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Abstract 
 

The thermal performance of different roof configurations was analyzed, comparing the 

integration of phase change materials (PCM) with polystyrene insulation under extreme climatic 

conditions. The decrement factor (DF), time lag (TL), and thermal load were examined. The 

results indicated that configuration with PCM, either in double layers or with increased thickness, 

showed the best thermal performance. The optimal configuration, C45, which includes a double 

layer of PCM with RT25 HC on the bottom layer and RT35 HC* at the top layer, achieved a DF 

of less than 0.2, a TL between 2 and 10 hours, and a thermal load of 2.5 kWhm-2. This study 

confirms that adding a PCM layer is the most effective strategy, followed by the increase of the 

thickness, as well as the addition of insulation, and finally, an additional layer. 
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Resumen 
 

Se analizó el rendimiento térmico de diferentes configuraciones de techos, comparando la 

integración de materiales de cambio de fase (PCM) con el aislamiento de poliestireno en 

condiciones climáticas extremas. Se analizó el factor de decremento (DF), el tiempo de retardo 

(TL) y la carga térmica. Los resultados indicaron que las configuraciones con PCM, ya sea en 

doble capa o con mayor espesor, presentaron el mejor rendimiento térmico. La configuración 

óptima, C45, que incluye una doble capa de PCM con RT25 HC en la capa inferior y RT35 HC* 

en la capa superior, logró un DF inferior a 0.2, un TL entre 2 y 10 h, y una carga térmica 2.5 

kWhm-2. Este estudio confirma que añadir una capa de PCM es la estrategia más efectiva, seguida 

por el incremento del espesor, agregar aislamiento y, por último, una capa adicional. 
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Introduction 

 

As global temperatures rise due to climate 

change, the residential sector faces increasing 

demand for electricity, particularly to maintain 

thermal comfort. Worldwide, buildings are 

responsible for about 40.0 % of total energy 

consumption and contribute roughly 33.0 % of 

global greenhouse gas emissions. Heating and 

cooling systems, which are important for 

maintaining indoor climate control, account for 

50.0 % to 70.0 % of a building's total energy use, 

depending on the climate and the efficiency of 

the building envelope (Somu et al., 2021). The 

increased use of these systems, driven by higher 

temperatures, has intensified this demand, 

putting additional strain on energy resources 

(Mejía et al., 2020). 

 

Thermal gain in a building, defined as the 

amount of unwanted heat entering through the 

building envelope, is a significant factor 

contributing to increased energy consumption. It 

is estimated that around 25.0 % of this thermal 

gain comes from windows, 35.0 % from walls, 

and approximately 30.0 % from roofs (Shove et 

al, 2014). These statistics emphasize the 

importance of thoughtful design and material 

selection to maximize energy efficiency, with a 

particular focus on roofs. Roofs play a crucial 

role in a building's thermal load due to their 

direct exposure to solar radiation and their larger 

surface area compared to other elements of the 

building envelope. 

 

To mitigate these effects and reduce 

thermal gain in roofs, various construction 

solutions have been developed, such as 

ventilated roofs (Wang et al., 2024), reflective 

materials (Parikh et al., 2023), and thermal 

insulators (Shrimali & Agrawal, 2024). Among 

these, expanded polystyrene (EPS) is one of the 

most commonly used materials in construction 

due to the effectiveness in reducing heat transfer 

and the low cost. However, while EPS is 

effective at minimizing heat loss, the ability to 

dynamically manage thermal flow is limited 

compared to more advanced materials like phase 

change materials, PCM, (Arumugam et al., 

2024). 

 

 

 

 

 

In this context, PCM has emerged as an 

innovative solution for enhancing thermal 

management in construction, due to their 

capacity to absorb, store, and release large 

amounts of energy as latent heat during phase 

changes. This ability to more efficiently 

moderate indoor temperatures is particularly 

valuable in roofs, where direct exposure to solar 

radiation and temperature fluctuations can cause 

significant thermal variations inside the 

building. 

 

Several studies have demonstrated the 

effectiveness of integrating PCM into roofs to 

reduce indoor thermal fluctuations and decrease 

the building's overall thermal load. Piselli et al. 

(2019) evaluated membranes with integrated 

PCM for roofs, finding that the inclusion of 

PCM lowered the roof's surface temperature and 

heat flow. Following this, Bhamare et al. (2020) 

developed a 3D model showing that a 2° 

inclination in the PCM layer provides optimal 

daily heat gain reduction and improves the 

melting and solidification cycle. Similarly, 

Arumugam & Shaik (2021) analyzed the 

thermo-economic performance of hollow roofs 

with PCM, finding that combining PCM in walls 

and roofs reduces air conditioning costs and CO2 

emissions. Moreover, Qu et al. (2021) evaluated 

four key parameters in building envelopes with 

PCM, concluding that the thickness and 

arrangement of PCM significantly influence 

energy efficiency, achieving energy savings of 

up to 34.8 %. 

 

Following the findings of Bhamare et al. 

(2023), which demonstrated the effectiveness of 

PCM with a 2 cm air layer, Dardouri et al. (2023) 

conducted several studies evaluating the energy 

performance of buildings with PCM in 

Mediterranean climates. Using EnergyPlus, they 

discovered energy savings of up to 41.6 %, 

particularly with PCMs that have different 

melting temperatures. In another study, the same 

authors found that the optimal thickness of PCM 

and insulation layers can reduce energy demand 

by up to 76.5 % in double walls and 73.8 % in 

single walls (Dardouri et al., 2023). 

Additionally, further analysis of roofs and walls 

with PCM in various locations revealed that 

PCMs with melting temperatures of 21 °C are 

more effective for heating, while those with 29 

°C optimize cooling savings (Dardouri et al., 

2023).  
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In a separate study, Yu et al. (2023) 

conducted simulations to assess the 

effectiveness of PCM in reducing overheating in 

buildings during summer. The results showed a 

decrease in overheating hours between 10.9 % 

and 19.7 %, and a reduction in cooling energy 

consumption by between 14.6 % and 25.7 %. 

 

Zahir et al. (2023) analyzed the use of 

thermal energy storage (TES) systems with PCM 

to enhance the thermal performance of buildings 

in extremely hot climates, identifying challenges 

in the selection and encapsulation of PCM due to 

small daytime temperature variations.  

 

Meanwhile, Anter et al. (2023) evaluated 

the long-term thermal behavior of different PCM 

in walls, finding that RT-35HC, placed 1.5 cm 

from the interior and exterior of the wall, reduces 

the average internal temperature to 27.7°C and 

decreases energy gain by 66.0 % during summer.  

 

Refahi et al. (2024) assessed the impact 

of a double layer of PCM boards with different 

melting points, achieving energy savings of 6.6 

% in heating and 2.8 % in cooling. Moreover, 

Zhang et al. (2024) proposes an electric heating 

terminal with PCM thermal storage that 

improves thermal efficiency in Tibet and reduces 

melting time by 2.7 hours.  

 

Finally, Khaleghi & Karatas (2024) 

assessed a prefabricated wall panel with PCM, 

which showed a decrement factor of 0.007 and a 

time lag of 8 hours under extreme weather. The 

panel showed superior thermal performance, 

enhancing energy efficiency and indoor confort. 

 

However, most of these studies have 

been conducted in regions where PCM use is 

regulated and widely accepted, unlike in 

Mexico, where conventional methods like 

expanded polystyrene are still the norm. While 

research has explored the integration of more 

complex PCM configurations, such as double 

layers with different melting points and strategic 

positioning within roof structures, these analyses 

have not yet been carried out in the Mexican 

context. 

 

This study innovatively applies phase 

change materials (PCM) in composite roof 

configurations, exploring strategic combinations 

of different PCM types to optimize thermal 

efficiency in both extreme cold and hot weather 

conditions.  

By incorporating double layers of PCM, 

the study not only improves thermal regulation 

across a wide temperature range but also 

maximizes heat storage capacity and thermal 

inertia. Furthermore, a detailed comparison with 

traditional extruded polystyrene highlights the 

superior performance of PCM in cold desert 

climates.  

 

Focusing on a specific climate, such as 

that of Ciudad Juárez, adds regional relevance 

and practical value, demonstrating the model's 

applicability to areas with significant 

temperature fluctuations and underscoring the 

potential impact of these findings on sustainable 

construction practices. 

 

Physical and mathematical model 

 

Figure 1 shows the cross section of a 1.0 m long 

composite roof made out of several layers of 

materials. The reference configuration includes 

a 0.005 m thick external concrete layer, a 0.1 m 

thick of a reinforced concrete slab and a 0.005 m 

thick inside gypsum plaster layer.  

 

This type of configuration is widely used 

in the residential and commercial construction 

sector, in particular in areas where a combination 

of structural durability together with an 

appropriate thermal efficiency is looked up.  

 

This type of concrete slab is commonly 

found in family housing, office buildings and 

industrial warehouses, where the reinforced 

concrete slab provides the resistance needed to 

support loads, whereas the concrete and gypsum 

plaster layers act as added barriers helping to 

moderate the heat transfer.  

 

The described roof configuration 

provides an equilibrium between construction 

costs and thermal performance, what make it a 

popular option for temperate and cold climates. 

 

To optimize the thermal performance of 

this basic structure, this study incorporates 

additional layers on the inside surface as well as 

on the outside. These include a 0.025 m thick 

insulating polystyrene and phase change 

materials (PCM’s) with different fusion 

temperatures and varying thickness (10 mm, 20 

mm and 30 mm).  
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Besides, configurations with two layers 

of 10 mm thick PCM placed in different 

positions are evaluated. Figure 2 shows these 

configurations, and in total, the study covers 52 

different variants, by alternating the locations of 

the single and double layers of the PCM as well 

as the thickness.  

 

These configurations are submitted to a 

detailed analysis of the heat transfer process in 

order to evaluate the thermal performance under 

different environmental conditions. 

 

Figure 3 shows the heat transfer 

processes experienced by the roof, which are 

exposed to environmental conditions (ambient 

temperature, solar radiation and wind velocity) 

through the upper boundary.  

 

Due to the temperature difference, heat 

transfer by convection and radiation occurs on 

this surface, a similar phenomenon happens in 

the lower boundary that is kept at constant 

temperature.  

 

One portion of the solar radiation hitting 

on the outside surface of the roof is absorbed by 

the concrete slab, provoking the temperature to 

increase, whereas other portion is reflected in the 

exterior environment.  

 

The heat absorbed by the concrete slab 

increases the temperature, starting thus the heat 

transfer process by conduction throughout all the 

layers of the roof. This complex process of heat 

transfer is mathematically modeled in order to 

predict the behavior and efficiency. 

 

Box 1 
 

 
Figure 1 

Cross section of a composite roof: reinforced concrete 

slab with concrete and gypsum plaster coats 

 

Source: Own elaboration 

 
 
 
 
 

Box 2 

 
 

Figure 2 

Configurations of the composite roof: layers material 

and location 

 

Source: Own elaboration. 

Box 3 
 

 
Figure 3 

Heat transfer process on a composite roof subject to 

outside environmental conditions and at constant 

temperature on the inside surface 

 

Source: Own elaboration. 
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The mathematical model describing the 

two-dimensional conduction heat transfer 

process is shown in Eq. (1). This equation 

applies to all the layers of the system (concrete, 

gypsum plaster, reinforced concrete and 

insulation), as well as the PCM, with the 

necessary adjustments to take into account the 

phase change. In order to perform such 

adjustments, the specific heat capacity method is 

used, and it introduces the term 𝐶𝑃𝑒𝑓𝑓
, including 

the enthalpy term  𝑙  that occurs during the 

transition phase. This way, the effective heat 

capacity encompasses the energy storage as well 

as the latent heat associated with the phase 

change, as detailed in Eq. (2). In order to apply 

this model to a multilayer composite roof, it is 

important to take into account the way in which 

the different layer interact in the interfaces.  

 
𝜕( 𝐶𝑃 )

𝜕𝑡
=

𝜕

𝜕𝑥
(𝜆

𝜕 

𝜕𝑥
) +

𝜕

𝜕 
(𝜆

𝜕 

𝜕𝑥
) (1) 

𝜕  𝑃𝐶𝑀𝐶𝑃𝑒𝑓𝑓 𝑃𝐶𝑀 

𝜕𝑡

=
𝜕

𝜕𝑥
(𝜆𝑃𝐶𝑀

𝜕 𝑃𝐶𝑀
𝜕𝑥

)

+
𝜕

𝜕 
(𝜆𝑃𝐶𝑀

𝜕 𝑃𝐶𝑀
𝜕𝑥

) 

𝐶𝑃𝑒𝑓𝑓

= {

𝐶𝑃                for   < ( 𝑚  ∆ )

𝐶𝑃 + 𝐶𝑃𝑙

2
+

 𝑙 

2∆ 
              for ( 𝑚  ∆ ) <  < ( 𝑚 + ∆ )

𝐶𝑃𝑙                for  >  ( 𝑚 + ∆ )

 

(2) 

 

An energy balance was performed at 

each interface to ensure accurate heat transfer 

across the roof, which is composed of layers of 

different materials. This approach guarantees 

continuity between layers, preventing unwanted 

heat storage that could distort temperature 

predictions and affect the evaluation of the roof's 

thermal performance.  

 

This balance is based on Fourier's Law 

and is implemented in numerical simulations to 

model heat transfer accurately through the 

layers. For these simulations, it is important to 

have precise and accessible data on the thermal 

physical properties of the materials involved. 

Table 1 presents the corresponding properties for 

each material comprising the roof. 

 

 

 

 

 

 

 

Box 4 
 

Table 1 

Thermophysical properties of each layer on the 

composite roof 

 

Material 𝝀  
Wm-

1°C-1 

𝝆  
kgm-3 

𝑪𝑷,  

Jkg-

1°C-1 

𝒉𝒍𝒔,  

Jkg-1 

Concrete 1.28 2200 850 - 

Reinforced 

concrete 

1.74 2300 920 - 

Gypsum 

plaster 

0.40 1200 837 - 

Polystyrene 

insulation 

0.03 28 1800 - 

RT25 HC 

22°C – 26 

°C 

0.20 880 2000 230 

000 770 

RT35 HC* 

29°C – 36 

°C 

860 158 

000 770 

RT44 HC* 

41°C – 44 

°C 

800 248 

000 700 

 

Source: Own elaboration 

 

The selection of RT25 HC, RT35 HC*, 

and RT44 HC PCM is based on the ability to 

optimize the thermal process in accordance with 

the characteristic temperatures of the local 

region. The RT25 HC is chosen due to the 

melting temperature of 25 °C, which matches the 

desired indoor temperature, allowing it to 

stabilize this temperature by absorbing excess 

heat. The RT35 HC*, with a melting temperature 

close to 35 °C, is selected because it is similar to 

the sol-air temperature of the region, helping to 

mitigate daytime heat peaks. Finally, RT44 HC 

is selected to manage the maximum outdoor 

temperature, which is close to 44 °C, by 

absorbing the extreme heat and preventing it 

from penetrating into the building, thus 

improving energy efficiency and thermal 

comfort. 

 

On the other hand, the boundary 

conditions to solve the mathematical model are 

expressed by Eq. (3) and (4). Where Eq. (4) takes 

into account the solar radiation absorbed by the 

material, the heat transfer by convection with a 

convective coefficient as a function of the wind 

velocity,   =2.8+3.0𝑉𝑤 𝑛𝑑 (ASHRAE, 2009) 

and the solar heat transfer towards the sky vault 

(Swinbank, 1963).  
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On the lower boundary, similar effects 

are considered, in this case the convective 

coefficient varies as a function of the inside 

surface temperature of the roof, according to 

Duffie & Beckman (2013), where   =9.26 Wm-

2K-1 if     <    and   =6.13 Wm-2K-1 if     >
  .  

 

 
𝜕 

𝜕 
= 𝛼    𝑙𝑎𝑟 +            

+        
      

   

(3) 

 
𝜕 

𝜕 
=            +      

      
   (4) 

 

The model described earlier is two-

dimensional, considering that the heat flow 

occurs mainly in the horizontal and vertical 

directions, while the lateral surfaces are treated 

as adiabatic. This assumption allows for a 

simplified model that maintains the accuracy of 

the results, as the lateral heat flow is minimal 

compared to the main flow through the roof. 

Moreover, even though the correlations for the 

convection heat transfer coefficients used in this 

model were developed several decades ago, they 

remain widely accepted by the scientific 

community due to their proven effectiveness and 

reliability in similar applications. These 

correlations, such as those reported by Duffie 

and Beckman, have demonstrated reliability 

across a wide range of weather conditions and 

continue to serve as a standard reference in heat 

transfer studies.  

 

To evaluate the thermal performance of 

the proposed configurations, three key 

parameters were used: the decrement factor, the 

time lag, and the thermal load. The decrement 

factor (DF) measures the roof's capacity to 

attenuate outside temperature oscillations before 

they reach the inside, with a low value indicating 

good thermal attenuation. The time lag (TL) 

indicates the time taken by the thermal wave to 

travel through the roof from the outside to the 

inside surface; for hot climates, a longer time 

indicates better performance, as it delays the 

entry of heat into the building. Finally, the 

thermal load (CT) represents the total amount of 

heat that must be removed or added to the 

building to maintain indoor thermal comfort, 

with a low value indicating good energy 

efficiency. The thermal load is calculated as the 

area under the curve that represents both heat 

gains and losses over time, as shown in Eq. (5).  

This calculation reflects the total amount 

of energy required to maintain a constant indoor 

temperature within a space, compensating for 

both heat entering and leaving the system. 

 

𝐶 = ∫ 𝑞(𝑡)𝑑𝑡
2 :00

00:00

 (5) 

 

Weather data 

 

For this study, the BWk climate from the 

Köppen classification was selected, as it is 

characterized by a cold desert climate with dry 

winters. This selection is justified by the need to 

analyze the thermal performance of composite 

roofs under both high and low extreme 

temperature conditions typical of regions with 

this type of climate. In Mexico, this climate is 

common in cities like Ciudad Juarez, located in 

the State of Chihuahua, where ambient 

temperature varies significantly throughout the 

year. 

 

Ciudad Juarez was selected as the source 

for the weather data, as it adequately represents 

the climate spectrum in Mexico, with extreme 

high and low temperatures typical of the BWk 

climate. The weather data were obtained from 

the National Weather System, which provides 

reliable and accessible information throughout 

the year. However, due to the high 

computational resources required for each 

simulation of every single and double-layer 

PCM configuration, a decision was made to 

focus on the most critical days of the year—

those with the highest and lowest recorded 

temperatures. This selection allows for an 

efficient evaluation of the roof's thermal 

performance under the most extreme conditions, 

ensuring that the analyzed configurations can 

manage both maximum heating and cooling 

demands. 

 

On the selected days, the outside ambient 

temperature varied between -7.9 °C as the lowest 

value, and 46.1 °C as the highest value (see 

Figure 4). Throughout the coldest day, the wind 

velocity varied between 0.0 ms-1 and 2.4 ms-1, 

while on the warmest day, the wind velocity 

varied between 0.0 ms-1 and 4.5 ms-1. For the 

coldest day, the highest solar irradiance on the 

horizontal plane was 789 Wm-2, whereas the 

south-facing vertical plane received the highest 

solar radiation compared to other orientations.  
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On the warmest day, the highest solar 

irradiance was 1028 Wm-2 on the horizontal 

plane, while the west-facing vertical orientation 

recorded the highest value after midday. Other 

cities in Mexico with a climate spectrum similar 

to Ciudad Juarez include Mexicali in Baja 

California and Hermosillo in Sonora, where 

ambient temperatures also vary widely, with 

similar extreme values. These cities, like Ciudad 

Juarez, experience extremely hot summers and 

cold winters, making them relevant to this type 

of study. 

 

Box 5 
 

 
Figure 4 

Recorded temperature interval: comparison respect to 

the climate spectrum of the region 

 

Source: Own elaboration. 

 

Methodology 

 

This study implemented the Finite Volume 

Method to solve the governing equations for 

two-dimensional heat conduction in transient 

states, applicable to both solid materials and 

phase change materials (PCM). Time 

discretization employed a fully implicit scheme, 

and the diffusive term was discretized using a 

centered scheme. The algebraic equations were 

solved using the Alternate Directions Gauss-

Seidel method (LGS-ADI), with a residual 

tolerance set at 10-8 to ensure accuracy.  

 

The code used in this study is recognized 

by the scientific community, with some 

configurations previously published by the 

authors (López Salazar et al., 2023). To further 

validate the reliability of the results, the code 

was additionally tested against experimental 

data reported by Chagolla-Aranda et al. (2017).  

 

This validation, detailed in Figure 5, 

demonstrates the code's ability to accurately 

replicate experimental results, highlighting the 

robustness and reliability of the implemented 

numerical code. 

 

Box 6 
 

 
Figure 5 

Surface temperature validation of a referenced roof 

compared to experimental data 

 

Source: Own elaboration 

 

Results 

 

In this section, the results obtained for the 

different configurations of composite roofs 

evaluated in this study are presented and 

analyzed. The configurations include a reference 

model without additional materials, models with 

thermal insulation, and those incorporating PCM 

layers on both the inside and outside surfaces of 

the reinforced concrete slab. These 

configurations were designed to assess the 

thermal performance under extreme weather 

conditions. The study was divided into three 

phases to evaluate the impact of different PCM 

layer thicknesses and combinations: 

 

Phase 1. This phase includes the 

reference roof, roofs with additional insulation, 

and roofs with a 10 mm PCM layer on both the 

outside and inside surfaces. These 

configurations evaluate how a thinner PCM 

layer affects thermal attenuation compared to the 

basic setup. 

 

Phase 2. In this phase, roofs with thicker 

PCM layers (20 mm and 30 mm) were analyzed 

to assess how PCM thickness influences thermal 

storage capacity and indoor temperature 

regulation. 
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Phase 3. This phase explored 

combinations of double PCM layers on both the 

inside and outside surfaces to determine if 

combining different types of PCM and their 

strategic positioning can further optimize heat 

transfer through the roof. 

 

Table 2 shows the nomenclature used for 

each case analyzed, to facilitate their 

identification and allow comparison among the 

different configurations. The configurations 

range from the single roof without any additional 

material to those with thermal insulation and 

layers of PCM. 

 

Box 7 
Table 2  

Configuration overview: phases, material composition, 

and PCM thickness 

 

Phase 1 

C1. (a) Ref 

C2. (b) Ref+Ins 

C3. (c) Ref+e10mmPCMi RT25 HC 

C4. (c) Ref+e10mmPCMi RT35 HC* 

C5. (c) Ref+e10mmPCMi RT44 HC 

C6. (d) Ref+e10mmPCMo RT25 HC 

C7. (d) Ref+e10mmPCMo RT35 HC* 

C8. (d) Ref+e10mmPCMo RT44 HC 

C9. (e) Ref+Ins+e10mmPCMi RT25 HC 

C10. (e) Ref+Ins+e10mmPCMi RT35 HC* 

C11. (e) Ref+Ins+e10mmPCMi RT44 HC 

C12. (f) Ref+Ins+e10mmPCMo RT25 HC 

C13. (f) Ref+Ins+e10mmPCMo RT35 HC* 

C14. (f) Ref+Ins+e10mmPCMo RT44 HC 

Phase 2, 20mm 

C14-C16, e20 mmPCM 

Phase 2, 30mm 

C27 – C38, e30mmPCM 

Phase 3 

C39. (g) Ref+PCMi RT25 HC+PCMo RT25 HC 

C40. (g) Ref+PCMi RT25 HC+PCMo RT35 HC* 

C41. (g) Ref+PCMi RT25 HC+PCMo RT44 HC 

C42. (h) Ref+PCMi RT25 HC+PCMo RT25 HC 

C43. (h) Ref+PCMi RT35 HC*+PCMo RT25 HC 

C44. (h) Ref+PCMi RT44 HC+PCMo RT25 HC 

C45. (i) Ref+DoublePCMi bRT25 HC + tRT35 HC* 

C46. (i) Ref+DoublePCMi bRT25 HC + tRT44 HC 

C47. (j) Ref+DoublePCMi bRT35 HC* +tRT25 HC 

C48. (j) Ref+Double PCMi bRT44 HC + tRT25 HC 

C40. (i) Ref+DoublePCMo bRT25 HC + tRT35 HC* 

C50. (i) Ref+DoublePCMo bRT25 HC + tRT44 HC 

C51. (j) Ref+DoublePCMo bRT35 HC* + tRT25 HC 

C52. (j) Ref+Double PCMo bRT44 HC + tRT25 HC 

 

Source: Own elaboration. 

 

Figure 6 shows the comparison of the 

thermal performance of the different roof 

configurations evaluated in this study under the 

extreme weather conditions recorded on the 

selected days.  

This figure illustrates how each 

configuration manages heat transfer by 

comparing the decrement factor (DF), time lag 

(TL), and thermal load, to identify the 

configurations that are the most efficient for 

thermal regulation.  

 

Figure 6a, which corresponds to the 

coldest day, illustrates how each configuration 

responds to low outside temperatures. 

Configurations with PCM on the inside surface, 

such as C3 and C9, show a lower DF and a 

longer TL compared to the reference (C1). 

Notably, configuration C9, which combines 

insulation with an inside PCM layer, 

demonstrates a low thermal load, making it an 

efficient option under cold weather conditions. 

However, the PCM does not reach the melting 

point, so no significant phase change is 

observed.  

 

This indicates that, under these 

circumstances, the PCM does not actively 

contribute to heat storage or release, limiting the 

effectiveness. On the other hand, in 

configurations belonging to Phase 2, where the 

PCM thickness was increased to 20 mm and 30 

mm (C15 and C38), an additional improvement 

in thermal attenuation is observed. 

Configurations with greater PCM thickness are 

beneficial for reducing heat losses.  

 

Finally, Phase 3 configurations, which 

evaluate the double PCM layer (C39-C52), 

exhibit superior thermal performance. 

Configurations like C39 and C45, which 

combine different types of PCM on both interior 

and exterior surfaces, show an extended TL and 

a low thermal load, proving to be the most 

effective for maintaining a stable indoor 

temperature under extremely cold weather. 

 

In contrast, Figure 6b, which 

corresponds to the warmest day, shows that the 

PCM undergoes a phase change by absorbing 

heat when the outside temperatures rise. This 

demonstrates PCM's ability to regulate heat gain, 

providing more effective thermal protection. In 

this high-temperature scenario, configurations 

C7 and C13, which include PCM on the outside 

surface, effectively limit heat gain, as seen in the 

reduced thermal load. In Phase 2, increasing 

PCM thickness to 20 mm and 30 mm enhances 

performance under high-temperature conditions.  
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Configurations such as C28 and C34 

show a significant reduction in thermal load, 

indicating that greater PCM thickness not only 

reduces heat losses but also limits heat gains on 

warm days. Phase 3 configurations, which 

include a double PCM layer, offer the best 

results. Configurations like C40 and C47 stand 

out for their ability to extend the time lag and 

reduce the thermal load, demonstrating their 

effectiveness in maintaining a comfortable 

indoor temperature under high-temperature 

conditions.  

 

Based on the results shown in Figure 6, 

configuration C45, which incorporates a double 

layer of PCM with different types of PCM 

strategically placed on the inside and outside, 

stands out as the most efficient option for both 

cold and warm extreme weather conditions. The 

PCM selection was based on the melting 

temperature, with materials like RT25 HC for 

the interior and RT35 HC* for the exterior, 

allowing phase change across the relevant 

temperature range for the studied climate. This 

configuration shows a high capacity to retain 

indoor heat during the coldest day, due to the low 

decrement factor and long time lag, while also 

efficiently limiting heat gains during the 

warmest daytime and controlling the thermal 

load. The phase change in the PCM plays a 

crucial role, as it stores energy as latent heat 

during warm days and releases it when 

temperatures drop, something that polystyrene 

insulation cannot achieve. Due to the versatility 

and superior performance in both scenarios, 

configuration C45 emerges as the best option for 

maintaining thermal comfort and energy 

efficiency in the building. 

 

Configuration C39, which also has a 

double layer of PCM, is ranked as the second-

best option and offers a good balance between 

heat conservation and reduction of thermal 

gains. The third-best option is configuration C9, 

which combines thermal insulation with a single 

layer of PCM on the lower surface, standing out 

primarily for heat conservation during cold days. 

While the polystyrene acts as a constant barrier 

against heat transfer, PCM dynamically adapts 

to varying conditions during phase change, 

providing greater thermal inertia and improving 

energy efficiency under extremely fluctuating 

temperatures.  

 

 

Configurations in Phase 2, such as C28 

and C34, which include thicker layers of PCM 

(20 mm and 30 mm, respectively), also 

demonstrate good performance, particularly in 

reducing thermal loads on warm days. Finally, 

configurations in Phase 1 like C3 and C7, which 

use a 10 mm thick PCM, show acceptable 

performance but are less effective compared to 

the previously described configurations in 

attenuating heat loss and limiting thermal gain.  

 

Configuration C2, which incorporates 

polystyrene insulation, shows moderate 

performance in thermal attenuation and thermal 

load management on both the coldest and 

warmest days. However, configurations that 

include PCM, such as C45 (double layer of 

PCM) and C39 (a layer of PCM on the inside and 

outside surfaces), show better performance 

under both extreme climate conditions. 

 

On the coldest day, configurations with 

PCM not only provide better insulation to reduce 

indoor heat loss but also exhibit a longer time lag 

and lower thermal load compared to polystyrene. 

This occurs because, although the PCM does not 

undergo a phase change during the coldest day, 

the high thermal storage capacity still 

contributes to heat conservation. On the warmest 

day, the PCM also proves to be more efficient at 

limiting heat gain, offering more effective 

thermal regulation than polystyrene.  

 

While polystyrene is a widely used and 

cost-effective insulation material, the results 

suggest that incorporating PCM instead can 

significantly enhance the roof's thermal 

performance, especially in climates with high 

temperature fluctuations. To optimize energy 

efficiency and thermal comfort, it is advisable to 

consider PCM inclusion rather than polystyrene 

in composite roof applications. 

 

The appropriate hierarchical order to 

improve the thermal efficiency of the roof begins 

with adding a PCM layer. Configurations with a 

PCM layer have shown superior thermal 

regulation by retaining heat during cold days and 

effectively limiting heat gain during warm days. 

The next step is to increase the PCM layer's 

thickness, providing additional benefits such as 

increased thermal storage capacity, improved 

time lag, and further reduced thermal load.  
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Following this, adding insulation—while 

having a lesser impact than the PCM layer—

remains an effective strategy for enhancing 

overall thermal efficiency. Finally, adding an 

extra PCM layer is the most advanced strategy, 

maximizing thermal efficiency by offering 

higher storage capacity, though this approach is 

more complex and expensive to implement. This 

procedure represents the most effective 

configuration for optimizing the roof's thermal 

performance under varying weather conditions. 

 

Box 8 

 
(a) 

 
(b) 

Figure 6 

Comparison of the thermal performance on different 

roofs configurations under extreme weather conditions: 

(a) coldest day, (b) warmest day 

 

Source: Own elaboration 

 

Therefore, an optimal configuration is 

one that has a low DF, ideally below 0.2, which 

indicates an excellent capacity for attenuating 

outside thermal fluctuations and reducing heat 

transfer to the interior.  
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The TL should be appropriate for the 

weather conditions: a large TL, close to 10 

hours, is desirable for warm climates to delay 

incoming heat, whereas a short TL, around 2-4 

hours, is more beneficial for cold climates to 

allow incoming heat when outside temperatures 

are low. For thermal load, an efficient 

configuration should remain below 2.5 kWhm-2, 

which reflects low energy consumption and a 

good capacity to maintain a comfortable indoor 

temperature. 

 
Conclusions 

 

In this study, the thermal performance of 

different roof configurations was evaluated, 

focusing on the integration of phase change 

materials (PCM) compared to traditional thermal 

insulation methods such as expanded 

polystyrene. Through numerical analysis, key 

parameters such as the decrement factor (DF), 

time lag (TL), and thermal load were analyzed 

under extreme weather conditions. 

 

The results showed that configurations 

including a PCM, particularly those with a 

double layer or thicker PCM, demonstrated 

significantly better performance. Specifically, 

the optimal configurations achieved a DF below 

0.2, a TL appropriate to the climate (between 2 

and 10 hours), and a thermal load lower than 2.5 

kWhm-2. Configuration C45, which includes a 

double layer of PCM with melting temperatures 

of 25 °C and 35 °C, located on the inside and 

outside surfaces respectively, stood out as the 

most efficient for both the coldest and warmest 

days, even surpassing configurations with 

polystyrene insulation. 

 

The comparative and hierarchical 

analysis of all configurations reveals that the 

addition of a PCM is the most effective strategy 

to optimize the thermal performance of roofs, 

followed by increasing the thickness of the PCM 

layer, the inclusion of insulation, and finally, the 

addition of an extra layer of PCM. These 

strategies progressively improve energy 

efficiency and indoor thermal comfort.  

 

The comparison with extruded 

polystyrene showed that, although this material 

is still an effective and viable option in terms of 

costs, it does not offer the same level of thermal 

performance as a PCM, especially under 

extreme weather conditions.  

The phase change capability of a PCM, 

which enables the material to absorb and release 

latent heat, is key to the superiority under these 

conditions, as it significantly improves the 

thermal inertia of the roof—a behavior that 

cannot be replicated by polystyrene. Therefore, 

for applications where thermal efficiency and 

comfort are to be maximized, the use of a PCM 

is recommended as an alternative or complement 

to traditional insulation options. 

 

Finally, this study contributes to the 

energy efficiency field in construction by 

providing quantitative data and analysis to guide 

further investigations and practical applications. 

The inclusion of PCM in composite roofs not 

only improves thermal performance but also 

offers a sustainable solution to reduce energy 

demand in buildings. Future studies could 

explore the use of PCM in combination with 

other advanced materials, as well as extending 

their application to other types of constructions 

and weather conditions, thereby widening the 

possibilities for thermal optimization and energy 

savings. 
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