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Abstract: Recently, Phase Change Materials (PCM) have become more prevalent in improving
buildings’ thermal management. The relative location of the PCM layer is a valuable measure for
assessing the thermal performance of building envelopes, in addition to meteorological circumstances
and PCM qualities. The optimum air layers between the PCM layer and roof may significantly reduce
energy consumption in buildings. In this regard, the influence of air gap layer thickness on the
thermal performance of a PCM (HS 29) integrated roof of the test room is investigated experimentally.
Experiments are carried out for an unconditioned test room located on the terrace of a laboratory in
Surat, India, considering various air layer thickness values (0, 2, 4, and 6 cm) and a fixed PCM layer
thickness. Different configurations within the research, including no- PCM and PCM with 0, 2, 4,
and 6 cm air layer thickness, are investigated for the effects of diurnal change in room temperature.
Results are evaluated based on the peak value, valley value temperatures of different roof layers,
and an index (MKR, Measure of Key Response). It is observed that the maximum temperature
difference between the PCM-integrated test room and the non-PCM test room is 4 °C to 7 °C. Results
showed that, with a higher MKR index of 8.83, a PCM-integrated roof with a 2 cm air layer thickness
could reduce the diurnal room temperature variations compared with the non-PCM test room. This
conclusion from the current research demonstrates the significance of an air layer provided between
the PCM layer and the roof of the building.

Keywords: PCM integrated roof; air layer; MKR index; peak value temperatures; solar heat gain
reduction rate

1. Introduction

Many countries have proposed numerous measures to reduce greenhouse gas emis-
sions as a global initiative [1]. These initiatives include developing renewable energy
systems and energy conservation measures for buildings [2], which account for 30-40% of
global primary energy demand [3]. Most of the energy use in buildings is due to space
cooling applications. The cooling and heating energy consumption in buildings is signif-
icantly influenced by their enclosure design. The energy consumption in the buildings
can be reduced by enhancing the thermal performance (TP) of building envelopes [4] and
enhancing the comfort of the built environment [5]. Using envelope elements such as roofs,
walls, windows, etc., with this aim, higher thermal resistance is the most common practice.
Thermal resistance may be enhanced by adding thermal mass or insulation. Increasing en-
velope element size to increase thermal mass may not be viable for structural and economic
reasons. The installation of thermal insulation in the building envelope is also limited
due to the low heat storage capacity of insulating materials. However, many researchers
emphasize the relevance of the air layer while investigating TP enhancement in building
envelopes employing conventional thermal insulators.

Sanea et al. [6] investigated air spaces together with insulation layers for different
thicknesses in buildings for the climatic conditions of the city of Riyadh and showed that the
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air gap has a dominant role when the insulation layer is lower than 7.5 cm. Jamal et al. [7]
carried out a numerical investigation on double solid layer walls separated by an air gap
layer. They noted that an optimum air gap thickness of 5 cm along with low emissivity
surface material of the wall results in reduced energy consumption of the building envelope.
Mahlia and Igbal [8] studied air layer thickness and optimum insulation thickness to
analyze the potential reduction in energy consumption and emissions in building walls.
The results have shown that air layers of 2-6 cm in a wall and an optimum insulation
thickness can reduce energy consumption and emissions by 65-77% compared to a wall
without an air layer. Mavromatidis et al. [9] evaluated the effect of air layer thickness on
temperature distribution in multilayer insulation walls using a numerical study. It was
found that maximum thermal resistance can be achieved with a 3 cm air layer thickness.
Kurt [10] studied the effect of the air layer on the insulation thickness and energy cost
savings for a composite wall building in Turkey and reported that an optimum insulation
thickness along with the air layer reduces the heat loss through the composite walls.

An alternative practice for improving the TP of the enclosure is to boost its heat storage
capacity. In this regard, using Phase Change Materials (PCMs) with high latent heat is
becoming increasingly common for augmenting the TP of building envelopes [11]. PCMs
can store/retrieve a great deal of heat in the latent form in a constant or narrow temperature
range during the melting/freezing process [12]. Thus, with the application of PCM in the
building envelopes, maximum heat with a minimum temperature variation can be stored.
PCM can be incorporated into various building envelope elements. However, for effective
heat transfer and ease of installation, PCM is typically integrated into floors, walls, and
roofs [13]. The TP of such a building envelope depends mainly on climatic conditions,
material properties [14], and relative positioning of the layer of PCM [15]. Although climatic
conditions and properties of PCM are crucial parameters, with ease in installation and
prior design considerations, the relative positioning of the PCM layer is also an effective
parameter for the TP assessment of building envelopes. The relative positioning includes
layering (i.e., single or multi-layer) as well as the thickness and location of the PCM layer.
Numerous researchers have noted the relative positioning PCMs to achieve a higher TP
and reduce energy usage in building applications (Table 1). As seen from Table 1, studies
related to the TP evaluation of building envelopes using the PCM layer mainly focused
either on the thickness or location of the PCM layer. Few authors also studied the multiple
layers of PCM in building envelopes.

Table 1. Literature summary.

Authors PCM Used in Climatic Conditions Parameters Studied Remarks
Ascione Maximum cooling energy savings are
) wall Five Mediterranean climatic cities attained for a PCM plaster of 3 cm
etal. [14] .
thickness.
. Northeast and cold regions of Increasmg PCM layer thickness decreases
Lietal. [16] Roof . the peak time of the average temperature
China
of a base layer and upper surface heat flux.
Tokuc et al. ¢ Mediterranean climate of Istanbul, ?ptlm}l:.m I.DCM layer thickness 1 sglt%ble
[17] Roo Turkey PCM layer thickness or achieving energy conservation in flat
roofs of the city of Istanbul.
. Warm and temperate Climate of PCM layer thickness of 10 mm provides
Saffari et al. . .
[18] Wall the city of greater energy savings and a payback
Madrid period.
Singh and Roof Hot and dry climate of the city of Optimum PCM layer thickness of 16 mm
Bhat [19] Indore, India can reduce the cooling load in the building.
Arici et al. Wall Erzurum, Diyarbakir, and Konya Optimum PCM layer thickness varies from
[20] cities, Turkey. 1 to 20 mm depending on the climatic zone.
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Table 1. Cont.

Authors PCM Used in Climatic Conditions Parameters Studied Remarks
Optimal position of the PCM layer is
approximately 0.2 times the total length of
Jin et al. Wall Dvnamic wall simulator the wall from the internal surface of the
[21] Y wall. The optimal position of the PCM
layer shows 41% of peak heat flux
reduction.
Nidhal Ben The PCM n-octadecane performs best for
Khedher Wall Tropical climate of Tunisia maintaining an indoor temperature close to
[22] PCM layer location 27 °C for the test room.
Optimal PCM location on the south wall is
2.54 cm, whereas, for a west wall, it is 1.27
Lee et al. Wall Warm and temperate Climate of cm from the location of the wallboard.
[23] the city of Lawrence, KS, USA Peak heat flux reduction for these optimal
locations is 29.7% and 51.3% for the west
and south, respectively.
Lagou et al. Wall Southern, central, and northern PCIA/[ la§flei‘1p§c'elré1‘ent fS hould {)e on the
[24] a European climatic conditions mside of the bul Ing for yearly energy
saving.
Pasupathy Hot and humid climate of the city Double-layer PCM narrows indoor
and Velraj Roof £ Ch i Indi A ¢ .
[25] of Chennai, India ‘ emperature swings.
Single and double-layer
PCM PCM layer should be located near the cold
Jin and Floor Humid subtropical climate of the source and floor surface in the case of the
Zhang [26] city of Nanjing, China cooling system and heating system,
respectively.
Bhamare Roof Hot and humid climate of the city PCM laver Inclination Maximum reduction in heat gain savings is
etal. [27] of Chennai, India 4 obtained for a PCM slab inclination of 2°.

According to the research shown above, including PCM and the air layer in the design
of a building is one way to reduce that building’s overall demand for energy significantly.
On the other hand, the research on the influence of the air layer that was given between the
PCM layer, and the wall or roof of the building has not yet been documented. As a result,
the usage of an air layer between the PCM layer and the top of a building is investigated in
the current research. The novelty of the work is reflected in the findings of this research
since a previous study of this kind has not yet been published. Thus, this research aims
to explore the influence of optimal air layer thickness on the diurnal changes in indoor
temperature and the decrease of heat gain. An experimental investigation is carried out
to evaluate the impact of the air layer on the thermal performance of a roof integrating
PCM for a prototypic test room located in Surat, India. A square metal enclosure filled
with commercial PCM (HS 29) is used to incorporate the PCM layer into the roof of a test
room. The air layer thickness varied between 0 to 6 cm, and a fixed PCM layer thickness
are considered.

2. Experimental Setup

This section consists of details regarding the experimental setup, material and measure-
ment methods, and methodology for data reduction to investigate the thermal performance
of the PCM-integrated roof and the air layer.

2.1. Materials and Testing

It is to be noted that the experiment aims only to determine how effectively PCM and
an air layer can minimize the heat load from the roof. Thus, a laboratory-scale test room is
developed. However, the dimensions of the experimental room were selected to replicate
the study reported by Velraj et al. [25]. Further, it is noted that the thickness of the concrete
roof is considered similar to that used in real building conditions. Since all other walls of
the model building are kept insulated, the only way for heat entrainment into the room in
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our experiments is through the roof. With this, considering dominant heat transfer in the
vertical direction compared to the lateral direction, the thickness of the roof and PCM layer
almost corresponds to real-life scenarios.

The field test was carried out during March and April 2020 using unconditioned
single-room test buildings (68 cm x 68 cm x 102 cm) located on the terrace. The test room
building is shown in Figure 1. The lightweight fly ash bricks (24 cm x 11 cm X 7 cm) are
used to build the test room walls while the conventional concrete slab with a thickness of
12 cm is used as a roof of a building. The outer walls, except for the roof of the room, are
insulated by a polyurethane foam (PUF) sheet of a thickness of 3 cm and PUF insulation
spray on all the corners of the walls to ensure perfect insulation condition for studying the
effect of heat transfer through the roof.

Metal rod for movement

of PCM enclosure
Concrete slab
Metal handle for
| Airgaplayer | Airgaplayer | 5 movement of slab

g |l PCM plate | 2 _

"g‘ TTem g PVC pipes for

g ¢ 2 releasing the air

]

3 £

£ 5 Polyurethane foam

E c Interior of test room E sheet

(AR f

] e o PUF spray

g g insulation

9.5cm 9.5cm
49cm

Figure 1. Details of PCM enclosure in the test room.

The PCM is encapsulated in a square metal enclosure having dimensions of 47 cm
X 47 cm x 2.8 cm. The enclosure is made of MS steel (0.15 cm thickness). PCM selection
was based on the melting temperature and climatic characteristics of the city of Surat,
from the study by Bhamare et al. [28], which recommended using a PCM with a melting
temperature of 29 °C for hot and humid climatic zones. Hence, the PCM used in this study
is the commercially available salt hydrate, HS 29, provided by PLUSS Co Ltd. (Delhi, India).
The melting point and latent heat of fusion obtained via a Differential Scanning Calorimeter
(DSC) are shown in Appendix A as Figure Al. The observed melting point, latent heat, and
specific heat are 29 °C, 217.4 k] /kg, and 2000 ]/ kg K, respectively. The density and thermal
conductivity of the PCM is taken as 1830 kg/ m3 [25] and 0.478 W/m K [29].

2.2. Instrumentation and Measurement

The temperature of the interior, walls, and PCM enclosure of the test room is measured
using K-type thermocouples (total 32 with £0.1 °C accuracy). Four thermocouples are
placed at each (interior and exterior) surface of the concrete slab to measure temperature
distribution and heat gain by the concrete slab. Four thermocouples are thus placed on the
top side of a concrete slab and four on the bottom side, for a total of eight thermocouples.
The heat gain by the concrete slab is calculated based on surface and room temperature. In
the same way, eight thermocouples are also embedded in the PCM enclosure. To obtain the
temperature gradient at the insulated walls of the test room, another eight thermocouples
are used. Thermocouples are positioned at the center of each wall’s exterior and interior
surfaces. Five thermocouples are placed vertically along the metal rod located at the
center of the test room to measure temperature distribution in the interior of the test
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room. The position of the thermocouples is depicted in Figure A2 of Appendix A. The
distance between each thermocouple along the height of a centrally placed rod is 17 cm. To
record temperature, a data acquisition system is used, which consists of an RS485 scanner
embedded with an intelligent microprocessor. A pyranometer SR2238 (measurement
accuracy: £3% for hourly sums) located outside at a 1.50 m height to reduce the effect of
shadows is utilized to collect the solar irradiance. The wind speed is also measured via a
weather station installed at the top of the building.

2.3. Climatic Data Deduction

The thermal performance of the test room is established for the reference case (non-
PCM) and with PCM having an air layer gap (thickness of 0, 2, 4, and 6 cm). Before
conducting the experimentation from 18-19 March 2020, the experiment is set to idle for two
days to reach the periodic conditions. The variations in temperature and radiation intensity
for different days are shown in Figure 2. It shows hourly averaged values of radiation
intensity and ambient temperature on different days. To ease the performance comparison
of the configurations with different ambient temperatures and radiation intensity, there
is a need for a common climatic parameter by which radiation intensity and ambient
temperature can be combined into a single parameter. With this aim, the current study
uses the solar air temperature method as a common climatic parameter for combining
radiation intensity and ambient temperature. The solar air temperature is the hypothetical
outside air temperature that would result in the same temperature distribution and rate of
heat transfer through a wall as is seen owing to the influences of the ambient temperature
and the incoming solar radiation. In brief, the combined effect of the actual ambient
temperature and the incoming solar radiation yields a common characteristic, namely
solar air temperature, which can be used to compare various cases. Solar air temperature
is calculated based on average roof temperature (T,,y), radiation intensity (I;), ambient
temperature (T,), and wind velocity (Vy;,s) measured during the experimentation [30].
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Figure 2. Average room temperature variation in the test room.
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Solar air temperature is calculated as [31]

Idzx

Tsolfair = +To (1)

hcombined

(Troof - Tsky)

heombined = Mo + {5‘7 Faky (Tr200f + Tgky) (T“”’f + Toky >] C Tror —To

2
where «, €, and o are the absorptivity of the surface, the emissivity of the rooftop and Stefan
Boltzmann constant, respectively, /1.ypineq is the combined radiative and convective heat
transfer coefficient, h, is the ambient heat transfer coefficient, and Fsky is shape factor for
rooftop slab and sky which is considered as 1.

The convective heat transfer coefficient is calculated as follows [31]

hy = 5.6 +4.0V,,;,4 for Vyyia < 4.88m/s (3a)
hy = 7.2V078 for Vying > 4.88m/s (3b)

where V4 is wind velocity.
The sky temperature is estimated by [31]

Ty = 0.0552T3 for clear sky (4)

The average solar air temperature is calculated for different configurations using
the above formulations and hourly variation of environmental conditions. The obtained
average solar air temperatures for non-PCM, PCM with 0 ¢cm, 2 ¢cm, 4 cm, and 6 cm air
layers are 31.80 °C, 31.90 °C, 34.65 °C, 32.11 °C, and 34.25 °C respectively. The average solar
air temperature represents the extent of climatic conditions experienced by the test room
during a particular day of experimentation. The higher average solar air temperature values
during the day indicate warm weather conditions, while the lower values correspond to
comparatively less warm weather conditions. Thus, an average solar air temperature can be
used for comparing the climatic conditions for different days of experimentation. From the
average solar air temperatures, one can notice that the highest average solar air temperature
is found during the testing of the PCM layer with a 2 cm air layer, whereas the lowest
average solar air temperature is shown by non-PCM room testing days.

Further, an index called MKR (Measure of Key Response) [32] is used for the compara-
tive evaluation of the thermal performance of all configurations of PCM. This index, defined
in Equation (5), combines crucial TP indicators and allows comparing TP enhancement of
roofs incorporating PCM, taking the non-PCM roof as the reference. A high value of this
index shows increasing time lag and decreasing solar heat gain and decrement factor, thus
improved TP, whereas the lower value implies higher solar heat gain causing an increment
in cooling energy consumption and hence poor TP of buildings.

__f
A P To] ©

In the above equation, f’, ¢’, and Q’ respectively represent the time lag, decrement
factor, and solar heat gain, all non-dimensional. The value of computational constant c is
0.5. These parameters and their non-dimensional forms are calculated as [32]

f = tTmax Ceiling - tTmax Roof (6)

/ fwith_pcm
= ()
fWithout_PCM
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Tinax Ceiling — tmin Ceiling

Tinax Roof — Tinin Roof

o= ®)
In Equation (6), fTmax Ceiling @A tTmax Roof Tepresent the time required for diurnal
temperature waves to reach at ceiling and rooftop slab, respectively.

1 _ _Pwith_pcm ©)
Pwithout_PCM

Yeeiling = hi (TCeiling - Troom) (10)

For the non-PCM room, Tejing is the concrete bottom surface temperature, whereas,
for the PCM room, it is the PCM bottom surface temperature. The heat transfer coefficient
on the roof’s inner side is considered 8.7 W/m? K [33]. The total heat gain by the test room
for two days is evaluated by summing the hourly heat flux through the ceiling as given by
Equation (11),

48
anin = /qceilingdt (11)
0

Qgain (With_PCM)

Q= (12)

Qgain (Without_PCM)

where qijing is the heat flux added from the ceiling surface or released from the room.
The values of performance indicators, i.e., f , ¢ ,and Q are calculated by the temperature
distribution across the roof for all configurations of PCM.

To assess the effectiveness of PCM integrated roof compared with the non-PCM room,
the envelope solar heat gain reduction rate can also be calculated as:

y— <1 ~ Qwit_pcm ) 100 (13)
Qwithout_PCM

n=(1-Q") x100 (14)

3. Results and Discussion

The impact of diurnal variation in room temperature for different configurations
within the study, namely no- PCM and PCM with 0, 2, 4, and 6 cm air layer thickness,
is investigated.

Effect on Room Temperature Variation

The average room temperature variation for different configurations is established
during two consecutive days, as shown in Figure 2. From the figure, a diurnal variation
in the room temperature on both days for the non-PCM test room is noticed. The room
temperature drops to an average minimum of 24.2 °C in the morning, while it increases to
an average height of 44.06 °C during the evening. Thus, non-PCM produces conditions
that are excessively cooled in the morning i.e., from 1.00 hr to 6.00 hr, and overheated
temperatures in the evening from 13.00 hr to 18.00 hr. The application of PCM efficiently
eliminates this difference in room temperature. In the case of the PCM integrated test room,
the room temperature curve shows minimum variation during morning hours and reaches
minimum temperature in the range of 28-29 °C for both testing days. During the two days
of room temperature monitoring, the difference between the room temperature for the
PCM and the reference room (i.e., the room without PCM) during the morning and the
evening is considered respectively, as the average valley and the peak value differences.
A high-temperature difference in the valley value indicates that PCM can add more heat
during the morning hours, which prevents excessively cooled conditions. In contrast, a
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high difference in peak temperature value suggests that more incoming heat is absorbed via
PCM during the daytime and reduces the increase in the room temperature compared with
the non-PCM test room. Hence, the peak value difference is more significant for passive
cooling of the test room as it limits the room temperature elevation during the daytime.

The configurations like PCM with 0 cm and 2 cm air layer thickness show peak value
temperature difference (PVTD) of 7.05 °C and 6.97 °C, whereas the valley value temperature
difference (VVTD) of 2.51 °C and 2.7 °C, respectively. The PVTD of 5.27 °C and 4.35 °C is
seen in the case of the PCM layer with 4 cm and 6 cm air layer thickness, respectively. These
configurations show VVTD of 3.85 °C and 4.59 °C, respectively. Thus, PCM with 0 cm and
2 c¢m air layer thickness effectively regulates the diurnal variation in room temperature
compared to PCM with 4 cm and 6 cm air layer thickness. Out of these two configurations,
PCM with 2 cm air layer thickness is exposed to the highest average solar air temperature,
i.e., 34.65 °C, while PCM with no air layer is subjected to the average solar air temperature
of 31.90 °C. It indicates that PCM with 2 cm air layer thickness is subjected to more
harsh climatic conditions regarding radiation intensity, ambient temperature, and wind
velocity compared to the configuration PCM at the bottom. Hence based on maximum
peak temperature difference and climatic conditions, PCM with 2 cm air layer thickness is
considered the optimum configuration for minimizing the diurnal temperature variation in
a test room. The reasons for such results can be stated as follows.

The application of PCM increases the thermal inertia of the roof. Further, effective
utilization of the PCM’s latent heat also helps reduce the heat load from the roof. This
phenomenon is reflected in the comparison of non-PCM and PCM-integrated roofs. The
air layer between the roof and the PCM layer acts as insulation. In this way, raising the air
layer aids in reducing heat load and so lowering the indoor temperature. However, as air
layer thickness increases, PCM may not get enough heat to melt, making it challenging to
use latent heat effectively. Thus, there must be an appropriate air layer thickness, which
helps reduce heat load through the roof.

The temperature distribution is studied based on temperatures of different surfaces
like rooftop surface, roof bottom surface, PCM upper surface, and PCM lower surface.
In Figure 3a—e, the heat storage cycle is established for the diurnal period (7.00 hr in the
morning to 20.00 hr in the evening). The heat release cycle is established, on the other
hand, during the night hours, i.e., from 19.00 to 24.00 hr and 1.00 to 7.00 hr. During the
heat storage cycle, for the two days test cycle, the PCM configuration with no air layer,
rooftop surface, interface surface, and PCM lower surface acquires the average maximum
temperature of 54.89, 44.03, and 38.88 °C, respectively. In contrast, the average minimum
temperature attained during the heat release cycle is 19.88, 25.14, and 27.25 °C, respectively.
For other configurations, i.e., PCM with 2, 4, and 6 cm air layer, average maximum and
minimum temperatures attained by different surfaces during the heat storage and heat
release cycle can be obtained from Figure 3. The time lag, decrement factor, and heat
gain are obtained from roof temperature distribution based on the hourly variation in
surface temperature and its hourly span. The MKR index is obtained using Equation (5) for
different configurations and is tabulated in Table 2.

As seen in Table 2, the lowest time lag is registered in the case of a non-PCM room,
whereas the maximum time lag is attained in the case of PCM with a 2 cm air layer
thickness. Similarly, the lowest decrement factor is seen in the case of PCM with 2 cm air
layer thickness, and it is maximum in the case of the room without PCM. In the case of
PCM configurations, PCM with 4 cm and 6 cm air layer thickness, there is more diurnal
variation in room temperature, which increases the heat gain by these configurations. The
heat gain is minimal in PCM with a 2 cm air layer and in PCM with no air layer. Thus, with
a lower decrement factor, heat gain, and higher time lag, PCM with 2 cm air layer thickness
provides the highest MKR index value compared to other PCM configurations.
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Figure 3. Temperature distribution across the roof slab. (a) Non-PCM; (b) PCM with 0 cm air layer;
(c) PCM with 2 ¢m air layer; (d) PCM with 4 cm air layer; (e) PCM with 6 cm air layer.
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Table 2. MKR index for all configurations of PCM.

o ¢ Whim) f ¢ Qo Tndex

Non-PCM 1.50 0.87 2211.54 - - - -
PCM with 0 cm air layer 2.00 0.36 599.27 1.33 0.41 0.27 5.40
PCM with 2 ¢m air layer 3.00 0.35 557.45 2.00 0.40 0.25 8.83
PCM with 4 cm air layer 2.00 0.38 622.89 1.33 043 0.28 5.07
PCM with 6 cm air layer 2.00 0.36 628.09 1.33 0.41 0.28 5.17

Furthermore, in each case, the impact on solar heat gain is assessed for a building
with a roof integrated with the PCM. The percentage by which solar heat gain through
the envelope is reduced as a result of the presence of the PCM layer is referred to as the
envelope solar heat gain reduction rate calculated using Equations (11)—-(13).

Table 3 shows the envelope solar heat gain and reduction rate for different configurations.

Table 3. Solar heat gain and reduction rate for all configurations of PCM.

Configuration (Q‘X]v 1}?;71;1%1\;1 Q(VV‘A’;;;;’;’;I;‘PZC)M Q' (OZ )
PCM with 0 cm air layer 599.27 2211.54 0.27 73
PCM with 2 cm air layer 557.45 2211.54 0.25 75
PCM with 4 cm air layer 622.89 2211.54 0.28 72
PCM with 6 cm air layer 628.09 2211.54 0.28 72

According to Table 3, it can be shown that the solar heat gain reduction rate for PCM
falls somewhere in the range of 72-75%. PCM with a 2 cm air layer shows the highest solar
heat gain reduction rate of 75% and hence can be treated as optimum air layer thickness for
the application of PCM integrated roof.

4. Conclusions

In the present study, field experiments are conducted to analyze air gap thickness’s
effect on the thermal performance of PCM-integrated test rooms. The investigation is
carried out for a non-PCM test room, PCM, with an air layer thickness of 0 cm, 2 cm, 4 cm,
and 6 cm for the fixed thickness of the PCM layer. The commercially available material
HS 29 is used as PCM. The climatic data during different field tests are used to calculate
solar air temperature. The results show that the peak value of room temperature difference
between the PCM integrated test room and non-PCM test room is between 4 °C to 7 °C.
Thus, it is concluded that the PCM integrated test room reduces the diurnal variations in
room temperature when compared with the non-PCM test room.

The effect of the air layer between PCM and the roof is also established with the MKR
index. However, the PCM thickness is kept constant and the effect of PCM thickness here
is not studied. The PCM with 2 cm air layer thickness shows a lower decrement factor, heat
gain, and higher time lag. This reflects the highest MKR index, i.e., 8.83, compared to other
configurations. Further, solar heat gain reduction rate is also obtained for all configurations.
PCM with an air layer has been demonstrated to have a solar heat gain reduction rate
between 72% and 75%. The most effective solar heat gain reduction (75%) is shown with a
PCM with an air layer of 2 cm. Hence based on maximum peak temperature difference,
MKR index, and climatic conditions, PCM with 2 cm air layer thickness is considered
the optimum configuration for adjusting diurnal temperature variation in a test room.
Therefore, it is concluded that air layer thickness in the PCM-integrated roof can reduce
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diurnal temperature swings and readily apply to PCM-integrated passive cooling strategies
for buildings.
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Appendix A

To measure the melting point, latent heat of fusion, and specific heat of H529, DSC
analysis is carried out. The graph obtained through the DSC is shown in Figure A1.
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