermally regulated wall exhibited the smallest
fluctuations in indoor surface heat flux density compared to the
other two types of walls.

It can be observed that the CPCM thermally regulated wall
had the longest delay time of 6.67 hours in indoor surface tem-
perature compared to the ordinary wall and the single PCM wall.
Additionally, it had the smallest temperature attenuation factor
of 0.102. The longer the delay time is, the more effectively it can
avoid the high-temperature period and reduce the peak load of air
conditioners. The smaller the temperature delay factor, the more

Table 7
Thermophysical properties of the CA–TD (3.0:7.0)

Material Density (kg/m3)
Thermal conductivity

(W/(m·K))
Specific heat

capacity (J/(kg·K))
PCT
(°C)

Enthalpy
(J/g)

Low phase 890 0.21 2100 14.67 68.29

High phase 834 0.21 2500 36.67 73.54
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effectively it can reduce the impact of outdoor environmental ther-
mal disturbances on the indoor surface temperature of the wall,
decrease the energy consumption of indoor cooling equipment,
and ultimately achieve energy savings.

It should be noted that the experimentally obtained high
PCT of 36.67 °C is 4.67 °C higher than the numerically identi-
fied target of 32 °C. This temperature offset delays the activation
of latent-heat storage because a greater thermal driving force
is required before the high-temperature component begins to
melt. Nevertheless, the high-temperature phase change starts at
13.06 hours and lasts for approximately 5.5 hours, substantially
overlapping with the period of strong daytime thermal load-
ing. Therefore, latent-heat absorption is still effectively utilized to
suppress and shift the heat transferred toward the indoor environ-
ment. At the wall level, the CPCM wall exhibits an inner surface
temperature delay time of 6.67 hours, compared with 6.34 hours
for the single PCM wall and 5.42 hours for the ordinary wall.
Moreover, its temperature amplitude is reduced to 2.95 K, corre-
sponding to reductions of 39.55% and 25.88%, respectively. These
results demonstrate that the 4.67 °C upward shift does not elim-
inate the summer peak-shifting function, although it causes the
latent-heat storage process to be activated later than would be
expected for the ideal 32 °C target. This result also highlights that
the numerically optimized PCT should be regarded as a target
for material design rather than a strict threshold for satisfactory
thermal performance.

5.2. Winter thermal performance

Figure 15 shows the variation of the indoor surface temper-
ature and liquefaction rate over time under winter conditions.
Comparing the indoor surface temperature profiles of the ordi-
nary wall, single PCM wall, and CPCM wall, it was found that
the maximum and minimum indoor surface temperatures of the
ordinary wall were 289.96 K and 287.14 K, respectively, with
a temperature amplitude of 2.82 K. For the single PCM wall,
these values were 290.03 K and 287.58 K, with a temperature
amplitude of 2.45 K. The CPCM wall showed the smallest tem-
perature amplitude, with maximum and minimum indoor surface

Figure 15
The variation of wall inner surface temperature and liquefaction

rate under winter conditions

temperatures of 289.68 K and 287.37 K, respectively, and a tem-
perature amplitude of only 2.31 K. This represents a reduction
of 18.09% and 5.71% in temperature amplitude compared to the
ordinary wall and single PCM wall, respectively. The CPCM
wall’s minimal temperature fluctuations throughout the day can
be attributed to its higher thermal inertia.

When comparing the liquefaction rate curves of the single
PCM and CPCM, it was discovered that the single PCM did not
undergo any phase change process. In contrast, the CPCM began
its solid–liquid phase change in the low-temperature PCM at 14.72
hours, with the phase change process lasting for 2.92 hours and a
maximum liquefaction rate of 0.22 during this process. As the wall
temperature decreased, the high-temperature PCM in the CPCM
released latent heat in the solid state, while the low-temperature
PCM released latent heat during its phase change, which ended
at 21.53 hours. Subsequently, the CPCM released latent heat in
the solid state. At 38.33 hours, with rising COT, the PCM enters
the heat storage state, and the indoor temperature can be main-
tained stably. Under winter conditions, only the low-temperature
component of the CPCM underwent phase change, while the
high-temperature component did not reach its PCT. The single
PCM did not reach its PCT at all.

Figure 16 shows the variation of the indoor surface heat
flux density of the wall over time under winter conditions. From
the curve, it can be seen that at 33.75 hours, compared with
the ordinary wall and the single PCM wall, the CPCM ther-
mally regulated wall absorbed less heat from the indoor space.
The surface heat flux density was reduced by 3.84 W/m² and
1.95 W/m², respectively. Moreover, the CPCM thermally regu-
lated wall exhibited the smallest fluctuations in indoor surface
heat flux density.

Comparisons indicate that the CPCM thermally regulated
wall had a longer delay time in indoor surface temperature com-
pared to the ordinary wall and the single PCM wall, with a
delay of 8.47 hours. Additionally, it had a smaller temperature
attenuation factor of 0.118. These features clearly demonstrate
the excellent temperature buffering effect of this material, which
can effectively mitigate the impact of outdoor temperature fluc-
tuations on the indoor surface temperature, thereby reducing
building energy consumption.

Figure 16
The variation of heat flux of wall interior surface under winter

conditions
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It should be noted that the present study focused on Nanjing
as a representative hot summer and cold winter climate. While
the numerical results are region-specific, the proposed method-
ology and design principle of using a single-layer CPCM with
dual transition temperatures can be extended to other climatic
zones, with necessary adjustments to the PCT ranges and wall
parameters.

5.3. Building-level energy-saving potential

Under summer conditions, the maximum difference in heat
flux density between the seasonal phase change temperature-
regulating wall and ordinary walls is 16.23 W/m², while in winter,
the maximum difference is 3.84 W/m². These maximum heat
flux reductions were used as representative load reductions in
the following simplified building-level calculation. Therefore, the
estimated seasonal energy savings represent the potential savings
under a peak-load reduction assumption rather than those derived
from time-integrated or time-averaged heat loads. The operational
energy consumption of the building’s air conditioning system can
be calculated using the following formula:

E = Q
COPs

× t (4)

Among these, the comprehensive energy efficiency ratio of the air
conditioning system is 3.5 for cooling conditions and 4.5 for heat-
ing conditions. The load on the air conditioning system refers to
the reduction in external wall load after adopting the seasonal
phase change temperature-regulating wall.

Taking a public building in Nanjing with a floor area of
70 m² and an external wall area of 112 m² as an example, after
applying the seasonal phase change temperature-regulating wall,
assuming the air conditioning system operates for 120 days during
the cooling season and 90 days during the heating season, the cal-
culated energy consumption reduction during the cooling season
is 1,495.8 kWh, and during the heating season, it is 206.4 kWh.

Combining the annual data, after adopting the CPCM
wall, the potential annual electricity saving is estimated to be
approximately 1,702.2 kWh under the above peak-load reduction
assumption.

Taking the heat loss through a 1 m² wall as an example,
the material costs and payback periods were calculated and are
summarized in Tables 8 and 9. Based on the current prices of

Table 8
Material cost of CA–TD (3.0:7.0)

Material PCT (°C)
Price

(RMB/100 g)

CA ≥29.0 1.80

TD 36.5~39.5 1.95
CA–TD (3.0:7.0) 14.67 and 36.67 1.905

CA and TD, the cost of the prepared CPCM layer (10 mm
thickness) is approximately 158.9 RMB per square meter. Consid-
ering the local electricity tariff of 0.5583 RMB/kWh in Nanjing,
the payback period of the CPCM wall is estimated at 10.45
years.

Although this payback time is relatively long, it should be
emphasized that PCMs are now a rapidly developing research
focus, and material prices are expected to decrease significantly
in the coming years. With technological progress and large-scale
application, the investment payback period of CPCMwalls is pro-
jected to be shortened to within 3 years over the next 5–10 years.
This highlights the promising economic feasibility of the proposed
design.

5.4. Discussion

The results obtained for Nanjing can be further general-
ized into the overall design framework shown in Figure 17. The
framework does not prescribe a fixed CPCM composition or
wall configuration; instead, it provides a climate-adaptive proce-
dure for designing dual-PCT CPCM walls in different cities and
regions.

First, local meteorological conditions, including outdoor
temperature, solar radiation, seasonal temperature variation, and
indoor thermal requirements, are used to define the summer and
winter thermal regulation targets. A numerical wall model is then
established to optimize the PCM layer position and thickness
according to indicators such as inner surface temperature, heat
flux, temperature delay time, and attenuation factor. Based on
the resulting temperature field and phase change behavior, suit-
able high and low target PCTs are identified for summer heat
absorption and winter heat retention, respectively.

Candidate PCMs are subsequently screened according to
their PCTs, latent heat, stability, safety, and cost. Thermodynamic
calculations and phase diagrams can be used for preliminary
composition screening, while non-eutectic ratios are selected to
obtain two distinct PCTs. The prepared CPCMs should then
be experimentally characterized using DSC, step cooling, ther-
mal cycling, and compatibility tests. If the measured properties
deviate from the target values, the CPCM composition and wall
parameters can be iteratively adjusted. Therefore, the framework
forms a closed design loop linking local climate, wall config-
uration, target PCTs, material formulation, and performance
validation.

This framework can be applied to different climatic zones by
replacing the Nanjing weather data, indoor setpoints, wall con-
struction, and material database with local inputs. It also provides
a potential basis for integrating weather databases, building infor-
mation models, and material libraries into smart-city building
design platforms. However, the current study is based on typical
seasonal days, one wall structure, and simplified heat trans-
fer assumptions. Annual simulations, full-scale experiments, and
long-term durability and economic assessments are still required
before large-scale application.

Table 9
Payback period of CPCM walls

Material cost
(RMB)

Electricity price in Nanjing
(RMB/kWh)

Total heat loss（kWh/m2/
3 months）

Payback time
(Years)

158.877 0.5583 27.23 10.45
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Figure 17
Dual-PCT CPCM design framework for different climates/cities

6. Conclusions

This study developed a climate-adaptive building wall
incorporating a single CPCM layer with two PCTs to meet dif-
ferent thermal regulation requirements in summer and winter.
A combined numerical–experimental approach was employed to
optimize the wall configuration and target PCTs, prepare a suit-
able binary non-eutectic CPCM, and evaluate its seasonal thermal
performance under the climatic conditions of Nanjing.

1) The optimized wall configuration was identified for year-
round operation. The CPCM layer should be placed in the
middle of the investigated wall, with an optimal thickness
of 10 mm. The target PCTs were determined as 32 °C for
summer and 14.5 °C for winter, providing the best overall
combination of temperature delay, attenuation, and material
utilization.

2) A binary non-eutectic CPCM suitable for seasonal thermal
regulation was successfully developed. The selected CA–TD
mixture at a mass ratio of 3.0:7.0 exhibited two PCTs of
14.67 °C and 36.67 °C, with corresponding latent heats of
68.29 and 73.54 J/g and a total latent heat of 143.83 J/g.
Its PCTs and enthalpy remained essentially stable after 300
thermal cycles, indicating good thermal reliability.

3) The CPCM wall significantly improved summer thermal
performance. Its indoor surface temperature amplitude was
reduced from 4.88 K for the ordinary wall and 3.98 K for the
single PCM wall to 2.95 K, corresponding to reductions of
39.55% and 25.88%, respectively. The maximum indoor sur-
face heat flux reduction reached 16.23 W/m² compared with
the ordinary wall.

4) The CPCM wall also provided effective winter thermal buffer-
ing. Its indoor surface temperature amplitude was 2.31 K,
which was 18.09% lower than that of the ordinary wall and
5.71% lower than that of the single PCM wall. The maximum
heat flux reduction reached 3.84 W/m² and 1.95 W/m² rela-
tive to the ordinary and single PCM walls, respectively, while
the temperature delay time increased to 8.47 hours and the
attenuation factor decreased to 0.118.

5) The proposed design showed measurable building-level energy-
saving potential. For the investigated public building with
an external wall area of 112 m², the estimated cooling- and

heating-season electricity savings were 1495.8 and 206.4 kWh,
respectively, resulting in a total annual saving of approxi-
mately 1702.2 kWh. The current estimated CPCM cost was
about RMB 158.9/m², corresponding to a payback period of
approximately 10.45 years.

Overall, the main contribution of this study is the estab-
lishment of a transferable climate–wall–material integrated
design framework for developing compact, single-layer, dual-PCT
CPCM envelopes with seasonal adaptability for energy-flexible
buildings in smart cities.

Recommendations

Based on the findings, climate-adaptive CPCM walls should
be designed according to local meteorological conditions, wall
structures, and indoor thermal requirements rather than adopting
fixed material parameters across different regions. For practi-
cal applications, the proposed framework is recommended to
re-optimize the CPCM layer position, thickness, and dual PCTs
using local weather data, followed by experimental verification
of thermal properties, cycling stability, safety, and compatibility
with encapsulation materials. Future studies should further eval-
uate annual HVAC energy savings, peak-load shifting, economic
performance, and long-term durability through whole-building
simulations and full-scale demonstration projects, thereby sup-
porting the wider application of dual-PCT CPCM envelopes in
energy-flexible buildings and smart cities.
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