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Abstract 

In this study, the influence of phase change materials (PCM) on the thermal behavior of 

concrete sandwich panels was investigated. Sandwich panels are known for their high thermal 

efficiency however, this research proposed the integration of a PCM concrete layer to 

maximize the ability of PCM to store heat and slow down the rate of heat transfer. The 
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thermal behavior was tested by supplying heat energy to specimens until the core 

temperature reached 60oC.  Specimens were allowed to cool until the core temperature 

returned to 40oC. The thermal behavior was recorded and analyzed. Three specimen types 

were tested: solid panels (SL), sandwich panels (SW) with and without a PCM concrete layer. 

For all SW panels, a 10-mm air gap was introduced between two layers at three different 

locations. Results showed that the air gap behavior was modified with the heat transfer 

process by creating temperature lagging, thus resulting in a slower rate of heat transfer across 

the specimens. The temperature lagging was observed in SW panels and varied depending on 

location of the air gap. The application of PCM in SW panels further reduced the rate of heat 

transfer and decreased the fluctuation of temperature lagging magnitude.       

Keywords: Concrete Sandwich Panel; Phase Change Materials; Thermal Behavior; 

Temperature Lagging; Rate of Heat Transfer 

1. Introduction 

Thermal comfort is one of several comforts factors required for humans to reside in a building. 

There are several approaches in the design and construction processes of a building that can 

achieve an optimal thermal comfort zone. Some examples include the use of architectural 

design to provide shades and openings, the use of landscape design to direct wind flow or 

sunlight (Yu & Hien 2009; Qiu et al. 2007), the use of materials with low thermal conductivity 

to slow down the rate of heat transfer (Ghosh et al. 2018; Sukontasukkul et al. 2019, 

O’Flaherty et al. 2019) or the use of air conditioning to adjust living temperature (Zhao et al. 

2018; Zhao, Z., & Yu, N. 2017; Doiphode 2018). The former three approaches are considered 

passive thermal control while the latter one is considered active thermal control (Amirifard 

et al. 2019; Pisello et al. 2013).  
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While the choice of active thermal control appears more attractive due to its effectiveness 

and easy implementation, it has a disadvantage in terms of energy consumption. In cases 

where fossil fuels are used as source of energy, negative environmental impacts such as 

greenhouse gas emissions or natural resource depletion are inevitable. In some cases, passive 

thermal control may not be as effective as active thermal control, however, with correct 

design considerations, it is often more attractive in terms of environmental friendliness and 

whole life cost because, after installation, it requires only a small amount of energy to 

maintain. The effectiveness of the passive thermal control system, however, depends mainly 

on the system used and material selection (Berghout  & Forgues  2019; Amirifard et al. 2019). 

The use of sandwich panels is one of many passive systems known to have the potential to 

display high thermal efficiency (Alvez-Ramirez et al. 2012; Ng & Low 2010; Ng, Low, & Tioh 

2011; Castellón et al. 2010).  Typically, a sandwich panel consists of two elements: surface 

and core. The outer and inner surfaces are usually made of rigid, strong materials such as 

concrete, steel or metallic plates or timber, to provide load bearing capacity. The core, on the 

other hand, is made of lightweight or highly insulated materials such as porous concrete, 

foam, synthetic, or natural fibers.  

There are a number of studies investigating the thermal efficiency of concrete sandwich 

panels with different core materials. Alavez-Ramirez et al. (2012) measured thermal 

conductivity of coconut fiber filled sandwich ferrocement panels. A thermal conductivity of 

0.210 W/m.K was reported for coconut fiber filled sandwich ferrocement panels, which was 

lower than that of lightweight concrete brick (0.536), hollow core concrete brick (0.683), red 

clay brick, (0.930) and ferrocement panel (0.696). The thermal conductivity decreased with 

increasing coconut fiber content. Ng & Low (2010) and Ng, Low, & Tioh (2011) investigated 
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the thermal conductivity of sandwich panels with surfaces made of aerated lightweight 

concrete and a core made of newspaper. A reduction in thermal conductivity of 18-22% was 

reported when a newspaper core (intensity of 0.05 g/cm2 (0.0005 g/mm2)) was used.  

Castellón et al (2010) investigated the effect of microencapsulated PCM in sandwich metal 

sheet panels made of galvanized pre-lacquered steel. They reported an increase in thermal 

inertia when microencapsulated phase change material (PCM) was incorporated into the 

sandwich metal sheet.   

On the material side, concrete itself is known have low thermal conductivity. To further 

improve the thermal properties, air voids can be incorporated into concrete mixture through 

porous aggregates or within the cement paste. However, the addition of air voids can cause 

a decrease in structural capacity. To avoid this, thermal enhancing agents such as PCMs can 

be used. Phase change materials are materials with high latent heat capable of changing 

phase at specific temperatures. In the process of changing phase, energy is stored in the PCM 

whilst it is in its liquid phase and released during PCM solidification process. These properties 

can be beneficial in improving thermal storage, slowing down the rate of heat transfer and 

modifying the time to reach peak temperatures within construction materials (Sharma, 2013; 

Abhat, 1983; Lorsch et al., 1976; Abhat, 1981; Rajagopal et al.2017; Muthuvelan et al. 2018). 

One of the first documented uses of PCM being implemented as a part of housing envelopes 

to store solar heat is shown in Telkes, 1947. Since then, it has been widely used in various 

kinds of construction materials such as gypsum boards (Oliver, 2012; Shukla, Fallahi, & Kosny, 

2012), masonry blocks (Silva et al., 2015; Vicente & Silva, 2014) or concrete (Cunha, Lima, & 

Aguiar, 2016; Sukontasukkul et al., 2018; Boh & Sumiga, 2008; Ling & Poon, 2013; Cao et al., 

2017; Sakulich & Bentz, 2012; Sukontasukkul et al., 2016; Jayalath, 2016; Ramakrishnan, 015). 
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A recent study by the authors (Sukontasukkul et al., 2019) investigated the latent heat of 

concrete incorporating high contents (up to about 8% by total weight of concrete) of 

polyethylene glycol (PEG) within coarse aggregates. The latent heats of PCM concrete was 

found to increase from around 4,800 J/kg to 7,200 J/kg when conventional lightweight 

aggregates were replaced by PEG aggregates from 25% to 100% by volume. 

This study aimed to further investigate the effect of high content PCM concrete by 

incorporating it into sandwich panel systems. Since the sandwich panel and PCM are both 

excellent in passive thermal control, the integration of PCM into the sandwich panel system 

should enhance the thermal properties of concrete even further. The experimental series 

included the investigation on thermal movement of sandwich panels compared to solid 

panels. Two types of sandwich panels, with and without a PCM layer, were prepared to 

investigate the effect of PCM on thermal behavior.   A 10-mm air gap was inserted into 

sandwich panels at different locations to investigate location effect. The influence of PCM in 

terms of thermal movement, rate of heating and cooling down, and temperature lag were 

discussed.   

2. Experimental Procedure 

2.1. Materials 

Materials used in this study consisted of Portland cement type I (ASTM C-150), fine aggregate 

(river sand), lightweight aggregate (LA), lightweight aggregate impregnated with phase 

change material (PCMLA) and a phase change material (PCM, paraffin 6035). Properties of the 

lightweight aggregates and PCM are given in Table 1 and Table 2.  

2.2. Mix proportion 
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The mix proportions for normal lightweight concrete (NLC) was set at 1 : 0.42 : 1.40 : 1.02 

(Cement : Water : Fine aggregate : Coarse aggregate) by weight. The regular lightweight 

concretes were used in the casting of NLC. 

For PCM lightweight concrete (PCMLC), the entire volume of LA was replaced by PCMLA. The 

PCMLA were prepared by fully submerging oven-dried lightweight aggregates in a pan of 

liquid PCM at 120oC and placing them in an oven at a temperature of 120oC for 8 hours. As 

soon as the lightweight aggregates are submersed into the liquid PCM, the weight increased 

by approximately 7% due to self-sorptivity of the aggregates. After that the weight increased 

with time until reaching a steady state (stable).  At the steady state, a maximum impregnation 

level of 15% by weight was achieved. This process gave the maximum PCM impregnation level 

of 15%, specific gravity (dry) of 1.3 and absorption of 0.2%. More details on the PCM 

impregnation process can also be found in Sukontasukkul et al, 2016.   

The sandwich panel was designed to have dimensions of 400 x 400 mm with a total thickness 

of 100 mm. To investigate the effect of the air gap and its location, two types of panels were 

prepared: 1) solid (SL) and 2) sandwich panels (SW). The SL panels were cast with NLC for its 

full thickness (100 mm). The SW panels were prepared in three layers, consisting of two layers 

of NLC and one layer of a 10 mm air gap between the two NLC layers. The air gap location was 

varied from 30 mm, 45 mm, and 60 mm from the front surface as shown in Fig. 1. 

To investigate the effect of PCMLC and its location, P-N panels with a front layer made of 

PCMLC and a back layer made of NLC were prepared. A 10mm air gap was inserted at two 

different locations from the front layer (30 mm and 60 mm) (Fig. 1).  
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Actual pictures of the specimens are given in Fig. 1. Each specimen was held together by 4 

plastic spacers at the corners. Each spacer did not only hold the specimen in place but also 

provided air gap of 10 mm at the specified location.   

Details of each panel type are summarized in Table 3.  

2.3. Experimental Series 

Two experimental series were carried out. The first was to measure general properties of both 

NLC and PCMLC concrete, such as unit weight and absorption (ASTM C138), abrasion (ASTM 

C779), flexural (ASTM C78) and compressive strengths (EN12390).  

The abrasion test was carried out based on ASTM C779 Procedure B. Testing equipment 

consists of a motor-driven spider arrangement that rotates at 56 revolutions per minute, 

suspended from the motor shaft. The three shafts were fitted with a yoke inside, upon which 

a series of seven dressing wheels were placed on a horizontal axle. The mass of each complete 

dressing wheel was 7.5 kg. The measuring instrument was a digital micrometer indicator with 

reading accuracy of 0.001 mm, range of 12.7 mm (0.5 in.) and working temperature of 0-40oC. 

The universal testing machine (Instron 8850) with 1500 kN axial load capacity was used in 

testing for flexural and compressive strength of concrete.  

The second series was to investigate the thermal behavior of the panels. The test was carried 

out using the 800 x 800 x 2000 mm heat insulating chamber constructed at KMUTNB (Fig. 2). 

The chamber was equipped with a 1500 W spotlight (heat source) and an insulated partition 

with specimen supporter (Fig. 1). Prior to the test, three or four (depending on the specimen 

setup) thermocouples were installed on the specimen on locations as shown in Fig. 3. The 
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thermocouples used were type T with duplex insulation, capable of measuring temperatures 

from -200/+350oC with a special limit of errors of ±0.4% in accordance to ANSI. 

For a solid panel, three thermocouples were placed at the front (Fsl), center (Csl), and back 

(Bsl) surface of the specimen. For a sandwich panel, thermocouples were placed on the 

specimen in four locations: one at the front (Fsw), two at the air gap location (one on back 

surfaces of the first concrete layer (Csw1), one at the front surface of the second concrete layer 

(Csw2)), and the last one at the back surface of the panel (Bsw).   

After a specimen was secured on the specimen supporter, the test started by supplying heat 

to the specimen until the temperature at the 2nd thermocouple of the panel reached 60oC 

(location CSL for SL panel and CSW1 for SW panel), after which the heating stopped. The 

temperature of 60oC was selected based on the PCM melting temperature to ensure that the 

PCM of the entire front portion of SL panel or the front layer of SW panel was fully melted.  

After the heating process stopped, the specimen was allowed to cool down until the 

temperature was about 40oC, then the test was terminated. Data on thermal behavior was 

collected using an automatic data acquisition system.     

3. Results and Discussion 

3.1. Concrete Properties 

The properties of NLC and PCMLC are shown in Table 4. The PCMLC exhibited higher density 

than the NLC primarily due to PCM aggregates having a higher density than the normal 

aggregates. Higher density also implied that PCMLC was less porous than NLC, causing the 

absorption to decrease by 15.8%, and compressive and flexural strengths to increase by 56.1 

% and 12.9% respectively. Sukontasukkul et al. (2019) reported the increased in both 
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compressive and flexural strengths in concrete mixed with aggregates impregnated with 

polyethylene glycol. The decrease in weight loss due to abrasion testing was 61% and was 

attributed to the improvement in strengths of PCMLC comparing to NLC and better abrasion 

resistance of PCM aggregates.     

3.2. Thermal Behavior Concrete Sandwich Panel Systems 

3.2.1. Influence of Air Gap: Solid vs. Sandwich Panels 

To investigate the effect of the air gap on the thermal behavior of concrete panels, the 

sandwich panel with an air gap located at the center (N-N (4.5-1.4.5)) was used in comparison 

to the solid panel (N10). The temperature profiles along the panel’s thickness on heating up 

and cooling down processes are shown in Fig. 4 and 5, respectively.  

3.2.1.1. Temperature Profiles: Heating Cycle 

For the solid panel, the temperature profiles measured at 1200, 2400 and 3600 seconds (20, 

40 and 60 minutes) showed a smooth trend line from front to back surface (Fig. 4). The 

temperature was highest at the front and lowest at the back surface. In the case of the 

sandwich panel, the typical temperature profile was not a smooth trend line and conversely, 

temperature lagging was observed at the air gap location. The presence of an air gap caused 

heat to dissipate to the surrounding air, interrupting the continuous heat transfer along the 

thickness and causing the temperature of back layer to increase at slower rate (maintained 

temperature level). Similar study on the effect of air gap by Liu et al. (2018) showed that the 

addition of a hollow air gap between the inner and outer walls can reduce the temperature 

of the outer wall and improve the insulation effect. With the increasing air gap thickness, the 

thermal insulation effect was improved due to the increase of the thermal convection of the 

air. 



10 
 

By setting the initial temperatures of 25oC for both panel types, the rate of temperature 

heating up (surface heat up rate) from 25oC at different locations was calculated using Eq. 1 

and the results are given in Table 5. 

�̇�𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = (𝑇𝑇𝑡𝑡−𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖)
𝑒𝑒

         (1) 

where �̇�𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒 is the surface heat up rate (oC/minute), Tt is the temperature at any time t (oC), 

Tini is the initial temperature (oC), and t is time (minutes). 

At the front surface (Fsl and Fsw locations), the temperature was found to increase at similar 

rates, with average values between 1.27 to 2.35 oC/min for both solid and sandwich panels. 

The �̇�𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒 was found to decrease with time from 2.35 oC/min at 1200 sec to 1.27 oC/min at 

3600 sec. The reduction in the �̇�𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒 with time was due to the increasing heat conduction 

through the thickness of the specimen. As the temperature increased, the temperature 

difference between front and back surface increased gradually. This caused the heat to 

conduct more to the back and also slowed down the �̇�𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒  at the front location.    

The center location is where the air gap effectively influences the heat transfer. For the solid 

panel, the �̇�𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒  at the center location (Csl) is observed around 0.59-0.66 oC/min. In case of 

sandwich panel, the temperature changes were measured at two locations (Csw1 and Csw2). 

The Csw1 location was measured at the back surface of the front concrete layer and the 

�̇�𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒 was observed around 0.44-0.51 oC/min, which was about 16 to 40% lower than those 

of solid panels. This is perhaps due to the effect of the air gap, which allowed heat to dissipate 

through the surrounding air.  

At the location Csw2 which is 10 mm across the air gap (front surface of the second concrete 

layer), a similar effect to that of CSW1 took place. The existence of air gap interrupted the heat 
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conduction process and heat was transferred through air instead of the solid (convection). 

Since the convection process is generally slower than conduction, this led to a reduction of 

�̇�𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒  at CSW2 by 143 to 413% to around 0.08 to 0.12 oC/min. 

At the back location, since the heat transfer of the sandwich panels was interrupted by an air 

gap, the heat up rates of the sandwich panel were found to be much lower than those of solid 

panel by 2 to 3 times. The heat up rate of the solid and sandwich panels were observed around 

0.19-0.36 oC/min and 0.08 to 0.12 oC/min, respectively (Table 5). The heat up rate at the back 

surface was found to increase with time. The reason or this contrary behavior was due to the 

fact that at the beginning the temperature of both sides were almost similar, the rate of heat 

transfer was low, however, with rapid increase of temperature at the front surface, the 

temperature difference began to increase and heat was transferring to the back surface at 

faster rate causing the heat up rate of the back surface to increase with time.   

3.2.1.2. Temperature Profile: Cooling Cycle  

Figure 5 shows the temperature profiles of both solid and sandwich panels in the cooling 

down process. Observation showed the SL panel exhibited a smooth and (almost) linear 

temperature gradient curve and the heat transfer appeared uninterrupted throughout the 

entire thickness. The SW panel, on the other hand, exhibited a drop in the temperature 

gradient curve, with an interruption at the location of air gap. The effect of the air gap also 

influenced the rate of temperature cool down in SW panels.  

In order to calculate the cool down rate, the reference final temperature (Tf) was set at 40oC 

at the front location of both panel types. Using temperature at end of heating cycle and time 

require to cool down from the end of heating cycle to 40oC, the rate of cool down can be 

calculated by Eq. 2 and results are shown in Table 5.  
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�̇�𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �𝑇𝑇ℎ−𝑇𝑇𝑓𝑓�
∆𝑒𝑒

         (2) 

where �̇�𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the surface temperature cooling down rate (oC/minute), Th is the temperature 

at the end of heating cycle (oC), Tf is the final temperature (oC), and ∆t is time required to 

reach final temperature (minute). 

Based on the thermal behavior exhibited in Fig. 4 and results shown in Table 5, the SL panel 

tended to cool down faster than the SW panel. At the front layer, the rates of temperature 

cool down of SL and SW panels ranged from 0.15 to 0.24oC/min and from 0.11 to 0.17oC/min, 

respectively. The SW was cooling down slower than the SL panel by about 30-40%. The cooling 

down rate was found to decrease gradually with time due to the decreasing temperature 

difference as the specimen cooled down.  

The cooling down rate at the center location was also observed to be faster in the SL panel 

than in SW panel by about 45-63%. At the air gap location, the temperature difference 

between CSW1 and CSW2 was large at the beginning of the cool down process but decreased 

with time.  

On the back surface, similar to the front and center, the cool down rate of SL panel was faster 

than SW panel by about 5 to 13 times. Also, for SL panel, the cooling down rate was found to 

decrease with time due to the decrease in temperature difference between front and back 

locations. However, for SW panel, the cooling down rate at the BSW location was found to 

increase with time. This was mainly because of the heat trapped in the air gap. From Fig. 5, 

the observation of temperature lag indicated that heat was actually trapped at this location 

and the nearly constant temperature the CSW2 location also provided a clear evidence that 

heat at this location remained unchanged. As time passed, the temperature difference 
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between CSW2 and BSW remained large while the temperature of the surrounding reduced 

significantly. This caused the heat transfer rate to increase in order to enter the balance.    

3.2.2. Temperature Profile: Effect of Air Gap Location 

This section discussed the effect of air gap location on thermal behavior of sandwich panels. 

A 10 mm air gap was inserted in the middle of the panel at three different locations: 30 mm, 

45 mm, and 60 mm as shown in Fig. 1.  

In general, all sandwich panels exhibited similar unsmooth curves with temperature lagging 

due to the effect of air gap (“fib Bulletin No. 84,” 2017). Thermal behavior on both heating up 

and cooling down processes are shown in Fig. 6.  

On heating up, at 1200 seconds, the temperatures at the front surface of all panel types were 

more or less the same (Fig.6a). With increasing time, the temperature increased faster in 

panels with thinner front layer. At 2400 seconds, the outside temperature of the N-N(3-1-6) 

panel was the highest among the three panel types, followed by N-N(4.5-1-4.5) and N-N(6-1-

3). At 3600 seconds, the N-N(3-1-6) had already reached the peak temperature and had 

started the cooling down process while the N-N(4.5-1-4.5) and N-N(6-1-3) had not reached 

peak temperature yet and were still in the process of heating up (Fig.6c). At 4800 seconds, 

the N-N(4.5-1-4.5) had passed the peak temperature and was in the cool down process, 

similar to N-N(3-1-6) (Fig.6d).  

On the cool down process, at 6000s, the N-N(6-1-3) which had the thickest front layer had 

just reached the peak temperature and all panels underwent the cool down process (Fig. 6e). 

At 12000 seconds, all panels were cooling down for quite some time, the panels with thicker 

front layer appeared to have inside residual temperatures higher than those with thinner 
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front layers. This is partly because the N-N(6-1-3) took longer to heat up to the peak, so it had 

been subjected to heat for longer period of time. Also, panels with a thinner front layer took 

less time to dissipate heat out to the outside atmosphere than those with a thicker front layer.       

The temperature lag (or the temperature difference at CSW1 and CSW2 location) for N-N(3-1-6) 

and N-N(6-1-3) panels were plotted against time as shown in Fig. 7. Typically, the temperature 

lagging increased gradually with time during the heat up process, reached the maximum 

around the time when the peak temperature was reached, and then decreased gradually in 

the cool down process. Both panels exhibited different temperature lag at different times. 

The N-N(3-1-6) panel was found to have maximum lag of about 20.9oC at 3000 seconds while 

the N-N(6-1-3) was found to have a lag of 16.2oC at 6000 seconds.  

Larger temperature lag in SW panels with a thinner front layer was the direct result of the 

faster increase in temperature of panel with thinner thickness. In thinner panels, the 

temperature at both front and back surface can be driven faster than thicker panels. As the 

heat was supplied to the panel, the temperature of the front layer of panels with a thinner 

front increased quicker than those with a thicker front layer. This caused the temperature in 

the front layer (at FSW and CSW1 locations) to increase quickly, while the temperature at the 

back layer (CSW2) was not being accelerated at the same rate due to the effect of energy 

dissipating at the air gap. As the heating time increased, temperature difference (temperature 

lag) between the CSW1 and CSW2 locations kept spreading out and reached maximum at the 

peak temperature (60oC). Thus, because of its thinner front layer, the temperature lag of N-

N(3-1-6) panel was found to be larger than that of N-N(6-1-3). 

3.2.3. Influence of PCM Layer (N-N vs. P-N) 
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In this phase of the study, the NLC layer at the front layer was replaced by a PCMLC layer in 

two panel types (3-1-6 and 6-1-3) and then subjected to a similar process of thermal testing. 

Results are shown in Fig. 8 and 9.  

3.2.3.1. Temperature Profile: Heating Cycle 

For both panel types, the panels with front layer made of PCM concrete was found to heat up 

slower than those made of normal concrete (Fig.8). Before any part of the front layer reached 

60oC, the temperatures of both N-N and P-N panels were found to increase at the same rate. 

As soon as any portion of P-N panel reached 60oC, the PCM in that portion began to change 

phase from solid to liquid and stored energy simultaneously (Ling & Poon, 2013;  Newell, P. 

& Xi, Y., 2012). This caused the heat up to slow down in that portion. As heat advanced further, 

the phase changing process took place deeper into the thickness and more energy was stored. 

The energy storage was assumed to stop when PCM of the entire front layer melted or the 

temperature of the entire front layer reached 60oC or higher.  

Table 6 shows the time required to drive the temperature at CSW1 location to 60oC. Assuming 

that temperature increased at a constant rate, the rate of heat up per minute of the front 

layer can be calculated using Eq.1. In general, for both panel types, the average rate of 

temperature heating up of the front layer was faster in the thinner panel (3-1-6) than the 

thicker panel (6-1-3). Comparing between N-N and P-N, the effect of PCM delaying the heat 

up process can be seen by the longer duration required to heat up to 60oC. With a similar 

target temperature, a longer time implied that heat was traveling at slower rate. The P-N 

panels exhibited a 20% to 47% lower rate of heating up compared to N-N panels with similar 

configuration.  

3.2.3.2. Temperature Profile: Cooling Cycle 
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The cool down process began when the supply of heat was ceased. Since the 3-1-6 panel was 

heated more quickly than the 6-1-3 panel, the cool-down process began earlier.  In addition, 

because of its thinner front layer, the rate of cool-down was also faster.   

Comparing N-N and P-N panel types, the P-N panels tended to cool down slower than the N-

N panels (Fig.9). This contributed mainly to the effect of PCM changing phase back from liquid 

to solid which, in the process, released the stored energy back to the system. The solidification 

process began in the portion with a temperature lower than 60oC, where PCM began to 

solidify and released energy back into the system. The released energy caused the 

temperature to remain stable for a period of time and slowed the rate of cooling down. 

Similar to the liquidation process, the solidification advanced deeper into the section with 

cooling time and stopped when the entire section had a temperature lower than 57oC.  

3.2.3.3. Temperature lag at the air gap 

Different characteristics of temperature lag can be used to identify the effect of PCM on the 

thermal behavior of SW panels. The temperature lag at the air gaps was calculated by 

subtracting temperature at the back surface of the front layer (CSW1) with the temperature at 

the front surface of the back layer (CSW2) and the results are given in Fig. 10 and Fig. 11.  

As discussed previously in Section 3.2.2, the temperature lag increased with the heat-up time, 

reached its maximum lagging at peak temperature, and then decreased with cool-down time. 

SW panels with thin front layers exhibited faster and larger lagging than those with thick front 

layers. A similar observation was also found in P-N panels. The P-N(3-1-6) exhibited larger 

maximum lag and faster time to reach peak temperature than the P-N(6-1-3) by 34% and 81%, 

respectively. 
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Comparing between N-N and P-N panels, regardless of panel type, the existence of PCM 

helped slow down the time to reach peak temperature and reduced the level of maximum 

temperature lagging. For both panel types, the maximum lag of P-N panels was smaller than 

that of N-N panels by 20% to 24%. For N-N panels, as soon as the heating began, the 

temperature of the front layer was driven up quickly and reached peak in a short period of 

time. Since the temperature at CSW1 reached peak after a very short period of time, the 

temperature at CSW2 had not increased at that point. This phenomenon created a larger 

temperature lag between CSW1 and CSW2 locations.  

On the other hand, for P-N panels, the effect of PCM phase changing and energy storage 

slowed down the rate of heat transfer. This allowed the temperature to increase slowly and 

reach its peak after a longer period of time. In addition, by the time that the temperature at 

CSW1 location reached its peak (at 60oC), the temperature at CSW2 location began to rise as 

well. This phenomenon caused the temperature lag to be smaller and temperature levels 

across the panel to be more stable.    

3.2.4. Decrement factor 

The decrement factor refers to the amount by which conditions are moderated by an element 

of a building. In the case of the peak temperature on the outer surface of a building on a 

summer day, this would be the amount by which the peak is reduced by the time it reaches 

the inner surface. It can be calculated Eq.3 and results are shown in Fig. 12. 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑓𝑓𝑓𝑓𝐷𝐷𝐷𝐷𝑓𝑓𝐷𝐷 = 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
𝑖𝑖𝑖𝑖

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
𝑜𝑜𝑜𝑜𝑡𝑡         (3) 

where 𝑇𝑇𝑚𝑚𝑒𝑒𝑚𝑚
𝑖𝑖𝑖𝑖  is the maximum inside temperature and 𝑇𝑇𝑚𝑚𝑒𝑒𝑚𝑚

𝑐𝑐𝑜𝑜𝑒𝑒  is the maximum outside 

temperature. 
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For plain concrete, the decrement factor was calculated as 0.487, 0.384, 0.379 and 0.347 for 

N(10), N-N(6-1-3), N-N(4.5-1-4.5) and N-N(3-1-6), respectively. The solid panel N(10) 

exhibited the highest decrement factor of 0.487. The decrement factor was found to be lower 

in the sandwich panels due to the effect of air gap incorporated into the wall system. When 

PCM concrete was used in the sandwich panel, the decrement factor reduced to 0.367 and 

0.333 for P-N(6-1-3) and P-N (3-1-6), respectively. In this case, the effect of PCM played a role 

in delaying the time and caused the peak temperature at the back surface to decrease.      

Similar results were previously reported by Udawattha & Halwatura (2018) who investigated 

time lag and decrement factor of concrete blocks. They reported a time lag of about 1 to 3 

hours and a decrement factor of 0.962 to 0.978 depending on type of concrete blocks. Ramin 

et al (2016) studied effect of insulation thickness and wall orientation on decrement factor of 

houses in Iran. The decrement factor was found to decrease with the increasing insulation 

thickness with walls facing east also yielding the lowest decrement factor. Naouel et al. (2010) 

also reported the time lag up to 7 hours in the thermal analysis of insulated walls.      

3.2.5. Thermal Gradient and Percentage Dissatisfied 

The analysis on this phase of the study was carried out based on ISO 7730: Ergonomics of the 

thermal environment - Analytical determination and interpretation of thermal comfort using 

calculation of the Predicted Mean Vote (PMV) and Predicted Percentage Dissatisfied (PPD) 

indices and local thermal comfort criteria, to investigate the effect of thermal gradient of 

thermal discomfort in form of percentage dissatisfied (PD). The following equations were 

used in accessing percentage dissatisfy in 2 categories: cold and warm walls.  

Cold wall:  𝑃𝑃𝐷𝐷 = 100
1+𝐸𝐸𝐸𝐸𝐸𝐸(6.61−0.345∆𝑒𝑒𝑝𝑝𝑝𝑝)

  for ∆tpr < 15oC   (4) 
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Warm wall:  𝑃𝑃𝐷𝐷 = 100
1+𝐸𝐸𝐸𝐸𝐸𝐸(3.72−0.052∆𝑒𝑒𝑝𝑝𝑝𝑝)

− 3.5 for ∆tpr < 35oC   (5) 

where PD is the percentage dissatisfied (%) and ∆tpr is the radiant asymmetry (oC). 

Using test results, the percentage dissatisfied of plain concrete and PCM concrete sandwich 

panels are plotted in Fig. 13. The curves provide a conservative estimate of the discomfort: 

no other positions of the body in relation to the surfaces (e.g. front/back) cause higher 

asymmetry discomfort. In the case of plain concrete sandwich panel, the maximum PD for 

cold and warm walls were 7.36% and 16.03%, respectively. When PCM concrete was 

incorporated into the panel (as the front layer of sandwich panel system), the maximum PD 

for both cold and warm walls were 6.54% and 13.73%, respectively. This indicated that the 

effect of the PCM layer in the sandwich panel system can help reduce the thermal discomfort 

as seen by the reduction in PD values.  

 

4. Conclusions  

Based on the obtained results, the following conclusions can be drawn: 

• From a comparison between solid and sandwich panels, the effect of introducing an 

air gap was significant in interrupting the heat transfer process through the panel and 

caused the mode of transfer to change from conduction (through solid medium) to 

convection (through air) instead. This slowed down the heat-up rate of the back layer 

and kept the temperature of sandwich panels lower than the solid panels.  

• On the effect of air gap location, temperature increase was more noticeable when an 

air gap was placed closer to the front surface because the front layer was thinner. As 

the air gap moved deeper (further from the heat source), the front layer became 
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thicker and the heat-up rate then reduced. The temperature lagging effect also 

increased when the air gap was closer to the front surface (closer to the heat source) 

and decreased as the air gap moved towards the back surface.  

• The presence of PCM concrete in the front layer helped to reduce the heat up rate 

even further. A comparison between N-N and P-N panels showed the heat up rate 

decreased by up to 47% mainly due to the effect of latent heat storage during the 

phase changing transition. The phase transition also affected the temperature 

behavior during the cool-down process and allowed the heat remain stored in the 

panels for longer period of time. The temperature lag was also found to be lower in P-

N than N-N panels by up to 24%.       

• Based on ISO 7730, the use of PCM concrete in sandwich panel system help reduce 

thermal discomfort as seen by the decreasing value of percentage dissatisfied. 

However, this conclusion is based on local discomfort in the case of radiant 

asymmetry, it cannot be applied to overall discomfort of the whole system which will 

require further and in-depth analysis.      
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Table 1 Properties of LA and PCMLA 

Specification Unit LA PCMLA 
Maximum particle size  mm 10 10 
Bulk Density kg/m3 645 890 
Bulk specific gravity (Dry Basis)  1.08 1.300 
Bulk specific gravity (SSD Basis)  1.25 1.303 
Apparent specific gravity   1.30 1.304 
Percent absorption % 17.5 0.2 
Weight loss (LA abrasion test) % 31.7 12.1 

 

Table 2 Properties of PCM used in study: Paraffin 6035 

Specification Unit Value 
Melting Point °C 57.2-59.9 
Specific Gravity at 25 °C 0.89 
Latent Heat kJ/kg 189 
Thermal Conductivity W/m K. 0.21 
Specific Heat J/kg.K 2100 
Oil Content mass% 0.4 
Penetration at 25 °C 10.0-17.0 
Color  30 
UV Absorption  1.3 

Table 3 Specimen configuration 

Type 

Solid Panel Sandwich Panels 
Mat. Thick 

(mm) 
Front layer Air gap Back layer 

Mat. Thick 
(mm) 

Thick 
(mm) Mat. Thick 

(mm) 
N10 NLC 100      
N-N (3-1-6) - - NLC 30 10 NLC 60 
N-N (4.5-1-4.5) - - NLC 45 10 NLC 45 
N-N (6-1-3) - - NLC 60 10 NLC 30 
P-N (3-1-6) - - PCMLC 30 10 NLC 60 
P-N (6-1-3) - - PCMLC 60 10 NLC 30 
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Table 4 Properties of NLC and PCMLC aggregates 

Property Unit NLC PCMLC 
Density kg/m3 1,747 1,873 

Absorption % 2.2 1.9 
Weight loss (abrasion) g 3.5 2.2 
Compressive strength MPa 18.7 29.2 

Flexural strength MPa 2.8 3.1 

Table 5 Effect of air gap on rate of heating up and cooling down different location and time  

Time, 
seconds 

Front location Middle location Back location 

N (10) 
N-N  

(4.5-1-4.5) 
N (10) N-N (4.5-1-4.5) N (10) 

N-N  
(4.5-1-4.5) 

FSL FSW CSL CSW1 CSW2 BSL BSW 

Rate of Temperature Heating Up from 25oC (�̇�𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒) 
        

1,200 2.33 2.38 0.61 0.39 0.12 0.19 0.08 
1,800 1.92 1.97 0.66 0.47 0.17 0.29 0.09 
2,400 1.61 1.66 0.64 0.50 0.20 0.32 0.10 
3,000 1.41 1.45 0.62 0.52 0.23 0.35 0.11 
3,600 1.25 1.29 0.59 0.51 0.24 0.36 0.12 

Rate of Surface Temperature Cooling Down to 40oC (�̇�𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) 
6,000 0.24 0.17 0.19 0.12 0.048 0.14 0.011 
6,600 0.21 0.15 0.18 0.11 0.049 0.14 0.013 
7,200 0.19 0.15 0.16 0.11 0.051 0.13 0.015 
7,800 0.18 0.13 0.16 0.10 0.051 0.13 0.016 
8,400 0.17 0.13 0.15 0.10 0.052 0.13 0.017 
9,000 0.16 0.12 0.14 0.09 0.052 0.11 0.019 
9,600 0.15 0.11 0.13 0.09 0.053 0.11 0.020 

 

Table 6 Rate of Temperature Heating Up of the Front Layer 

Panel type  

Heating up from 25oC 
Duration, 

tt= t60 
(second) 

Peak temp, 
Tt= T60 

(oC) 

Rate of 
 heating up 
(oC/minute) 

N-N (3-1-6) 3,213 59.5 1.11 
P-N (3-1-6) 4,347 59.8 0.82 
N-N(6-1-3) 6,552 60.5 0.55 
P-N(6-1-3) 7,875 60.3 0.46 
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Fig. 1 Location of air gap in sandwich panels and actual pictures of specimens 

 

Fig.2 Thermal chamber 

 

Partition and 
specimen supporter 

 

Specimen 

 
1500 W. Spotlight  

 

Insulation 

 

2000 mm 
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(a)      (b) 

Fig. 3 Thermocouple location on (a) solid and (b) sandwich panel 

 

 (a) 1200s    (b) 2400s    (c) 3600s 

Fig. 4 Thermal behavior of solid and sandwich panels on heating process 
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(a) 6000s    (b) 7200s    (c) 8400s 

 

(d) 9600s     (e) 10800s 

Fig. 5 Thermal behavior of solid and sandwich panels on cooling cycle 
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(a) 1200s    (b) 2400s    (c) 3600s 

 

(d) 4800s    (e) 6000s    (f) 12000s 

Fig. 6 Effect of air gap location on thermal behavior of sandwich panel 
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Fig. 7 Effect of air gap location on temperature lagging 
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time Panel type 
 3-1-6 6-1-3 

600 

  
1200 

  
2400 
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3600 

 
*Already in cool down mode 

 

4800 

 
*Already in cool down mode 

 

Fig. 8 Temperature movement during heat up cycle of N-N and P-N sandwich panels 
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time Panel type 
 3-1-6 6-1-3 

7200 

  
8400 

  
9600 
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Fig. 9 Temperature movement during cool down cycle of N-N and P-N sandwich panels 

10800 

  
12000 
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Fig. 10 Temperature lag vs Time on N-N (3-1-6) and P-N (3-1-6) panels 

 

Fig. 11 Temperature lag vs Time on N-N (6-1-3) and P-N (6-1-3) panels 
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Fig. 12 Decrement factor 

 

Fig. 13 Percentage dissatisfy  
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