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In green energy buildings, air conditioning charges can be lowered through careful planning of the building’s envelope. This article
investigates several strategically designed phase change material (PCM) roof envelopes for savings on air conditioning prices, CO2

emission abatement, and payback timeframes in hot–arid and warm-temperate climates, taking into account unsteady heat transfer
characteristics, cooling, and heating degree–hours. This is accomplished by using six different PCMs–RCC (reinforced cement
concrete) roof envelope cases (RCC roof with PCM layer on the outer side, RCC roof with PCM layer on the center (middle), RCC
roof with PCM layer on the inside, RCC roof with PCM layers placed on the outside and center, RCC roof with PCM layers placed
on the center and inside, and RCC roof with PCM layers placed on the outer side and inside) with three PCMs (FS29 (form stable
mixture), HS29 (hydrated salt), and OM29 (organic mixture)). PCM thermophysical characteristics are experimentally measured.
The analytical results are experimentally validated. In hot–arid and warm-temperate regions, the layer of PCM installed on the
outside of the RCC with HS29 saved the most on air conditioning expenses, at 6.29 and 6.61 $/m2, respectively. They also reported
the greatest carbon mitigation of 300.55 kg of CO2/year and 281.58 kg of CO2/year with the faster payback periods. PCM roof
envelopes are the most energy-efficient option for green buildings.

Hindawi
Advances in Civil Engineering
Volume 2024, Article ID 6676188, 15 pages
https://doi.org/10.1155/2024/6676188

https://orcid.org/0000-0003-0150-4705
https://orcid.org/0000-0002-0490-4766
https://orcid.org/0000-0003-3349-6041
https://orcid.org/0000-0002-5201-0708
https://orcid.org/0000-0003-2961-6186
https://orcid.org/0000-0002-6522-7092
https://orcid.org/0000-0001-9409-7592
https://orcid.org/0000-0001-7772-1015
https://orcid.org/0000-0001-5759-8056
mailto:erdem.cuce@erdogan.edu.tr
mailto:saboor.nitk@gmail.com
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2024/6676188


1. Introduction

There has been a noticeable rise in energy consumption in
both domestic and industrial buildings in recent years. This
increase in energy usage is primarily driven by factors such as
global warming, the need for thermal comfort, and the grow-
ing energy demand associated with economic development,
population growth, and rapid urbanization, especially in devel-
oping countries. Buildings are major consumers of energy,
particularly for functions like air conditioning and lighting.
Cooling systems account for a substantial portion of energy
consumption in buildings, especially in regions with hot
climates.

Energy shortage and environmental pollution are two
worldwide concerns that must be addressed as soon as pos-
sible. Energy conservation is the critical importance to the
growth of the global economy and society [1]. Buildings
account for approximately 40% of global energy consump-
tion. Within the building sector, residential buildings alone
contribute to 75% of energy usage and one-third of green-
house gas emissions [2]. In India, buildings consume around
35% of the country’s total energy, and this consumption is
growing at a rate of 8% annually [3]. Rapid urbanization and
population growth contribute to an annual increase of 1.8%
in building construction. These trends further amplify the
energy demand and environmental challenges associated with
the building sector [4]. Northern India experiences extreme
variations in weather conditions, with both hot summers and
cold winters. This necessitates the use of heating, ventilation,
and air conditioning systems, which consume a substantial
amount of energy, contributing to the overall energy consump-
tion in buildings [5].

The heat storage characteristics of different parts of a
building’s envelope, such as walls, roofs, and windows, are
closely linked to their exposure to solar radiation and can
vary depending on the season of the year [6]. Several new
building standards have emerged, including the passive house
standard, which is a stringent energy-use standard observed
on a highly insulated and tightly sealed building envelope
[7]. PCMs have gained popularity in building-related appli-
cations due to their large energy storage and stability capa-
bilities [8]. The PCMs usage in building components and
envelopes shifts peak energy loads, dampens incoming solar
radiation, and improves thermal comfort [9–12]. The PCM-
integrated building façade conserves both space and energy
by removing the requirement for HVAC systems auxiliary
equipment like compressors, refrigerant storage containers,
and condensers [13]. PCM is the most often employed
latent heat storage material since they are capable of tran-
sitioning from a solid to a liquid form and back again [14].
There is a variety of options available to incorporate PCM
in buildings. It can be added to the wall, floor, or ceiling [15].

When the temperature rises over a certain threshold, the
chemical components in the PCM’s solid start to absorb heat
and break apart, resulting in an endothermic reaction that
causes the substance to transition from solid to liquid [16].
Some studies have investigated the use of organic PCMs like
paraffin and fatty acids for low thermal energy storage

purposes because of desirable qualities, including excellent
heat storage density, chemical stability, and cheap cost [17].
Differential scanning calorimetry (DSC) was used to deter-
mine the PCM’s thermal properties, like melting and freezing
temperatures and latent heat capacity [18]. Organic PCMs
are distinguished by noncorrosive characteristics and melt-
ing points that are close to one another [19]. The method of
embedding PCMs in encapsulation material greater than
1mm in size is known as macroencapsulation, and it may
be used in any building enclosure type and size [4].

The capacity of various macroencapsulations of PCM
and enclosing substances to give excellent indoor thermal
comfort in building applications was explored [20]. The
PCM design integrated building needs a thorough investiga-
tion of various factors, including operational climatic condi-
tions, materials employed, and structural geometric qualities
[21]. It shows a novel construction consisting of an encapsu-
lated PCM that was placed in the hollow core plate. This
technology has the ability to increase the utilization of energy
storage cooling factor with the usage of night ventilation [22].

A numerical and experimental analyses were done in
Istanbul to examine the integration of PCMs into the roof
and simulation results revealed that 2 cm PCM layer thick-
ness was adequate for flat roof applications [23]. The thermal
efficiency of a PCM-layered roof in Chennai was investi-
gated, and it was noted that double-layer PCM boosted ther-
mal comfort in the building [24]. Five distinct PCMs were
tested in terracotta bricks under hot–dry climatic conditions
in India, and it was discovered that there is a reduction in the
cost of conditioning by about $74.70 per year while incorpo-
rating OM32 PCM [25]. To examine the thermal mass effect
on the room temperature, a glass building model containing
macropacked PCM was included into the structure [26].
Empirical research was carried out in Guangzhou to assess
the endurance of a PCM that was installed on the outside of
the roof. The thermal insulating capability of the roof with
phase change material was found to be equivalent to that of
the green roof and somewhat superior to that of the EPS roof,
according to the test results [27]. Under hot–dry climatic
conditions in India, the experimental investigation was
conducted in the building prototype in which the roof was
built with the filler slab stuffed with form stable PCM. The
researchers concluded that there was an indoor temperature
reduction from 8 to 10°C compared to the conventional rein-
forced concrete slab [28].

The thermoeconomic performance of PCM stuffed
buildings may be assessed using the technique of heating
and cooling degree days, which is among the simplest strate-
gies for determining the building’s thermoeconomic perfor-
mance [29]. Using Energy Plus, the effect of PCM on the
energy consumption of buildings was simulated for a full
year in five Chinese cities around the nation. The findings
have shown that buildings equipped with PCMs may save a
large amount of energy [30]. PCM was thermally analyzed
theoretically and experimentally in a vertical cylinder hole
formed into a concrete roof. It lowers the inside building’s
heat flow by 17.26% [31].
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The aforementioned literature survey provides relatively
scant knowledge on PCM roof envelopes for cost savings and
CO2 reductions in buildings. Recent studies have shown that
the type, thickness, and position of PCM have a significant
impact on the thermal performance of building systems.
Integrating PCMs into roofs is a great approach to increasing
the thermal mass of the intended part and, thus, reducing
daily temperature changes. To determine the best location of
PCM in RCC roofs for the optimum air conditioning cost
savings and carbon emission mitigations, six unique config-
urations for inserting PCM in RCC roofs are presented
(Section 2.1) for buildings in hot–arid and warm-temperate
climates. Three PCMs (FS29, HS29, and OM29) were stud-
ied experimentally for their thermophysical properties (Sec-
tion 2.2). The mathematical model simulations (Section 2.3)
are validated by the experimental findings. Methodology for
thermal performance, energy cost savings, and CO2 reductions
of PCM integrated roofs are presented in detail (Section 2.4).
The results (Section 3) are significant for engineers and
architects adopting PCM roof envelopes for energy-efficient
buildings.

2. Materials and Methods

2.1. Materials. The roof is composed of reinforced cement
concrete (RCC) having grade M 15 of IS 10262 : 2019 [32].
The components used for the preparation of the RCC roof
are cement, coarse aggregate, fine aggregate, steel bars, bind-
ing wire, and water. Shuttering materials are provided at the
construction time of the RCC roof. For finishing, plaster is
often applied to both the inner and outer surfaces of the
roofs. Table 1 represents the required quantity for RCC slab.

In this work, the macroencapsulated PCM’s energy per-
formance in various locations on the roof structure was com-
pared. FS29, HS29, and OM29 have a melting point of 29°C.
PCMs having this melting point are suitable for the passive
cooling of buildings in the warm climatic conditions in India.
OM29 since organic PCM has consistent physical and chem-
ical properties, a large latent heat capacity, and the right
phase transition temperature, is noncorrosive, and melts uni-
formly. Form-stable PCM (FS29) is the combination of
organic and inorganic mixtures. Also, HS29 since the funda-
mental benefit of inorganic PCMs (metals, salt solutions, and
salt hydrates) over organic PCMs is their higher heat of
fusion per unit mass, lower cost, and high thermal conduc-
tivity (TC) [4]. Polyethylene glycol, in conjunction with par-
affin, fatty acids, and their mixes, is form stable [33]. The
different PCMs investigated are FS29 (form stable mixture),

HS29 (hydrated salt), and OM29 (organic mixture) to realize
the thermoeconomic analysis. The macroencapsulated PCMs
are placed; case (a) and (b) on the external side of the RCC,
case (c) and (d) in between the RCC, case (e) and (f) on the
inside of the RCC, case (g) and (h) outside and middle of the
RCC, case (i) and (j) in middle and inside of the RCC, and
case (k) and (l) PCM layer is placed outside and inside of the
RCC. Table 2 represents the various configurations of the
RCC slab taken for the study, while Figure 1 provides a visual
illustration of the RCC roof filled with PCMs.

2.2. Experimental Methodology. Figure 2 shows an experimen-
tal arrangement for measuring the thermophysical character-
istics of RCC and PCMs. The viscometer contains cooling and
heating units that raise and lower the temperature of PCMs to
determine the TC value of solid and liquid stages. Externally,
surrounding the cup, PCMs were surrounded by water at the
required temperature. Using the digital reading display, the
proper temperature has been maintained.

The TC of PCMs was measured in accordance with the
ASTM standard by the KD2 thermal property analyzer (KD2
Probe) [34]. The probe consists of two pins: the first one is an
electric pulse heating source and the second one serves as a
receiver. Pins have the dimensions of 1.3mm in diameter
and 3 cm in length and are spaced 6mm apart. The resulting
temperatures in the time domain define the TC of the PCMs
in both phases withinÆ10% accuracy. The volumetric-specific
heat can also be calculated with Æ10% accuracy.

The density of PCM was measured by the specific gravity
bottle method with an accuracy of Æ1%. The measured vol-
ume of liquid PCM was taken in the bottle, and the bottle
filled with a known volume of liquid PCM was weighed on
the weighing machine. The difference between the mass of
the bottle and the mass of the bottle filled with PCM gave the
mass of liquid PCM. The density was measured by the mass
and volume of liquid PCM. Specific gravity was used to
determine the PCM’s liquid volume, density, and weight
[35]. The specific heat and TC values of the plaster, the con-
crete roof, also investigated PCMs (both solid and liquid states)
were calculated (uncertainty values: k=Æ0.00234W/(mK),
Cp=Æ 3 J/(kgK), ρ=Æ 2 kg/m3) [36]. The DSC method was
used to determine the phase transition temperatures and
the latent heats of PCMs are represented in Table 3 [18]. The
PerkinElmer equipment has a temperature between −180 and
–450°C with theÆ2% accuracy. The temperature and heat flow
were calibrated with the usage of 10mg of zinc and indium.

2.3. Analytical Methodology. Mathematical model simula-
tions use the admittance technique to compute cyclic trans-
mittance which takes into account properties (k, Cp, and ρ).
The method is presented below [37].

∂2θ
∂y2

¼ ρCp

δ

∂θ
∂t

: ð1Þ

The expression equation provides the solution to the
Fourier problem for the aforementioned Equation (2):

TABLE 1: M15 mixed proportion for RCC slab.

S. No. Roof material Required quantity (kg/m3)

1. Cement 317
2. Fine aggregate 713
3. Coarse aggregate 1,364
4. Water 190
5. MS steel 80
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TABLE 2: RCC roof configuration and cross-section thickness.

S. No. Roof configuration Cross-section thickness of the roof (m)

1 Traditional roof 0.015P+ 0.17RCC+ 0.015P
2 R-1 (outer) 0.015P+ 0.02PCM+ 0.15RCC+ 0.015P
3 R-2 (middle) 0.015P+ 0.075RCC+ 0.02PCM+ 0.075RCC+ 0.015P
4 R-3 (inner) 0.015P+ 0.15RCC+ 0.02PCM+ 0.015P
5 R-4 (outer–middle) 0.015P+ 0.01PCM+ 0.070RCC+ 0.01PCM+ 0.080RCC+ 0.015P
6 R-5 (middle–inner) 0.015P+ 0.080RCC+ 0.01PCM+ 0.070RCC+ 0.01PCM+ 0.015P
7 R-6 (outer–inner) 0.015P+ 0.01PCM+ 0.15RCC+ 0.01PCM+ 0.015P

ðaÞ ðbÞ

ðcÞ ðdÞ

ðeÞ ðfÞ

ðgÞ ðhÞ

ðiÞ ðjÞ

ðkÞ ðlÞ
FIGURE 1: Diagrammatic representation of the RCC roof stuffed with PCMs. RCC roof with PCM pleats; on the outer side (R-1) (a) and (b), on
the center (R-2) (c) and (d), on the inside (R-3) (e) and (f ), in the center and outside (R-4) (g) and (h), in the center and inside (R-5) (i) and
(j), and placed on the inside and outer side (R-6) (k) and (l).

4 Advances in Civil Engineering



θ y; tð Þ ¼ Hf1sinh sinh bþ jbð Þ þ Tr1cosh cosh bþ jbð Þ½ �exp j2πt
p

� �
;

ð2Þ

where b¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρcpy2=kp

q
, θ represents the temperature, t stands

for the cyclic thickness, y stands for the diameter of the

structural materials, p indicates the cyclic period, Cp stands
for the specific heat, δ represents the TC, ρ denotes the
density, Hf1 indicates the heat flow from the external of the
roof, Tr1 denotes thermal resistance, whereas j is an imagi-
nary variable.

In the transmission matrix, the above equations should
be altered as shown in Equation (3):

θin qin½ � ¼ cosh cosh bþ jbð Þ sinh sinh bþ jbð Þ
d

� �
d sinh sinh t þ jbð Þð Þcosh cosh t þ jbð Þ

� �
θou qou½ �; ð3Þ

where d is the characteristic admittance of the concrete sur-
face, (d)=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2πkρy2Cp=p

p
, θ in/ou is the periodic temperature

of the inner and outer, and qin/ou is the cyclic heat flow
between inside and outside.

The following equation describes the transmission matrix
for normal and PCM roof envelops:

θin qin½ � ¼ 1 − hin−101½ � d1d2d3d1½ � e1e2e3e1½ �: 1 − hou−101½ � θou qou½ �:
ð4Þ

In Equation (4), the indications d and e stand for distinct
construction materials. For the roof case, the outside and
inner heat transfer coefficients ((hou) and (hin)) of roofing
materials are 25 and 10W/m2K, respectively.

θin qin½ � ¼ V1 V2 V3 V1½ � θou qou½ �: ð5Þ
Increasing or decreasing heat absorption on the inside of

a roof design due to variations in outside temperature is
represented by the cyclic transmittance (ucy) of a roof layout.

(a) (b)

FIGURE 2: (a) PCM thermal parameters measured using KD2 Pro and viscometer; (b) KD2 Pro determining the thermal characteristics of RCC roof.

TABLE 3: Roof envelope materials thermophysical properties.

PCM

Latent
heat
(H)

Phase
transition
range

PCM
temperature
(solid phase)

k (W/(mK))
PCM

temperature
(liquid phase)

Cp (J/(kg ·K)) ρ (kg/m3)

J/kg (°C) (°C) Solid Liquid (°C) Solid Liquid Solid Liquid

FS29 160 22–32 22 0.55Æ 0.002 0.45Æ 0.001 29 2,700Æ 3 2,100Æ 2 1,040Æ 3 952Æ 4
HS29 190 24–34 24 0.48Æ 0.004 0.38Æ 0.004 29 1,510Æ 2 2,320Æ 3 1,681Æ 5 1,530Æ 3
OM29 194 24–33 24 0.29Æ 0.003 0.17Æ 0.004 29 2,330Æ 3 2,720Æ 1 976Æ 4 880Æ 5
OM30 230 23–32 14.5 0.16Æ 0.002 0.15Æ 0.003 32 2,040Æ 4 2,780Æ 3 950Æ 6 878Æ 6
Plaster – – – 0.72Æ 0.003 – – 840Æ 1 – 1,760Æ 5 –

RCC – – – 1.58Æ 0.002 – – 1,100Æ 2 – 2,280Æ 2 –

Galvanized
iron casing

– – – 61.06Æ 0.005 – – 500Æ 0.04 – 7,520Æ 2 –

Advances in Civil Engineering 5



The lower amount of unsteady transmittance in the normal
and PCM-included roof arrangements suggests a minimal
heat transfer into the interior of the structure, which can
be calculated using Equation (6) [38].

ucy ¼ −
1
V2

����
����: ð6Þ

The cycle transmittance of construction materials has
been calculated using a MATLAB program that has been
verified in accordance with the CIBSE standard. The thermo-
physical attributes of roof materials are depicted in Table 4.
According to the results, the cyclic transmittance value of the
roof material was defined to be 2.19W/m2K, which is iden-
tical to the value of 2.19W/m2K found in the CIBSE roof
standard. There is even less than 1% (0.7%) variance between
the MATLAB program and the CIBSE reference, which
means that MATLAB code is regarded as trustworthy for
usage with other kinds of building materials too [39–41].

2.3.1. Thermoeconomic Analysis. The annual energy con-
sumption of buildings was determined by the number of
degree–hours needed for cooling and heating. Specifically,
the thermoeconomic performance of PCM roof envelops
was evaluated in two locations in India: (21.20°N 72.83°E)
Surat (hot–arid) and (28.57°N 75.12°E) New Delhi (warm-
temperate). ASHRAEmeteorological parameters were used to
calculate heating and cooling degree–hours for Surat andNew
Delhi, India, considering 18 and 26.7°C as the corresponding
reference temperatures. As shown in Figure 3, the annual
cooling degree–hours in Surat and New Delhi are 17,891
and 25,343°Chr, respectively, whereas the annual heating
degree–hours are 0 and 6,864°Chr, respectively [42].

The latent heat release and absorption of the PCMs
such as FS29, HS29, and OM29 have been computed using
Equations (7)–(13) [43].

Lfg: ¼ ωl:H; ð7Þ

where Lfg represents PCM’s latent heat utilization, H denotes
latent heat values of PCM’s latent heat, and ωl indicates a
liquid fraction.

ωl ¼ 1; if θa>θl; ð8Þ

where θa indicates mean ambient temperature and θl indi-
cates melting PCM temperature.

The liquid fraction is treated as being one when the
average ambient temperature (θa) is higher than PCM’s

melting temperature (θl).

ωl ¼
θ − θs
θl − θs

; if θ1<θa>θs: ð9Þ

When the typical ambient temperature is between the
PCM’s melting and freezing temperatures, the PCM is in
the sticky zone. Throughout the sticky zone, the liquid per-
centage varies between 0 and 1.

ωl ¼ 0; if θa<θs: ð10Þ

It is considered that the liquid fraction equals zero since
the mean temperature of the ambient air (θa) is lower than
the temperature at which the PCM (θs) freezes.

ωs ¼ 1; if θa<θs: ð11Þ

As long as the normal surrounding temperature (θa) is
lower than the freezing point of the PCM (θs), the solid
fraction is 1.

ωs ¼ 1 − ωl; if θL<θa>θs: ð12Þ

During the sticky zone, the solid fraction fluctuates from
0 to 1.

ωs ¼ 0; if θa>θl: ð13Þ

The solid fraction is zero, as long as the mean ambient
temperature (θa) is more than PCM’s melting temperature
(θs) [44].

In this study, PCM’s phase change temperature is based
on the mean temperature of the atmosphere. Figures 4(a) and
4(b) displays the temperature readings for Surat and New
Delhi [45]. Monthly minimum, average, and maximum air
temperatures are shown for Surat and New Delhi. Surat’s
climate needs substantial cooling during the summer for 8
months (March–October) and the climate of New Delhi
needs common cooling (April–October) months (mean tem-
perature larger than or same as 29°C), additionally, both
Surat and New Delhi require heating to maintain thermal
comfort during winter months (December and January)
due to an average atmospheric temperature less than 18°C.

In Surat, during the summer months (March–October),
(April–June) have average environmental temperatures
above 30°C. In New Delhi also average environmental tem-
perature during these months (April–September) is over
30°C. For this reason, in the abovementioned summer
months in Surat and New Delhi, latent heat absorption has
been observed as 100%. So liquid fraction is 1 (ωl= 1). In
Surat and New Delhi, the mean ambient temperature (θa) is
lower than the typical freezing temperature (θS) during the
winter period (December to January), and the 100% release
of latent heat is possible, or a fraction of solid is 1 (ωs= 1).

Equation (14) estimates yearly energy reductions (Cs) as
an outcome of decreasing cooling and heating loads.

TABLE 4: Thermophysical properties of roof materials for verifica-
tion MATLAB code.

Thermophysical properties Values

Density (ρ) 1,940 kg/m3

Specific heat (Cp) 840 J/kgK
Thermal conductivity (k) 0.83W/mK
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Cs ¼ 10−3 Cel

ucy ⋅ CDH − ulpib ⋅ CDH −M ⋅ Lfg ⋅ 0:278 ⋅ ncy
� �� �

COP

2
4

þ Cng

ucy ⋅ HDH − uspib ⋅ HDH −M ⋅ Lfg ⋅ 0:278 ⋅ ncy
� �� �

η

3
5:

ð14Þ

According to Equation (14), the latent heat of PCM is
denoted by Lfg, and M represents PCM’s mass employed in
the roof. PCM’s cycles number goes through (ncy), through-
out the summer period (Surat (244) and New Delhi (214))
and in the winter period (62). The unsteady transmittance
of the conventional roof is denoted by ucy, while unsteady
transmittance of PCM’s filled roof is denoted by upib. The

unsteady transmittances uspibandu
l
pib

� �
of the winter and

summer situations were calculated using the PCMs’ solid and

liquid state thermal properties. Electricity and natural gas
have cooling and heating prices (Cel and Cng) of 0.082 and
0.014 $/kWhr, respectively. Similarly, the rate of (COP) coef-
ficient of performance is 2.5 and the efficiency of natural gas
power generation is 0.80, respectively [38]. When energy
conservation measures are implemented, CO2 emissions in
the energy production plant are significantly decreased
(Equation (15)).

mcer ¼ 10−3 ma

ucy ⋅ CDH − ulpib ⋅ CDH −M ⋅ Lfg ⋅ 0:278 ⋅ ncy
� �� �

COP

2
4

þmb

ucy ⋅ HDH − uspib ⋅ HDH −M ⋅ Lfg ⋅ 0:278 ⋅ ncy
� �� �

η

3
5:

ð15Þ

As shown in Equation (15), annual carbon mitigation
owing to saving PCM’s energy-filled roof is denoted by
mcer, and carbon mass discharge for electricity production
(1.57 kg/kWhr) and natural gas production (0.18 kg/kWhr)
are indicated by ma and mb, respectively [46].

Using Equation (16), payback duration (PT) calculates
how long extensive it will take to recover increased capital
expenditure related to PCMs (CPCM), after considering infla-
tion (w= 7.6%) and interest charge (x= 6.6%).

PT¼
ln CPCM: w−xð Þ

Cs
þ 1

h i

ln ln 1þwð Þ
1þxð Þ

; ð16Þ

where PCM’s capital outlay (CPCM) such as FS29, HS29, and
OM29 are 5.05, 1.18, and 4.53 $/kg, respectively [47].

2.4. Justification of the Research Analysis. For the goal of
confirming the analytical conclusions, empirical data from
two sequential building models constructed at VIT Univer-
sity and April month is evaluated. Coordinal information for
VITUniversity is 12.91°N 79.13°E (South India). Figures 5(a)
and 5(b) demonstrate the design of two similar building
prototypes, one with and one without a PCM roof enclosure.
Each model measures 0.5m in width, 0.5m in height, and
0.5m in depth, and has a volume of 0.125m3. Wall thickness
is 0.0455m for both the building models and the roof RCC
thickness is 2.54 cm for the conventional roof and 2.54 cm
(RCC)+ 0.1 cm (GI casing thickness)+ 0.8 cm (PCM thick-
ness (OM30)) +0.1 cm (GI casing thickness) for marcoen-
capsulated PCM roof envelope. Both building models were
equipped with industry-calibrated heat flux detectors. Heat
flux detectors have been utilized to evaluate entering heat

(a) (b)

FIGURE 5: (a) Conventional roof building model; (b) PCM roof building model.
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flux from interior surfaces of structures in accordance with
ASTM C1046, and data were collected for building types
using an automated data recorder. The building model
with a heat flux sensor is demonstrated in Figures 6(a) and
6(b), and suitable specifications are depicted in Table 5.

Figure 7(a) depicts the average heat flux (hourly) into the
building prototypes with normal and PCM roof envelopes.
During the daytime (6 a.m.–6 p.m.), the traditional building
concept shows a considerable enhancement in heat flow into
the building model when compared to the PCM roof enve-
lope. The above case reverses during the nighttime. Accord-
ing to the experimental findings, during April, the traditional
and PCM roof envelopes acquire 5.46 and 3.10 kWhr of
heat, respectively. The PCM roof envelope building model
achieves a practical heat gain decrease of 2.36 kWhr when
compared to the traditional roof model. The input parame-
ters for mathematical simulations are listed in Table 5.

In accordance with the mathematical simulation, the PCM
roof envelope building model decreased heat intake by
2.74 kWhr when compared to the conventional roof building
design. As shown in Figure 7(b), the experimental findings
agree with the analytical results within amargin of 13.9% [48].

3. Results and Discussions

3.1. Entire Air Conditioning Cost Abatement of RCC Roof
Stuffed with Various PCMs. To appraise the total air condi-
tioning tariff abatement, a comparison between the RCC roof

integrated with PCM and the conventional roof is carried
out using Equation (14). In Surat and New Delhi climates,
Figure 8 demonstrates the total RCC roof ’s air conditioning
cost savings filled with PCMs compared to a standard RCC
roof. In the climate of Surat, FS29 PCM filled in various
configurations (R-1, R-2, R-3, R-4, R-5, and R-6) results in
total savings of $3.40, $3.33, $3.33, $3.37, $3.34, and $3.38
per meter square for air conditioning, respectively. FS29
PCM offers the greatest overall reduction in air conditioning
costs of 3.40 $/m2 in R-1 roof configuration, among all other
layouts in this group (R-1–R-6). RCC roof layout R1 filled
with PCMs of FS29, HS29, and OM29 saves an overall air
conditioning cost of 3.4, 6.29, and 3.98 $/m2, respectively. In
the R-1 roof arrangement, the HS29 PCM offers the greatest
entire air conditioning cost reduction at $6.29/m2, among all
other layouts in this group (R-1–R-6). When all configurations
are taken into account, FS29 has the lowest overall air condi-
tioning cost savings compared to the other PCMs assessed.

Comparing several RCC roof designs stuffed with PCMs
in New Delhi’s climate, HS29 PCM in R-1 configuration
exhibits the greatest overall cost savings in the air condition-
ing of $6.61 per square meter. HS29 shows a better total air
conditioning cost saving compared to other PCMs. R-2 and
R-3 RCC roof configurations filled with FS29 show the least
total air conditioning cost savings of 3.48 $/m2.

Comparing the different RCC roof configurations in Surat
and New Delhi climatic scenarios, the R-2 configuration stuffed

ðaÞ ðbÞ
FIGURE 6: (a) Building model with heat flux sensor. (b) Heat flux sensor.

TABLE 5: Input variables for analytical research.

Input variables for analytical research Values

The temperature of the surrounding environment on average during April (θm) 28°C
Cooling degree–hours (CDH) 2,541°Chr
Liquid fraction (ωl) 0.6
PCM cycle number throughout April (ncy) 30
Latent heat of PCM throughout April utilization (Lfg) 163.3 kJ/kg
Cyclic transmittance difference between prototype roof with and without PCM (ucy) 1.13W/m2K
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FIGURE 7: (a) Mean hourly heat intake in the prototype structures; (b) analytical and experimental evaluation of cooling load reductions in the
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with HS29 shows a 46.8% increase in total air conditioning cost
savings compared to the R-2 configuration stuffed with FS29.
RCC roof configuration R-1 withOM29 results in an increase of
17% in the total cost of air conditioning compared to roof
configuration R-1 with FS29. In the literature, it is reported
that the time when the PCM begins to melt is delayed as the
density of PCM increases, and the time range of liquid PCM
reduces, indicating that the heat flows into the room decreases
as the density of PCM increases [49]. The current study’s find-
ings demonstrate that HS29 has a higher density, resulting in
better thermal performance than FS29 and OM29.

3.2. Carbon Exuding Reduction Prospective of RCC Roof
Stuffed with Various PCMs. The carbon emission reduction
of the RCC roof stuffed with PCMs and standard RCC roof is
obtained using Equation (15). In Surat and NewDelhi weather
conditions, the carbon-exuding reduction prospective of the
RCC roof stuffed with PCMs is demonstrated in Figure 9.

In Surat, FS29 PCM filled in different layouts (R-1, R-2,
R-3, R-4, R-5, and R-6) exhibits a total carbon emission
reduction of 162.51, 159.25, 159.43, 161.19, 159.52, 161.64 kg
of CO2/year, respectively. FS29 PCM exhibits maximum total
carbon emission degradation of 162.51 kg of CO2/year in the
R-1 roof configuration, among all other layouts in this group
(R-1–R-6). RCC roof configuration R-1 integrated with PCMs

FS29, HS29, andOM29 exhibits a total carbon emission reduc-
tion of 162.51, 300.55, and 190.29 kg of CO2/year, respectively.
HS29 PCM in the R-1 roof layout demonstrated the greatest
carbon emission reduction compared to all other PCMs in the
same layout; a total carbon emission mitigation of 300.55 kg of
CO2/year was achieved as a result of significant savings in air
conditioning costs. After investigating different configurations
of (R-1–R-6), the R-1 configuration shows the highest carbon
emission mitigation among all other configurations. FS29 in
R-2 configuration showed the least sum carbon emission miti-
gation of 159.25 kg of CO2/year.

In New Delhi, the R-1 configuration filled with HS29
maximum sum carbon emission mitigation of 281.58 kg of
CO2/year. RCC roof configuration R-1 filled withHS29 demon-
strates an increment of 84% in carbon emission reduction com-
pared to RCC roof configuration R-1 with FS29.

3.3. Payback Durations of RCC Roof Stuffed with PCMs. The
payback span of the RCC roof filled with PCMs was evalu-
ated by using Equation (16). In Surat and New Delhi cli-
mates, the payback span in years of RCC roofs filled with
PCMs is demonstrated in Figure 10.

In Surat, FS29 PCM filled in different layouts (R-1, R-2,
R-3, R-4, R-5, and R-6) shows the payback periods of 14.68,
14.96, 14.95, 14.80, 14.94, and 14.76 years, respectively. FS29
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PCM shows the payback periods of 14.68 years in the R-1
roof configuration, among all other layouts in this group (R-
1–R-6). RCC roof configuration R-1 filled with FS29, HS29,
and OM29 PCMs have payback periods of 14.68, 3.13, and
10.60 years, respectively. By investigating all PCMs in vari-
ous layouts, HS29 shows the least payback duration of 3.13
years, and FS29 results in the highest payback duration of
14.96 years. According to an economic analysis of all three of
the PCMs, the HS29 PCM is the most cost-effective than
FS29 and OM29.

HS29, OM29, and FS29 are the sequential order of PCMs
for a low payback period. Layouts R-1, R-6, R-4, R-5, R-2,
and R-3 are in a sequence with a low to high payback time-
frame. The most important aspect in calculating the payback
duration for PCM-filled roofs is the price and optimum
placement of the material.

The PCM position, unsteady transmittance, and latent
heat of PCM’s fusion are the most influential criteria for
higher air conditioning cost savings of roofs. The unsteady
or periodic thermal transmittance of the HS29 PCM inte-
grated roof is lower (dependent on TC, specific heat, and
density) and the fusion’s latent heat is higher. Because of
the aforementioned factors, HS29 PCM-integrated roofs out-
perform other PCM-integrated roofs in terms of thermoeco-
nomic performance. The lowest payback period of HS29 is

due to the lowest capital cost and highest air conditioning
cost savings of HS29 when compared to organic mixtures
and form stable mixtures. The abovementioned study find-
ings are applicable to hot–arid and warm-temperate climatic
situations, respectively.

Extended surfaces (fins) are of vital importance in the
charging and discharging processes of PCM-reinforced
building roofs. Using improved fin shapes in such systems
is helpful for increased heat dissipation and higher thermal
performance values. Perturbation-based numerical techni-
ques can be utilized in further works to optimize fin profiles,
heat dissipation rates, fin efficiency, and fin effectiveness
[50–52]. Heat transfer enhancement can also be further
improved by perforations [53, 54]. Due to the poor TC of
PCMs, it is recommended to consider PCM roofs with the
said optimized extended surfaces.

4. Conclusions

Thermophysical properties of RCC and different PCMs were
measured experimentally as part of this study. Experimental
investigations were performed in Vellore’s weather scenarios
to authenticate theoretical results. Thermoeconomic analyses
of several PCM-stuffed roof configurations were performed
to determine the optimal roof design, energy-efficient PCMs,
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and ecologically friendly components under two distinct cli-
matic conditions.

(i) When considering all six roof layouts (R-1–R-6) and
three PCMs (FS29, HS29, and OM29), roof layout
R-1 filled with HS29 reduces 6.29 and 6.61 $/m2 for
Surat and New Delhi, respectively, in total air con-
ditioning pricing.

(ii) Among the three PCMs (FS29, HS29, and OM29)
with six layouts (R-1–R-6) studied in India’s hot–arid
and warm-temperate climes, the R-1 configuration
filled with HS29 minimizes the most carbon emis-
sions, 300.55 and 281.58 kg CO2/year, respectively.

(iii) R-1 with HS29 had the lowest payback time of 3.13
years of all the roof layouts (R-1–R-6) with different
PCMs (FS29, HS29, and OM29). R-1, R-6, R-4, R-5,
R-2, and R-3 are the selection order for low payback
span roof layouts. The PCM’s choice of order for a
shorter refund period is appropriate in both hot–arid
and warm-temperate zones are HS29, OM29, and
FS29.

The hydrated salt HS29 PCM ensures the best overall
energy cost reductions, the biggest drop in carbon emission,
and the quickest refund time-frames for use in the hot-
parched and warm-temperate regions of India. In the follow-
ing sequence, R-1>R-6>R-4>R-5>R-2>R-3 are the roof
configurations that give the most cost-effectual air condi-
tioning, the highest decrease in carbon emissions, and the
fastest refund time. The PCM layer placed above the RCC
(R-1, outer) gives better results because the PCM layer in the
R-1 position will store most of the heat coming into the
building and stop the heat from moving to the inside roof
surface. The performance in the building was maximized by
PCMs situated either on the building’s exterior or in close
proximity to its heat sources, as these PCMs required less
effort to charge and discharge. Due to its superior properties,
including its high latent heat and density, the HS29 PCM
provides the greatest savings in air conditioning costs.

The findings of this research will be relevant to the devel-
opment of energy-efficient building envelopes with PCMs for
green energy buildings. Future research might focus on
energy-efficient facades merged with various novel PCMs
in diverse combinations.

Nomenclature

B: Cyclic thickness (−)
Cel: Electricity cost for cooling ($/kWhr)
Cng: Heating cost due to natural gas ($/kWhr)
Cp: Specific heat (J/kg K)
CPCM: Capital expenditure of PCM ($/kg)
Cs: Annual energy cost saving ($/m2)
D: Characteristic admittance of slab (−)
H: PCM’s latent heat of (kJ/kg)
Hf1: Incoming heat flux to the roof interior (W/m2)
H: Heat transfer coefficient (W/m2K)
k: Thermal conductivity

Lfg: PCM’s latent heat for utilization (kJ/kg)
M: PCM’s mass for utilization (kg)
ma and mb: Mass of carbon emission (kg of CO2/kWhr)
mcer: Mass of carbon emission reduction (kg/year)
ncy: Number of PCM cycles
P: Cyclic period (s)
Q: Cyclic heat flux (W/m2)
Tr1: Thermal resistivity for heat flow (m2K/W)
ucyc: Cyclic transmittance (W/m2K)
W: Inflation rate (%)
X: Interest rate (%)
Y: Building material thickness (m).

Subscript

In: Inside
Ou: Outside.

Superscript

L: Liquid
S: Solid.

Greek Letters

δ: Thermal conductivity (W/mK)
η: Natural gas power generation efficiency
θ: Cyclic temperature (°C)
θL: PCM melting temperature (°C)
θa: Mean ambient temperature (°C)
θmax: Maximum outdoor air temperature (°C)
θmin: Minimum outdoor air temperature (°C)
θp: Phase change temperature (°C)
θr: Reference temperature (°C)
θS: PCM freezing temperature (°C)
ρ: Density (kg/m3)
ωl/s: Liquid/solid fraction.

Acronyms

CDH: Degree–hours for cooling
COP: Coefficient of performance
DSC: Differential scanning calorimetry
FS29: Form stable mixture-29
HDH: Degree–hours for heating
HS29: Hydrated salt-29
OM29: Organic mixture-29
OM30: Organic mixture-30
PCM: Phase change materials
PT: Payback time
RCC: Reinforced cement concrete.
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