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Buildings contribute greatly to global energy use and consumption. The energy consumption of buildings is significant due to the
integration of heating, ventilation, and cooling systems. Evidently, the utilization of phase change materials (PCMs) in building
design can adequately reduce air-conditioning costs of buildings by diminishing external heat gains and losses. Moreover, the
adoption of natural, eco-friendly, and cost-effective materials, such as terracotta bricks, can be valuable from an environmental
point of view. This paper intends to assess the air-conditioning cost-saving potential of several PCM stuffed terracotta brick
configurations. In that respect, the encapsulated PCMs were filled in the hollows of terracotta bricks. For the aims of this study, five
different types of PCMs were considered, in relation to the thermophysical properties of their solid and liquid state (OM18:
organic mixture, HS22: hydrated salt, OM29, OM32, and OM37). In addition, three PCM-stuffed terracotta brick configurations
were examined with reference to the number of the PCM layers (PCMTB-A with one PCM layer, PCMTB-B with two PCM layers,
and PCMTB-C with three PCM layers). Therefore, fifteen PCM-stuffed terracotta brick configurations were analysed numerically,
related to environmental conditions that refer to two different scenarios in India (hot dry and composite climates). Results have
unveiled that the OM32 PCM assemblies have shown better thermoeconomic performance compared to the other types of PCM.
With respect to the most advantageous number of PCM layers, the evidence of this analysis has exposed that the PCMTB-C case
has shown the highest annual air-conditioning cost-savings and the highest yearly carbon emission mitigations in both climates
(Ahmedabad and Lucknow). In hot-dry climates, the PCMTB-C with OM32 PCM exhibited the highest annual air-conditioning
cost-saving ($ 74.7), the highest annual carbon emission mitigation (1.43 ton/kWh), and the moderate payback period (22.5 years)
compared to the other cases. To conclude, the findings of this study suggest a suitable way to improve the decision-making process
of building design, while bridging the performance gap in terms of energy efficiency and sustainability.

1. Introduction

Climate change and environmental degradation pose a
fundamental threat to mankind. Commercial and residential
buildings require a large amount of energy for heating,
ventilation, and cooling systems, while they are also re-
sponsible for global warming and depletion of nonrenewable
fossil fuels. In developing countries like India, the con-
struction sector is growing rapidly due to economic progress

and the growth of urban communities. Buildings constitute
about 40% of global consumption of electricity, with resi-
dential buildings accounting for three-quarters of the overall
energy consumption and one-third of world GHG emissions
[1]. Many countries have implemented policies in place to
improve energy efficiency in buildings by ameliorating the
effects of climate change. People spend over 90% of their
time in buildings by paying special attention to a safe, clean,
and comfortable indoor environment [2].
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The traditional means of building thermal conveniences
are mechanical air-conditioning systems that are energy-
intensive and detrimental to the environment. In this regard,
energy-efficient and environmentally friendly techniques
applied to boost thermal comfort at a zero or low power
consumption are passive heating and cooling systems [3, 4].
Towards this goal, terracotta bricks that are made of fired
clay and have a good density which can provide a fair
thermal resistance to building envelopes can be considered.

Thermal energy storage by using PCMs is a tolerable
passive cooling approach to moderate heat flows through
building envelopes. PCMs can absorb a significant amount
of heat during the melting stage (from solid to liquid), as well
as they can release the absorbed heat during the solidifi-
cation stage (from liquid to solid) [5]. The ability of PCMs to
provide high energy storage and their characteristics to
retain thermal storage at a constant temperature make their
utilization attractive for several building applications [6]. As
it is widely known, PCMs are commonly categorized as
organic, inorganic, and eutectic, while they should have
certain characteristics such as a nontoxic and noncorrosive
behaviour, a suitable thermal conductivity, a desirable latent
heat, and a low cost, to attain the fundamental goal of energy
efficiency sustainably [7]. Organic PCMs mostly show
noncorrosive properties and congruent melting points. In
addition to that, the melting point and heat of the fusion of
certain organic PCMs are suitable for the cooling/heating of
buildings [7]. The method to embed PCMs in the encap-
sulation material with a scale exceeding 5mm is called
macroencapsulation of PCMs, while the shape of the shell
can vary (cylinders, tubes, cubes, sticks, etc.). Macro-
encapsulated PCMs can be used in any type, size, and di-
mension of the building envelope [8]. An active system with
PCMs has a separate storage unit within the building to be
settled, which is considered to be a demerit for the end-users.
The main benefit of incorporating PCMs into building
materials is that less space is required, while they can be
formulated with a certain behavioural pattern at the very
early stages of building construction [9]. In the literature,
various shell materials having the potential for thermal
energy storage at high temperatures are examined [10].
Moreover, several studies reviewed and addressed the
thermal efficiency of PCM-integrated buildings as wallboard
configurations assisted by the operation of the HVAC unit
[11-18]. PCM wallboards in buildings have recorded an
advantageous reduction of the decrement factor and in-
crease of the time lag, as regards the propagation of a pe-
riodic heatwave [19-22]. Zhou et al. analytically investigated
a ventilated Trombe wall integrated with double PCM
wallboard (Inside and outside) and reported the energy
storage and release efficiency of 20.2% (exterior) and 20.25%
(interior) at the optimum PCM thicknesses (8 mm for ex-
terior and 28 mm for interior) [23].

Yoon et al. [24] experimentally studied a scaled model of
a PCM integrated cool roof system and reported a better
performance for the RT44 PCM assembly for a white roof in
comparison with the Bio 26PCM assembly for a brown roof.
Jin et al. [25] conducted the experiments and reported that
the placement of the PCM pouch at a distance of (1/5) L from
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the interior wall surface improves the overall thermal
comfort conditions. Tuncbilek et al. [26] conducted nu-
merical simulation on PCM-integrated office building and
reported energy savings of up to 12.8% with PCM of 23 mm
thickness located at the inner side of the wall. A review of the
use of macroencapsulated PCMs for various building en-
closures was presented in detail [27]. The thermal efficiency
of a concrete wall integrated with PCMs was analysed nu-
merically by Lie et al. As seen, the incorporation of a 10 mm
thick PCM layer in a vertical wall leads to approximately
20-30% reduction of heat gains through buildings located in
hot tropical climates [28]. The thermal performance of the
PCM integrated brick was numerically investigated by
Tungbilek et al. [29], and they reported the optimum PCM’s
melting temperatures as 18°C and 26°C, respectively, for
winter and summer seasons.

The PCM thermal shield position of a building model was
experimentally investigated and optimized by Lee et al. The
results exposed the optimal location of PCM layers from the
inner surface for various wall orientations [30]. The PCM
impact on building energy consumption was simulated for
one whole year in five different cities in China by using Energy
Plus. Results have underlined a significant energy saving in
buildings integrated with PCMs [31]. PCM integration in
buildings was also modelled and simulated in terms of energy
demands, by Yun et al. [32]. Results have indicated a re-
duction in cooling cost by 7.48%, while a six years” payback
period was estimated. A building model integrated with
PCM:s for economic analysis was carried out with Energy Plus
software by Solgi et al.; as seen, the consideration of PCMs in
buildings lowered the energy requirements for certain ther-
mal comfort requirements, although it is not rational from an
economical point of view in Iran due to the high cost of PCMs
and the low costs of electricity [33].

The literature revealed that there is no significant infor-
mation on the air-conditioning cost-saving potential, carbon
emission mitigation, and payback period by adopting PCM
stuffed terracotta bricks in buildings. In this respect, the current
study aims to analyze numerically three different configura-
tions of PCM stuffed terracotta bricks; in addition, five different
types of PCMs, such as OM18, HS22, OM29, OM32, and
OM37, were assessed for two different scenarios in India (hot
dry and composite climates). The thermophysical properties of
the assumed PCMs were measured experimentally for both
solid and liquid phases. This paper explores the unsteady
thermal characteristics of PCM stuffed terracotta bricks and
utilizes an unsteady thermal transmittance methodology to
determine the air-conditioning cost-saving within buildings.
This paper also presents the mitigation of carbon emissions and
the resulted payback periods for all analysed PCM stuffed
terracotta brick buildings. The findings of this study help in the
design of energy-efficient buildings with PCM integrated
terracotta bricks.

2. Materials and Methods

2.1. Materials. The terracotta bricks are natural materials
made of clay that shows eco-friendly behaviour. The ter-
racotta bricks are moulded with hollows to accommodate
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PCMs, while they are fired at 1000-1200°C for four hours to
obtain certain strength; after firing, they may obtain a
compressive strength of more than 3.5N/mm®. Moreover,
the terracotta bricks are lighter than the conventional bricks,
showing an absorption capacity that ranges within 15-20%.
In this work, solid and hollow terracotta bricks were con-
sidered, and the hollows of the terracotta bricks were stuffed
with various commercially available PCM materials. The
analysed PCMs refer to HS22 (hydrated salt), OM18, OM29,
OM32, and OM37 (organic mixtures) to accomplish the
thermoeconomic analysis. The number of the above-
mentioned abbreviations illustrates the melting temperature
value of each PCM.

2.2. Experimental Methodology. Thermophysical properties
of terracotta bricks (in solid-state) and PCMs (in solid and
liquid state) were measured by using an experimental setup
as illustrated in Figure 1. The viscometer consists of cooling
and heating elements to cool and heat PCMs when mea-
suring thermal conductivity for both solid and liquid states.
With stability ranging up to +0.04°C, the system has a
temperature range within —20°C to 170°C. In that respect,
the appropriate temperature has been set by using the digital
reading display. It consists of a bath tank that heats or cools
water to an appropriate temperature. PCMs were sur-
rounded externally, around the cup, by hot or cold water.
The hot or cold water was transferred externally from the
bath tank to the measuring system by a close -loop. PCMs
such as OM18, HS22, and OM29 are cooled in the vis-
cometer when calculating their thermal conductivity with a
low freezing point below the atmospheric temperature at the
solid-state. On the other hand, PCMs such as OM32 and
OM37 are easily melted above the air temperature; due to
this, PCMs were heated in the viscometer to test their liquid
thermal conductivity.

The KD2 thermal property analyser (hot wire probe
method) was used to measure the thermal conductivity of
PCMs according to the ASTM standard [34, 35]. It consists of a
cable, a probe, and a monitor to display the related data. There
are two pins on the probe; the first one is used as a heating
source by electric pulse, while the second one acts as a receiver.
Pins have a diameter of 1.3mm and a length of 3 cm with a
distance of 6 mm to each other. The thermal conductivity of the
solid and liquid states of the PCMs is determined by the
resulted temperatures through the time domain. The thermal
conductivity in the range of 0.02 W/(m-K) to 2.00 W/(m-K) can
be determined with an accuracy of +10%. The volumetric
specific heat can also be determined in the range of 0.50 to
4.00 MJ/(m*K) with an accuracy of £10%.

The densities of PCMs were measured with a +1%
accuracy by applying a specific gravity bottle process. The
volume of the PCM in the liquid state was measured in the
container, and its weight was measured in the weighing
machine. The differences between the weight of the bottle
and the weight of the bottle with the PCM provide the PCM’s
weight in the liquid state. The density, the weight, and the
volume of the liquid PCM were measured by the specific
gravity. Nevertheless, uncertainties were noted for each

FiGure 1: Experimental setup with viscometer and KD2 pro-
thermal property analyser.

PCM, with reference to the evaluation of their thermal
conductivity and specific heat [36]. Table 1 shows the
thermal conductivity and specific heat values of the plaster,
the terracotta brick, and the studied PCMs on both solid and
liquid states (with uncertainties). The phase transition
temperatures of PCMs were measured using differential
scanning calorimetry [37, 38] and are presented in Table 1.

2.3. Design Methodology. The outline of analysed terracotta
bricks and their corresponding dimensions is depicted in
Figure 2:

(i) Figures 2(a) and 2(b) illustrate the design of a solid
terracotta brick size of 0.29m longx0.14m
wide x 0.09 m high.

(ii) Figures 2(c) and 2(d) show the design of a terracotta
brick integrated with one PCM layer (PCMTB-A).

(iii) Figures 2(e) and 2(f) show the design of a terracotta
brick integrated with two PCM layers (PCMTB-B).

(iv) Figures 2(g) and 2(h) show the design of a terra-
cotta brick integrated with three PCM layers
(PCMTB-C).

Each PCM layer within the terracotta brick is of the size
0.29 m x0.06 m x 0.01 m. Figure 3(a) shows the cube-sha-
ped building model (3.00 m x 3.00 m x 3.00m) considered
for the objectives of this work. The terracotta bricks are laid
in and bound together with plaster; accordingly, the bond
between bricks and plaster is equal to 0.0125m. Further-
more, the thickness of the conventional reinforced cement
concrete (RCC) roof is 0.15m, while as seen in Figure 3(b),
both sides of its structure are covered with a plaster of
0.0125 m.

2.4. Analytical Methodology. As it is well known, the cooling
loads through building envelopes can be diminished by
adjusting their thermal mass, as well as by increasing their
thermal resistance. PCM stuffed terracotta bricks can sig-
nificantly improve the thermal mass and thermal resistance
of building structure.

The steady-state transmittance (Uj) relies exclusively on
the thermal conductivity of the involved materials. There-
fore, a steady-state transmittance signifies only the thermal
resistance. On the contrary, an unsteady-state transmittance
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TaBLE 1: Thermophysical properties of studied building materials.

Phase Solid
transition PCM k (W/(m-K)) Liquid PCM temp. Cp (kJ/(kg-K)) p (kg/ m>)

range temp.
PCM (°C) (°C) Solid Liquid (°C) Solid Liquid Solid  Liquid
OM18 14-20 14 0.182+£0.002 0.176 £0.003 28 293+£0.02 2.70+£0.02 907+6 871+5
HS22 18-28 15 1.14+0.001 0.57 +£0.005 28 2.28+0.06 2.53+0.03 1651+3 1556+4
OM29 24-33 20 0.293 +0.004 0.173 £0.007 33 2.33+£0.02 2.72+0.01 976+5 880%3
OM32 28-38 28 0.219+£0.002 0.145+0.002 40 3.13+£0.01 2.82+0.02 926+4 875+2
OM37 33-40 33 0.17+0.003 0.14+0.002 45 2.56+0.04 2.63+0.02 974+2 865+3
Plaster — 0.721 £0.005 — — 1.76 £ 0.04 — 840+3 —
Terracotta — 0.62£0.004 — - 08164004  —  1950+5 —
brick

0.29m T 0l4mo
r |

0.0125P + 0.14TB + 0.125P
(b)

(a)
()
(e)

0.125P + 0.065TB + 0.01PCM + 0.065TB + 0.0125P
(d)

0.0125P + 0.04TB + 0.01PCM + 0.04TB +
0.01PCM + 0.04TB + 0.0125P

0.125P + 0.028TB + 0.01PCM + 0.027 + 0.01PC
+0.027TB + 0.01PCM + 0.028TB + 0.0125P

(® (b)

FI1GURE 2: Outline of assumed terracotta brick geometries: (a)-(b) solid terracotta brick; (c)-(d) terracotta brick with one PCM layer; (e)-(f)
terracotta brick with two PCM layers; (g)-(h) terracotta brick with three PCM layers.
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FIGURE 3: (a) Cube-shaped building model; (b) RCC roof configuration.

(U,) is the measure of both the thermal resistance and the
thermal mass of building elements (walls, slabs, roofs, etc.),
as it simultaneously takes into account the thermal con-
ductivity, the specific heat capacity, and the density, under
periodic thermal conditions. A lower unsteady-state thermal
transmittance value signifies a higher thermal resistance and
thermal mass [39-43]. The steady-state thermal transmit-
tance U, indicates the heat transfer rate through a building
configuration. A lower value of steady-state transmittance
implies better thermal resistance of its assembly. It is given
by the following equation:

1 X, X, X 1\
U S i . L 1
TB+PCMs (ho kp ka kpcm hi ( )

To determine the unsteady-state transmittance, the at-
tenuation factor (decrement factor), and the time delay (time
lag) of masonry walls settled with solid terracotta bricks and
PCM stuffed terracotta bricks, a one-dimensional heat
diffusion equation was solved by applying the admittance
method to compute unsteady parameters:

FT _1 0T
axz_(x' or’
A
[Te} cosh (m + im) w Ti] (2)
9e qi

¢ sinh (m + im) cosh(m + im)

where T, is the cyclic temperature, g, is the cyclic heat flux, «
indicates the thermal diffusivity (a = k/pC,), and m signifies
the cyclic thickness (m=x-z). In addition, x specifies the
element thickness, while z refers to the finite thickness of the

element (z = 4/pc,/kn), and n is the cyclic period.

The characteristic admittance of an element is derived by
(= +j 2mkpc,/nand therefore it is

5
(b)
. b, +1ib
[fl f2,| b1+1b2 (SC 4)
fs hu c(=b, +ib;) b, +ib,
b, = coshm cosm,
(3)

b, = sinhmsinm,

1
b; = (coshm sinm + sinh n cos m)<ﬁ>,

by = (coshm sinm + sinh m cos m)(%).

Moreover, it is
The matrices for internal and external surface resistances

are given by
1 k' 1!
Ty = Ty = . (4)
0 1 0 1

The transmission matrix for conventional walls with
convection resistance is given by

D A e (e P
qe—()l ms m; ”3”1"01 qz"
(5)

where m and n indicate different building materials:

9e Ay Ayl g
The unsteady-state transmittance Uy, is the heat flow at
the inner surface when the exterior surface is exposed to a
periodic temperature variation, while the room temperature

is maintained at a constant temperature. It can be computed
by the following equation:



(7)

The attenuation of the sinusoidal heatwave through the
wall/roof is called the decrement factor (f) or attenuation
factor. It is the ratio of the unsteady transmittance to the
steady transmittance:

=g (8)
=0

Then again, the time lag (¢) specifies the time it takes for
a heatwave to propagate from the exterior to the interior
surface, with respect to the temperature peaks. Its value is

given by
12 j
9= ;arctan(gig) 9)

A MATLAB code was developed to compute unsteady-
state transmittance, decrement factor, and time lag of var-
ious masonry walls settled with terracotta bricks. In a second
step, the determined unsteady-state transmittance was uti-
lized to estimate the potential for air-conditioning cost-
saving and carbon emission mitigation potential, as well as
the payback periods of buildings.

2.5. Cost Assessment Methodology. The temperature differ-
ences between the external environment and the constant
reference temperature within the internal space of a building
zone delineate the heating and cooling loads through
building enclosures. The degree-hours approach is a feasible
method to compute annual energy usage. The annual energy
savings of building envelopes for heating and cooling can be
estimated by using heating degree-hours (HDH) and cooling
degree-hours (CDH). According to the ASHRAE require-
ments, 18°C is assumed as the base temperature for both
cooling and heating of buildings. ASHRAE meteorological
data have been utilized for cooling and heating degree-hours
in Ahmedabad (23.07°N 72.63°E) and Lucknow (26.75°N
80.88°E), in India [44]. Figure 4 shows the monthly cooling
and heating degree-hours for both mentioned cities. Table 2
shows the elements considered for the corresponding
thermoeconomic analysis. The sol-air temperature is the
temperature which gives the combined effect of outdoor
temperature distribution and incident solar radiation. The
CDH can be computed by multiplying the number of
cooling hours with the difference in sol-air temperature and
base temperature. Similarly, HDH can be computed by
multiplying the number of heating hours with the difference
in sol-air temperature and base temperature as shown in
equations (10) and (11), respectively:

HDH = N (T, - Ts), (11)
where N¢ and Ny are the number of cooling and heating

hours, T is the constant-base temperature, and T; is the sol-
air temperature.
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The thermoeconomic analysis can be performed to
compute parameters such as cooling and heating cost sav-
ings (C. and ), total air-conditioning cost-savings (Cy),
payback period (PB), and carbon emission mitigation (CM)
[45-47]. The cooling and heating cost-saving findings
provide information about the beneficial impact of inserting
PCMs in terracotta bricks, compared with conventional
solid terracotta brick assemblies in buildings. They can be
computed by using the following equations:

107>.C..CDH.AU"
C.= e L, 12
¢ ( COP ) (12)
-3 s
Ch:(m .Cn.HDH.AUt). (13)
n

Moreover, the total air-conditioning cost savings can be
obtained from the following equation:

C,=C,+C, (14)

It should be noted that C;, and C, refer to the heating and
cooling cost savings, while AU; is the difference in unsteady-
state thermal transmittance between the solid terracotta
brick scenario and the filled with PCMs terracotta brick
scenario.

Saving of electricity leads to a wanted carbon mitigation
effect. This effect can be obtained from

M. =107 AUt p, CPE 4 aps.p, HPH (15)
[ tplcop t'p2' ’7 .

where p; is the mass of carbon emission per unit energy
production by the coal power plant and p, is the mass of
carbon emission per unit energy production by natural gas.

Finally, the payback period highlights the time it takes
for PCMs to recover the funds invested (the initial invest-
ment cost). It is derived by the following equation:

In[C,.(i - d)/C, +11]

- (16)
In(1+4)/(1+d)

The inflation rate (i) and discount rate (d) values are
considered as per the Indian scenario. This payback period
method considers inflation rate and discount rates, but it
does not consider the escalation rate of energy.

3. Results and Discussion

3.1. Unsteady Parameters of Various PCM-Stuffed Terracotta
Bricks. Equations (1) and (7) are applied to assess steady and
unsteady transmittances of bricks, respectively. Figure 5(a)
depicts the steady and unsteady transmittances of solid and
terracotta bricks stuffed with PCMs. From these results, it is
noted that the unsteady transmittance is lower than the
steady transmittance for all the studied bricks. On the other
hand, the unsteady transmittance depends on the funda-
mental thermophysical properties of bricks, such as thermal
conductivity, specific heat capacity, and density. Unsteady
transmittance is the finest measure to assess the thermal
mass and thermal resistance of a structure, while it allows an
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FIGURE 4: Annual cooling and heating degree-hours in Ahmedabad and Lucknow.
TaBLE 2: Elements used for the thermoeconomic analysis.
S. No. Elements Value
1 Annual cooling degree-hours (CDH;3°c) (*C-hours) in ahmedabad and lucknow 82440 and 6614
2 Annual heating degree-hours (HDH,5°c) ("C-hours) in ahmedabad and lucknow 264 and 4512
3 Outside and inside heat transfer coefficients (h, and h;) (W/m?K) 25.00 and 7.70
4 Coeflicient of performance (COP) 2.50
5 Unit cost of electricity (C,) ($/kWh) 0.082
6 Unit cost of natural gas (C,) ($/kWh) 0.014
7 Efficiency (n) 0.80
8 Mass of CO, emission rates per unit usage of electricity (p;) (kg//kWh) 0.98 x 1.60
9 Mass of CO, emission rates per unit usage of natural gas (p,) (kg//kWh) 0.18
10 Material cost of PCMs (C,) ($/kg) COM18, CHSZZ’ COMZQ) COM32a and COM37 3.75, 1.26, 4.29, 2.68, and 2.86
11 Inflation rate (i) 7.6%
12 Discount rate (d) 6.6%

accurate calculation of air-conditioning cost-saving poten-
tial of various terracotta bricks stuffed with PCMs. As it is
already mentioned, a lower value of unsteady transmittance
indicates a better thermal performance of terracotta bricks
(in relation to the thermal mass and the thermal resistance).
PCMs in the liquid phase provide the least values of steady
and unsteady transmittance compared to the solid phase,
due to their superior thermophysical properties in this state.

In general, amongst all studied terracotta brick configura-
tions (TB, PCMTB-A, PCMTB-B, and PCMTB-C), the
PCMTB-C configuration has shown the best thermal be-
haviour due to its lowest unsteady transmittance value.
Furthermore, in relation to the optimal PCM (OM18, HS22,
OM29, OM32, and OM37), it is revealed that the OM32
shows the lowest steady and unsteady transmittance values.
The order of preference of the examined PCMs from the
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FIGURE 5: Thermal characteristics of terracotta bricks integrated with PCMs: (a) Steady and unsteady transmittance variations; (b) decrement
factor and time lag variations.
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least steady and unsteady transmittance to the highest steady
and unsteady transmittance is OM32 <OM37 < OM29 <
HS22 < OM18.

The decrease of the decrement factor, as well as the
increase of the time lag by selecting terracotta brick, can
affect substantially the indoor thermal comfort conditions in
buildings; in that respect, temperature peaks due to the
heatwave can be attenuated and shifted from peak hours to
nonpeak hours. To assess the decrement factor and time lag
values, one can apply equations (8) and (9), respectively. To
improve the thermal performance of terracotta brick, the
attenuation factor should be as low as possible, while the
time lag should receive a high value. Figure 5(b) shows the
attenuation factor and its time lag of various terracotta
bricks stuffed with PCMs. PCMs in the liquid phase lead to
the lowest values of the attenuation factor and the highest
values of time lag, in relation to the solid phase. PCMTB-A
and PCMTB-B configurations are designed with one and
two layers of PCMs, respectively. The PCMTB-C is designed
with three layers of PCM, and therefore the PCMTB-C offers
the highest thermal mass compared to PCMTB-A and B. As
it is expected, with regard to all analysed terracotta brick
configurations (TB, PCMTB-A, PCMTB-B, and PCMTB-C),
the PCMTB-C configuration has shown the lowest attenu-
ation factor and the highest time lag values due to enhanced
thermal mass. In addition, for the optimal PCM (OM18,
HS22, OM29, OM32, and OM37), it is exposed that the
OM32 shows the lowest attenuation factor and the highest
time lag. To conclude, the thermal performance of all
analysed terracotta brick walls stuffed with a certain PCM is

clarified by  fomsz <foms7 <fomzo < fus22<fomis and
Poms2> Pomsz > Pomz9 > PrHs22 > Pomis-

3.2. Cooling and Heating Cost saving of Terracotta Brick
Buildings Integrated with PCMs. Equations (12) and (13) are
applied to compute cooling and heating cost saving of
various PCM stuffed terracotta brick buildings compared to
solid terracotta brick buildings. Figures 6(a) and 6(b) il-
lustrate the cooling and heating cost saving of various
buildings, arranged with masonry walls (solid terracotta
walls and terracotta walls integrated with PCMs) in
Ahmedabad and Lucknow climates.

In Ahmedabad, terracotta brick wall configurations
PCMTB-A stuffed with a certain PCM of OM18, HS22,
OM29, OM32, and OM37 have shown a cooling cost saving
of $59.92, $ 61.34, $ 62.00, $ 63.34, and $ 62.35, respectively.
Likewise, the heating cost saving is $ 0.1, $ 0.1, $ 0.1, $ 0.11,
and $ 0.1. Evidently, amongst all examined PCMs in the
PCMTB-A assembly, the OM32 shows the highest cooling
and heating cost saving. Furthermore, the terracotta brick
wall configuration PCMTB-B stuffed with OM32 PCM
shows the highest cooling and heating cost saving of $ 69.27
and $ 0.11, respectively. Similarly, with respect to all sim-
ulated terracotta brick wall configurations, the PCMTB-C
stuffed with OM32 showed the highest cooling and heating
cost saving of $ 74.58 and $ 0.12, respectively.

Similarly in Lucknow, terracotta brick wall configuration
PCMTB-C stuffed with OM32 PCM shows the highest

cooling and heating cost saving of $ 59.8 and $ 2.04, re-
spectively. As seen, the cooling cost saving is more evident in
Ahmedabad than in Lucknow, due to its hot-dry climatic
conditions. Nevertheless, the heating cost saving is pre-
dominant in Lucknow in comparison to Ahmedabad, due to
its exposed composite climate.

The most influencing thermal characteristic for en-
hancing cooling and heating cost savings is the unsteady
transmittance of PCM integrated terracotta bricks. A lower
value of unsteady transmittance contributes to higher
cooling and heating cost savings. The best order of PCMs as
per the highest cooling and heating cost-saving is
OM32 > 0OM37 > OM29 > HS22 > OM18. The preferred or-
der of PCM stuffed terracotta brick configuration as per the
highest cooling and heating cost-saving is PCMTB-
C>PCMTB-B > PCMTB-A.

3.3. Total Building Air-Conditioning Cost Saving of Terracotta
Brick Buildings Integrated with PCMs. Equation (14) is used
to estimate the total building air-conditioning cost saving of
terracotta brick buildings integrated with PCMs compared
to conventional terracotta brick buildings. Figure 7 shows
the total building air-conditioning cost saving of terracotta
brick buildings stuffed with PCMs compared to solid ter-
racotta brick buildings in Ahmedabad and Lucknow
climates.

In Ahmedabad, terracotta brick wall configurations
PCMTB-A, stuffed with PCMs of OM18, HS22, OM29,
OM32, and OM37 have shown an overall total building air-
conditioning cost saving of $ 60.02, $ 61.44, $ 62.1, $ 63.45,
and $ 62.63, respectively. Amongst all PCMs in the PCMTB-
A, the OM32 underlines the highest total building air-
conditioning cost saving. The terracotta brick wall config-
uration PCMTB-B stuffed with OM32 PCM shows the
highest total building air-conditioning cost saving of $ 69.4
among all examined configuration in this category. In
overall, among all assumed terracotta brick wall configu-
rations stuffed with PCMs (PCMTB-A, PCMTB-B, and
PCMTB-C), the PCMTB-C configuration with PCM cor-
responding to OM32 shows the maximum total building air-
conditioning cost saving of $ 74.7.

In Lucknow, amongst all the examined terracotta brick
wall configurations, the PCMTB-C stuffed with OM32 re-
veals the highest total building air-conditioning cost saving
of $ 61.9. In Ahmedabad and Lucknow, the terracotta brick
wall configuration PCMTB-B with OM32 shows a 9.35%
increase in total building air-conditioning cost saving
compared to PCMTB-A with OM32. The terracotta brick
wall configuration PCMTB-C with OM32 shows an incre-
ment of 17.73% in total building air-conditioning cost saving
compared to PCMTB-A with OM32.

3.4. Carbon Emission Mitigation Potential of Terracotta Brick
Buildings Integrated with PCMs. Equation (15) was used to
determine the carbon emission mitigation of terracotta brick
buildings stuffed with PCMs compared to solid terracotta
brick buildings. Figure 8 shows the carbon emission
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FIGURE 6: Annual cooling and heating cost of terracotta brick buildings integrated with PCMs: (a) Ahmedabad; (b) Lucknow.
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mitigation potential of terracotta brick buildings integrated
with PCMs in Ahmedabad and Lucknow climates.

In Ahmedabad, terracotta brick wall configurations
PCMTB-A stuffed with PCMs of OM18, HS22, OM29,
OM32, and OM37 have shown a carbon emission mitigation
of 1.15 ton/kWh, 1.17 ton/kWh, 1.19 ton/kWh, 1.21 ton/
kWh, and 1.20 ton/kWh, respectively. Amongst all PCMs in
the PCMTB-A assembly, the OM32 shows the highest
carbon emission mitigation; the findings have led to a 1.21
ton/kWh mitigation effect due to the significant air-con-
ditioning cost saving for this selection. The terracotta brick
wall configuration PCMTB-B stuffed with OM32 shows the
highest carbon emission mitigation of 1.33 ton/kWh among
all studied PCMs. Within the framework of all analysed
terracotta brick wall configurations stuffed with PCMs
(PCMTB-A, PCMTB-B, and PCMTB-C), the PCMTB-C
configuration with PCM corresponding to OM32 shows the
highest carbon emission mitigation of 1.43 ton/kWh.

Then again, in Lucknow, amongst all the terracotta brick
wall configurations (PCMTB-A, PCMTB-B, and PCMTB-C)
stuffed with PCMs, the PCMTB-C formations with PCM
corresponding to OM32 highlights the highest carbon
emission mitigation of 1.17 ton/kWh. In Ahmedabad and
Lucknow, the terracotta brick wall configuration PCMTB-B
with OM32 shows an increment of 9.35% in carbon emission
mitigation compared to PCMTB-A with OM32. The ter-
racotta brick wall configuration PCMTB-C with OM32
shows an increment of 17.73% in carbon emission mitiga-
tion compared to PCMTB-A with OM32.

3.5. Payback Periods of Terracotta Brick Buildings Integrated
with PCMs. Equation (16) was used to calculate the payback
period of terracotta brick buildings stuffed with PCMs.
Figure 9 shows the payback periods of terracotta brick
buildings integrated with PCMs compared to conventional
terracotta bricks in Ahmedabad and Lucknow.

In Ahmedabad, terracotta brick wall configurations
PCMTB-A stuffed with PCMs of OM18, HS22, OM29,
OM32, and OM37 have resulted in a payback period of 13.6
years, 8.1 years, 15 years, 9.4 years, and 10 years, respectively.
Amongst all PCMs in the PCMTB-A assembly, the HS22
shows the least payback period of 8.1 years followed by 9.4
years for OM32. The payback periods increase from the
configurations PCMTB-A to PCMTB-C due to the increased
cost of incorporating PCMs in terracotta bricks. Accord-
ingly, the PCMTB-A and PCMTB-B configurations are
more profitable from an economic point of view, while they
present rational payback periods in contrast to PCMTB-C.
For the lower payback periods, the following PCM materials
are preferred in sequence: HS22, OM32, OM37, OM18, and
OM29. The preferred sequential order of PCM is the same as
material cost sequential order of PCM from low cost to high
cost. The material cost of PCM is the most influential pa-
rameter in the payback period of PCM integrated terracotta
bricks. From the lowest payback periods perspective, the
configurations PCMTB-A and PCMTB-B are preferred over
PCMTB-C.

The results of the above research findings apply to hot-
dry and composite climatic conditions. The research can be
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extended to other climatic regions as well. Future research
can be carried out on energy-efficient building envelopes
integrated with various combinations of new PCMs.

4. Conclusions

This work evaluates the unsteady heat transfer character-
istics, air-conditioning cost-saving, carbon emission miti-
gation, and payback periods of various PCM stuffed
terracotta bricks compared to conventional terracotta bricks.
In that respect, the thermophysical properties of five dif-
ferent PCMs (OM18, HS22, OM29, OM32, and OM37) in
both solid and liquid phases were measured. This paper
presents a mathematical model to compute unsteady ther-
mal parameters which are further utilized for computing the
air-conditioning cost-saving potential of PCM stuffed ter-
racotta brick buildings in hot-dry and composite climates of
India.

(i) The buildings of PCMTB-C configuration stuffed
with OM32 saves the highest yearly air-condi-
tioning costs of $ 74.70 and $ 61.9, respectively, in
hot-dry and composite climates of India among all
three terracotta brick configurations (PCMTB-A, B,
and C) with five PCMs (OM18, HS22, OM29,
OM32, and OM37) studied.

(ii) The buildings of PCMTB-C configuration stuffed
with OM32 saves the highest carbon emission
mitigation of 1.43 ton/kWh and 1.17 ton/kWh,
respectively, in hot-dry and composite climates of
India among all three terracotta brick configura-
tions (PCMTB-A, B and C) with five PCMs (OM18,
HS22, OM29, OM32, and OM37) studied.

(iii) The steady and unsteady transmittances reduce
with the increase in the PCM layers in the terracotta
bricks. PCMTB-C configuration stuffed with OM32
PCM gives the least steady and unsteady trans-
mittance due to its improved thermal mass and
thermal resistance compared to all studied con-
figurations with five PCMs.

(iv) The attenuation factor reduces and time lag en-
hances with the increase in the PCM layers in the
terracotta bricks. PCMTB-C configuration stuffed
with OM32 PCM gives the least attenuation factor
and the highest time lag due to its improved
thermal mass and thermal resistance compared to
all studied configurations with five PCMs.

(v) The best order of PCMs as per the desirable un-
steady parameters, highest air-conditioning cost-
saving, highest carbon emission mitigation po-
tential is OM32 > OM37 > OM29 > HS22 > OM18.
The preferred order of PCM stuffed terracotta brick
configuration as per the desirable unsteady pa-
rameters, highest air-conditioning cost-saving, and
highest carbon emission mitigation potential is
PCMTB-C > PCMTB-B > PCMTB-A.

(vi) The payback period of the building increases with
the increase in the PCM layers in the terracotta

13

brick. PCMTB-A stuffed with HS22 buildings in
hot-dry climate shows the least payback period of
8.1 years among all three terracotta brick config-
urations (PCMTB-A, B, and C) with five PCMs
(OM18, HS22, OM29, OM32, and OM37) studied.
For the lower payback periods in hot-dry and
composite climates, the following PCM materials
are preferred in sequence: HS22, OM32, OM37,
OM18, and OM29. From the lowest payback pe-
riods perspective, the configurations PCMTB-A
and PCMTB-B are preferred over PCMTB-C.

(vii) It is recommended to use PCMTB-B configuration
with OM32 for buildings to have desirable unsteady
parameters, higher air-conditioning cost-saving,
higher carbon emission mitigation potential, and
acceptable payback periods. It is not advisable to go
for PCMTB-C configuration due to its long pay-
back period of about 20 years.

The results of this study are useful in designing energy-
conscious buildings with PCM-integrated terracotta bricks.

Nomenclature

9

Cooling cost saving ($)

Unit cost of electricity ($/kWh)

Heating cost-saving ($)

Material cost of PCM ($/kg)

Unit cost of natural gas ($/kWh)

Specific heat (kJ/(kgK))

Annual air-conditioning cost-saving ($)
Discount rate (%)

Decrement factor (-)

Heat transfer coefficient (W/(m*K))
Inflation rate (%)

Thermal conductivity (W/(m-K))

Mass of CO, emission reduction (ton/kWh)
Nc: Number of cooling hours (h)

Np: Number of heating hours (h)

P> Mass of CO, emission due to energy production (kg/

o.

B

2.

OO0000

b

TSRO

S

pg: kWh)
T,:  Base temperature (°C)
Ty Sol air temperature (°C)

U: Thermal transmittance (W/(m*K))
Us:  Unsteady transmittance (W/(m*>K))
X: Building material thickness (m)

Greek letters

Thermal diffusivity

Efficiency of natural gas power generation
Time lag (h)

Density (kg/m”)

REIER

Acronyms

CDH:  Cooling degree-hours ("C-hours)
COP: Coefficient of performance
HDH:  Heating degree-hours (‘C-hours)

HS: Hydrated salt
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OM: Organic mixture

P: Plaster

PP: Simple payback period
PCM:  Phase change material
PCMTB: PCM-stuffed terracotta brick
TB: Terracotta brick.
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