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Abstract 

The outdoor seasonal weather conditions can influence the insulation performance of extensive green roof. In 

addition, the thermal behavior of extensive green roof can be affected by the thickness of its layers including 

substrate and drainage layer. On the other hand, the replacement of polyethylene modular panel with porous 

aggregates as drainage layer can affect the water retention capacity of green roof. Therefore, in this study, the green 

roofs with pozzolana (porous volcanic gravel) as drainage layer under constant and variable inside temperatures 

were modeled and subjected to the weather conditions of winter and summer to assess the humidity and temperature 

variations in the depth of the systems. The results showed that there was a decrease in temperature through the depth 

of the green roof system for the winter period, while the reverse occurred for the relative humidity. During the 

winter period, the green roof model with the 10-cm substrate and 8-cm pozzolana was recommended to be used. 

However, the model with the 8-cm substrate and 6-cm drainage layer had the best insulation performance, 

particularly for the summer period. Moreover, the internal ceiling temperature fluctuation of system under variable 

inside temperature was higher than that under constant inside temperature. 

 

Keywords: humidity and temperature distribution; green roof; pozzolana; seasonal weather conditions; internal 

ceiling temperature. 
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1. Introduction 

In recent years, the low energy performance of buildings has made a great demand on using 

the systems and materials with high insulation efficiency in the construction sector (Kumar and 

Kaushik 2005; Rincón et al. 2014). The replacement of common flat roof with extensive green 

roof is proposed as one of the viable solutions to improve the energy efficiency of houses and 

buildings (Azizkhani and Haberl 2020; Coma et al. 2016; Culligan 2019). The thickness of 

extensive green roof ranges from 60 mm to 200 mm (Oberndorfer et al. 2007) and it is basically 

formed by different layers: vegetation, substrate, filter, drainage and insulation layers (Tabares-

Velasco et al. 2012). 

The extensive green roof has some advantages over common flat roof as reported by 

researchers to improve the insulation efficiency of buildings (Castleton et al. 2010; D’Orazio et 

al. 2012; Jim 2014; Niachou et al. 2001; Tam et al. 2016). However, it is still based on non-

environmentally friendly materials in the drainage layer such as the polyethylene modular panel 

(Pérez et al. 2012; Rincón 2014; Shahmansouri et al. 2021; Vila et al. 2012). Regarding this, the 

replacement of the aforementioned panel with natural aggregates has been proposed by some 

researchers for the drainage layer of green roof (Wanielista et al. 2008). The performance of 

natural gravel and polyethylene modular panel as drainage layer was compared to each other by 

Wanielista et al. (2008). The results showed that increasing the atmospheric temperature caused 

to enhance the evapotranspiration process, once the natural gravel aggregate was utilized as 

drainage layer. Furthermore, there was no significant difference between the quality of water 

either leaked from the polyethylene modular panel or from natural gravel aggregate. Parizotto 

and Lamberts (2011) used the pebble and gravel as drainage layer in the green roof. The results 

showed that the diffusive properties of substrate and drainage layer caused to add the thermal 

mass to the green roof to absorb large amounts of heat. This process led to slowing heat transfer 

down within green roof layers and reducing the daily temperature fluctuation. 

The permeability of drainage layer can be improved using natural aggregates such as pebble 

and gravel as drainage layer (AzariJafari et al. 2015; Uhl and Schiedt 2008; Vijayaraghavan et al. 

2012). However, the water retention capacity of these materials is not so much. Concerning this, 

the use of some materials with more porosity such as crushed bricks and pozzolana (volcanic 

porous gravel) can be considered as a promising approach to enhance the water absorption 

capacity of drainage layer as stated by some researchers (Akbarzadeh Bengar et al. 2020; Berardi 
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et al. 2014; Coma et al. 2016; Courard et al. 2010; Jahandari et al. 2017; Kazemi et al. 2020; 

Nematzadeh et al. 2020; Saberian et al. 2019a). Regarding this, Ngan (2004) showed that the 

recycled crushed brick can be used in the substrate and drainage layers. As a porous lightweight 

material, the crushed brick was able to increase the water retention capacity of green roof system 

and it relieved pressure on substrate and drainage layer. Berndtsson et al. (2006) observed that 

the crushed brick as drainage layer kept small particles of soil and didn’t allow them to pass 

through the bottom of green roof. Another study by Palla et al. (2009) showed that the drainage 

layer of Lapillus (a volcanic porous material) generated a suitable condition for the dewatering of 

the green roof. Cascone et al. (2018) performed a study on green roof in the city of Catania 

(Italy) with a Mediterranean climate. In this study, the overloading of older building structures 

with new green roofs was compared to those with the existing roof. They also compared the 

energy performance of the former to that of the latter in terms of surface temperatures and energy 

savings. According to the results, the use of green roof during the cold period caused to reduce 

the energy consumption for the heating of building by 2–10%. 

The energy saving performance of green roof was evaluated by Coma et al. (2016; 2014), 

Pérez et al. (2012) and Rincón et al. (2014) in Puigverd de Lleida (Spain) where had a 

Mediterranean climate with low precipitation and mean annual temperature between 12°C and 14 

°C. It had also a thermometric regime with large differences between a very hot summer and a 

long winter (between autumn and the last frost may take more than 160 days). In the summer 

2011, Coma et al. (2016; 2014) and Pérez et al. (2012) made some identical house-like cubicles 

with the green roof without filter and insulation layers and with the drainage layer of pozzolana 

in Puigverd de Lleida (Spain) with low rainfall. So, the effect of rainfall on the insulation 

performance of green roof could be ignored, particularly during the summer 2011 in Lleida. 

These climate and weather conditions in turn provided a stimulating research work to assess the 

thermal performance of green roof. On the other hand, the vegetation scarcely covered the top of 

substrate, because it was in the growth phase, and therefore the solar radiation protection was 

poor at the top of the green roof. For this reason, the substrate and drainage layers played a key 

role in the insulation performance of green roof. According to the results, the thermal insulation 

of green roof with the substrate and drainage layer of pozzolana was better than that of the 

conventional flat roof. To assess the insulation performance of green roof systems particularly in 

the winter period, the same identical house-like cubicles was tested by Coma et al. (2016) in 
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Puigverd de Lleida, once the vegetation coverage decreased at the top of green roof owing to the 

disappearance of plants during the winter period. This condition in turn made the study more 

objective to assess the insulation performance of substrate and drainage layers, subjected to the 

solar radiation and outside temperature in the winter period. However, the influence of moisture 

could not be ignored during this period. So, the simultaneous influence of humidity and 

temperature over the green roof with the drainage layer of pozzolana was evaluated. The 

thicknesses of substrate and drainage layer were 5 cm and 4 cm, respectively. The results showed 

that the green roof with the aforementioned thicknesses could not provide energy savings for the 

buildings compared to the traditional flat roofs in a Mediterranean continental climate, 

particularly during the winter period. 

Generally, the climate characteristics or the building loads substantially affect the energy 

saving potential of green roofs (La Roche and Berardi, 2014). In addition, the heat flow through 

green roof system can be affected by the moisture content in the substrate layer (Mukherjee et al. 

2013). Moreover, the soil depth can influence the indoor daily temperature swings in warm and 

humid climate (Ascione et al. 2013; Bates et al. 2013; Lazzarin et al. 2005; Qin et al. 2012; 

Simmons et al. 2008; Wong et al. 2003) and it is able to play a fundamental role in reducing the 

thermal load over the rooftop (Nardini et al. 2012). Concerning this, the effect of different 

parameters including the substrate depth on thermal performance of green roof system in 

different climate zones was assessed by researchers (Berardi et al. 2017; Mukherjee et al. 2013). 

According to the results, the green roof without insulation layer was proposed for rooftop of 

buildings in a cooling dominated climate due to high thermal mass of substrate layer and the 

generation of evapotranspiration cooling phenomenon in substrate and vegetative layers (La 

Roche and Berardi, 2014). However, the substrate layer performance was less favorable in a 

heating dominated climate. Therefore, the use of insulation layer for the green roof system was 

recommended particularly for winter period to decouple the indoor environment from external 

influences. Similarly, Coma et al. (2016) showed that the green roof layers including substrate 

and drainage layers of pozzolana was unable to provide a suitable insulation performance for the 

inside of the buildings particularly for the cold period. They suggested that increasing the 

thickness of substrate and drainage layer might improve the insulation performance of extensive 

green roof in winter season. So, it was required to optimize the thickness of green roof layers to 

provide an adequate thermal mass for the top of houses and buildings particularly during the 
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winter period (Coma et al. 2016; Mickovski et al. 2013). Meanwhile, European standards have 

not proposed the optimum thickness for green roof layers with respect to their thermal resistance 

for different climate conditions (Bellazzi et al. 2020; Saadatian et al. 2013). Therefore, there is a 

demand for modelling the thermal and humidity performance of green roof in winter to optimize 

the thickness of its layers and then comparing its results with summer period. In addition, the 

constant and variable inside temperatures can influence the humidity and temperature variations 

in the depth of green roof systems. In this study, the WUFI software was used to model the 

integration of temperature and humidity variation in the depth of the green roof subjected to the 

weather conditions of Lleida and then the insulation performance of substrate and drainage layer 

of pozzolana in the green roof was assessed, particularly during the winter period. Later on, a 

parametric study was performed to assess the effect of different thicknesses of substrate and 

drainage layer of pozzolana on the thermal and humidity variation in the depth of the green roof. 

Thereafter, the green roof models were subjected to the weather conditions of Lleida for the 

summer period to compare their results with those of the winter period. In the next step, the 

thermal performance of green roof system was modeled using ABAQUS software and after 

verifying the models, they were numerically subjected to the variable inside temperature (free 

floating temperature) and then the thermal performance of green roof models under constant and 

variable inside temperatures was compared to each other. 

2. Construction of green roof models 

2.1. WUFI implementation 

In this study, the WUFI software was used to evaluate the simultaneous influence of humidity 

and temperature over thermal performance of green roof system including drainage layer of 

pozzolana and substrate. The WUFI software is capable of modeling the simultaneous moisture 

and temperature distribution through the depth of building materials (Azizkhani and Haberl 

2020; Nore et al. 2017; Salo et al. 2018). Table 1 presents the characteristics of green roof’s 

layers. According to the other research results (Stovin et al. 2015; Tommasi et al. 2015), the 

values of 57% and 40% were supposed for the porosity of pozzolana and substrate, respectively. 

The experimental cubicle specimen fabricated by Coma et al. (2016) is depicted in Fig. 1(a). As 

shown in Fig. 1(b), the fine grid was automatically introduced to the two-dimensional (2D) 
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system to validate the models by green roof specimens at the top of presented house-like cubicles 

made by Coma et al. (2016) and Pérez et al. (2012). According to the experimental works, the 

rooftop of house-like cubicles was made with different layers including substrate, drainage layer, 

waterproofing membrane, thin concrete layer for the generation of a slope, and roof structure. As 

mentioned by Coma et al. (2016) and Pérez et al. (2012), contrary to the control cubicle 

specimen, the insulation layer at the bottom of the drainage layer was omitted from house-like 

cubicles with green roof system and since the insulation performance of lower layers was 

negligible, the bottom of drainage layer was easily exposed to constant inside temperature (24 

°C) generated by a heat pump with an automatic function. Therefore, the simulation of substrate 

and drainage layers was adequate to reliably assess the thermal performance of green roof 

models between indoor and outdoor spaces.  

The outside temperature and solar radiation for the beginning of July 2011 (summer period) in 

Lleida (Fig. 2) were provided by Coma et al. (2014). In the aforementioned period, the effect of 

rainfall was negligible. In addition, since Lleida had a dry Mediterranean climate condition of 

Lleida, Coma et al. (2014) only considered solar radiation and temperature as outside influences 

on green roof performance as shown in Fig. 2. The fluctuation of internal ceiling temperature of 

green roof specimen with the drainage layer of pozzolana was measured for the same period by 

Pérez et al. (2012). Therefore, similar to the experimental works, the green roof model of GR-P-

D5-S5 was subjected to the outside climate changes for the beginning of July 2011 (Fig. 2) and 

constant inside temperature (24 °C), where the thickness of substrate and drainage layer was 5cm 

and 4cm, respectively. Thereafter, the fluctuation of internal ceiling temperature of green roof 

model (temperature at the bottom of the 2D green roof model) was obtained and verified with 

that of the green roof specimen given by Coma et al. (2016) and Pérez et al. (2012). After 

verification of 2D green roof model, it was subjected to the variable outside humidity, 

temperature and solar radiation for the end of December 2012 in Lleida (Fig. 3) and constant 

inside temperature (22 °C), measured by Coma et al. (2016) to assess the simultaneous influence 

of humidity and temperature over the green roof model, particularly during the winter period. 

Later on, to perform a parametric study on the green roof model during the winter period, the 

thickness of pozzolana as drainage layer increased up to 5, 6, 7, and 8 cm (the reference numbers 

of 2-5 in Table 1). Then, the thickness of substrate increased up to 6, 7, 8, 9, and 10 cm (the 

reference numbers of 6-10 in Table 1). Finally, the thickness of substrate and drainage layer 
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increased by keeping constant the ratio of substrate to drainage layer, equal to 1.25 (the reference 

numbers of 11 and 12 in Table 1).  

In the next step, the verified green roof models using WUFI software were subjected to the 

weather conditions of Lleida on July 2012 and constant inside temperature (24°C), 

corresponding to the summer period. Then, the thickness of drainage layer and substrate 

increased by keeping constant the ratio of substrate to drainage layer, equal to 1.25 (the reference 

numbers of 11 and 12 in Table 1). Thereafter, the results of summer period were compared with 

those of winter period.  

It is noteworthy that the idea of this study was to assess the effect of substrate and drainage 

layers’ thickness on thermal performance of green roof system without change in materials’ 

properties. Therefore, the specific heat and thermal conductivity of substrate and drainage layers 

were assumed to be constant once the thickness of models increased as presented in Table 1. 

  Table 1. Characteristics of green roof layers. 

No. Model ID 

Substrate Drainage layer (pozzolana) 

Density 
(kg/m3) 

Thickness 
(cm) 

Specific 
heat 

(J/kg K) 

Thermal 
conductivity 

(W/m K) 

Density 
(kg/m3) 

Thickness 
(cm) 

Specific 
heat 

(J/kg K) 

Thermal 
conductivity 

(W/m K) 
1 GRୟ-Pୠ-Dୡ4-Sୢ5 940 5 1420 0.435 830 4 1000 0.55 
2 GR-P-D5-S5 940 5 1420 0.435 830 5 1000 0.55 
3 GR-P-D6-S5 940 5 1420 0.435 830 6 1000 0.55 
4 GR-P-D7-S5 940 5 1420 0.435 830 7 1000 0.55 
5 GR-P-D8-S5 940 5 1420 0.435 830 8 1000 0.55 
6 GR-P-D4-S6 940 6 1420 0.435 830 4 1000 0.55 
7 GR-P-D4-S7 940 7 1420 0.435 830 4 1000 0.55 
8 GR-P-D4-S8 940 8 1420 0.435 830 4 1000 0.55 
9 GR-P-D4-S9 940 9 1420 0.435 830 4 1000 0.55 

10 GR-P-D4-S10 940 10 1420 0.435 830 4 1000 0.55 
11 GR-P-D6-S8 940 8 1420 0.435 830 6 1000 0.55 
12 GR-P-D8-S10 940 10 1420 0.435 830 8 1000 0.55 
13 GR-P-D4-S5-Vୣ 940 5 1420 0.435 830 4 1000 0.55 

a Green roof 
b Pozzolana  
c Drainage layer 
d Substrate 
e Variable inside temperature (free floating temperature) 

   
(a) 
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(b) 

Fig. 1. House-like cubicles of green roof (Coma et al. 2016) (a); 2D green roof system built by 
means of WUFI software (b). 

 
Fig. 2. Outside weather conditions for a 6-day period (518400 s) on July 2011 in Lleida (Coma et 

al. 2014). 

 
Fig. 3. Outside weather conditions for a 10-day period (864000 s) on December 2012 

corresponding to the winter period in Lleida (Coma et al. 2016). 
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Fig. 4. Outside weather conditions for a 6.5-day period (561600 s) on July 2012 corresponding to 

the summer period in Lleida (Coma et al. 2016). 

2.2. ABAQUS implementation 

To compare the thermal performance of green roof system under constant inside temperature 

with that under variable inside temperature, ABAQUS software was employed as already used to 

model the building materials (Kazemi et al. 2020; Madandoust et al. 2017; Mohammadi et al. 

2019; Roque et al. 2019; Yousefi Moghadam et al. 2017). Moreover, this finite element software 

has recently been proposed by researchers (Lei et al. 2019; Ting 2011) to evaluate the potential 

thermal distribution within green roof models. One of the advantages of this software is that the 

thermal distribution through different depths of green roof layers can be precisely assessed and 

the temperature value in each node of three-dimensional (3D) green roof models can be 

accurately obtained. This capability of ABAQUS software is useful once it is required to predict 

the temperature variation through different depths of green roof layers. In addition, the thermal 

parameters for modeling of green roof layers in ABAQUS software can be easily measured in 

lab-scale (Ting 2011; Lei et al. 2019). To reliably simulate the thermal performance of the green 

roof specimen made by Coma et al. (2016) and Pérez et al. (2012), the element sizes for the 

length and width of 3D green roof model were supposed to be equal to 8cm and 1 cm, 

respectively. In addition, the 3D hexahedral element, with 8 nodes and reduced integration 

(C3D8R) was used for mesh configuration in ABAQUS software (Fig. 5). The tie constraint 

between substrate and drainage layers was chosen to easily transfer the temperature through 

green roof model. The top of the green roof model (Fig. 5) was subjected to weather conditions 
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of Lleida on July 2011 (Fig. 2). In addition, the bottom of the green roof model was subjected to 

the constant inside temperature (24°C) and then they were validated by the experimental results 

given by Coma et al. (2016) and Pérez et al. (2012). After verifying the green roof models under 

constant inside temperature, a new model (the reference number of 13 in Table 1) were 

developed in which it was numerically exposed to the variable inside temperature given by 

Navarro et al. (2012) (Fig. 6) to compare the thermal performance of green roof models under 

constant inside temperature (24°C) with those under variable inside temperature.  

 

 

Fig. 5. Mesh configuration of green roof model. 

 

Fig. 6. Variable inside temperature (free floating temperature) for a 6-day period (518400 s) of 

summer in Lleida (Spain) (Navarro et al. 2012). 

3. Validation of the simulation models 

For the validation of models, the green roof model of GR-P-D5-S5 was subjected to the 
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To achieve this goal, the internal ceiling temperature of green roof system built using the WUFI 

and ABAQUS software was compared with that of the house-like cubicles of green roof sample 

made by Coma et al. (2016) and Pérez et al. (2012) as presented in Fig. 7. It is noteworthy that 

the center and bottom of green roof models (Figs. 1(b) and 5) was considered to measure the 

internal ceiling temperature. As per the modeling outputs, the green roof models appeared to 

have the same fluctuation of internal ceiling temperature as obtained for the experimental 

specimen. In addition, the internal ceiling temperature for the green roof model in WUFI 

software was in the 23.5-25.5 °C range. The corresponding range for the green roof model in 

ABAQUS software was obtained 23.3-26.3 °C. This range in the experimental program was 

23.9-25.5 °C as reported by Coma et al. (2016) and Pérez et al. (2012). Therefore, there was no 

significant difference between the internal ceiling temperature of green roof models and 

experimental specimen. 

 
Fig. 7. A comparison between the internal ceiling temperature of green roof models and 

experimental specimen. 
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The humidity and temperature distribution in different depths of the GR-P-D4-S5 model 
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appeared to be 44.98-70.74% between the substrate and drainage layer. The 39.83-58.7 % range 

was obtained for the bottom of the drainage layer, which was within the internal relative 

humidity range for comfort 30-70% as stated by Gilmore (1972). It can be stated that high 

retention capacity of pozzolana (porous volcanic gravel) and substrate led to decreasing the 

relative humidity from the top to the bottom of system.  

As shown in Fig. 8, the 0-15.78 °C range of temperature was obtained for the top of substrate. 

The range of 8.12-17.64 °C was observed between the substrate and drainage layer. This range 

was found to be 13.28-19.21 °C for the bottom of drainage layer. Therefore, it can be concluded 

that high heat resistance of drainage layer of pozzolana and substrate (Coma et al. 2016, 

Dahanayake and Chow 2018) led to decreasing the thermal variation from the top to the bottom 

of system. As mentioned by Coma et al. (2016), the comfort temperature for the inside of the 

experimental cubicle of green roof was about 22 °C during the winter period and they used it as a 

set point for the experiments. The range of internal ceiling temperature of green roof 

(temperature at the bottom of drainage layer) was lower than the comfort temperature of 22 °C. 

That’s why the current design of green roof could not improve the insulation performance of 

extensive green roof as observed by Coma et al. (2016). In addition, since the outside air 

temperature was lower than the internal comfort temperature (22°C) during the winter period, the 

thermal transmittance of green roof increased, leading to higher energy consumption, similar to 

what Coma et al. (2016) concluded. 

 
Fig. 8. The humidity and temperature distribution in different depths of the GR-P-D4-S5 model 

during the winter period. 
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4.2. Effect of layers’ thickness on the insulation performance 

4.2.1. Thickness of drainage layer (winter period) 

For the winter period, the humidity and temperature distribution in the GR-P-D4-S5 model 

with constant thickness of substrate (5cm) and different thicknesses of drainage layer is shown in 

Fig. 9. For the models with 4-, 5-, 6-, 7-, and 8-cm drainage layer, the internal relative humidity 

was in the range of 39.83-58.7%, 39.52-58.08%, 38.43-57.64%, 37.86-57.55%, and 37.12-

56.55%, respectively. So, the difference between the maximum and minimum values of relative 

humidity decreased by increasing the thickness of drainage layer. In addition, the aforementioned 

internal relative humidity ranged from 37.12% to 58.7%, which was within the range of comfort 

relative humidity (30-70%) as determined by Gilmore (1972). 

For the models with 4-, 5-, 6-, 7-, and 8-cm drainage layer, the range of internal ceiling 

temperature was 13.28-19.21 °C, 13.7-19.28 °C, 14.17-19.37 °C, 14.5-19.41 °C, and 14.8-19.49 

°C, respectively. As per the results, increasing the thickness of drainage layer contributed to 

increasing the internal ceiling temperature and decreasing the fluctuation of temperature and 

subsequently improving the thermal resistance of system, owing to high diffusion properties and 

low bulk density of pozzolana as stated by Rincón et al. (2014) and Coma et al. (2016).  

As shown in Fig. 9, the fluctuation of relative humidity and temperature for the model with 7-

cm drainage layer of pozzolana (GR-P-D7-S5) was near to that for the model with 8-cm drainage 

layer of pozzolana (GR-P-D8-S5). So, the difference between the results of these two models 

was negligible. To apply lower load to the top of houses, researchers (Rincón et al. 2014; 

Sadeghian et al. 2020) have suggested to choose the roof with a lighter weight. Therefore, the 

system with 7-cm drainage layer of pozzolana (GR-P-D7-S5) can be considered as an optimum 

design of green roof to reduce the energy consumption of buildings in the construction sector, 

particularly during the winter period.  
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Fig. 9. The humidity and temperature distribution at the bottom of green roof with different 

thicknesses of drainage layer during the winter period. 

4.2.2. Thickness of substrate (winter period) 

Fig. 10 shows the humidity and temperature distribution in the GR-P-D4-S5 model with 

constant thickness of drainage layer (4cm) and different thicknesses of substrate, particularly for 

the winter period. The range of relative humidity for the green roof with 5-, 6-, 7-, 8-, 9- and 10-

cm substrate was 39.83-58.7%, 38.65-58.08%, 37.56-57.86%, 36.9-57.42%, 35.81-56.77%, and 

35.15-55.89%, respectively, as shown in Fig. 10. The aforementioned internal relative humidity 

ranged from 37.56% to 58.7%, which was within the internal relative humidity range for comfort 

(30-70%). 

According to Fig. 10, for the models with 5-, 6-, 7-, 8-, 9- and 10-cm substrate, the range of 

internal ceiling temperature was 13.28-19.21 °C, 13.84-19.29 °C, 14.33-19.22 °C, 14.84-19.43 

°C, 15.3-19.52 °C, and 15.68-19.66 °C, respectively. The results showed that the difference 

between the maximum and minimum internal ceiling temperature decreased by increasing the 

thickness of substrate. This can be owing to high thermal mass generated by substrate at the top 

of drainage layer, similarly to what Lundholm et al. (2014) stated. However, there was no 

significant difference between the range of internal ceiling temperature for the green roof with 9-

cm substrate and 10-cm substrate.  
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The fluctuation of relative humidity and temperature for the model with 9-cm substrate (GR-

P-D4-S9) was near to that for the model with 10-cm substrate (GR-P-D4-S10) as shown in Fig. 

10. Therefore, the system with 9-cm substrate (GR-P-D4-S9) can be considered as an optimum 

design of green roof to reduce the energy demand of buildings for heating, particularly for the 

winter period.   

 

Fig. 10. The humidity and temperature distribution at the bottom of green roof with different 
thicknesses of substrate during the winter period. 

4.2.3. Thickness with constant ratio of substrate to drainage layer (winter and summer 

periods)  

Figs. 11 and 12 show the humidity and temperature distribution at the bottom of green roof 

with constant thickness ratio of substrate to drainage layer corresponding to the winter and 

summer periods, respectively. During the winter period, for the systems namely GR-P-D4-S5, 

GR-P-D6-S8, and GR-P-D8-S10, the internal relative humidity was in the range of 39.83-58.7%, 

35.81-56.33 %, and 34.06-54.37 %, respectively (Fig. 11). The corresponding ranges for the 

summer period were 44.96-74.6%, 44.88-70.49%, and 45.35-67.88%, respectively (Fig. 12). 

According to the results, the range of internal relative humidity of green roof models was within 

the range of comfort humidity (30-70%) either the models were for winter or summer period.  
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During the winter period, for the systems namely GR-P-D4-S5, GR-P-D6-S7.5, and GR-P-

D8-S10, the range of internal ceiling temperature was 13.28-19.2 °C, 15.49-19.48 °C, and 16.68-

19.74 °C, respectively (Fig. 11). The corresponding values for the summer period were obtained 

21.12-26.86 °C, 21.76-26.06 °C, and 21.14-25.44 °C, respectively (Fig. 12). According to the 

results, it can be stated that increasing the thickness of substrate and drainage layers contributed 

to decreasing the fluctuation of internal ceiling temperature. Coma et al. (2016) proposed that the 

comfort temperature for the summer period was in the range of 23-26 °C. According to the 

ranges of internal ceiling temperature for the summer period (Fig. 12), there was no remarkable 

difference between the ranges of internal ceiling temperature of green roof models (Fig. 12) and 

that of comfort temperature for the summer period (23-26 °C). However, the internal ceiling 

temperature ranges of winter period (Fig. 11) were not within the range of comfort temperature 

(20-24 °C) assumed by Coma et al. (2016) for the cold period. So, the energy efficiency of 

buildings made with green roof during the summer period was found to be more than those 

during the winter period similar to what was stated by Dahanayake and Chow (2018). This can 

be due to the fact that the outside air temperature in the winter period was lower than the internal 

comfort temperature (22°C). This difference caused the moisture of substrate and drainage layers 

to absorb the internal ceiling temperature, leading to consuming higher energy, similar to what 

Coma et al. (2016) concluded (Fig. 13 (a)). However, the outside air temperature in the summer 

period was normally more than the internal comfort temperature (24°C). Therefore, the moisture 

of substrate and drainage layers absorbed the outside temperature to reach the stable temperature, 

leading to generating an thermal resistance layer in green roof system and keeping the internal 

ceiling temperature within the intended range as shown in Fig. 13 (b). That’s why the internal 

ceiling temperature ranges in the summer period (Fig. 12) were obtained within the comfort 

temperature (23-26 °C), while these ranges in the winter period (Fig. 11) were not within the 

comfort temperature (20-24 °C).  

For the summer period, the results of green roof model with 8-cm substrate and 6-cm drainage 

layer of pozzolana (GR-P-D6-S8) were found to be the same as that with 10-cm substrate and 8-

cm drainage layer of pozzolana (GR-P-D8-S10). Therefore, the 8-cm substrate and 6-cm 

drainage layer of pozzolana (GR-P-D6-S8) is introduced to be used in the building sector owing 

to its better thermal performance as well as its lower weight, which can be considered as an 

advantage from the structural point of view. However, for the winter period, the range of internal 
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ceiling temperature for the green roof model with 10-cm substrate and 8-cm drainage layer 

(16.68-19.74 °C) was the nearest range to the comfort temperature (20-24 °C) and therefore this 

model (GR-P-D8-S10) can be used to somewhat provide the comfort temperature for the inside 

of houses and buildings, particularly during the winter period. 

 

Fig. 11. The humidity and temperature distribution at the bottom of green roof with constant 
thickness ratio of substrate to drainage layer during the winter period. 

 

Fig. 12. The humidity and temperature distribution at the bottom of green roof with constant 

thickness ratio of substrate to drainage layer during the summer period. 
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(a)                                                             (b) 

Fig. 13. Temperature transfer in green roof layers during winter period (a); and summer 

period (b). 

4.3. Comparison of thermal performances under constant and variable inside temperatures  

Navarro et al. (2012) measured the variable inside temperature (free floating temperature) for 

a 6-day period of summer in Lleida (Spain) as shown in Fig. 6. The green roof models were 

exposed to this variable inside temperature to assess the effect of free floating temperature on the 

thermal performance of substrate and drainage layers. The internal ceiling temperature 

fluctuation of models under variable inside temperature (GR-P-D4-S5-V) was compared to that 

under constant inside temperature (GR-P-D4-S5) as shown in Fig. 14. According to the results, 

the variable inside temperature increased the internal ceiling temperature fluctuation of green 

roof models. For instance, the maximum internal ceiling temperature of the green roof model 

with the pozzolana (29.45°C) was 25.3% more than its minimum internal ceiling temperature 

(23.5°C) under variable inside temperature. The corresponding difference for the same green 

roof model under constant inside temperature was obtained 13.9%. The contour plots of green 

roof models with pozzolana under variable inside temperature was compared to each other as 

seen in Fig. 15, when the maximum nodal temperature distribution was generated in 370000th s. 

According to the results, the green roof model was subjected to the constant inside temperature 

(Fig. 15(a)), the temperature at the top of the drainage layer (304.6 K) was 1.7% more than that 
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at the bottom of drainage layer (299.5 K). The corresponding difference for the green roof model 

under variable inside temperature (Fig. 15(b)) was 1.6%. It can be stated that the variation of 

temperature within the depth of the drainage layer under constant inside temperature was nearly 

the same as that under variable inside temperature. It can be due to more pores of pozzolana 

(Coma et al. 2016), leading to generating the air-voids in the drainage layer and improving its 

heat resistance against the variable inside temperature to prevent releasing the inside temperature 

into the outside of the building. Therefore, the drainage layer of pozzolana provided a suitable 

thermal resistance for the inside temperature of the houses; hence, the variable inside 

temperature couldn’t easily transfer to the outside of the building. 

 

Fig. 14. Internal ceiling temperature in the green roofs exposed to constant and variable inside 

temperatures (°C). 
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(b)   

Fig. 15. The highest thermal values in the green roofs under constant inside temperature (GR-

P-D4-S5) (a); and under variable inside temperature (GR-P-D4-S5-V) (b); the unit in the legends 

is K. 

5. Conclusions 

This work modeled and evaluated the humidity and temperature variations through the depth 

of the green roof systems with pozzolana as drainage layer subjected to constant and variable 

inside temperatures and exposed to the weather conditions of winter and summer. The main 

conclusions are: 

 The element sizes introduced to ABAQUS software and the fine gird chosen in WUFI 

software provided a suitable agreement between the internal ceiling temperature of 

green roof models and that of experimental specimens. Therefore, the modelling with 

WUFI and ABAQUS software realistically predicted the thermal performances 

observed on experimental cubicle specimens for the winter and summer periods. 

 During the winter period, there was a decrease in temperature through the depth of the 

green roof system, while the reverse occurred for the relative humidity. Furthermore, 

from the top to the bottom of green roof models, there was a decrease for the 

fluctuation of relative humidity and temperature. 

 For the winter period, the thermal resistance of green roof system increased either 

with increasing the thickness of drainage layer of pozzolana or substrate. In addition, 

the drainage layer of pozzolana with the thickness of 7 cm was recommended to be 

used for the green roof system, once the thickness of substrate was kept constant. 

Moreover, the substrate with the thickness of 9 cm was proposed to be used in the 

green roof system, once the thickness of drainage layer was kept constant. 

 There was a decrease in the fluctuation of internal ceiling temperature by 

simultaneously increasing the thickness of drainage layer and substrate. For the 
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summer period, the green roof model with the 8-cm substrate and 6-cm drainage layer 

of pozzolana (GR-P-D6-S8) was adequate to provide the comfort temperature for the 

houses and buildings. For the winter period, it was required to use the green roof 

system with thicker layers including the 10-cm substrate and 8-cm drainage layer of 

pozzolana (GR-P-D8-S10) to achieve the nearest range of temperature to the comfort 

temperature of winter period. Therefore, the aforementioned green roof system (GR-

P-D8-S10) can be practically employed as an optimum design of the green roof 

system either for the winter or for the summer period. 

 According to the results, the variable inside temperature increased the internal ceiling 

temperature fluctuation of green roof models. Under variable inside temperature, the 

maximum internal ceiling temperature of the green roof model with the pozzolana 

was 25.3% more than its minimum internal ceiling temperature (23.5°C). The 

corresponding difference for the same green roof model under constant inside 

temperature was 13.9%. Therefore, the internal ceiling temperature fluctuation of 

system under variable inside temperature was found to be higher than that under 

constant inside temperature. 

 The temperatures at the top of the drainage layers of pozzolana under variable inside 

temperature were found to be nearly the same as those under constant inside 

temperature, demonstrating high thermal resistance of pozzolana against the variable 

inside temperature. 

Experimental approach has now to be developed in order to verify the accuracy of the model 

and its real sensitivity to physical characteristics of materials used for substrate and drainage 

layers. Other environmental conditions have also to be considered, specifically with more 

extreme lower temperatures. 
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