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Abstract 
The thermal performance of an extensive green roof can 
be influenced by the initial hygrothermal conditions of 
substrate and drainage layers. Moreover, coarse recycled 
materials can affect the thermal resistance of green roof 
layers, while there is a demand for optimizing their 
thickness. Therefore, the main objective of this study is 
to optimize the thickness of green roof layers, once 
coarse recycled materials were used for substrate and 
drainage layers: WUFI software has been used for such 
application, which was suitable for modeling the initial 
hygrothermal conditions (heat and moisture properties) 
of green roof layers. According to the results, Rc-value 
for the green roof without coarse recycled materials was 
found slightly higher than that of the specimen with 
coarse recycled materials (4.1%), indicating nearly the 
same thermal resistance of the former and the latter. The 
green roof model with 15-cm substrate and 6-cm 
drainage layer can be regarded as the best appropriate 
system concerning their better thermal resistance and 
lower weight. 
Key Innovations 

 Thermal resistance of green roof layers with 
coarse recycled materials was experimentally 
assessed concerning ISO 9869-1 (2014). 

 Thermal performance of substrate and drainage 
layers was simulated by considering their initial 
hygrothermal conditions. 

 Thickness of green roof layers was optimized. 
Practical Implications 
For green roof layers in wet condition, the simultaneous 
effect of heat and moisture properties of materials must 
be considered to validate the models reliably and assess 
the their thermal performance reliably.  
Introduction 
The energy consumption of houses and building sectors 
has raised some concerns, accounting for 40% of total 
primary energy demand in the European Union (Coma et 
al., 2014). Therefore, the reduction of energy demand in 
this area is a priority in the construction industry to 
enhance new structures' insulation dynamic. Some 
researchers have proposed the replacement of common 
flat roofs with green roofs to improve the performance 
and energy savings in the building sector (Coma et al., 
2016). There are three major types of green roof: 
intensive, semi-intensive and extensive green roofs. 
Among different types of green roofs, the extensive 
green roof has shallow substrate layer and require less 
maintenance; so, it has been proposed to be used in the 
building sector (Kuppusamy Vijayaraghavan, 2016). 

From the top to down, the extensive green roof layers 
include vegetation, growing medium (substrate), filter, 
and drainage and insulation layers (Tabares-Velasco et 
al., 2012). Researchers have proposed to use the 
polyethylene modular panel (egg-carton-shaped panel) 
as drainage layer of green roof (Chenani et al., 2015; 
Dvorak & Volder, 2013; Jim, 2014; Mickovski et al., 
2013; Vesuviano & Stovin, 2013). However, this 
modular panel has been replaced with natural aggregates 
in some cases (Wanielista et al., 2008). In this regard, 
Wanielista and Hardin (Wanielista et al., 2008) 
performed a comparison between the use of polyethylene 
modular panel and natural gravel aggregate in the 
drainage layer. The results showed that the quality of 
water leaked from the natural gravel aggregate was 
nearly the same as that leaked from the polyethylene 
modular panel. Moreover, the evapotranspiration process 
in the green roof with the natural gravel aggregate as the 
drainage layer increased by increasing the atmospheric 
temperature.  
Although the drainage layer with natural aggregates can 
be considered as a permeable layer, which is very 
important for the leakage of water from the green roof 
(Uhl & Schiedt, 2008; K. Vijayaraghavan et al., 2012), 
the overuse of natural aggregate in the construction 
sector has harmed the environment in recent decades 
(Vila et al., 2012). This issue can be somewhat solved by 
replacing natural aggregates with recycled materials in 
the green roofs. The green roofs' water retention capacity 
can be improved using recycled materials in the 
substrate and drainage layers. Besides, the high porosity 
of recycled materials can lead to accelerating the leakage 
of extra water from the green roof (Kazemi et al., 2020; 
Nematzadeh et al., 2020); in this regard, a study by 
Berndtsson et al. (2006) on the extensive green roofs 
showed that the crushed brick as a drainage layer slightly 
retained small particles, released from the soil, and 
somewhere prevented washing them away. Recently, the 
thermal performance of green roof with the drainage 
layer of perlite, expanded clay, and rubber crumbs was 
assessed by Cascone et al. (2018). According to these 
results, the diurnal temperature fluctuations of buildings 
with the green roof decreased compared to that with the 
traditional roof, owing to higher thermal inertia 
generated by the drainage layer and substrate. Another 
study by Coma et al. (2016) showed that, during the 
summer, the green roof with rubber crumbs provided 
more energy savings than volcanic gravel as a drainage 
layer in the green roof.  
To simulate thermal and moisture distribution, the 
modeling tools have been widely used by researchers 
and a list of hygrothermal simulation software was 
provided by Delgado et al. (2012) to apply to building 
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physics. Some hygrothermal simulation tools have met 
the criteria required for the heat and moisture transfer 
within green roof systems (Burch & Chi, 1997; Delgado 
et al., 2012; TenWolde, 2011). Among the approved 
tools, the WUFI simulation software has been chosen for 
further use by researchers to simulate the bond between 
moisture and heat conditions through green roof layers 
owing to some reasons including higher accuracy of 
hygrothermal simulation results in comparison with 
experimental measurements under different climate 
conditions over a long-period monitoring (Künzel, 
1994). The rainwater reception and water drainage effect 
through the greenery layers are other advantages of 
WUFI simulation software (Schafaczek & Zirkelbach, 
2013; Zirkelbach et al., 2017). In addition to the above, 
the material parameters including liquid water transport, 
water content, and relative humidity can be easily 
measured in lab-scale and then introduced into the 
WUFI software to consider the initial hygrothermal 
conditions of green roof layers (Zirkelbach, 2017). 
The indicators for thermal insulation performance have 
been attributed to the temperature distribution through 
materials' depth (Cascone, 2019; Kazemi & Courard, 
2020, 2021; Ling et al., 2016). Although some 
researches have been carried out on green roof systems' 
insulation performance, few studies have assessed and 
simulated the hygrothermal conditions of green roof 
layers, mainly including coarse recycled materials. Also, 
the optimization of substrate and drainage layers with 
recycled coarse aggregate has rarely been assessed so 
far. There are no European standards to propose the 
optimum thickness for green roof layers concerning their 
thermal performance (Bellazzi et al., 2020; Saadatian et 
al., 2013). Therefore, there is a demand for evaluating 
the thermal resistance of substrate and drainage layers 
with coarse recycled materials based on their 
hygrothermal properties.  
In this study, the thermal resistance of green roof with 
substrate of coarse recycled material and the drainage 
layer of recycled coarse aggregate was tested and 
evaluated concerning ISO 9869-1 (2014). After that, the 
heat and moisture properties of green roof layers were 
introduced into WUFI software and then the modeling 
outputs were compared and validated with experimental 
results. Later on, the temperature distribution through the 
depth of green roof layers was assessed once the the 
thickness of substrate and drainage layers was 
numerically changed. Finally, the optimum thicknesses 
of green roof models with a reliable thermal 
performance were introduced. 
Methodology 
The initial heat and moisture conditions of substrate and 
drainage layers based on recycled coarse materials were 
obtained to assess green roof models' thermal 
performance. The substrate without recycled coarse 
aggregate in wet condition and the drainage layer of 
natural coarse aggregate were considered for the green 
roof specimen as a control specimen (Fig. 1). Later on, 
the light substrate produced by Zincohum containing 

recycled tiles and bricks in wet condition was used for 
the green roof system once the recycled coarse aggregate 
was considered for the drainage layer (Fig 2). The 
maximum size of natural and recycled coarse aggregates 
for the drainage layer was 7 mm. Fig. 3 shows a cross-
sectional view of green roof layers. 

   
                             (a)                             (b) 
Fig. 1. Conventional materials for the control green roof 

specimen: natural coarse aggregate for the drainage 
layer (a); substrate without recycled coarse aggregate 

(b). 

                                 
                (a)                             (b) 
Fig. 2. Recycled materials for the green roof 

specimen: recycled coarse aggregate for the drainage 
layer (a); substrate containing recycled tiles and bricks 

(b). 

 
 

Fig. 3. A cross-sectional view of green roof layers. 

The control and proposed green roof specimens were 
separately put in a 40 × 40 × 20 cm mini experimental 
mold. After that, the mold was placed in the center of the 
thermal device between the cooling and heating sides 
(Fig. 4). The polyurethane foam was used to insulate the 
mini experimental green roof mold's surrounding area as 
shown in Fig. 4. The bottom and top of the specimens 
above was exposed to the temperatures. This device 
measured the thermal conductivity of green roof layers 
using a sensor installed in its bottom. 

  
Fig. 4. Thermal device. 

Substrate = 15 cm 

Cooling side 

Drainage layer = 5 cm 

40 cm 

Heating side 

Relative humidity sensor 
at the top of substrate 

Temperature sensor at the 
middle of substrate   

Temperature sensor between 
substrate and drainage layer  

Relative humidity sensor at 
the bottom of drainage layer 
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The thermal conductivity value (λ) was automatically 
measured by the thermal device (Fig. 3(b)). Eq. (1) 
presents the difference between the top and bottom 
surfaces of specimen (∆T): 

  ∆T= Th - Tc                                (1) 
where Th and Tc are the temperatures in the thermal 
device's heating and cooling sides, respectively (K). 
According to Fourier's law, the density of heat flow rate 
(q) with the unit of W/m2 was calculated using Eq. (2): 

q = λ.∆                                      (2) 
where l is the thickness of green roof layers (m). 
Then, Eq. 3 was used to evaluate the convergence of Rc-
value (m2K/W) using the Average Method given by ISO 
9869-1 (2014). 

Rc=  ∑ ∆
∑                                (3) 

where t is the time interval, and m is the minimum 
required measurement period (h). 
To report an acceptable Rc-value based to the Average 
Method, three main criteria to fulfill and stop the 
measurement have to include the following:  

 The measurement period should take at least 72 
h.  

 The value calculated at the end of the data set 
should not deviate more than ±5% from the 
respective value obtained 24 h before. 

 The resulting value when applying the method 
to the first 67% of data should not deviate by 
more than ±5 % from the respective value when 
analyzing the last 67% of the data. 

To converge Rc-value using the Average Method given 
by ISO 9869-1 (2014), it has been recommended that the 
difference between exterior and interior surface 
temperature should be considered higher than 3 K 
(Atsonios et al., 2017). Also,  this surface temperature 
difference should be at least 5-10 K once using the 
Average Method (Desogus et al., 2011; ISO 9869-1, 
2014; Rodler et al., 2019). Therefore, the top and bottom 
of green roof specimens were subjected to 16.5 K and 
23.5 K, respectively, resulting in the surface temperature 
difference of 7 K. 
Concerning the moisture properties of materials, the 
gravimetric analysis was used for obtaining the water 
content and relative humidity of substrate and drainage 
layers, following NF ISO 16586 (2003). As per the 
criteria given by NF ISO 16586 ( 2003), the soil should 
be dried using the oven at 105°C for 48 h. 
For green roof layers modeling, the WUFI simulation 
software was used, and the green roof specimens were 
exposed to the top and bottom temperatures 
(temperatures of cooling and heating sides in Fig. 4). In 
addition, two sensors for measuring the relative humidity 
of air near to the top and bottom of green roof specimen 
was installed as shown in Fig. 3. These measured 
relative humidity at the top and the bottom of the system 
was also applied to the top and bottom of green roof 
models.  

On the other hand, two sensors for measuring the 
temperature were installed at the middle of the substrate 
and between the substrate and drainage layer (Fig. 3). 
The measurement accuracy of the sensors was ±0.1 °C. 
For the validation of modeling outputs with experimental 
results, these two temperatures at a depth of green roof 
layers were compared with green roof models. After 
that, since the indicators for thermal insulation 
performance have been attributed to the temperature 
distribution through the depth of materials (Cascone, 
2019; Kazemi & Courard, 2020; Ling et al., 2016), the 
temperature values were assessed by changing the 
thickness of substrate and drainage layers to introduce 
suitable designs for green roof layers. 

Properties and geometrical characteristics of 
green roof layers 
The properties of substrate and drainage layers are 
presented in Table 1. Each layer's thermal conductivity 
was separately measured according to ISO 9869-1 
(2014) using the thermal device as indicated in Fig. 4. 
The water vapour diffusion resistance factor (µ) 
represents the ratio of the diffusion coefficients of water 
vapor in air and the building material. For very 
permeable materials such as coarse aggregate layers, the 
µ-value could be close to 1 (Krus, 1996). The diffusion 
coefficient of water vapor in the substrate was measured 
using the cup method adapted to EN 1015 (1999). After 
that, the µ-value substrate with and without of recycled 
coarse materials was 3.62 and 3.35, respectively. The 
free water content of different materials was obtained 
using the laboratory's gravimetric method based on NF 
ISO 16586 (2003). The water absorption coefficient of 
substrate and coarse aggregate was measured and 
calculated according to EN 1925 (1999). The specific 
heat capacity of different materials was obtained using 
the Calorimetric method, which was compatible with 
ASTM D-16 (2018). 
The details and geometrical characteristics of green roofs 
are presented in Table 2. First, the control green roof 
specimen including 15-cm substrate without coarse 
recycled materials and 5-cm drainage layer of natural 
coarse aggregate (S15-D5-C) was put in the center of the 
thermal device, and it was exposed to the temperatures 
from the cooling and heating sides (Fig. 4) for 7 days. 
After that, the proposed green roof specimen, including 
15-cm substrate without coarse recycled materials and 5-
cm drainage layer of recycled coarse aggregate (S15-D5) 
was tested using the thermal device.  Later on, the 
specimens above (S15-D5-C and S15-D5) were modeled 
and the properties of their layers, presented in Table 1, 
were introduced to WUFI software. After validation of 
green roof models with experimental outputs, the effect 
of the thickness of substrate and drainage layers on the 
temperature distribution through the depth of green roof 
models was assessed: by keeping constant the thickness 
of the substrate, the thickness of drainage layer was 
changed to 4, 6, 7, and 8 cm for both control and 
proposed green roof models. In the next step, by keeping 
constant the thickness of the drainage layer, the 
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substrate's thickness was changed to 12, 18, and 21 cm. 
Finally, by keeping the percentage of substrate to 

drainage layer (3) constant, the thicknesses of substrate 
and drainage layer were changed as presented in Table 2.

Table 1. Properties of green roof layers. 

Materials 

Bulk 
density
, ρs 
(kg/m3) 

Porosity 

Specific 
heat 
capacity, 
Dry 
(J/kg K) 

Thermal 
conductivity, 
Dry, λ 
(W/m⋅K) 

Water 
vapour 
diffusion 
resistance 
factor, µ 

Reference 
water 
content 
(kg/m3) 

Free 
water 
content 
(kg/m3) 

Water 
absorption 
coefficient 
(kg/m2.s0.5) 

Typical 
Built-in 
moisture 
(kg/m3) 

Substrate without coarse 
recycled materials  

1075.2
3 0.482 880 0.15 3.62 10.31 380.95 0.47 125.46 

Substrate with coarse 
recycled materials 

1000.9
5 0.4863 810 0.17 3.35 2.73 285.71 0.22 87.35 

Natural coarse 
aggregate 

1436.5
6 0.4167 770 0.114 1 1.159 42.86 0.0256 4.21 

Recycled coarse 
aggregate 

1164.4
7 0.4956 730 0.11 1 3.321 122.76 0.072 14.34 

Table 2. Details and geometrical characteristics of green roofs 

No. Specimen 
Substrate Drainage layer Thickness (cm) 

Without coarse 
recycled materials 

With coarse recycled 
materials 

Natural coarse 
aggregate 

Recycled coarse 
aggregate Substrate Drainage 

layer 

1 S 15-D 4-C  ✔ - ✔ - 15 4 

2 S15-D5-C ✔ - ✔ - 15 5 

3 S15-D6-C ✔ - ✔ - 15 6 

4 S15-D7-C ✔ - ✔ - 15 7 

5 S15-D8-C ✔ - ✔ - 15 8 

6 S12-D5-C ✔ - ✔ - 12 5 

7 S18-D5-C ✔ - ✔ - 18 5 

8 S21-D5-C ✔ - ✔ - 21 5 

9 S12-D4-C ✔ - ✔ - 12 4 

10 S18-D6-C ✔ - ✔ - 18 6 

11 S21-D7-C ✔ - ✔ - 21 7 

12 S15-D4 - ✔ - ✔ 15 4 

13 S15-D5 - ✔ - ✔ 15 5 

14 S15-D6 - ✔ - ✔ 15 6 

15 S15-D7 - ✔ - ✔ 15 7 

16 S15-D8 - ✔ - ✔ 15 8 

17 S12-D5 - ✔ - ✔ 12 5 

18 S18-D5 - ✔ - ✔ 18 5 

19 S21-D5 - ✔ - ✔ 21 5 

20 S12-D4 - ✔ - ✔ 12 4 

21 S18-D6 - ✔ - ✔ 18 6 

22 S21-D7 - ✔ - ✔ 21 7 
          a Substrate  
          b Drainage layer 
          c Control specimen 

Results  
Comparison between experimental and 
modelling results 
Figs. 5 and 6 show the temperature and relative humidity 
fluctuations for the control and proposed green roofs. To 
validate the modeling outputs with experimental results, 
the temperature variations in the depth of green roof 
models were compared with those of green roof 
specimens.  The temperature fluctuation at the top and 
bottom of green roof specimens was nearly the same for 
the green roof models. After convergence of temperature 

for the control specimen, the average temperature in the 
middle of the substrate and between the substrate and 
drainage layer was 19.64 °C and 21.56 °C, respectively. 
The corresponding value for the control green roof 
model was 19.57 °C and 21.5 °C. Therefore, the 
modeling temperatures were found to be very close to 
those of experimental results. For the proposed green 
roof specimen, the average temperature in the middle of 
the substrate and between the substrate and drainage 
layers was 19.1 °C and 20.84 °C, respectively. These 
values for green roof model were equal to 19.05 °C and 
21.19 °C. According to the results, the average 
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temperature in the middle of the substrate for the 
proposed green roof model was nearly the same as the 
experimental specimen. Moreover, this value between 
the substrate and drainage layer of the model was 1.7 % 
more than that of green roof specimen. Therefore, the 
control and proposed models (S15-D5-C and S15-D5) 
reliably predicted the temperature distributions through 
the depth of experimental green roof layers. 

 
Fig. 5. Experimental results of control green roof 
specimen (S15-D5-C) and its modeling outputs. 

Fig. 6. Experimental results of the proposed green roof 
specimen with coarse recycled materials (S15-D) and its 

modeling outputs. 
Thickness of drainage layer 
Fig. 7 shows the average temperature through the depth 
of green roof layers with different thicknesses of 
drainage layer during the last 5 days of the testing period 
(convergence period of Rc-value). To assess the 
thickness effect of the drainage layer, the temperature 
between the substrate and drainage layer for different 
models was compared. Since the location between 
substrate and drainage layer was near to the heating side 
of the thermal device, it was expected that the 
temperature in this location decreased by increasing the 
thickness of the drainage layer. Moreover, the thickness 
could be considered an optimum design for drainage 
layer once the temperature didn’t change. For the control 
model, the temperature between substrate and drainage 
layer for green roofs with 4-, 5-, 6-, 7-, and 8-cm 
drainage layer was obtained 21.82 °C, 21.5 °C, 21.3 °C, 
21.27 °C, and 21.2 °C, respectively. This showed a mild 
decrease in temperature by increasing the thickness of 

drainage layer of natural coarse aggregate and the 
temperature for 6-cm drainage layer was obtained nearly 
the same as 7- and 8-cm drainage layer. On the other 
hand, this temperature for the proposed green roofs with 
6-, 7-, and 8-cm drainage layer was near to 21 °C.  

 
Fig. 7. Temperature in the depth of green roof 

models with different thicknesses of the drainage layer. 
Thickness of substrate 
The average temperature through the depth of green roof 
layers with different substrate thicknesses during the last 
5 days of the testing period is shown in Fig. 8. To 
evaluate the thickness influence of substrate layer, the 
middle of substrate temperatures for different green roof 
models were compared to each other. Since the location 
in the middle of the substrate was near to the cooling 
side of the thermal device, it was expected that the 
temperature in this location increased by increasing the 
thickness of the substrate. Moreover, the thickness could 
be considered as an optimum design for the substrate 
once the temperature didn’t change after that. According 
to the modeling outputs, the middle of the substrate's 
temperature for the control model with 12-cm substrate 
was 19.28 °C. The approximate value of 19.5 °C was 
attained for the model with the 15-cm substrate. The 
temperature above was near to 19.7 °C for the models 
with 18- and 21-cm substrate. On the other hand, the 
middle of substrate temperature for the proposed model 
with 12- and 15-cm substrate was 18.99 °C and 19.1 °C, 
respectively. However, this value for the proposed model 
with 18- and 21-cm substrate was about 19.32 °C. As per 
the results, the  proposed model's temperature with 18-
cm substrate (S18-D5) was nearly the same as that of the 
proposed model with 21-cm substrate (S21-D5). The 
same result was nearly obtained for the control model.  

 
Fig. 8. Temperature in depth of green roof models 

with different thicknesses of substrate. 
Thickness with constant ratio of substrate to 
drainage layer 
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Fig. 9 indicates the temperature distribution through the 
depth of green roof models with constant thickness ratio 
of substrate to drainage layer during the last five days of 
the testing period. Since the thicknesses of both substrate 
and drainage layers were changed, the temperature either 
in the middle of substrate or between substrate and 
drainage layer was expected to be affected by the 
thermal device's cooling and heating sides (Fig 4). 
According to the results, there was no significant 
difference in the temperature generated in the middle of 
substrate layer once the thickness of substrate and 
drainage layers simultaneously increased. For instance, 
the range of temperature in the middle of substrate and 
drainage layer for the control models was 19.4-19.5 °C. 
The corresponding range for the proposed models was 
19.1-19.2 °C. However, there was a moderate increase in 
the temperature between substrate and drainage layer for 
both control and proposed models once the thickness of 
substrate and drainage layers simultaneously increased, 
even though this temperature for the models with 18-cm 
substrate was obtained nearly the same as the models 
with 21-cm substrate. The same results were observed 
for the models with 12-cm and 15-cm substrate. For 
example, the temperature between substrate and drainage 
layer for the proposed model with 12-cm substrate and 
4-cm drainage layer (S12-D4) was near 21.2 °C, similar 
to what was obtained for the proposed model with 15-cm 
substrate and 5-cm drainage layer (S15-D5). The 
proposed model's corresponding temperature with 18-cm 
substrate and 6-cm drainage layer (S18-D6) and the 
model with 21-cm substrate and 7-cm drainage layer 
(S21-D7) was near to 21.6 °C.  

 
Fig. 9. Temperature in depth of green roof models 

with constant ratio of substrate to drainage layer. 
Discussion 
Insulation performance of green roof 
specimens 
Fig. 10 shows the Rc-values of control and proposed 
green roof specimens, calculated using Eq. 2 to assess 
their thermal resistance. According to the criteria of 
Average Method given by ISO 9869-1 (2014), the 
minimum measurement period should take at least 72 h 
(3 days). In this regard, the testing period was considered 
7 days, and its last 5 days were assumed for the 
assessment of other criteria given by ISO 9869-1 (2014). 
Rc-values for the control and proposed green roof 
specimens were obtained 0.75 m2K/W and 0.72 m2K/W, 

respectively, at the end of the data set. The 
corresponding values, 24 h before the end of the data set, 
were 0.743 m2K/W and 0.713 m2K/W. By comparing the 
results, the difference between Rc-values at the end of 
the test and 24 h before the end of the data set were 
lower than 1%. Therefore, the Rc-value obtained from 
the last two measurement days for both control and 
proposed green roof specimens didn’t differ by more 
than 5%. For the previous 5 days of the testing period, 
the first and last 67% of Rc-value for the control green 
roof specimen was on average, about 0.748 m2K/W and 
0.746 m2K/W, respectively. The corresponding value for 
the proposed green roof specimen was obtained 0.715 
m2K/W and 0.724 m2K/W. So, the first and last 67% of 
Rc-values didn’t deviate by more than ±5 %. Generally, 
it can be considered that the convergence of the Rc-
values graph occurred and the results obtained for green 
roof specimens were compatible with ISO 9869-1 
(2014). On the other hand, the results showed that 
control specimen's Rc-value at the end of the data set 
was only 4.1% more than that of the proposed specimen. 
Therefore, there was no significant difference between 
the control and proposed green roof specimens and 
thermal resistance of green roof with recycled coarse 
aggregate was nearly the same as that of green roof 
without recycled coarse aggregate. 

 
Fig. 10. Experimental results of green roof specimen 

with coarse recycled materials (S15-D) and its modeling 
outputs. 

Parametric study 
The temperature between the substrate and drainage 
layer for the green roofs with 6-, 7-, and 8-cm drainage 
layer was near to each other once the thickness of 
substrate was assumed to be constant (15 cm). It can be 
stated that the green roof with a 6-cm drainage layer of 
natural or recycled coarse aggregate can be considered 
as optimum design of green roof system. Also, the 
thermal conductivity of recycled coarse aggregate (0.11 
W/m⋅K) was near natural coarse aggregate (0.114 
W/m⋅K) as presented in Table 1. That is why either the 
6-cm natural or recycled coarse aggregate layer (S15-
D6-C and S15-D6) allowed to achieve a stable 
temperature for green roof models. 
The temperature in the middle of substrate for green 
roofs with 18- and 21-cm substrate was near to each 
other once the thickness of drainage layer was kept to be 
constant (5 cm). Therefore, the models with 18-cm 
substrate (S18-D5 and S18-D5-C) can be introduced as 
optimum green roof designs. This manner showed that 
the use of coarse recycled materials in the substrate layer 
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provided adequate thermal retention capacity of green 
roof models due to their great porosity (Zengfeng et al., 
2020). Also, the proposed green roof with lower 
thickness of substrate (S18-D5) applied lower weight to 
the top of houses and buildings, which can be considered 
as a benefit from a structural point of view.  
By keeping constant the thickness of the substrate, the 
green roof with 18-cm substrate and 6-cm drainage layer 
can be considered an optimum design either for the 
control (S18-D6-C) or for the proposed model (S18-D6). 
It is noteworthy that researchers (Rincón et al., 2014; 
Sadeghian et al., 2020) have proposed to select the roof 
with a lighter weight for buildings and houses. This 
means that using the proposed model (S18-D6) for 
rooftop is recommended because of its lower weight 
than the control model (S18-D6-C). 
Another point is that the optimum designs of the control 
model were S15-D6-C and S18-D5-C once the thickness 
of the drainage layer and substrate separately increased. 
In contrast, S18-D6-C was considered an optimum 
design of control model once the thickness of drainage 
layer and substrate simultaneously increased. The 
simultaneous increase in thickness of substrate and 
drainage layer led to their better participation for 
generating the thermal resistance for the green roof 
system. Considering the density of natural coarse 
aggregate and substrate without coarse recycled 
materials presented in Table 1, among optimum designs 
for the control model, S15-D6-C with 247.48 kg/m2 had 
the lowest weight. On the other hand, among the 
proposed model's optimum designs, the lowest weight 
was observed for S15-D6 with the weight of 220.01 
kg/m2. Generally, coarse recycled materials for green 
roof layers are recommended to be developed in the 
construction sector, due to their adequate thermal 
resistance and low weight.   

Conclusions 
The thermal performance of green roof layers with 
coarse recycled materials was assessed once their initial 
heat and moisture properties were simultaneously 
considered and modeled. The following conclusions can 
be drawn from experimental results and modeling 
outputs: 
The convergence of the Rc-value graph was achieved 
based on ISO 9869-1 (2014), where this value for the 
control specimen at the end of the data set was slightly 
higher than that of the control specimen (4.1%), 
indicating nearly the same thermal resistance of the 
former and the latter.  
The thermal performance of green roof layers with and 
without coarse recycled materials was reliably modeled 
and predicted after introducing the initial hygrothermal 
properties of substrate and drainage layers into WUFI 
software. Moreover, the temperature distribution graphs 
in the depth of green roof models remained stable and 
similar to those observed for the lab-scale green roof 
specimens. 

The 6-cm drainage layer of natural or recycled coarse 
aggregate were introduced as optimum thicknesses for 
the control (S15-D6-C) and proposed (S15-D6) models, 
respectively, once the thickness of substrate layer 
remained constant (15 cm). On the other hand, the 
control and the proposed models with 18-cm substrate 
(S18-D5-C and S18-D5) were introduced as optimum 
green roof designs once the thickness of drainage layer 
was kept constant (5 cm). 
By keeping constant the thickness ratio of substrate to 
drainage layer (3), the model with 18-cm substrate and 
6-cm drainage layer can be considered as an optimum 
design either for the control (S18-D6-C) or for the 
proposed model (S18-D6). 
Among the models with optimized thicknesses, S15-D6-
C and S15-D6 were considered the best designs for the 
control and the proposed green roofs, respectively, 
because of their adequate thermal resistance and lower 
weight. 
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