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A B S T R A C T   

Phase change material (PCM) featured with high latent heat thermal energy storage capacity and 
isothermal phase transition is employed into building walls decorated with radiative cooling (RC) 
coating, in order to modify the cooling effect on building thermal performance. Numerical 
analysis indicates that the RC coating causes exterior temperature of P-RC walls lower than 
ambient temperature, achieving maximum exterior temperature drop of 13.63 ◦C. Thermal buffer 
effect of PCM enables to shave the temperature peak and shift the temperature valley, inducing 
exterior temperature of the P-RC wall to fluctuate slightly in comparison to the RC wall. Interior 
temperature of the P-RC wall is found to approach to target temperature tightly. PCM located 
closer to the outside completes phase transition more rapidly, which is beneficial to levelling 
radiative cooling of RC coating. Exterior temperature of P-RC walls increases with augment of 
solar radiation intensity, ambient temperature and indoor temperature. Augment of PCM thick-
ness, ambient temperature or indoor temperature is conducive to interior temperature. Latent 
heat thermal energy storage of PCM enlarges effective thermal capacity of walls, which is 
favorable to maintain interior temperature within target temperature. In conclusion, studied 
results highlight that radiation cooling can be improved by PCM, with substantial benefits to 
develop passive cooling available to building energy conservation.   

1. Introduction 

Building cooling has become a critical energy concern during the process to build indoor thermal comfortable environment, 
approximately accounting for 30 % of the total final energy utilization [1,2]. Mechanical compression refrigeration system is the 
mainstream form of air-conditioning systems with the consumption of electricity [3]. Carbon dioxide is inevitably released during the 
power production from fossil fuels, which leads to environmental pollution and energy crisis. Passive radiative cooling is discovered as 
an attractive approach to deal with the building cooling, by means of providing a perpetual path to dissipate heat without energy 
consumption [4,5]. 

The Earth atmosphere has a highly transparent window in the infrared wavelength range between 8 and 13 μm that is known as the 
atmospheric window [6,7]. Coincidentally, the atmospheric window falls within the peak thermal radiation of a black body defined by 
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Plank law at the ambient temperature (27 ◦C), producing passive cooling for a terrestrial object by eliminating heat via radiative 
emission through the atmospheric window [8]. Radiative cooling is based on the principle of long-wave radiation emission from a high 
temperature object to a lower one [9–11]. Considering temperature of the ultracold universe can drop down to 3 K, it is termed as a 
natural heat sink to building cooling, which offers a cooling power of more than 100 W/m2 under optimized device designs and 
suitable atmospheric conditions [12]. Majority of earth radiation can be radiated from the atmospheric window to outer space, 
achieving positive cooling effect on buildings [13]. Earlier usage of radiative cooling comprising infrared emission is mainly conducted 
at nighttime. 

Khedari et al. [14] discussed feasibility of cooling by using night radiation under Thailand hot and humid climate. The depression of 
different surface temperatures was 1–6 ◦C below ambient temperature under clear and cloudy skies. Factors affecting night radiation 
cooling were sky conditions, thermal emissivity of materials and water condensation on the radiator surface. Meir et al. [15] designed a 
radiative cooling system consisting of unglazed flat plate radiators, water as heat carrier and a reservoir. Impact of the tilt angle, the 
aperture area and the reservoir volume on cooling performance were studied under Oslo climate. Radiative cooling system enabled to 
cover the demand, except for mid-summer ambient temperature and high relative humidity. Heidarinejad et al. [16] presented results 
of a hybrid system consisting of nocturnal radiative cooling, cooling coil, and direct evaporative cooling in Tehran. Overall effec-
tiveness of the hybrid system was more than 100 %, indicating that this environmentally clean and energy efficient system could be 
considered as an alternative to the mechanical vapor compression system. Zhang et al. [17] combined a MPCM slurry storage with a 
nocturnal radiative cooling system to analyze cooling energy consumption and energy-free nocturnal radiation. Energy saving po-
tential in Lanzhou and Urumqi could reach 77 % and 62 % for low-rise buildings. The hybrid system was recommended to be used in 
northern and central China. Tso et al. [18] analyzed radiative cooling under Hong Kong hot and humid climate. The passive radiative 
cooler with seven KCl windows provided a satisfactory cooling effect at night, with the ambient air temperature reduced by about 
6–7 ◦C. Cooling capacity of the passive radiative cooler without vacuum achieved 38 W/m2 under a clear night sky. Sameti et al. [19] 
studied solar passive heating and radiative cooling for a building. The space was passively cooled via natural convection from surface 
of the storage subsystem with a storage tank pre-cooled by night sky radiation. The optimized transparent layer absorptivity, para-
metric sensitivity and temperature profiles were illustrated in their investigation. 

Cooling ability of radiators lies in the radiative emission profiles. The radiation escapes to the outer space through the Earth at-
mosphere. An ideal emitter should selectively and strongly emit (emissivity>90 %) in the atmospheric window [20]. Theoretically, the 
atmospheric window allows outgoing radiative emission of a terrestrial object to exceed its absorbed incoming atmospheric radiation 
at night, resulting in temperature lower than the ambient (sub-ambient effect). Previous studies testify that these conventional 
radiative coolers enable to dissipate thermal energy from buildings that is beneficial to create thermal comfortable environment at 
nighttime [21,22]. However, cooling performance of a radiative cooler is dependent on many factors, such as the incoming atmo-
spheric radiation, the nonradiative (conductive and convective) heat gain from the surrounding media and the incoming solar radi-
ation during the daytime. The incoming solar radiation during the daytime will become strong in summer or in tropic region. Cooling 
capacity of a radiative cooler reduces as growth of incoming solar radiation, hardly achieving sub-ambient effect at daytime when 
incoming solar radiation exceeds its outgoing radiation [23]. Recent progress reports novel radiative coolers to realize efficient cooling 
and ability to operate directly under the sun, gaining daytime temperature below the ambient temperature as well. Numerous pioneer 
studies towards applications of the improved radiative coolers have been carried out. 

Wang et al. [24] measured the indoor air temperature, roof temperature and building cooling energy consumption of a commercial 
warehouse covered a scalable-manufactured radiative cooling metamaterial film. Annual cooling energy saving of the built warehouse 
could reach 65.2 % over the baseline. Cheng et al. [25] proposed a biomimetic wrinkle structure combined with optimized particles to 
achieve the efficient optical property regulation to both the solar band and atmospheric window band. Maximum average indoor air 
temperature painted with the coating was reduced by 6.2 ◦C with maximum power saving rate of air conditioning exceeding 50 %. Yi 
et al. [26] designed a transparent radiative cooling film with low transmittance in solar spectra and selectively high emissivity in the 
atmospheric window on roof glazing of buildings. Annual air conditioning energy consumption of the building could reduce by 40.9%– 
63.4 %. Zhou et al. [27] developed a detailed model-based framework for system-level integration of water-based daytime radiative 
cooling panels with heat exchangers and cold storage to cool the residential building. Optimal water flow rate contributed to air 
temperature reduction of approaching 12.7 ◦C for a typical single-family house in the U.S. Anand et al. [28] assessed improvements in 
each rooftop radiative property impacting on surface temperatures and heat fluxes. Rooftop materials with solar reflectance above 0.9 
resulted in surface temperatures always below ambient and cooling power of more than 30 W/m2 during summer. Yoon et al. [29] 
configured a hybrid heating, ventilation, and air-conditioning system coupled with a solar thermal collector and a radiative cooling 
panel as a heat source and a heat sink. The proposed system was found to be able to reduce the annual power consumption by about 
3%–29 %, compared to the conventional system. Lin et al. [30] prepared a flexible and scalable daytime passive radiative cooler 
consisting of a reflector layer and a polydimethylsiloxane layer to achieve sub-ambient cooling in Hong Kong hot and humid climate. 
Cooling powers of 52.4 W/m2 and 84.7 W/m2 were measured at noon and night under clear sky condition. The daytime passive 
radiative cooling could be potentially applied in buildings and vehicles. Tang et al. [31] evaluated thermal regulation from an 
all-season perspective by preparing a mechanically flexible coating that adapts its thermal emittance to various ambient temperatures. 
The fabricated temperature-adaptive radiative coating absorbed solar energy and switched thermal emittance from 0.20 for tem-
peratures below 15 ◦C to 0.90 for temperatures above 30 ◦C, driven by a photonically amplified metal-insulator transition. 

Based on the above reviews, radiative cooling exerts a vital impact on practical building energy saving applications with its highly 
efficient passive cooling [9]. The incoming solar radiation dominated by the solar reflectance has significant effect on diurnal radiative 
cooling. A highly emissive radiator possessing high solar reflectance enables to deliver passive cooling during the daytime, leading to 
temperatures well below the ambient [27]. Radiative emission and solar reflection can be adjusted via polymers (PMMA, PDMS, PVF), 
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inorganic particles or films (silicon monoxide, silicon dioxide, silicon oxynitride) and wood nanofibers. However, the practical real-
ization of novel radiative radiators is still a serious challenge. Continuing cooling of radiative radiators not only achieve building 
cooling, but also may lead to supercooling at low ambient temperature condition, increasing the heating demand accordingly [32]. 
Intelligent materials subjected to thermochromism, electrochromism and mechanical response are emerging methods for regulation 
mode switching. They enable to modulate transmittance over the solar wavelength range to realize the dynamic switch between a 
strong and a weak heating regulation mode [26,30,31]. Whereas, dynamic tuning requires external energy input and continuous 
operational maintenance, resulting in decreased lifetime and increased levelized cost of energy. Phase Change Material (PCM) refers to 
a substance that absorbs or releases thermal energy through its phase transition, which can potentially work as a thermal buffer to 
supercooling [33–35]. In most cases, the energy storage related phase transition will occur between solid and liquid states. PCM is 
capable of storing or releasing amounts of thermal energy under almost isothermal condition [36–38]. When incorporated into the 
buildings, PCM theoretically endows building envelopes to have enhanced thermal capacity, which is conduce to eliminating 
supercooling caused by radiative cooling, maintaining indoor thermal comfortable environment for occupants. Effect of ambient 
temperature variation on building thermal performance can also be degraded via PCM incorporation. 

Cooling of a radiative cooler and thermal energy storage of PCM jointly guarantee indoor thermal comfortable environment at 
higher ambient temperature. PCM enables to improve thermal capacity of building walls, which is expected to modify the radiation 
cooling effect on wall thermal performance. This study aims to evaluate the coupling effect of radiative coating and PCM when 
simultaneously integrated into the building walls. A reliable numerical model is initially developed to investigate heat transfer process 
of a building wall containing a radiative cooler and a PCM layer. This study assesses the influence of PCM addition, location and 
thickness on wall thermal performance. Several factors (solar radiation, ambient temperature and indoor temperature) are also 
included in the parametric analysis. 

2. Numerical investigation 

2.1. Physical model 

An office in the multistory building with the south wall receiving solar radiation is selected in this study. Detailed configuration of 
the south wall is illustrated in Fig. 1(b). It is observed that the south wall mainly consists of five layers materials. The building materials 
from the inside out are respectively interior mortar, concrete, PCM, exterior mortar and RC coating. The innermost side refers to 
decorative mortar (20 mm) that connects with indoor environment directly. 200 mm concrete is arranged on outside of the mortar in 
order to provide structural support of the wall. A PCM layer with variable thickness of 20–50 mm is placed between the concrete and 
exterior mortar. A RC layer is coated on surface of the exterior mortar with purpose of providing passive cooling. The thickness of 
exterior mortar is set as 20 mm, whereas that of RC coating is neglected in this research. 

Fig. 1(c) presents the two-dimensional physical model of a south wall under assumption that wall depth is infinite without pro-
ducing thermal effect to width or length direction. It is found that outside surface of the south wall is subjected to solar irradiation 
during the daytime. The RC coating with special photothermal property enables to emit radiative power to the deep space, realizing 
substantial cooling effect. Meanwhile, incident atmospheric radiation can be absorbed by outside surface of the south wall. The 
nonradiative heat gain of RC coating from the surrounding media is capable of affecting thermal performance of the south wall. The 
indoor environment is assumed as an isothermal region, inducing convective heat transfer between interior of the south wall and the 
indoor temperature. Paraffin PCM with phase change range (17.5–22.5 ◦C) is selected based on consideration of the indoor design 
temperature. They are treated into the shape-stable material prior to be sealed in a polymer waterproof package. Thermophysical 
properties of building materials are included in Table 1. 

2.2. Governing equations 

2.2.1. Conventional building materials 
Conventional building materials including mortar and concrete are always maintained in solid during the investigation. Heat 

transfer process of these building materials are dominated by the conduction. Contact resistance between their interfaces are ignored. 
The energy conservation equation can be expressed in Eq. (1). 

Fig. 1. Structural schematics of the studied building, south wall and related physical model.  
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ρpCp,p∂T
∂τ =∇

(
λp∇T

)
+ Sp Eq. (1)  

where τ is the time; ρp, Cp,p and λp are the density, specific heat and thermal conductivity of building materials; Sp denotes the source 
term in energy conservation equation. 

2.2.2. PCM 
Several reliable assumptions to simplify the theoretical modeling are firstly proposed. PCM is regarded as the incompressible 

material and its flow is neglected. Thermophysical properties of PCM are only varied between solid and liquid states. Phase transition 
occurs within a certain temperature range. The established enthalpy-porosity method is utilized to reflect phase change process of PCM 
[36,37]. The whole computational domain is termed as a porous zone with porosity of each cell characterized by liquid fraction. Based 
on the above assumption, the governing equation of PCM in terms of energy conservation is shown in Eq. (2). 

∂(ρmH)

∂τ =∇(λm∇T) + Sm Eq. (2)  

where τ is the time; ρm and λm are the density and thermal conductivity of PCM; Sm represents the source term in energy conservation 

equation, Sm = − Amushy
(1− f)2
f3+∅ , Amushy = 105, ∅ = 0.001; f is the volume fraction of liquid PCM; PCM enthalpy of H equals to the 

accumulation of sensible heat (hs) and latent heat (L) and can be calculated through Eqs. (3) and (4). 

H = hs + fL Eq. (3)  

hs = href +

∫ T

Tref

cp,mdT Eq. (4)  

where href and Tref are the reference enthalpy and temperature; cp,m is specific heat of PCM. f is used to reflect the volume proportion of 
liquid PCM during the research. f = 0 or 1 represents all PCMs are in solid or liquid state. When PCM is in the mushy region, f will 
linearly change between 0 and 1. 

f =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0,Tf < Ts

Tf − Ts

Tl − Ts
,Ts < Tf < Tl

1,Tf > Tl

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

Eq. (5)  

where Ts and Tl are the initial and terminal temperatures of PCM melting zone. 

Table 1 
Thermophysical properties of building materials.  

Thermophysical properties Mortar Brick PCM 

Density (kg/m3) 1922 2000 860(s)/820(l) 
Thermal conductivity (W/(m⋅◦C)) 1.12 0.5 0.27(s)/0.20(l) 
Specific heat (J/(kg⋅◦C)) 837.4 900 1850(s)/2050(l) 
Melting point (◦C) – – 22.5(s)/17.5(l) 
Latent heat (J/kg)   176000  

Fig. 2. Spectral characteristic of RC coating and ambient temperature.  
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2.2.3. RC coating 
RC cooling is derived through surface-surface radiation between the exterior and ambient, as well as between the exterior and sky, 

as shown in Eqs. (6)–(8). A superior RC coating should have excellent reflection in solar wavelength range and radiation in atmospheric 
window wavelength range. The RC coating is termed as an opaque surface in the numerical analysis based on the experimental results 
[33]. Fig. 2 plots the detailed spectral characteristic of RC coating and it is found that excellent reflection is established through 
reflectivity of 0.9 in the solar wavelength range (0–2.5 μm). Meanwhile, the reflectivity of 0.2, 0.05 and 0 is adopted to the wavelength 
range of 2.5–8, 8–13 and 13-∞ μm, respectively. When it comes to radiation of RC coating, Table 2 and Fig. 2 display that the better 
radiation is accomplished by means of utilizing larger emissivity of 0.9 in atmospheric window range of 8–13 μm, leading to reduction 
of indoor temperature. The RC coating is designed to has emissivity of 0.1, 0.2 and 0.1 with regard to wavelength range of 0–2.5, 2.5–8 
and 13-∞ μm. 

q̇rt = q̇rad + q̇atm − q̇solar − q̇nonrad Eq. (6)  

q̇rad =

∫

cos θdΩ
∫ ∞

0
Ibb(λ, Tm)εm(Ω, λ)dλ Eq. (7)  

q̇atm =

∫

cos θdΩ
∫ ∞

0
Ibb(λ,Tatm)εm(Ω, λ)εatm(Ω, λ)dλ Eq. (8)  

where, εm is the emissivity of a radiation layer as a function of direction and wavelength; Ibb is the spectral radiance of blackbody; Tatm 
is the ambient temperature; εatm is the atmospheric emissivity; λ is wavelength; q̇solar is the absorbed solar irradiation, q̇solar = αmIsolar; 
q̇nonrad is the non-radiative heat transfer (conduction and convection) with environment. 

2.3. Initial and boundary conditions 

The numerical simulation is started at 0:00 with the wall initial temperature of 26 ◦C. The indoor temperature is maintained as 
constant of 26 ◦C in the temperature field during the study. Given that difference between indoor temperature and interior temperature 
exists, convective heat transfer is considered with the heat transfer coefficient of 5.7 W/(m2⋅◦C) [8,19]. The exterior wall is contacted 
with solar radiation directly. Solar irradiance is fitted into a cosine function with time as shown in Fig. 2(b). It is perceived that solar 
irradiation is considered only at daytime (6:00–18:00). The peak power is largely dependent to the investigated date. Both convective 
and radiative heat transfer simultaneously happen between exterior walls and ambient with a non-radiative heat transfer coefficient of 
20 W/(m2⋅◦C) [39]. In order to simple the numerical calculation, variation of ambient temperature is supposed to follow the cosine 
function with time and the minimal and maximal temperatures occur at 2:00 and 14:00, respectively. There exists substantial 
discrepancy in terms of the maximum temperature time point and the solar peak power time point, as results of thermal inertness of the 
wall [18,19]. The radiative cooling is treated as a boundary condition to couple into in the energy conservation equation. 

2.4. Model solving and validation 

2.4.1. Model solving 
The finite element method is utilized to solve the governing equations. Considering the heat transfer and solar irradiation are 

coupled together, COMSOL Multiphysics with the built-in finite element analysis is adopted in this study. It is recognized as an 
excellent tool to deal with coupling of several physical processes. The computational region is meshed into numerous structured 
rectangular grids. Energy conservation equations are discretized within the computational region. A backward differentiation formula 
(BDF) with a feasible time step is adopted and the maximum BDF order is limited to 2. The parallel direct sparse solver (PARDISO) is 
about to solve the residual equation. A rational error control is set to ensure reliable convergence of the model solving. In order to 
maintain a highly accurate resolution, relative tolerance of 10− 5 with regard to energy conservation equation will be checked at each 
time step of the numerical calculation. 

2.4.2. Mesh independence 
Since COMSOL adopts a free BDF time step, it frequently varies between 1 and 10 during the calculation process for capturing 

accurate and fast results. This study would like to analyze the mesh independence rather than time step independence. It is revealed in 
Fig. 3(a) that four mesh numbers (17500, 31730, 45800 and 70000) are considered in the mesh independence analysis. Calculated 
exterior temperature and liquid fraction are discovered to be sensitive to the mesh number. When the mesh number is larger than 
45800, the exterior temperature and liquid fraction present neglectable variation with augment of the mesh number. This sight in-
dicates that the model solving based on the finite element method is independent on the mesh number under this scenario. Continuing 

Table 2 
Specific spectral characteristics of RC coating as function of wavelength.  

Wavelength (μm) Reflectivity(ρsolar) Emissivity(εamb) 

0–2.5 0.9 0.1 
2.5–8 0.2 0.2 
8–13 0.05 0.9 
13-∞ 0 0.1  
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to enlarge the mesh number will cause the calculated process to take amounts of time (Fig. 3(b)–(c)). Therefore, it is rationally 
supposed that the mesh number of 45800 is recommended in the following study based on dual considerations of computational 
accuracy and saving costs. 

2.4.3. Model validation 
In order to verify the built mathematical model, this study compares obtained results based on this numerical model with literature 

results in Kishor work [39]. The opaque roof (90 m2) of a building is covered with a cool coating having its top surface exposed to solar 
irradiation. Solar reflectance and radiative emittance of the cool coating are 0.74 and 0.90, respectively. Sunrise and sunset occurred at 
07:00 and 19:00 h with the peak hourly solar irradiation (940 W/m2) appeared at 13:00 h. Fig. 3(d) illustrates the hourly roof 
temperature, ceiling temperature and conduction heat flux. It is found that simulated temperatures and heat flux agree well with the 
literature results, suggesting that the built numerical model is reliable. The absolute errors are respectively determined as 3.01 ◦C, 
3.28 ◦C, and 16.15 W/m2 in terms of peak roof temperature, ceiling temperature and conduction heat flux, with corresponding relative 
errors of 13.12 %, 12.45 % and 17.53 %. Difference between the real object and assumed physical model towards indoor thermal space 
might attribute to slight discrepancy between calculated and experimental results. It is inferred that the built model is accurate enough 
to be utilized in the following research. 

3. Results and discussion 

3.1. PCM addition 

This study firstly analyzes thermal performance of three built walls that are separately denoted as nP-nRC (no PCM + no RC 
coating), nP-RC (no PCM + RC coating) and P-RC (PCM + RC coating). It is found in Fig. 4(a) that exterior temperature of the nP-nRC 
wall without PCM or RC coating has greater fluctuation magnitude than ambient temperature as the time elapses. Solar radiation is 
absorbed on the exterior wall at the daytime, leading to the exterior temperature exceeding the ambient temperature. On the contrary, 
the nP-nRC wall shows radiation to the environment and sky at nighttime which causes the exterior temperature lower than the 
ambient temperature. As for the built novel walls (P-RC and nP-RC cases), Fig. 4(a) illustrates that the RC coating is able to exert 
noticeable effect on the wall thermal performance, leading to the exterior temperature below the ambient temperature over the 24 h. 
Owing to the heat storage capacity of PCM, the P-RC wall loading PCM and RC coating reveals lighter fluctuation in terms of exterior 
temperature, compared to those of other walls. 

Fig. 4(b) plots transient interior temperature variation of three novel walls and it is obtained that the interior temperature is largely 
affected by the introduction of RC coating or PCM. The nP-nRC wall is found to have fluctuating interior temperature as result of the 
dynamic ambient temperature. The minimum and maximum results are 25.33 ◦C at 10:00 and 27.64 ◦C at 22:00. When RC coating is 
employed into the wall, interior temperature of the nP-RC wall is always lower than 26 ◦C, owing to the continuous radiative cooling. It 
firstly drops to 24.73 ◦C at 13:00 and then climbs to 25.4 ◦C at 22:00. Fig. 4(b) presents that PCM enables to shift the temperature peak, 
ensuring the interior temperature tightly close to target temperature of 26 ◦C. 

Fig. 3. Mesh independence and verification of the built numerical model. (a)Mesh structure (45800), (b)Mesh independence (0–24 h), (c)Mesh independence 
(12.5–17.5 h) and (d) Model verification. 

Fig. 4. Thermal performance of the built wall with and without PCM addition (PCM in outside, δPCM = 40 mm, Dmax = 713 W/m2, Tamb,ave = 26 ◦C, Tind = 26 ◦C). (a) 
Exterior temperature, (b) Interior temperature and (c) Temperature difference. 
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The differences between interior temperatures of two novel walls and the conventional wall are compared in Fig. 4(c). It is 
demonstrated that temperature difference between interior temperature of the nP-RC wall and nP-nRC wall decreases sharply with the 
elapse of time and arrives lowest result of − 2.24 ◦C at 20:00. Considering thermal buffering effect of PCM, the temperature difference 
between interior temperatures of the P-RC wall and nP-nRC wall has remarkable fluctuation over time, firstly climbing to 0.67 ◦C at 
9:00 and then dropping to merely − 1.77 ◦C at 21:00. PCM is capable of reducing temperature difference fluctuation, which limits the 
interior temperature to slightly vary near the target temperature. Therefore, it is summarized that thermal performance of walls can be 
well regulated by the RC coating. PCM has the capacity of improving effect of RC coating on thermal performance of the walls. 

3.2. PCM location 

Thermal performance of built P-RC walls as function of PCM location is indicated in Fig. 5. It is discovered that RC coating produces 
remarkable radiative cooling to the multilayer wall, which leads to the exterior temperature lower than the ambient temperature 
(20–32 ◦C). Since PCM stores or releases thermal energy under approximately isothermal condition, it enables to buffer the exterior 
temperature, inducing lower peak and higher valley in terms of the exterior temperature as shown in Fig. 5(b). PCM located closer to 
the exterior wall has more obvious buffer effect on the exterior temperature. It is specific that the valley temperature of exterior wall is 
18.31 ◦C when PCM is installed on outside of the wall, decreasing with the PCM location away from the exterior wall, and declines to 
16.73 ◦C for the inside PCM case. The peak temperature of exterior wall with PCM located in outside is merely 26.71 ◦C, which is lower 
than exterior walls containing PCM in middle and inside locations. 

The interior temperature initially maintains constant and then decreases slightly with the augment of time. The interior temper-
ature drops from 26 to 25.94 ◦C when PCM is placed inside of the wall. Stored thermal energy in PCM will release later on inside of the 
multilayer wall, resulting in stronger buffer effect to interior temperature. This well corresponds to less interior temperature decline in 
Fig. 5(c). The multilayer walls with PCM in middle and outside are found to have interior temperature as low as 25.93 and 25.85 ◦C. 
Obtained results confirm that interior temperature is insensitive to PCM location. 

Regarding that PCM will experience switching between melting and solidification, the PCM liquid fraction fluctuates substantially 
as time elapses. Outside PCM melts rapidly to release thermal energy to compensate the heat dissipation of radiative cooling, dis-
playing lowest liquid fraction in Fig. 5(d). As PCM moves from outside to inside of the multilayer wall, radiative cooling effect of RC 
coating on the wall is attenuated, revealing higher PCM liquid fraction in comparison to outside case. It is specific that PCM liquid 
fraction of the multilayer wall with PCM arranged on outside is 0.0534 at 24 h, separately increasing to 0.3376 and 0.4223 in the 
multilayer walls with PCM on middle and inside locations. 

3.3. PCM thickness 

Fig. 6 plots thermal performance of built P-RC walls changed with the PCM thickness. It is apparent that exterior temperatures vary 
limited with growth of PCM thickness, only indicating light enlargement at the low temperature time periods (4:00–9:00 and 
20:00–24:00). The exterior temperature can individually drop down to 17.07, 17.35, 17.72 and 17.82 ◦C in the PCM thickness of 20, 
30, 40 and 50 mm. Obtained results prove that exterior temperature of walls is primarily influenced by ambient temperature. 

Fig. 6(b) shows that interior temperatures of walls fluctuate sharply with augment of the PCM thickness. As the PCM thickness rises, 
the interior temperatures increase over the studied time period, owing to effective thermal inertness of walls enhanced by PCM. Effect 
of ambient temperature variation on the interior temperature can be weakened. The interior temperatures reduce steadily as time 
elapses when the PCM thickness exceeds 30 mm. The minimal result is determined as 25.43 ◦C in built wall with PCM thickness of 20 
mm. The walls present minimal interior temperatures of 25.7, 25.85 and 25.94 ◦C in walls containing PCM thickness of 30–50 mm, 
respectively. Thermal buffering of PCM also contributes to the time lag to the interior valley temperature. Thicker PCM results in larger 
time lag to the interior temperature. 

Liquid fraction of PCM varied with PCM thickness is depicted in Fig. 6(c). PCM solidifies to release thermal energy to maintain 
interior temperature within target of 26 ◦C. It is detected that PCM thickness is capable of substantially affecting liquid fraction of PCM. 
When the PCM thickness is 20 mm, liquid fraction of PCM oscillates with the elapse of time, dropping to almost 0 at time periods 
(5:00–10:00 and 22:00–24:00) and climbing to maximum of 0.214 at 16:00. Liquid fraction of PCM increases accordingly as the PCM 
thickness rises to 30–50 mm. It is specific that the minimal liquid fractions of PCM are individually 0.014, 0.115 and 0.189 for walls 
including PCM thickness of 30, 40 and 50 mm. Similarly, the related PCMs show maximal liquid fractions of 0.193, 0.239 and 0.281, 

Fig. 5. Thermal performance of built P-RC walls as function of PCM location (δPCM = 40 mm, Dmax = 713 W/m2, Tamb,ave = 26 ◦C, Tind = 26 ◦C). (a) PCM wall 
structure, (b) Exterior temperature, (c) Interior temperature and (d) PCM liquid fraction. 
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revealing that only partial PCM experiences phase transition during the investigation. 

3.4. Solar radiation 

Effects of solar radiation intensity on thermal performance of built P-RC walls are elaborated in Fig. 7. It is perceived that transient 
exterior temperatures change obviously with elapse of time, owing to the variation of solar radiation intensity and ambient tem-
perature. When the peak of solar radiation rises from 313 to 913 W/m2, slight growth is observed in the maximal exterior temperature, 
continuously increasing from 25.65 ◦C to 27.25 ◦C. This sight is attributed to improvement of thermal energy absorption under large 
solar radiation intensity. 

Fig. 7(b) shows the interior temperature decreases with augment of solar radiation intensity. Obvious enhancement to the interior 
temperature is observed at solar radiation period (6:00–18:00). This is because that PCM is capable of offering thermal buffering to 
thermal performance of built P-RC walls. When PCM releases stored thermal energy, the interior temperature can be noticeably 
influenced. It can be inferred that interior temperature is hardly influenced by the solar radiation intensity under combined actions of 
RC coating and PCM. 

Transient liquid fractions of PCMs are also illustrated in Fig. 7(c). It is obvious that liquid fractions of PCMs drop substantially in the 
initial stage due to the thermal energy released to indoor thermal environment. With increase of ambient temperature and solar ra-
diation, PCM begins to absorb thermal energy and related liquid fraction rises steadily. Larger solar radiation intensity promotes the 
thermal energy storage rate of PCM, resulting in higher PCM liquid fraction. It is specific that maximal liquid fraction increases from 
0.166 to 0.276 as the solar radiation rises from 313 to 913 W/m2. Liquid fractions of PCMs then decrease as time elapses, accompanied 
by thermal energy discharging to maintain indoor comfortable temperature. 

3.5. Ambient temperature 

Fig. 8 indicates thermal performance of built P-RC walls as function of ambient temperature. It is obtained in Fig. 8(a) that ambient 
temperature has remarkable influence on exterior temperature that rises with augment of the ambient temperature. More thermal 
energy is absorbed on the exterior surface at higher ambient temperature, leading to the higher exterior temperature. The peak 
temperature is calculated to climb from 17.88 ◦C to 21.26, 24.41, 26.71 and 29.24 ◦C for average ambient temperatures of 18, 22, 26 
and 30 ◦C, respectively. 

Interior temperatures are identical to the target temperature of 26 ◦C in the initial no radiation period (0–8:00). The heat dissi-
pation rate produced by the RC coating, radiative and convective heat transfer contributes to interior temperature drop slowly as the 
time elapses. More intense radiative and convective heat transfer happen between walls and ambient at lower ambient temperature. 
Larger ambient temperature is favorable to reduce the temperature difference between interior temperature and target temperature, 
producing higher indoor temperature. It is determined that the P-RC walls obtain highest interior temperature of 24.48–25.94 ◦C 
within the studied ambient temperature range. 

Fig. 6. Thermal performance of built P-RC walls as function of PCM thickness (PCM in outside, Dmax = 713 W/m2, Tamb,ave = 26 ◦C, Tind = 26 ◦C). (a) Exterior 
temperature, (b) Interior temperature and (c) PCM liquid fraction. 

Fig. 7. Thermal performance of built P-RC walls as function of solar radiation intensity (IDNI = Dmax × abs
(

cos
(

2π(t− 12)
24

))
,6 < t < 18h, PCM in outside, δPCM = 40 mm, 

Tamb,ave = 26 ◦C, Tind = 26 ◦C). (a) Exterior temperature, (b) Interior temperature and (c) PCM liquid fraction. 

Z. Zhang et al.                                                                                                                                                                                                          



Journal of Building Engineering 82 (2024) 108344

9

The ambient temperature enables to generate fluctuation to transient liquid fraction of PCM embedded in P-RC walls, as shown in 
Fig. 8(c). Thermal energy charged in or discharged out of PCM is heavily affected by heat transfer between the exterior wall and 
ambient. It is found that liquid fraction of PCM can even decline down to 0, when the average ambient temperature is less than 22 ◦C. 
Higher ambient temperature is conducive to thermal energy accumulated in the PCM, revealing larger PCM liquid fraction. The peak 
liquid fractions of PCMs are individually calculated as 0.239 at 16:00 and 0.512 at 17:00 for average ambient temperatures of 
26–30 ◦C. 

3.6. Indoor temperature 

Fig. 9 depicts thermal performance of built P-RC walls varied with the indoor temperature. It is seen that exterior temperature 
presents fluctuation similar to that of ambient temperature. Higher indoor temperature means more thermal energy transferred from 
indoor environment to the walls, inducing larger exterior temperature, especially in terms of valley temperatures. It is determined that 
exterior valley temperature of the P-RC wall is obtained as 15.27 ◦C and then climbs to 19.51 ◦C as the indoor temperature rises from 
20 to 28 ◦C. 

The interior temperature is less sensitive to indoor temperature compared to exterior temperature. It is apparent that slight 
fluctuations can be observed in terms of indoor temperatures. This sight is decided by the heat conduction to the exterior and 
convective heat transfer between interior and indoor environment. The maximal deviations between interior temperature and target 
temperature are found as +0.34, − 0.42, − 0.57, − 0.15 and − 0.23 ◦C, respectively. The wall exhibits the lowest deviation when the 
indoor temperature is closest to target temperature of 26 ◦C, which deduces that PCM with the melting point close to the indoor target 
temperature is recommended to be utilizes in P-RC walls. 

The indoor temperature directly determines the initial PCM liquid fraction, under assumption that initial PCM temperature equals 
to indoor initial temperature. When the indoor temperature is below 24 ◦C, the related liquid fraction is less than 0.1, which means that 
PCM merely acts as insulation in the solid form. As the indoor temperature is larger than 26 or 28 ◦C, liquid fraction of PCM fluctuates 
with elapse of time as result of switching between heat storage and heat release. Larger indoor temperature implies more thermal 
energy can be stored in PCM in the form of latent heat, leading to higher liquid fraction of PCM incorporated in the P-RC walls. The 
peaks of PCM liquid fractions are specified as 0.239 and 0.598 for the walls at indoor temperatures of 26 and 28 ◦C. 

4. Conclusions 

PCM is introduced into the south wall of a multistory building to modify the cooling derived from a radiative cooler. A novel 
multilayer P-RC wall consisting of a RC layer, PCM layer, a concrete and two motors is configured to passively regulate heat gain and 
dissipation, maintaining indoor thermal comfortable environment. This study highlights superiority of the built P-RC wall over a 
conventional wall or a RC wall. Performance of the built P-RC wall changed with various parameters is also discussed. 

Results indicate that the RC coating brings exterior temperature below the ambient temperature over the 24 h, achieving maximum 
exterior temperature drop of 13.63 ◦C. Heat storage capacity of PCM induces exterior temperature of the P-RC wall to have slighter 
fluctuation compared to the nP-RC wall. PCM enables to shave the temperature peak and shift the temperature valley, maintaining 
interior temperature tightly close to target temperature. Radiative cooling of RC coating on the wall is attenuated as the phase change 
material moves inward, resulting in PCM liquid fraction dropping from 0.4223 in outside PCM wall to 0.0534 in inside PCM wall at 24 
h. Interior temperature increases with growth of PCM thickness and ambient temperature and indoor temperature. Larger PCM 
thickness, higher ambient temperature and indoor temperature induce the interior temperature closer to target temperature. More 
thermal energy is absorbed on the exterior surface at higher solar radiation intensity, leading to the higher exterior temperature and 
larger PCM liquid fraction. Lower indoor temperature means less thermal energy dissipated from indoor environment, resulting in less 
PCM liquid fraction accordingly. 

In conclusion, this novel P-RC system combine the dual effects of radiative cooling and latent heat thermal energy storage, which is 
beneficial to offer a passive strategy to achieve building thermal control. 

Fig. 8. Thermal performance of built P-RC walls as function of ambient temperature (Tamb = Tave + 6× cos
(

2π(t− 14)
24

)
, PCM in outside, δPCM = 40 mm, Dmax = 713 W/ 

m2, Tind = 26 ◦C). (a) Exterior temperature, (b) Interior temperature and (c) PCM liquid fraction. 
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