
Energy and Climate Change 1 (2020) 100008 

Contents lists available at ScienceDirect 

Energy and Climate Change 

journal homepage: www.elsevier.com/locate/egycc 

Full Length Article 

Numerical simulation of building wall incorporating phase change material 

for cooling load reduction 

K. Kant a , b , ∗ , A. Shukla b , Atul Sharma b 

a Department of Mechanical Engineering, Eindhoven University of Technology, 5600 MBEindhoven, the Netherlands 
b Non-Conventional Energy Laboratory, Rajiv Gandhi Institute of Petroleum Technology, Jais Amethi 229304, India 

a r t i c l e i n f o 

Keywords: 

PCM 

Thermal energy storage 

Energy efficiency 

Indoor comfort 

a b s t r a c t 

Phase change material (PCM) placed in the building wall changes the temperature profile within the wall and 

thus influences the heat transport to indoor environment. The effectiveness of these building walls depends on 

PCM location within the wall, PCM melting temperature, and PCM layer thickness. Considering these parameters, 

the numerical simulation has been conducted for a typical building wall and the obtained results are reported in 

terms of melt fraction of PCM and heat flux at the inner surface of the wall. From these results it is found that 

for the minimum heat transport to the indoor environment, the PCM layer should be embedded in between the 

fiberglass insulation layers, melting temperature of PCM should be in the range of indoor air temperature and 

PCM thickness should be higher. The numerical simulation has also been conducted considering actual weather 

conditions into account for three consecutive days with four different PCM (RT-26, RT-25, n-octadecane and RT- 

28). For three consecutive days, the percentage reduction of heat transport to the indoor environment is obtained 

33.18%, 33.94%, 34.40% and 37.13% by using RT-26, RT-25, n-octadecane and RT-28 PCM, respectively. 

Introduction 

According to the international energy agency, the building sector is 

responsible for 24% of the world’s total CO 2 emission and 40% of the 

world’s total primary energy consumption [1] . To reduce CO 2 emission, 

we need renewable energy sources that can supply energy for various 

applications in the buildings. The solar energy is the most suitable re- 

newable energy source for building energy supply. However, it is inter- 

mittent that creates a mismatch in energy supply and demand, therefore 

we need some energy storage devices that can store surplus energy of 

day time and shifts it night time. The phase change materials (PCM) can 

be utilized for this purpose [2–7] . Several researchers have investigated 

the utility of PCM and nano-PCMs in building applications [8–12] . These 

studies indicate that PCM can be applied to walls, glass, floor, and roofs 

which reduces the cooling cost of building significantly in comparison 

to active cooling cost [13–15] . The use of phase change material board 

(PCMBs) at the building wall can save electricity up to 13.10% however 

it does not offer considerable economic benefits [16] . The presence of 

a PCM in building envelope gives rise to an abrupt modification of the 

energies entering and exiting through the internal and external surface 

of wall [ 5 , 17 ]. The application of PCM with geo-cooling can save elec- 

tricity consumption in buildings around 24–40% [18] . An experimental 

study showed that the application of PCM causes a daily average peak 

heat flux reduction for individual walls up to 25.4% however hourly 
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average peak heat flux reduction for the sum of all four walls up to 

20.1% [19] . Souayfane et al, [20] conducted the economic analysis of a 

transparent insulation material and phase change materials (TIM-PCM 

wall) wall under different climates. The results indicated that in polar 

and subarctic climates, the application of the TIM-PCM wall could be of 

high economic value and hence the investment may be attractive, with 

payback period in the range of 8–10 years approximately. Mehdaoui 

et al. [21] conducted numerical simulation and thermal testing of test 

cells on a small scale and subjected to the thermal stresses. They found 

that during the heating phase, the temperature inside the PCM shelter 

appears constant about 28 °C but it varied between 29 and 40 °C inside 

the test room without the PCM wall. These studies indicate that the ap- 

plication of PCM in building walls reduces the heat transfer rate in the 

building wall that reduces the temperature fluctuation in the buildings. 

In the above-mentioned literature, the assessment of building walls 

utilizing PCM mostly uses heat flux and temperature variations at the 

indoor surfaces, the peak temperature of indoor and outdoor temper- 

ature. However, it is of practical importance to consider the effect of 

various parameters such as the PCM layer at a different position in the 

wall, PCM layer thickness and effect of melting temperature of PCM. 

To understand the cooling load reduction, it is also reasonable to see 

the temperature characteristics of different layers in the PCM integrated 

building wall. The present study has been conducted to address all the 

above-mentioned concerns regarding PCM integrated building wall. The 
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Nomenclature 

C p specific heat [J/kgK] 

F view factor 

g acceleration due to gravity [m/s 2 ] 

H height of wall [m] 

L f latent of fusion [J/kg] 

n normal vector on the boundary 

q heat flux [W/m 

2 ] 

T temperature [K] 

T m melting temperature [K] 

ΔT half of transition temperature [K] 

t time [s] 

u velocity in x -direction [m/s] 

v velocity in y -direction [m/s] 

x coordinates in x -direction [m] 

y coordinates in y -direction [m] 

Greek symbols 

𝜌 density [kg/m 

3 ] 

𝜆 thermal conductivity [W/mK] 

𝛼 absorptivity 

𝜀 emissivity 

μ dynamic viscosity [Pa •s] 

𝛾 thermal expansion coefficient of air 

𝛽 thermal expansion coefficient of PCM 

Subscript 

a air 

w wind 

l liquid 

s solid 

amb ambient 

in indoor 

Acronyms 

FB fiberglass 

gyp gypsum 

ext external temperature 

PCM phase change material 

OSB oriented strand board 

thermal model of a typical building wall incorporating PCM is developed 

considering heat and mass transfer in the melted PCM. The numerical 

simulation has been conducted considering constant heat flux at the 

outer surface of the wall as well as the actual weather condition of the 

City Rae Bareli (Latitude and longitude coordinates are: 26.23 N, 81.24 

E), India with four different PCM. The melt fraction of and heat flux 

at the inner surface of the wall has been calculated for each case and 

discussed. 

In the first part of the paper, we present a description of the numer- 

ical model of a typical building wall incorporating PCM and its ther- 

mophysical properties. In the next part of the paper we present: (i) the 

mathematical formulations considering convective heat transfer in the 

PCM for the simulation work; (ii) a short description on the boundary 

conditions that have been used for numerical simulations; (iii) the grid 

size, computational procedure, and model validation. Successively, the 

results of the present study have been presented for constant heat flux as 

well as the actual weather conditions of the city Rae Bareli. Finally, the 

outcomes of the present study have been presented in the conclusions 

section. 

Model description 

Fig. 1 depicts a typical wall structure used for the present study. The 

wall without incorporating PCM has been called the control wall in the 

Fig. 1. Construction of wall (a) main heat transfer path to and from the wall 

(b) control wall, (c) PCM is placed in between the fiberglass; (d) PCM is placed 

at next to gypsum layer, (e) PCM is placed next to the fiberglass. 

1: Gypsum, 2: polyacrylic plastic, 3: PCM, 4: Fiberglass, 5: OSB (oriented strand 

board), 6: The heat source. 

present study. The configuration of the control wall is the same as a 

typical North American residential wall [22] . The wall with the height 

1 m consists of gypsum wallboard (12.7 mm) attached with Acrylic 

plastic container (2.0 mm each, to cancel the effects of the container 

used for PCM storage), the Fiberglass insulation layers (44.5 mm for 

each layer) and an Oriented Strand Board (OSB) (20.5 mm). OSB is 

an engineered, waterproof, and heat-cured board made up of layering 

rectangular-shaped strands of wood arranged in cross-oriented patterns 

with acceptable structural and thermal properties. OSB is widely used 

in the United States for wall sheathing, floor underlayment, roof cover, 

and I-joists in commercial and residential buildings [23] . The PCM is 

filled in the 2 mm thick Acrylic plastic cavity of height 97.8 mm. The 

dimension of the container is shown in Fig. 2 . The solar radiation inci- 

dent on the OSB and some part of incident solar radiation absorbed by 

the OSB and remaining are thrown back without absorbing the atmo- 

sphere. The absorbed solar radiation starts increasing the temperature 

of the wall. The heat reflected back to the environment and indoor en- 

vironment by the conduction, convection and radiation as depicted in 

Fig. 1 . A part of the absorbed energy by wall is stored in PCM which is 
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Fig. 2. The dimensions of the control wall and PCM Container. 

filled inside the building wall during the sunshine hours (when energy 

supply is high) and released during off sunshine hours (when the en- 

ergy demand is high). By this way, the surplus energy of sunshine hours 

shifted to the off-sunshine hours. The thermo-physical property for the 

different layers of a typical building wall is given in Table 1 . 

In the present study, the indoor air temperature is kept constant on 

23 °C with natural convection and radiative heat loss to the indoor en- 

vironment. At the outer surface of the wall, a constant heat flux of 750 

[W/m 

2 ] applied at the OSB layer surface which mimics incident solar 

radiation. The forced convective and radiative heat loss is considered 

at the outer surface of the wall. The outer ambient temperature has 

been considered 25 [°C]. The study has also been conducted for actual 

weather conditions to see the heat transfer characteristics of a typical 

North American wall. 

Mathematical formulations for the simulation work 

To study the heat transfer characteristics of a typical building wall 

with PCM at a different position, the conceptual design of the typical 

building is shown in Fig. 1 . Several assumptions have been made for 

the mathematical modeling of building the wall. The assumptions are 

as follows [27–29] : 

• The properties of different layers of the wall are isotropic and ho- 

mogenous. 
• The solar radiation incident of the wall is equally distributed every- 

where. 
• The melted PCM inside the container is Newtonian and incompress- 

ible. 
• Three-dimensional convection and radiation inside the PCM are ne- 

glected. 
• Convection mode of heat transfer is also considered inside the PCM. 

The heat transfer study has been conducted considering each layer of 

the wall. The different layers of the building wall with its dimensions are 
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depicted in the schematic diagram shown in Fig. 2 . Over the inner and 

outer surface of the wall, the convective and radiative heat loss has been 

considered. Inside the layers of the control wall, only the conductive 

mode of heat transfer is considered. Inside the PCM layer of the wall, 

the conductive and convective both mode of heat transfer is considered. 

The mathematical formulation used for present simulation work is given 

in the following subsection : 

Heat transfer model 

Heat transfer model over building wall inner and outer surface 

The main heat transfer path to and from the building wall and envi- 

ronment is convection and radiation. Heat loss occurs from building wall 

to the indoor environment due to the longwave radiation and natural 

convection. The convective heat transfer at the inner surface of the wall 

is only due to natural convection, which is also known as free cooling 

[7] . At the inner surface of the wall: 

− 𝜆𝑔𝑦𝑝 
𝜕𝑇 

𝜕𝑥 
= ℎ 

𝑓𝑟𝑒𝑒 
𝑖𝑛 

(
𝑇 𝑖𝑛 − 𝑇 𝑔𝑦𝑝 

)
+ 𝜀 𝑔𝑦𝑝 𝐹 𝜎

(
𝑇 4 𝑖𝑛 − 𝑇 4 𝑔𝑦𝑝 

)
(1) 

where ℎ 
𝑓𝑟𝑒𝑒 
𝑖𝑛 

is the natural convection heat transfer coefficient at the 

Gypsum layer inner side and its value is taken from Kant et al. [8] , 𝜎 is 

Stefan–Boltzmann and its value is approximately 5.67 ×10 -8 (W/(m 

2 K 4 ) 

), T in is indoor air temperature, T gyp is outer Gypsum layer temperature, 

𝜀 gyp is gypsum layer emissivity and its value is 0.85 [30] , F is the view 

factor and in the present study, its value is considered unity. At the outer 

surface of the building wall, the convection heat transfer with the long 

and shortwave radiation is considered. As the building wall is vertical, 

therefore the ambient temperature is considered as the sky temperature 

and view factor ( F) is 1 to calculate heat loss to the ambient in the 

form of longwave radiation. The convection heat transfer occurs due to 

the free cooling of OSB as well as convective heat transfer due to wind 

velocity. At the outer surface of the building wall: 

− 𝜆𝑂𝑆𝐵 
𝜕𝑇 

𝜕𝑥 
= 

(
ℎ 
𝑓𝑟𝑒𝑒 

𝑎𝑚𝑏 
+ ℎ 

𝑓𝑜𝑟𝑐𝑒𝑑 

𝑎𝑚𝑏 

)(
𝑇 𝑎𝑚𝑏 − 𝑇 𝑂𝑆𝐵 

)
+ 𝜀 𝑂𝑆𝐵 𝐹 𝜎

(
𝑇 4 
𝑎𝑚𝑏 

− 𝑇 4 
𝑂𝑆𝐵 

)
+ 𝛼𝑂𝑆𝐵 𝑄 𝑠𝑜𝑙 ( 𝑡 ) (2) 

where h free and h forced are natural and forced convective heat transfer 

coefficient at the OSB layer outer side and its value is taken from Kant 

et al. [8] . T amb and T OSB are ambient and OSB layer temperatures, re- 

spectively. The emissivity of the OSB layer ( 𝜀 OSB ) is taken 0.93 [31] and. 

The 𝛼OSB is absorptivity of the OSB layer and it’s is value is 0.9 [31] and 

Q sol is heat flux which mimics incident solar radiation. 

Heat conduction model inside the wall layers 

Inside the solid part of the control wall i.e. Gypsum layer, Acrylic 

plastic, Fiberglass and OSB the pure conductive mode of heat transfer 

is considered. The heat transfer equation applied over the wall and it is 

given by [32] : 

𝜌𝐶 𝑝 
𝜕𝑇 

𝜕𝑡 
+ ∇ ( − 𝜆∇ 𝑇 ) = 0 (3) 

where 𝜌, C p , and 𝜆 are the density, specific heat and thermal conductivity 

of layer respectively. 

Heat conduction and latent heat storage model inside the PCM layer 

The heat transfer diffusion equation applied inside the PCM layer 

which can be given by [28] : 

𝜌𝑃𝐶𝑀 

𝐶 𝑝, 𝑃𝐶𝑀 

𝜕𝑇 

𝜕𝑡 
+ ∇ 

(
− 𝜆𝑃𝐶𝑀 

∇ 𝑇 
)
+ 𝜌𝑃𝐶𝑀 

𝐶 𝑝, 𝑃𝐶𝑀 ⃗

𝑢 ∇ 𝑇 = 0 (4) 

where 𝜌PCM , Cp PCM and 𝜆PCM are the temperature dependent density, 

specific heat and thermal conductivity of PCM respectively. The veloc- 

ity field 𝑢 in Eq. (4) is quantified by the Navier–Stokes equation in the 

incompressible fluid. The temperature dependent density of the PCM 

can be modeled using Eq (5) . 

𝜌𝑃𝐶𝑀 

( 𝑇 ) = 𝜌𝑠, 𝑃𝐶𝑀 

+ 

(
𝜌𝑙, 𝑃𝐶𝑀 

− 𝜌𝑠, 𝑃𝐶𝑀 

)
𝜃( 𝑇 ) (5) 

where 𝜌s,PCM and 𝜌l,PCM is the solid and liquid PCM density and the value 

of function 𝜃(T) grows linearly in the transition zone as: 

𝜃( 𝑇 ) = 

⎧ ⎪ ⎨ ⎪ ⎩ 
1 𝑇 > 

(
𝑇 𝑚 + Δ𝑇 

)
𝑇− 𝑇 𝑚 +Δ𝑇 

2Δ𝑇 
( 𝑇 𝑚 − Δ𝑇 ) ≤ 𝑇 ≤ 

(
𝑇 𝑚 + Δ𝑇 

)
0 𝑇 < 

(
𝑇 𝑚 − Δ𝑇 

) (6) 

where T m is the mean of melting temperature and ΔT the half range 
of transition temperatures and its value is 1 °C. The value of function 

𝜃(T) is 0 in the solid-state and 1 in the melted state. The temperature 

dependent heat capacity of PCM can be given as: 

𝐶 𝑝, 𝑃𝐶𝑀 

( 𝑇 ) = 𝐶 𝑝𝑠, 𝑃𝐶𝑀 

+ 

(
𝐶 𝑝𝑙, 𝑃𝐶𝑀 

− 𝐶 𝑝𝑠, 𝑃𝐶𝑀 

)
𝜃( 𝑇 ) + 𝐿 𝑓 𝐷 ( 𝑇 ) (7) 

where C ps , PCM and C pl , PCM is the specific heat capacity in the solid and 

liquid state of PCM, respectively. L f is the latent heat of the fusion and 

D(T) is the delta function and its value is given by [27] : 

𝐷 ( 𝑇 ) = 𝑒 

⎛ ⎜ ⎜ ⎜ ⎝ 
− 𝑇 ( 𝑇− 𝑇 𝑚 ) 2 

Δ𝑇 2 ∕ 
√

𝜋Δ𝑇 2 

⎞ ⎟ ⎟ ⎟ ⎠ (8) 

The value of function D(T) is zero everywhere except in the tem- 

perature range of T m - ΔT to T m + ΔT . The main reason for the use of 
delta function is to distribute the latent heat equally to both sides of the 

melting temperature in the range of transition temperature. The integral 

value of the function D(T) is 1. The thermal conductivity of PCM also 

depends on the temperature and it can be given by: 

𝜆𝑃𝐶𝑀 

( 𝑇 ) = 𝜌𝑠, 𝑃𝐶𝑀 

+ 

(
𝜆𝑙, 𝑃𝐶𝑀 

− 𝜆𝑠, 𝑃𝐶𝑀 

)
𝜃( 𝑇 ) (9) 

where 𝜆s PCM and 𝜆l PCM is the thermal conductivity in the solid and 

liquid state of PCM respectively. 

Momentum transfer in the PCM layer 

It is supposed that the melt PCM is Newtonian and incompress- 

ible. The momentum transfer equation modified as follows to model 

the phase transition process for the PCM: 

𝜌𝑃𝐶𝑀 

𝜕 ⃗𝑢 

𝜕𝑡 
+ 𝜌𝑃𝐶𝑀 

(
𝑢 ⋅ ∇ 

)
𝑢 − 𝜇𝑃𝐶𝑀 

∇ 

2 𝑢 

= −∇ 𝑃 − 𝜔 ( 𝑇 ) ⃗𝑢 − 𝜌𝑙, 𝑃𝐶𝑀 

(
1 − 𝛽

(
𝑇 − 𝑇 𝑚 

))
𝑔 (10) 

where μPCM is the dynamic viscosity of melted PCM, the last term in the 

right-hand side of Eq. (10) is buoyancy force given by the Boussinesq ap- 

proximation. The second term in the right-hand side of the momentum 

equation is inspired by the Carman–Koseny relation in a porous medium 

and the value of the with the function 𝜔 ( T ) is given by Eq. (11) and 

the function ∇ P from Darcy’s law, as presented by Voller and Prakash 

[33] and Brent et al. [34] . If we assume that, the flow is laminar the 

value of ∇ P is given by Eq. (12) : 

𝜔 ( T ) = 

𝜑 ( 1 − 𝜃( 𝑇 ) ) 2 (
𝜃2 ( 𝑇 ) + 𝜏

) (11) 

∇ 𝑃 = 

− 𝜑 ( 1 − 𝜃( 𝑇 ) ) 2 

𝜃3 ( 𝑇 ) 
𝑢 (12) 

where 𝜑 and 𝜏 are the constant and depends on the morphological struc- 

ture of PCM. The value of 𝜑 is chosen 10 6 kg/m 

3 s [35] and this value 

is chosen as in the numerical benchmark [36] . Increasing the value of 

coefficient 𝜑 leads to a reduction in the flow of liquid PCM in the tran- 

sition zone. The value of constant 𝜏 is selected very low therefore the 

Eq. (11) become effective, however, 𝜃(T) is zero. The substantial value 

of 𝜏 is fixed at 10 3 . In the increase in the temperature of PCM the value 

of 𝜃 becomes 1 which results in the value of the function 𝜔 (T) becomes 

zero. 
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Boundary conditions 

The indoor air temperature ( T in ) in the present study is set to 23 
o C 

for human comfort [37] . At the PCM container wall, the no-slip condi- 

tion is applied therefor the velocity of melted PCM at the container wall 

is zero. At the top and bottom of the control wall symmetry boundary 

is considered i.e. -n.q = 0 and K-(K.n)n = 0, where 𝐾 = ( 𝜇 ⋅ ∇ 

2 𝑢 ) ⋅ 𝑛 , q is 
the heat flux and n is the vector normal to the surface. 

Grid, computation and model validation 

The partial differential equation subjected to initial and boundary 

conditions solve concurrently using the commercial package of COM- 

SOL 5.3a which is based on the finite element method. The higher grid 

size is considered in the solid layers of the building wall in comparison 

with the PCM layer as the mesh size of wall layers does not much affect 

numerical results as compared to the PCM layer. The grid size is reduced 

at the boundary of the PCM layer, which reduces the error in the cal- 

culation as there is interaction in the solid layer to the melted PCM. As 

the numerical results of the calculation depend on the grid size of each 

layer there for the study has been conducted for various mesh sizes (i.e. 

15,195, 23,354 and 107,774 number of element) From the study, it was 

found that with the reduction in mesh size (i.e. increment in the number 

of mesh element), will not much affect the calculated results. Therefore 

for the sake of accuracy, the maximum 107,774 number of elements 

have been taken for the present study. For the present study, the grid 

size is selected such that the numerical results of the model are indepen- 

dent of grid size. The transient heat transfer study has been conducted 

using the heat transfer and fluid flow module of COMSOL Multiphysics 

5.3a software. 

To apply our developed thermal model for further calculation, we 

have first validated it with the experimental studies. The developed 

thermal model with the PCM has also been validated with the applica- 

tion of PCM performed by Biwole et al. [27] . For the model validation 

the 2 [cm] thick PCM layer considered in between two 4 [mm] thick 

aluminum layer of height 13.20 [cm]. The heat transfer coefficient at 

the front and back surface of the aluminum layer is 10 [W/m 

2 K] and 

5 [W/m 

2 K]. The external temperature to both sides of the aluminum 

plate is considered 20 [ °C] and heat flux 1000 [W/m 

2 ], which mimics 

the incident solar radiation. The calculation from the present simula- 

tion model, in terms of temperature, are compared with the calculations 

done by Biwole et al. [27] and shown in Fig. 3 This comparative study 

clearly shows that the developed thermal model is in good agreement 

with the results of an experimental and numerical study carried out by 

Fig. 3. Model validation with Biwole et al. 2014 [27] . 

Biwole et al. [27] . Such a comparative study puts a stringent test of the 

consistency of our model and its predictions before using it further. 

Result and discussion 

To understand the heat transfer characteristics of the wall, the study 

has been conducted for the constant heat flux subjected at the outer 

surface of the OSB layer and with the actual weather condition of City 

Rae Bareli. The results and discussion of the present study have been 

presented in the six subsections. In the first subsection, the temperature 

and velocity field in the melted PCM has been discussed when the PCM 

layer is placed in between two fiberglass layers and the outer surface of 

the OSB layer is subjected to constant heat flux. In the second subsection, 

the effect of the PCM layer positing has been discussed. In the second, 

third, fourth and fifth subsection the effect of the PCM layer position, 

PCM layer thickness and the melting temperature has been discussed 

correspondingly. In the last subsection, the discussion has been made 

on the results obtained with the actual weather condition. 

Temperature and velocity field 

To see the heat transfer characteristics of building wall containing 

phase change materials the study has been conducted with the constant 

heat flux of 750 [W/m 

2 ], which mimic solar radiation incident on the 

OSB layer. The ambient and indoor air temperatures have been con- 

sidered 23 °C and 25 °C, respectively. The initial temperature of the 

wall has been considered equal to the indoor air temperature and wind 

speed at the front surface of the OSB layer is 2 [m/s] has been consid- 

ered in the present study. The n-octadecane has been considered as PCM 

for the thermal energy storage in the building wall. The solar radiation 

incident on the OSB layer outer surface and raises building wall tem- 

perature. After a certain time, the building wall temperature reaches to 

melting temperature of PCM that is filled in the cavity of the wall and 

starts melting. During the phase transition of PCM, the temperature of 

the building wall maintained at the melting temperature of PCM. Fig. 4 

represents the temperature characteristics of the wall at 7 different time 

span. The study is conducted when the PCM layer is placed in between 

two fiberglass layers. In Fig. 4 the x-axis represents the distance from 

the gypsum layer to the OSB wall outer surface and the y-axis represents 

temperature variation in the wall layers. Initially, the temperature of the 

inner surface of the gypsum layer was 23.00 °C and reaches 24.30 °C af- 

ter 720 min. The maximum temperature of the outer surface of the OSB 

layer reaches 67.20 °C after 720 [min]. The surface temperatures of Gyp- 

sum layer at 100 [min], 300 [min], 450 [min], 500 [min], 550 [min], 

Fig. 4. Temperature variation of building wall containing PCM in between two 

fiberglass layers. 
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600 [min], 700 [min] are 23.08 [°C], 23.59 [°C], 23.61 [°C], 23.62 [°C], 

23.70 [°C], 23.90 [°C], 24.24 [°C], respectively, and surface tempera- 

tures of OSB layer at same time are 65.10 [°C], 66.92 [°C], 67.00 [°C], 

67.00 [°C], 67.01 [°C], 67.02 [°C], 67.12 [°C], respectively. The temper- 

ature of each layer in the wall decreases linearly from the OSB layer to 

the gypsum layer except the PCM layer. The temperature of the gypsum 

surface remains constant at 23.6 ± 0.1 o C during the melting of PCM from 

200 [min] to 550 [min], which can be seen by Fig. 4 . The temperature 

profile of the wall depending on the thermophysical properties of con- 

struction material, convective and radiative heat transfer from the wall 

to the surroundings and radiation incident on the building wall surface. 

In the present study, we have used fiberglass as an insulating material in 

the wall which prevents the heat transport from the wall to the indoor 

environment and increases the temperature [ 9 , 22 , 38–40 ]. 

The variation of heat flux at the inner surface of the Gypsum layer 

and solid fraction of PCM with time is shown in Fig. 5 . Solid fraction 

(SF) is a dimensionless number, and its value is given by the following 

relation: 

𝑆𝐹 = 

( 

1 − 

𝑉 𝑜𝑙 𝑢𝑚𝑒 𝑜𝑓 𝑚𝑒𝑙 𝑡𝑒𝑑 𝑃 𝐶𝑀 

𝑇 𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑃 𝐶𝑀 

) 

= 

( 

1 − 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑜𝑟𝑚 𝑜𝑓 𝑙𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡 ( Δ𝐸 ) 
𝐿𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑓𝑢𝑠𝑖𝑜𝑛 

(
𝐿 𝑓 

) ) 

= 

( 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑡ℎ𝑎𝑡 𝑐𝑎𝑛 𝑏𝑒 𝑠𝑡𝑜𝑟𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑜𝑟𝑚 𝑜𝑓 𝑙𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡 

𝐿𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑓𝑢𝑠𝑖𝑜𝑛 
(
𝐿 𝑓 

) ) 

(13) 

The SF is the percentage of PCM that remains in solid-state after a 

certain time. Initially, the indoor temperature and the initial tempera- 

ture of the wall are similar therefore the there is no heat transfer from 

the wall to the indoor environment. As time increases the heat transfer 

from the wall to the indoor environment starts increasing and it becomes 

constant when PCM starts melting which can be seen by Fig. 5 . The PCM 

starts melting at 170 [min] and up to this time, the heat flux at the gyp- 

sum layer surface increasing sharply from 0 [W/m 

2 ] to 2.10 [W/m 

2 ]. 

From the 100 [min] to the 250 [min] the heat flux increases sharply 

from 0.44 [W/m 

2 ] to 3.50 [W/m 

2 ] and 22.5 % PCM completely melted. 

From 250 [min] to 550 [min] the value of heat flux increases gradually 

and reaches 4.37 [W/m 

2 ] from 3.50 [W/m 

2 ] with an increment of 0.87 

[W/m 

2 ], and the same time PCM is completely melted. During the melt- 

ing phase, PCM absorbed excess heat of the building wall, therefore the 

value heat flux at the gypsum layer surface does not increase sharply. 

After the 550 [min], the heat flux starts increasing sharply as the PCM 

is completely melted and its value becomes 8.46 [W/m 

2 ] at 720 [min]. 

Fig. 5 shows the variation of heat flux at the gypsum layer also when 

Fig. 5. Average heat flux variation with time at the gypsum layer inner surface 

and solid fraction of PCM: ( Solid fraction (SF), Heat flux). 

there is no PCM layer in the wall (control wall case). The heat transport 

to the indoor environment is higher with the control wall as compared 

to wall incorporated with PCM. With the control wall, heat flux at the 

gypsum inner surface reaches 19.14 [W/m 

2 ] at 720 [min] and the to- 

tal 72.93% heat transfer reductions obtained when the PCM layer was 

placed in between two fiberglass layers. 

Fig. 6 represents the velocity field in the PCM cavity at different time 

instances by the color contour of the arrow. The minimum and maxi- 

mum velocity field in the PCM container are 0 [m/min] and 9.87 ×10 -6 
[m/min]. As the constant heat flux is applied at the OSB outer surface, 

therefore the heat is transported to the PCM from the OSB layer by the 

conduction. The PCM absorbs heat and starts melting, the melted PCM 

have lower density as compared to solid PCM, therefore, melted PCM 

move upwards direction. The PCM which has a comparatively lower 

temperature moves downward direction, therefore the velocity field has 

been generated in the melted PCM, which increases the convective heat 

transfer in the PCM domain. The velocity field near the right acrylic 

layer is higher due to the higher temperature gradient near the wall and 

has positive ( + ve) y -direction as shown in Fig. 6 by the color contour. 

The velocity field near solid PCM has a negative (- ve) y -direction down- 

ward direction. The average velocity of melted in the container at 400 

[min], 450 [min], 500 [min], 550 [min] and 600 [min] is 1.64 ×10 -7 
[m/min], 7.77 ×10 -7 [m/min], 1.65 ×10 -6 [m/min], 2.58 ×10 -6 [m/min] 
and 2.87 ×10 -6 [m/min] respectively. Due to the density difference in 
solid and liquid PCM the melted PCM collected in the upper part of the 

container which leads to higher melted PCM in the upper part of the 

cavity as compared to the lower part. 

During the melting of PCM, there are two components of the velocity 

field induced in the cavity i.e. x and y -component. Fig. 7 represents the 

y -component velocity field in the middle of the cavity at a different 

time. In the figure, the x -axis represents the distance from the surface of 

the gypsum layer and the y -axis represents y component of the velocity 

field. The value of the y -component of the velocity field ( v ) near the 

right side of the container starts increasing in the positive as well as 

negative direction with time. When the melted PCM touches the left 

side of the container the value of the y- component of the velocity field 

starts decreasing in the positive and negative direction with time and it 

further starts increasing in the positive and negative direction when the 

PCM is completely melted. 

Effect of PCM layer position 

To see the effect of PCM layer position the study has been conducted 

for four different cases: (i) when there is no PCM (control wall) (ii) when 

PCM layer is placed in between the gypsum layer and fiberglass layer 

(GYP-PCM-FG), (iii) when PCM layer is placed in between fiberglass and 

OSB layer (FG-PCM-OSB) and (iv) when the PCM layer is placed in be- 

tween the two fiberglass layers (FG-PCM-FG). The initial and boundary 

conditions are the same as in the previous section 4.1. Fig. 8 represents 

the heat flux variation on the indoor gypsum layer surface and solid frac- 

tion of PCM with time when PCM layer is placed at different positions 

in the building wall. The maximum heat is transported to the indoor 

environment when there is no PCM layer in the wall and heat flux is 

reached 19.14 [W/m 

2 ] at 720 [min]. The total energy transported to 

the indoor environment without PCM in the wall is 579.29 [kJ] in 720 

[min]. When the PCM layer is placed in between the gypsum layer and 

fiberglass, the maximum heat flux value at the gypsum layer surface 

reaches at 17.74 [W/m 

2 ] and total energy transported to the indoor en- 

vironment is 480.74 [kJ] in the same duration which is 17.01% lower 

as compared to the control wall. In this case, PCM does not completely 

melt because of enough heat is not reach to the PCM layer due to fiber- 

glass insulation therefore PCM layer temperature does not reach above 

to its melting temperature and heat transfer in the PCM layer is purely 

conductive. The thermal resistance of the gypsum layer is not enough to 

block the heat transport to the indoor environment. When the PCM layer 

is placed in between the fiberglass and OSB the heat transfer rate from 
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Fig. 6. Velocity field in the PCM container at 

a different time. 

Fig. 7. Variation of the y-component of the velocity field at the mid-height of 

the cavity. 

OSB to PCM is higher, therefore, the PCM layer melt in the shorter time 

duration and maximum heat flux is reached 17.82 at 720 [min] which 

is like the previous case when the PCM layer is placed in between the 

gypsum layer and fiberglass layer, however, the energy transported to 

the indoor environment is lower. In this case, PCM starts melting from 

30 [min] and completely melted at 140 [min] the total time duration 

of complete melting is 110 [min] and total energy transported to the 

indoor environment is 433.08 [kJ] which is 25.24% lower as compared 

to control wall. When the PCM layer is placed in between two fiberglass 

layers the maximum heat flux reached at the value of 8.71 [W/m 

2 ] at 

720 [min]. In this case, the PCM starts melting at 165 [min] and com- 

pletely melted at 545 [min]. The total time duration for the complete 

melting of PCM is 380 [min] and the total energy transported to the in- 

door environment are 159.92 [kJ] which is 72.39 % lower as compared 

to control wall. The highest reduction of heat transported to the indoor 

environment is achieved for the case when the PCM layer is placed in 

between two fiberglass layers. 

Fig. 8. Effect of PCM layer position on average heat flux variation at the gypsum 

layer inner surface and solid fraction of The PCM: ( Solid fraction (SF), 

Heat flux). 

Effect of PCM layer thickness 

The study has also been conducted for the four different thickness 

of PCM layer i.e. 1 [cm], 2 [cm], 3 [cm] and 4 [cm]. The variation of 

heat flux with time at the gypsum layer surface is shown in Fig. 9 for 

four different thicknesses of the PCM when the PCM layer is placed in 

between two fiberglass layers (FG-PCM-FG). The heat flux reduces with 

an increase in PCM layer thickness that results in the lower thermal 

energy transported to the indoor environment. The total energy trans- 

ported to the indoor environment is 294.4 [kJ], 159.92 [kJ], 119.39 

[kJ] and 107.27 [kJ] for 1 [cm], 2 [cm], 3 [cm] and 4 [cm] thick PCM 

layer respectively. The reduction in the energy transported to the in- 

door environment as compared to control wall is 49.17%, 72.39%, 79. 

39% and 81.48% for 1 [cm], 2 [cm], 3 [cm] and 4 [cm] thick PCM 

layer respectively. For the 1 [cm] and 2 [cm] thick PCM layer the PCM 

has been completely melted in 290 [min] and 545 [min] respectively, 
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Fig. 9. Variation of average heat flux at the inner surface of the gypsum layer 

and solid fraction of PCM for different thickness of PCM layer: ( Solid 

fraction (SF), Heat flux). 

however 6.2 % and 32.14 % of PCM remain in solid phase for the 3 

[cm] and 4 [cm] thick PCM layer respectively. The maximum heat flux 

value at gypsum layer surface is reached 14.79 [W/m 

2 ], 8.71[W/m 

2 ], 

4.44 [W/m 

2 ] and 3.73 [W/m 

2 ] for 1 [cm], 2 [cm], 3 [cm] and 4 [cm] 

thick PCM layer respectively. For the lower thickness of the PCM layer, 

the heat flux becomes constant for shorter time duration and vice versa. 

For the all PCM thickness the heat flux at gypsum layer surface become 

constant value in the range of 3.5 ± 0.5 [W/m 

2 ] for time duration of 155 

[min], 310 [min] and 420 [min] for the 1 [cm], 2 [cm], and 3 [cm] 

thick PCM layer, however for 4 [cm] thick PCM layer the total PCM has 

not been melted completely. The maximum heat flux at gypsum surface 

reaches 14.79 [W/m 

2 ], 8.71 [W/m 

2 ], 4.44 [W/m 

2 ] and 3.73 [W/m 

2 ] 

for 1 [cm], 2 [cm], 3 [cm] and 4 [cm] thick PCM layer respectively. 

Effect of PCM melting temperature 

The melting temperature of PCM is also affecting the heat transport 

rate to the indoor environment; therefore, the study has been conducted 

for the different melting temperatures to investigate the suitable phase 

change temperature of the PCM. Fig. 10 shows the variation of heat flux 

at gypsum layer surface and solid fraction of PCM at 24 [°C], 26 [°C], 28 

[°C], 30 [°C], and 32 [°C] with time. For the lower melting temperature, 

the PCM starts melting earlier however for higher melting temperature 

Fig. 10. Variation of average heat flux at the gypsum layer inner surface and 

solid fraction of PCM at different melting temperature with time ( Solid 

fraction (SF), Heat flux). 

the PCM starts melting later. The time duration for melting of PCM is 

315 [min], 340 [min], 375 [min], 415 [min] and 450 [min] for 24 [°C], 

26 [°C], 28 [°C], 30 [°C], and 32 [°C] melting temperature respectively. 

The total energy transported to the indoor environment is 123.95 [kJ], 

138.34 [kJ], 154.97 [kJ], 176.20 [kJ], 204.48 [kJ] and percentage re- 

duction in heat transported to the indoor environment is 78.60 %, 76.11 

%, 73.24 %, 69.58%, 64.70 %, for 24 [°C], 26 [°C], 28 [°C], 30 [°C], 

and 32 [°C] melting temperature respectively. The maximum heat flux 

at gypsum surface reaches 9.35 [W/m 

2 ], 8.99 [W/m 

2 ], 8.52 [W/m 

2 ], 

7.89 [W/m 

2 ] and 7.10 [W/m 

2 ] for for 24 [°C], 26 [°C], 28 [°C], 30 [°C], 

and 32 [°C] melting temperature, respectively. 

Fig. 11 represents the reduction of heat flux for different parame- 

ters i.e. PCM layer position in the wall, PCM melting temperature and 

Fig. 11. Percentage (%) reduction in energy transported to the indoor environ- 

ment for different parameter. 
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Fig. 12. Actual weather data for the city Rae 

Bareli, India used for numerical simulations 

[41] . 

PCM layer thickness. Fig. 11 (a) represents the % reduction of thermal 

energy transported to the indoor environment when the PCM layer is 

placed at a different location in the wall. Minimum 17.01% reduction 

is obtained when the PCM layer is placed in between the gypsum layer 

and the fiberglass layer. The maximum reduction is obtained when the 

PCM layer is placed in between the two fiberglass layers. In this case 

the melting temperature is 28.2 [°C] and PCM thickness is 2 [cm]. In 

Fig. 11 (b) the % reduction of thermal energy transported to the indoor 

environment at different melting temperature has been shown. The re- 

duction in the thermal energy transported to the indoor environment 

has been decreasing with an increase in melting temperature. The higher 

reduction is achieved when the melting temperature is near to the in- 

door environment temperature. In this case, the PCM layer is placed in 

between the fiberglass layers, and PCM thickness is 2 [cm]. With the 

increase in PCM thickness the % reduction is increasing however after 

a certain thickness the % reduction becomes constant because the PCM 

layer has not been completely melting, which can be seen by Fig. 11 (c). 

In this case, the melting temperature is 28.2 [°C] and the PCM layer is 

placed in between two fiberglass layers. 

Numerical simulation with actual weather conditions 

The numerical simulation has been conducted considering the actual 

weather conditions of the city Rae Bareli. The weather data that has been 

taken for the present study is shown in Fig. 12 . In this study, the indoor 

air temperature and initial temperature of the building wall are taken 

at 23 °C. The thickness of the PCM layer is 2 [cm]. The study has been 

conducted for the four different PCM which is commercially available 

in the market. 

The numerical simulation started at midnight when there is no solar 

radiation and ambient temperature is lower than the wall temperature 

as shown in Fig 12 . Due to lower ambient temperature, there is heat loss 

to ambient in the form of the convective and radiative heat transfer. In 

this way, wall temperature becomes similar to the ambient temperature. 

Solar radiation starts incidents on the building wall in the morning and 

when it is incident on the building wall, some parts of its absorbed by 

the wall and remaining reflected in surroundings. The absorbed solar ra- 

diation starts increasing the temperature of the building wall. When the 

building wall temperature becomes similar to the melting temperature 

of PCM filled in the cavity, PCM starts melting and absorbs heat isother- 

mally. After the complete charging of PCM, it starts absorbing heat in 

the form of sensible heat and causes a temperature rise in the wall. As 

solar radiation increasing from morning to noon, therefore the tempera- 

ture of building wall increasing in a similar fashion. However, during the 

melting of PCM, the temperature of the building wall becomes constant 

due to isothermal heat absorption PCM. Solar radiation starts decreas- 

ing from the afternoon and becomes zero in the evening, therefore the 

wall temperature also starts decreasing from noon to the evening due 

to the convective and radiative heat loss to the surroundings. When the 

solar radiation becomes zero in the evening, the heat loss from the wall 

still going on, and the temperature of the wall falling till the next morn- 

ing when the solar radiation starts falling again on the wall. The cycle 

repeats every day by absorbing access heat in PCM incorporated in the 

building wall in the day time and releasee to surroundings in the night 

time. In this way, the cooling loads of the building are reduced. 

Fig. 13 represents the variation of heat flux at the gypsum layer sur- 

face for four different PCM and control wall for three days when the 

PCM layer is placed in between two fiberglass layers. At the start of the 

simulation, the ambient temperature lower as compared to the initial 

value of wall temperature and there is no solar radiation falling on the 

OSB surface, therefore, the heat flux is in the negative direction. During 

this time the thermal energy transported from the indoor environment 

to the building wall. When the solar radiation starts falling on the OSB 

layer the temperature of the building wall starts increasing which leads 

to heat transport from the wall to the indoor environment. When the 

PCM starts melting, the heat flux at the gypsum layer becomes constant 

and it starts increasing further when the PCM is completely melted. For 

the first day of the numerical simulation, the maximum heat flux at the 

Fig. 13. Variation of heat flux on the gypsum layer with time considering actual 

weather condition with 2 [cm] thick PCM layer. 
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Fig. 14. Reduction in the cooling load with different PCM for three days. 

gypsum layer is obtained with the RT-26 and minimum with the RT-28. 

For the second and third days of the numerical simulation, maximum 

heat flux is obtained with RT-25 and minimum with RT-28. Total 7.5%, 

22.7%, 94.05%, 99.79% and 0%, 0.2%, 25.5%, 29.4% PCM has been 

solidifies after first day and second day simulation for the RT- 25, RT- 

26, RT-28 and n-octadecane respectively. The total energy transported 

through the building wall from outdoor to the indoor environment is 

1253.40 [kJ], 1267.90 [kJ], 1192.80 [kJ] and 1244.60 [kJ] for RT-25, 

RT-26, RT-28, and n-octadecane respectively in three consecutive days. 

Fig. 14 shows the reduction of cooling load with four different PCMs 

for three consecutive days. The maximum reduction is reported by RT- 

28 PCM and minimum with the RT-26. The reduction in the cooling 

load has been reported 37.13% with the RT-28, 34.40% n-octadecane, 

33.94% with RT-25 and 33.18% with RT-26. The importance of the 

present study lies in the utility of PCMs for the building sector. On one 

hand, the building sector utilizes one of the major chunks of energy 

globally, still, the solution varies due to different climatic conditions 

and availability of resources. Hence, such a study could be quite useful 

for bringing out commercial products in the application domains and 

would be very much complementary to the existing literature dealing 

with the application of PCMs in the building sector. 

Conclusions 

The main objective of the present study has been to develop a ther- 

mal model of a building wall incorporating phase change material and 

investigate the effect of the PCM layer position in the building wall, 

melting temperature of PCM and PCM layer thickness. The numerical 

simulation has been conducted for different parameters and concluded 

that: 

(i) The highest heat transport reduction to the indoor environment 

is obtained when the PCM layer is placed in between two fiber- 

glass layers and lowest when the PCM layer is placed in between 

the Gypsum layer and the fiberglass layer because of the fiber 

glass have lowest thermal conductivity and decreases the heat 

transfer to PCM, therefore, PCM melts in longer time duration 

which results in higher time lower heat transport to the indoor 

environment. 

(ii) The heat transport to the indoor environment is reduced with an 

increase in the PCM layer thickness because of the higher PCM 

thickness, the higher amount of heat can be stored in the PCM 

layers which results in the lower heat transfer to the indoor en- 

vironment. 

(iii) The heat transport to the indoor environment minimum when 

the melting temperature of PCM closer to indoor environment 

temperature as there is a lower temperature gradient in between 

the wall and indoor air which results in lower heat transport. 

The numerical simulation has also been conducted for three con- 

secutive days with the actual weather condition of the Indian climatic 

conditions with four different PCMs. The percentage reduction of heat 

transport in three days to the indoor environment is obtained 33.18%, 

33.94%, 34.40% and 37.13% for RT-26, RT-25, n-octadecane and RT- 

28 PCM respectively. The present developed thermal model can be used 

to predict the quantity and suitability of PCM in a building wall for 

given environmental conditions of any suitable location of installation. 

This could be used to construct more efficient and economical building 

walls incorporating PCM. Also, further research is required on develop- 

ing the thermal model considering the orientation of the building wall 

and its experimental validation considering different locations. This also 

includes the possibility of exploring new low-cost PCMs to decrease the 

investment costs for buildings integrating such as walls and as a result, 

make them even more economically viable. 
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