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A B S T R A C T   

This paper experimentally investigates the optimal position of a phase change material (PCM) incorporated 
composite roof under Iraq climatic conditions. The roof composed of Isogam (4 mm), concrete (50 mm) and 
gypsum board (8 mm) which is an Iraqi popular roof combination. Four models are installed and tested; one 
represented the reference roof (Model A) and the others incorporated with PCM. The PCM placed between 
Isogam and concrete (Model B), in the middle of concrete (Model C), and between the concrete and gypsum 
board (Model D). Set of indicators are introduced to compare among models considering the test room tem-
perature, outside and inside roof surface temperatures. These indicators are the room maximum temperature 
reduction (RMTR), average temperature fluctuation reduction (ATFR), decrement factor (DF), time lag (TL) and 
heat flux reduction (HFR). Results showed that Model B verified the best thermal performance, and the PCM was 
effectively working at high outside temperatures. The maximum room temperature of PCM models was reduced 
by up to 9 ◦C compared with the reference model. Moreover, a maximum of 12.9%, 8.4–9.5 ◦C, 0.44–0.49, 
140–180 min, 47.9–64.6% of respectively RMTR, ATFR, DF, TL, and HFR, are obtained for Model B under high 
outside temperatures.   

Introduction 

Buildings and constructions are responsible for more than 36% of 
global final energy end-use and 39% of CO2 emissions due to rapid 
population and urbanisation [1]. Therefore, serious improvements to-
wards sustainable buildings are required to meet the Paris Agreement’s 
target by improving buildings’ energy intensity by up to 30% by 2030 
compared with 2015 [2]. Amongst recent technologies, building enve-
lope based PCM is a booming technology nowadays that showed 
remarkable benefits concerning building energy efficiency through 
improving the building thermal comfort and energy saving [3–6]. 
Despite the remarkable advances of PCMs to improve the thermal per-
formance of any envelope element integrated with, there are still open 
questions regarding key parameters for their efficient use, such as PCM’s 
influential position. PCM’s best position within the building envelope 
plays a predominant role in controlling the PCM performance, which 
depends highly on the PCM thermal properties and environmental 

conditions [7]. In other words, specifying PCM’s optimal position within 
the building envelope is a key factor of the technology. It affects the rate 
and time to reach the full exploitation of PCM potential, influencing the 
building’s energy performance accordingly [8]. 

Researchers have made efforts to point out the PCM layer’s optimal 
position under different climatic conditions, but no universal agreement 
has been reached. Under hot locations, studies were chiefly concluded 
three influential positions, namely close to the envelope exterior, middle 
of the envelope and, close to the indoor environment. Lagou et al. [9] 
numerically investigated PCM’s optimal position integrated non- 
conditioned buildings in diverse European countries at different loca-
tions. Analytical results revealed that the PCM should be placed in the 
interior edge to get the best PCM performance for all locations, including 
the hot ones. Hu and Yu [10] numerically studied the optimal position 
concerning the insulation in roof combination in five cities of China. 
Under summer conditions, the results showed that the optimal PCM 
position is to the inside of insulation where the cooling loads were 
decreased remarkably. The reason attributed to that the heat transferred 
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from the outdoor to the indoor was minimised due to roof layers thermal 
resistance, and only little amount was passed and stored into the PCM 
layer. Hagenau and Jradi [11] numerically studied the optimal position 
of PCMs having different melting temperatures under Danish climatic 
conditions, placed at three positions (between the interior gypsum and 
insulation layers, between the insulation and concrete layer, and to the 
outdoor environment). PCMs with a melting temperature of 24 ◦C 
(CrodaTherm24, RT24, SP24E) resulted in the best thermal perfor-
mance, especially when placed between the interior gypsum and insu-
lation layers. They concluded that an energy saving of 7–15% was 
obtained along with a reduction of 4 ◦C in the average summer indoor 
air temperature. Besides, Tunçbilek et al. [12] numerically studied 
different positions of PCMs incorporated office walls under intermittent 
cooling load. They stated that positioning the PCM near the interior can 
save energy by 12.8%, considering the optimal phase change tempera-
ture (25 ◦C) and optimal thickness. Moreover, the study concluded that 
placing PCM near the exterior position has a negative energy saving and 
increases the cooling loads. This is because that exterior position 
required higher PCM melting temperatures (above 25 ◦C) to be imple-
mented for better energy-saving. 

In other studies, placing the PCM layer at the middle position im-
proves the energy-saving by up to 75%, especially at high solar radiation 
locations [13]. Triano-Juárez et al. [14] numerically studied three PCM 
positions (near the inner surface, middle position and near to the outer 
surface) of a concrete roof under Mexico’s warm climate conditions. The 
results showed a negligible difference in changing PCM position. How-
ever, the middle position showed the maximum energy saving compared 
with the standard roof without PCM. Beside, Dashtaki et al. [15] 
numerically studied the best position of different PCM types embedded 
into a composite wall under weather conditions of Tehran, Iran. Find-
ings indicated that the middle position of PCM layer has the best thermal 
performance in terms of heat transfer rate reduction. 

On the contrary, several researchers have stated that the outside 
position is the best for PCM incorporated buildings under hot and warm 
conditions. Arici et al. [16] numerically studied the optimum position of 
a PCM layer with different thicknesses and melting temperatures for 
three cities in Turkey. They concluded that placing the PCM between the 
insulation and outer envelope layer provides higher energy saving under 
hot conditions. Saadi and Daouas [17] numerically analysed the PCM 
layer’s best position under Tunisian weather conditions. Authors stated 
that the outdoor position is the best considering the reduced cooling 
loads and saved energy. Moreover, they concluded that PCM incorpo-
ration is cost-effective when integrated with building envelopes with no 
insulation. Li et al. [18] also numerically studied different PCM types 

considering the PCM layer’s repositioning near the indoor environment, 
near the outdoor environment and middle position. In all studied cases, 
the outdoor environment position showed the PCM layer’s best perfor-
mance, where the highest heat transfer reduction was obtained due to 
the melting of PCM. Heim and Wieprzkowicz [19] investigated the effect 
of PCM layer repositioning on a lightweight construction’s annual 
thermal insulation, considering the temperature of internal and external 
environments in central Europe. The PCM layer placed at five different 
positions varies between the internal and external environments. Their 
numerical results showed that the external position was the best in terms 
of the temperature stability inside the insulation and the minimised 
temperature fluctuation. Yu et al. [20] studied different PCM types for 
different China locations, making a comparison based on placing the 
PCM at the outer position. Despite the best PCM type for each location, 
results indicated that the outer position is effective for hot summer lo-
cations. The decrement factor and peak inner surface temperature were 
reduced respectively by 85.78% and 3.9 ◦C in the hot summer-cold 
winter locations. The maximum reduction of these indicators was 
87.83% and 3.8 ◦C for hot summer-warm winter locations. 

In this study, incorporation of PCM within a composite flat roof was 
examined as an effective passive strategy to decrease the cooling loads 
and save energy in buildings under hot locations. This strategy has little 
attention for roofs than walls, although the roofs are exposed to solar 
radiation longer period (flat roofs in particular). The PCM layer’s 
optimal position was experimentally examined for non-conditioned 
models based on popular composite roof combination materials. Three 
influential positions for the PCM layer have been studied, namely be-
tween the finishing and main roof layers, at the middle of the main roof 
layer, and between the main and cladding layers. Models were subjected 
to actual hot weather conditions of Al Amarah city, Iraq under two cases: 
Case I (when the standard finishing layer used) and Case II (when the 
finishing layer gains more heat). Consequently, several indicators 
considering reducing room temperature and inside surface temperature 
against the average outside surface temperature have been studied to 
reach a fair evaluation for the studied positions. 

Materials and methods 

Experimental models 

The experiments have been conducted along seven days during 
August and September 2020 starting from 6:00 a.m. under hot climatic 
weather conditions of Al Amarah city (Latitude: 31.84◦ & Longitude: 
47.14◦), Maysan province, Iraq. Four identical test rooms were 

Nomenclature 

Abbreviations 
ATFR Average temperature fluctuation reduction [◦C] 
DF Decrement factor [unitless] 
HFR Heat flux reduction [%] 
PCM Phase change material 
RMTR Rom maximum temperature reduction [%] 
SR Solar radiation [W/m2] 
TL Time lag [min] 

Symbols 
A Area [m2] 
k Thermal Conductivity [W/m.K] 
L Thickness [mm] 
N Number of roof layers 
Qcond. Conductive heat flux [W] 
Ti Inside roof surface temperature [◦C] 

Ti,max Maximum inside roof surface temperature [◦C] 
Ti,min Minimum inside roof surface temperature [◦C] 
To,max Maximum average outside roof surface temperature [◦C] 
To,min Minimum average outside roof surface temperature [◦C] 
To Average outside roof surface temperature [◦C] 
TPCM Temperature of PCM layer [◦C] 
Tr Room temperature [◦C] 
Tr av.,ref. Average temperature of the reference room [◦C] 
T r av.,PCM Average temperature of the room containing PCM [◦C] 
Tr,max.,ref. Maximum room temperature of reference model [◦C] 
Tr,max.,PCM Maximum room temperature of PCM model [◦C] 
τTi,max Time at maximum inside roof surface temperature [min] 
τTo,max Time at maximum average outside roof surface 

temperature [min] 
X Average decrease of room temperature in the day [◦C] 
Y Average increase of room temperature in the night [◦C]  
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fabricated in the experiment, mainly are (i) Model A: a reference room 
consists of the three traditional layers (finishing layer - main layer - 
cladding layer), (ii) Model B: a room contains additional PCM layer 
placed between the finishing layer and the main layer, (iii) Model C: a 
room contains PCM placed in the middle of the main layer and, (iv) 
Model D: a room where the PCM layer placed between the main layer 
and cladding layer (shown in Fig. 1). Two cases were investigated in this 
work in which how the finishing layer affects the absorptivity of a 
composite roof and results in higher outside surface temperatures. 

As this work focuses on the roof, high-density cork boxes were 
considered as the floor and sidewalls of tested models. The boxes have a 
thickness (L) of 30 mm and have length, width and height of 40*30*23 
cm, respectively. Boxes are locally available and often used for ice- 
cream storing and low-temperature foods preservation due to their 
high thermal insulation behaviour. The boxes are covered with a high- 
quality fiberglass insulator (L = 20 mm, thermal conductivity (k) =
0.043 W/m.K) for further insulation to guarantee that the heat passes 
through the roof layers only. 

The roof of each model was comprised of three layers, namely are 
Isogam layer (L = 4 mm, k = 0.24 W/m.K), concrete layer (L = 50 mm, k 
= 1.49 W/m.K) and gypsum mortar layer (L = 8 mm, k = 0.36 W/m.K). 
This roof combination is a popular roof combination installed in resi-
dential buildings in the city, with the worst thermal behaviour and high 
cooling loads [21]. It is worth mentioning that all layers were smoothed 
to make sure of perfect contact between each two. Every layer has been 
sealed separately using high-quality insulation foam during the instal-
lation. The foam is essential to guarantee no air infiltration from outside 
towards the test room, and vice versa and heat would be exchanged only 
through the roof layers. A detailed description of composite roof layers is 
shown in Table 1. 

PCM 

Under hot climate conditions, the PCM used to restrict the heat 
transferred from outdoor towards indoor, which works as a heat barrier 
to reduce the cooling loads through shaving and shifting peak temper-
atures. In this regard, PCMs of high melting temperatures are 

recommended to guarantee suitable heat storage potential. Selection of 
the appropriate PCM candidate, is essential considering two concerns: 
(i) the PCM does not melt quickly during the beginning of the day, and 
(ii) the night cooling effect should be considered to repeat the cycle 
passively for the next day. For those reasons, paraffin wax (44 ◦C melting 
temperature) was selected in this work due to its suitability for tem-
perature variation in the studied location as well as its availability with 
low cost in the market, safe operation, compatibility with a wide range 
of encapsulation materials and other desired properties [23]. Paraffin 
wax used in this work is popular in Iraq as it produced from the Iraqi 
refineries during the dewaxing process and investigated in several 
studies for different applications [24–26]. The thermophysical proper-
ties of this PCM are listed in Table 2. 

Generally, PCMs are suffering from low thermal conductivity which 
impacts their melting and solidification time. Therefore, several 
enhancement methods were proposed to improve it, such as the 
dispersion of nanoparticles, metallic foam insertion, and high thermal 
conductivity macroencapsulation containers [28]. In this work, the PCM 
was macroencapsulated inside panels (L = 1 cm) made from galvanised 
steel sheet (L = 0.4 mm). This metal sheet was carefully chosen due to its 
high thermal conductivity, locally available with low price, easy to be 
formed and welded and, compatible with the construction materials and 
paraffin [29,30]. A quantity of 0.5 kg of paraffin wax was weighted 
using a precise electronic scale, melted by a gas boiler, and poured inside 
each panel. This quantity is appropriate to guarantee no leakage during 
the melting phase that may result from the volumetric change or in-
clined roof layers during installation. The main steps followed to prepare 
the PCM panels are shown in Fig. 3. 

Measurement devices 

In this work, data logger contains fifteen thermocouples of T-type 
(0.2 mm, ± 1 ◦C accuracy and ± 0.5 ◦C limits of error) installed at 
different positions of the roof layers (on the outer surface of finishing 
layer, beneath PCM layer, beneath the cladding layer and inside the test 
room), as shown in Fig. 1. The thermocouples were connected to multi- 
channel Arduino (type Mega 2560) provided by Ardunic Sinaa, Baghdad 

Fig. 1. Schematic view of the proposed models.  
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[31]. The data logger is programmed to record temperatures every 10 
min (time step) and save them into 4 GB storage memory. The solar 
radiation was collected manually every 30 min during the experimental 
days using a solar power meter (Model SM206) with 0.1 W/m2 resolu-
tion and 10 W/m2 accuracy. Models and measuring devices are shown in 
Fig. 4. 

Evaluation of thermal performance 

Several indicators have been discussed to evaluate the benefits 
earned from PCM incorporation into Model B, Model C and Model D 
compared with Model A, which designate the PCM layer’s optimal po-
sition. These indicators are (i) room maximum temperature reduction, 
(ii) average temperature fluctuation reduction, (iii) decrement factor, 
(iv) time lag and, (v) heat flux reduction. Average outside roof surface 
temperature (To), inside surface temperature (Ti) and room temperature 
(Tr) for each model, were used to identify the above indicators. 

Results and discussion 

As mentioned previously, the experimental work lasted for seven 
days during August and September 2020. They are among the hottest 
months in summer (in addition to July) wherein the country exposed to 
high temperature and solar radiation (SR), as shown in Fig. 5. The 
measurements of Case I lasted for three consecutive days (29- 
31.08.2020), whereas Case II lasted for four consecutive days 
(11–14.09.2020) to investigate the effect of high temperatures for a 
longer time. 

Fig. 6 and Fig. 7 show the variation of temperatures (To, Ti, Tr and 
TPCM) as a function of time for Model A, Model B, Model C and Model D, 
respectively in case I and case II experiments. As expected, it can be 
noticed that all models containing PCM layer have better thermal per-
formance than the reference case thanks to the thermal storage potential 
of the PCM layer. The maximum value of To reached 60.8 ◦C, 59.3 ◦C and 
58.2 ◦C in the first, second and third cycle of Case I. Whereas, To reached 

Fig. 2. Fabricating of concrete layers.  

Table 1 
Description of roof layers used in the experimental work.  

Roof layer Description 

Isogam (finishing 
layer) 

Local roofing and waterproof material increasingly used in 
the last 15 years in Iraq as an alternative to the concrete 
tiles and other traditional roofing materials [21]. It is 
mainly made from bitumen-rubber mastic and laminated 
from both sides with a thin plastic layer (one of them 
coated with silver colour to reflect the solar radiation). 
This plastic layer is removable and highly influenced by 
changeable weather conditions which limiting its 
reflectivity. In this study, Isogam has installed in two 
cases: Case I, in which a regular Isogam used, and Case II, 
when removing the reflecting layer. The latter case allows 
high heat to be transferred towards the test room, which is 
essential in this work to investigate PCM’s potential at a 
high range of temperatures. 

Concrete (main layer) Concrete layers were fabricated according to the concrete 
mix ratio 1:2:3 of raw materials (cement: sand: gravel) 
used for residential building roofs in Iraq, which has c25- 
30 Mpa [22]. Locally used raw materials (i.e., cement, 
sand and gravel) were mixed with water to fabricate the 
concrete mixture. The mixture was poured into moulds 
and left dried naturally. Fig. 2, shows the procedure 
followed to prepare the concrete layers. 

Gypsum mortar 
(cladding layer) 

Locally available pre-fabricated gypsum boards were used 
in this work. These boards are made from gypsum (L = 6 
mm), covered by thin carton sheets (1 mm) from both 
sides. These boards are popularly used for suspended 
ceiling installations. They have been used in the current 
work as they have adequate strength to carry the heavy- 
weight concrete layer and contain gypsum used for 
cladding in the Iraqi buildings.  

Table 2 
Thermo-physical properties of used PCM [27].  

Thermal conductivity 
(W/m.K) 

Density (kg/ 
m3) 

Latent heat of 
fusion (kJ/kg) 

Specific heat 
(KJ/kg.K)  

0.21 930 (solid) 
830 (liquid) 

190 2.1 (solid) 
2.1 (liquid)  
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a maximum of 76.4 ◦C, 75.4 ◦C, 75.5 ◦C and 73.25 ◦C respectively in the 
first, second, third and fourth cycle of Case II. Peak temperatures were 
reached in the midday from 12:30 to 13:00 in both cases in conjunction 
with the highest solar radiation. 

By making a quick comparison among Case I and Case II figures 
considering the difference between To and Tr, we can recognise that 
PCM is working better at higher To. It is attributed to the high melting 
temperature of used PCM, which requires more heat to be utilised 

sufficiently. 
Several indicators are discussed to evaluate the best thermal per-

formance amongst Model B, Model C and Model D resulted from PCM 
optimal position compared with Model A, as follows: 

Room maximum temperature reduction (RMTR) 

PCMs can remarkably reduce indoor temperatures thanks to their 

Fig. 3. Preparation of the PCM panel.  

Fig. 4. Experimental models.  
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Fig. 5. Hourly average ambient temperature and solar radiation during August and September [32].  

Fig. 6. Temperature profile of Case I: (a) Model A; (b) Model B; (c) Model C; (d) Model D.  
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thermal energy storage. This can be observed by comparing Tr for all 
models. For instance, the maximum Tr recorded for Model A, Model B, 
Model C and Model D in the first cycle of Case II (shown in Fig. 8) are 

respectively 62.75 ◦C, 54.75 ◦C, 55.75 ◦C and 57.5 ◦C against To equal to 
76.4 ◦C. Those values represent a reduction of 9 ◦C, 8 ◦C and 5.25 ◦C in 
the Tr of Model B, Model C and Model D compared with Model A. 

Fig. 7. Temperature profile of Case II: (a) Model A; (b) Model B; (c) Model C; (d) Model D.  

Fig. 8. Curves of Tr for test models (Case II).  
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RMTR shows how high the reduction in Tr inside the test room is due 
to incorporating the PCM layer, which impacts the cooling and air- 
conditioning systems’ reliance on real-scale cases. RMTR can be pre-
sented in terms of the maximum To and maximum Tr for PCM rooms 
compared to the reference room (i.e., without PCM layer). RMTR was 
calculated using Eq. (1), in which higher RMTR means better heat 
shaving through the roof, as follows: 

RMTR =
Tr,max.ref . − Tr,max.PCM

Tr,max.ref .
× 100% (1)  

where Tr,max.ref. and Tr,max.PCM are the maximum temperature of Tr for 
Model A and PCM models, respectively. The calculated RMTR in Case I 
and Case II are shown in Fig. 9. 

As clarified in Fig. 9, Model B showed the best thermal performance 
in all cycles. Furthermore, Model B at higher temperature case (i.e., Case 
II) performed better than lower temperature case, which shows higher 
utilisation of PCM storage capacity. On the other hand, Model D shows 
the worst performance amongst other PCM models in RMTR. This in-
dicates the PCM layer’s negative effect when placed near the interior of 
the non-conditioned environment under hot climates. The highest 
RMTR obtained by Model B, Model C and Model D in Case I was 10.3%, 
8.1% and 5.1% higher than Model A at the maximum To of 60.8 ◦C and 
58.2 ◦C (first and third cycles), respectively. Likewise, the highest RMTR 
in Case II reached 12.9%, 11.2% and 8.4% at the maximum To in the first 
and second cycles (i.e., 76.4 ◦C and 75.4 ◦C, respectively) for PCM 
models compared with the referenced model. 

Average temperature fluctuation reduction (ATFR) 

This indicator represents the average decrement of test room tem-
perature fluctuation during the day and night period. It is calculated by 
combining the average decrease of room temperature in the day “X” 
with the average increase of room temperature in the night period “Y” 
according to Eq. (2) - Eq. (4), as follows [33]: 

ATFR = X + Y (2)  

X = Tr,av.,ref .- Tr,av.,PCM (3)  

Y = Tr,av.,PCM- Tr,av.,ref . (4)  

where Tr av.,ref. is the average temperature of the reference room (Model 
A), and T r av.,PCM is the average temperature of the room containing 
PCM (i.e., Model B, Model C and Model D) (◦C). AFTR is calculated 
considering the time 6:00–18:00 to calculate X, and the time 18:00–6:00 
to calculate the value of Y in each day-cycle. ATFR of Case I and Case II 
cycles is represented in Fig. 10. 

This indicator has to be more than 1 ◦C to indicate PCM potential 
utilisation in the building envelope [33]. Generally, all positions of PCM 
models have effectively restrained the fluctuations of room temperature. 
Here, it can be noticed that Model C showed the best behaviour even 
better than Model B, and then, Model D. 

It is also noted that the PCM layer at all positions had a better 
thermal performance at high To which means that more heat was stored 
into the PCM which damping temperature fluctuations. On average, the 
ATFR was reduced by 6.1–6.8 ◦C in Model B, 7.1–7.7 ◦C in Model C, and 
by 4.8 ◦C-5.9 ◦C in Model D for Case I. Moreover, the value of ATFR 
ranged between 8.4 and 9.5 ◦C, 8.5–9.3 ◦C, 6.2–6.4 ◦C for Model B, 
Model C and Model D, respectively for the Case II. Latter values indi-
cated the advantage of using PCM under hot climates which is much 
higher than those obtained in the literature [33–35]. For instance, 
highest values of ATFR ranged between 3 and 4 ◦C were obtained in a 
study conducted under Australian conditions [36], which reflects the 
suitability of used PCM in the current work for the Iraqi solar radiation 
which effectively exploited the heat storage potential of selected PCM. 

As long as ATFR deals with room temperature at day and night pe-
riods, it is important to study PCM’s thermal behaviour during melting 
and solidification phases. As shown in Fig. 11, it can be appreciated that 
the PCM temperature of Model B is higher than the temperature of other 
models in the first half of the day in each cycle. It is attributed to that 
PCM layer in Model B is placed close to the exterior environment and 
restricting the high solar radiation during the early hours of the day, and 
the heat was charged into the PCM before other models. For Model D, 
the PCM temperature was high at the beginning of the day influenced by 
room high temperature as the thermocouple placed beneath the PCM 
layer and close to the test room. The PCM temperature of Model C was in 
between the two models most of the time, which showed more stable 
room temperatures during the day and night periods and resulted in 
better ATFR. 

For solidification phase, the PCM temperature of Model B was 

Fig. 9. RMTR during peak hours for Case I and Case II.  
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decreased as To decrease in the second half of the day cycle. This is 
because of low ambient temperature during late afternoon and evening, 
which release the heat from the PCM layer close to the finishing layer 
more than in other positions. Nevertheless, the PCM temperature of 
Model B shows better performance during the solidification phase 
because the heat stored by the PCM during the day was released towards 
the outside low temperature. Model D showed a worse thermal perfor-
mance during the melting phase compared with other PCM models. 
During the evening period and early morning of the following cycle, the 
PCM temperature in this model was the closest to To, indicating the lack 
of PCM storage capacity. Following the above analysis, we can empha-
sise that roof layers’ thermal resistance (i.e., Isogam and concrete in the 
present study) reduces the heat charged into each model’s PCM layer 

and ultimately affects its melting process. Therefore, the heat passes 
through the roof elements, should be high enough to utilise PCM’s 
storage capacity, as proved in Model A. 

Decrement factor (DF) 

Decrement factor is another important indicator used to evaluate the 
decrement of peak temperature in each model considering the surface 
temperature. It can be defined as the cyclic temperature reduction in the 
roof’s inside surface temperature compared to the outside surface tem-
perature. Therefore, it can be calculated according to Eq. (5), as follows 
[37]: 

Fig. 10. ATFR for Case I and Case II.  

Fig. 11. PCM temperature curves (Case II).  
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DF =
Ti,max − Ti,min

To,max − To,min
(5)  

where Ti,max, Ti,min, To,max and To,min are the minimum and maximum 
temperatures of the inside and outside surfaces of the roof (◦C), 
respectively. In this regard, the lowest DF value means lower cyclic 
fluctuation of the inside temperature during the day-cycle as an 
advantage of PCM layer incorporation. It is worth mentioning that DF’s 
value is important as it influences the mean radiant temperature and 
operative temperatures of a room and, thus, the thermal comfort. Fig. 12 
shows the DF of each model in both cases. 

As shown in the figure and compared with Model A, Model B has the 
best DF, which indicate the utilisation of PCM storage capacity to 
moderate the changeable inside surface temperature during the day and 
night. Model C also showed good behaviour of DF compared with Model 
D, which was the worst. It is also noted that Model B and Model C have 
better DF under higher temperatures (i.e., Case II) which point out the 
better implementation of PCM layers at outside and middle positions 
under high solar radiation locations. The DF obtained in Case I was 
0.5–0.58, 0.51–0.58, 0.54–0.68 for Model B, Model C and Model D 
compared with 0.76–0.81 for Model A. Likewise, the DF for Model B, 
Model C, Model D were respectively in the range 0.44–0.49, 0.46–0.52, 
and 0.57–0.63 against 0.79–0.86 for Model A in Case II. 

Time lag (TL) 

TL is a convincing way to differentiate among the best position of 
PCM models. It can be determined as the period between the time at 
maximum inside surface temperature (Ti,max) and the time at maximum 
outside surface temperature (To,max), according to Eq. (6) [38], as 
follows: 

TL = τTi.,max − τTo,max (6)  

where τTi,max and τTo,max are respectively the time at maximum inside 
and outside surface temperatures of the roof. This indicator designates 
the period of shifting peak load to off-load, which determines the reli-
ance on air-conditioning systems. Fig. 13 shows the comparative period 
at which the TL was achieved in Case I and Case II. 

Fig. 12 obviously showed that Model B and Model C have the best TL 
compared with Model A. In Case I, TL of Model B, Model C, Model D was 

ranging from (90–150 min), (80–150 min), and (80–90 min), respec-
tively, more than Model A. Besides, the TL of these models was ranging 
from (140–180 min), (140–170 min) and (110–140 min) in Case II. TL 
was higher in Case II than Case I, and the reason is that under high To the 
PCM is activated and stored more heat in all PCM models than the 
reference model. It means that the heat passed through the envelope of 
Model A faster than PCM models that utilised the PCM’s storage ca-
pacity. Whereas, models in Case I were subjected to lower To, and only 
little amount of heat was stored in the PCM models due to the high 
melting temperature of PCM compared with the passed heat in this case 
and considering the thermal resistance of roof layers. 

Both DF and TL are intrinsic indicators in the building envelope 
studies as they identify the heat stored in the envelope and influence the 
required hours for employing the cooling systems [39]. TL could be 
calculated twice for peaks during the day-cycle, as shown in Fig. 14. It is 
clear from the figure that the TL resulting from the shifting of high solar 
radiation during the day is more significant than that at the end of the 
day cycle. It emphasises the PCM layer’s role to enhance the thermal 
mass of PCM roofs compared with the conventional roof during peak 
hours. 

Heat flux reduction (HFR) 

In the current work, we can consider only the conductive heat flux 
(Qcond.) and ignoring the convective heat flux effect on both sides of the 
composite roof models as they exposed to the same inside and outside air 
films. Qcond. can be calculated by Fourier’s formula for the composite 
roof, which is simplified for steady-state, one-dimensional conductive 
heat flux according to Eq. (7), as follows [40]: 

Qcond. =
[To − Ti]
∑n

1
L
kA

(7)  

where n is the number of layers (3 layers for Model A, 4 layers for Model 
B, Model C and Model D including PCM layer). L is the thickness of each 
layer (m), and k is the thermal conductivity of layers (W/m.K) in which k 
for the PCM layer taken for the paraffin alone neglecting that of 
encapsulation panel to simplify the calculations. A is the roof cross- 
section area (m2). 

Consequently, the reduction of heat flux of PCM models compared 
with the reference model can be calculated by Eq. (8), as follows: 

Fig. 12. DF for Case I and Case II.  
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HFR =
Qref .Model − QPCMModel

Qref .Model
× 100% (8) 

Fig. 15 shows the HFR percentage of PCM models in each case at 
maximum To and Ti in each day-cycle concerning that obtained by the 
referenced model. 

As expected, all PCM models indicated lower heat flux than the 
model without PCM due to PCM incorporation. Compared with Model A, 
Model B showed a higher reduction of conductive heat flux followed by 
Model C and then, Model D. The highest HFR of Model B in Case I was 
achieved as 49.9% in the first cycle, whereas it was 64.6% in the fourth 
cycle of Case II. The HFR in Model B, Model C, Model D was ranging 
from 24.4 to 49.9%, 13.5–41.7%, and 7.8–29.3% in Case I. Whereas, it 
was ranging from 47.9 to 64.6%, 38.8–51.8%, and 20.7–25.1%, 

respectively for Model B, Model C, Model D in Case II. In general, the 
HFR of Case II cycles was higher than that of Case I cycles. Hence, it can 
be concluded that the PCM layer’s outer position is significantly reduced 
the heat flux, especially for high melting temperature PCMs [41]. 

Conclusions 

This work aims to identify the optimal position of a macro-
encapsulated PCM layer incorporated non-conditioned composite roof 
at different positions under hot climate conditions. Three different po-
sitions are studied, namely between the roofing layer and main roof 
layer, at the middle of the roof main layer, and between the roof main 
layer and the cladding layer. The PCM layer effect at these positions was 

Fig. 13. TL for Case I and Case II (based on 10 min time step measurements).  

Fig. 14. Internal surface temperatures for models (Case II).  
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compared with a reference roof without PCM in terms of a set of in-
dicators based on room and inside roof surface temperatures against 
average outside surface temperature. According to the obtained results, 
positioning the PCM layer between the roofing layer and the main roof 
layer showed the best thermal performance, especially during high solar 
radiation days. Although this work deals with small case rooms, the 
same thermal performance of PCM performance is expected for a bigger 
scale considering high outside temperature and non-conditioned cases. 
Several conclusions can be drawn from the results, as follows,  

• Room temperature can be shaved remarkably by incorporating the 
PCM layer at all positions thanks to its thermal storage potential. The 
PCM position close to the outside envelope (i.e., Model B) was 
reached a maximum reduction of room temperature by up to 9 ◦C.  

• PCM of high melting temperature works actively at higher outside 
temperatures, and its thermal storage can be utilised efficiently.  

• Positioning the PCM layer close to the interior environment shows 
the worst thermal behaviour for non-conditioned roofs than other 
positions close to the exterior environment. 

• Generally, all calculated indicators (i.e., room maximum tempera-
ture reduction, average maximum temperature reduction, decrement 
factor, time lag and heat flux reduction) showed that the PCM layer’s 
best thermal behaviour was obtained for Model B.  

• Positioning the PCM in the middle of the roof main layer (Model C) 
also have good thermal behaviour compared with the interior posi-
tion (i.e., Model D). However, the installation at this position may 
influence the roof’s mechanical strength as it should be involved in 
the main roof layer during installation. 
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References 

[1] International Energy Agency, UN Environment Programme. 2019 global status 
report for buildings and construction: Towards a zero-emission, efficient and 
resilient buildings and construction sector. 2019. https://webstore.iea.org/2019- 
global-status-report-for-buildings-and-construction. (Accessed 15 February 2021). 

[2] United Nations Environment Programme. Global Status Report 2017: Towards a 
zero-emission, efficient, and resilient buildings and construction sector. 2017. 
https://www.worldgbc.org/sites/default/files/UNEP%20188_GABC_en%20% 
28web%29.pdf. (Accessed 15 February 2021). 
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