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Abstract

The replacement of natural materials with recycled materials for green roof systems with drainage and substrate layers
has scarcely been evaluated while it can be considered as a potential solution to reduce the overuse of natural resources.
Moreover, optimizing green roof layers’ thickness and evaluating the thermal resistance of drainage and substrate
layers in dry state have rarely been taken into account. Therefore, the aim of this work was to assess the green roof
layers’ thermal resistance concerning 1SO 9869-1 where the drainage and dry substrate layers are substituted with
coarse recycled materials. A sensitivity analysis was conducted using WUFI software to optimize the thickness of
different layers. As per the results, there was a narrow difference between the Rc-value of the proposed green roof
made with coarse recycled materials and that of the control green roof without coarse recycled materials, (5.3%); so,
recycled materials are recommended to be used for the rooftops due to their low bulk density and light weight.
Moreover, the dry substrate layer’s Rc-value was about twice that of the drainage layer of coarse aggregates due to
deeper thickness of the former than the latter; however, considering the same thickness for the coarse aggregates and
dry substrate layers, the Rc-value of the coarse aggregates was higher. Meanwhile, by simultaneously increasing the
thickness of both layers, the model with an 18-cm substrate layer and a 6-cm drainage layer adequately provided the
heat retention capacity required for the green roof system.
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1. Introduction

In recent decades, the rapid urbanization growth has been a challenge for the energy production
sector to the point where the residential and commercial buildings in the European community
account for 40% of primary energy consumption [1-8]. Given the increasing scarcity of fossil fuel
and the environmental issues linked to their use, it has become an utmost necessity to appropriately
design our buildings to improve their insulation henceforth reducing their energy consumption.
The rooftop is of particular interest because it is one of the main sources of energy loss. Likewise,
this has raised a demand for using appropriate materials with suitable design recommendations for
roof applications to improve the insulation performance of rooftops. To achieve this goal, the green
roof implementation instead of a conventional flat roof has been suggested to moderately improve
the energy efficiency of dwelling houses in urban regions [1,9-15].

Of all types of green roof systems, the extensive green roof applies the smallest load to the
rooftops due to its lower thickness and weight [16-18]. As environmentally-friendly building
products, it is composed of the following layers: vegetation, substrate, filter, drainage and
insulation [19,20]. The application of natural gravel aggregates as drainage layer of green roof
was assessed by Wanielista and Hardin [21]. As per the experimental outputs, the atmospheric
temperature increment contributed to an increase in the evapotranspiration process through the
green roof system’s depth once the natural gravel aggregate was employed for the drainage layer.
The heat retention capacity of pebble and gravel aggregates as drainage layer was evaluated by
Parizotto and Lamberts [22]. The results revealed that the heat retention capacity of green roof
system was improved owing to the materials’ diffusive properties used for the drainage and
substrate layers. This resulted in retarding the heat transfer conduction and reducing the daily
temperature fluctuation.

Natural coarse aggregates have proven to be able to provide an adequate water transmission
ability for the drainage layer [23,24]. However, they have been overused in the construction
industry and their intensive exploitation has had dire environmental consequences in the past
decades [25-32]. This issue can be somewhat solved by the substitution of natural aggregates with
recycled materials in the green roofs [33]. The water retention capacity of the green roofs can
increase due to the higher porosity of recycled materials [34-36]. That same porosity is also
responsible for the acceleration of the leakage of extra water from the green roof [37,38]. Pianella
et al. [39] demonstrated that the green roof system’s thermal resistance was dependant on the
materials used for their layers. Besides, the lowest thermal conductivity was attained for the dry
substrate, while it increased with increment of the substrate’s moisture content. Recently, the
thermal performance of green roof with a drainage layer made of perlite, expanded clay, and rubber
crumbs was assessed by Cascone et al. [19]. According to the results, the diurnal temperature
fluctuations of buildings with green roofs decreased compared to that of buildings with traditional
roofs. This is due to the higher thermal inertia generated by the drainage and substrate layers.
Another study by Coma et al. [1,40] demonstrated that, during the summer, a drainage layer made



of rubber crumbs provided more energy savings than one made with volcanic gravel. The
application of pozzolana and rubber crumbs for the drainage layer of green roof was evaluated by
researchers [1,40] during summer and winter periods. Better thermal performance was observed
in the Mediterranean climate for the green roof system than conventional flat roof, particularly for
the summer period, while the reverse was seen for the winter period. To solve this issue, they stated
that an increase in the thickness of green roof layers might improve their thermal performance for
the cold period. Following this, to assess the thermal performance of green roof layers, Kazemi et
al. [11,41] performed a parametric study for green roof layers in which the rubber crumbs and
pozzolana were simulated as drainage layer and their thermal performance was assessed during
summer and winter periods. The WUFI software was used by Kazemi et al. [11,41] to simulate
this configuration, which was suitable for analyzing the green roof layers’ thermal resistance as
already revealed by other researchers [42—44]. According to the modeling results, the fluctuation
of temperature through the green roof’s depth decreased with increment of the drainage and
substrate layers’ thickness. Besides, depending on the properties of green roof layers, a
simultaneous thickness increase of drainage layer of pozzolana and substrate layer showed that the
model with an 8-cm pozzolana layer and a 10-cm substrate layer was providing the best thermal
performance for the rooftop for the winter and summer periods.

Based on the above, it is evident that although some researches have been carried out on the
insulation performance of green roof systems, more extensive research is essential to optimize the
green roof layers’ thickness, particularly for layers produced with coarse recycled materials
[1,11,40,41,45,46]. Moreover, European standards have never reported the optimum thickness for
green roof layers [13,47]. Even though recycled coarse materials seem to be a suitable insulation
material for green roof systems thanks to their great porosity [48-50], very little information is
available on their thermal and insulating performances. So, in the present study, the thermal
resistance of green roofs with a recycled coarse aggregates layer (drainage layer) and a substrate
layer produced with coarse recycled materials was measured and evaluated in accordance with ISO
9869-1 [51]. Thereafter, the green roof layers’ thermal properties were utilized for the simulation
of green roof systems and the modeling data were validated with experimental data. After that,
since the indicators for the thermal resistance assessment are related to the temperature value of
materials [11,52-54], a sensitivity analysis on the influence of the drainage and substrate layers’
thickness on the temperature distribution was performed. This parametric study allowed for the
determination of the optimum thickness of both drainage and substrate layers to optimize the green
roof systems’ thermal performance.

2. Methodology

In this study, the initial heat conditions of drainage and dry substrate layers based on coarse
recycled materials were obtained to analyze the green roof models’ thermal performance. To assess
the green roof layers’ thermal performance in dry condition, the coarse aggregates and substrate
were dried and kept in the oven at 40°C for 2 and 7 days, respectively, before starting the thermal



testing procedure. After drying the green roof materials, the dry substrate layer without recycled
coarse aggregate and the natural coarse aggregates layer (drainage layer) were considered for the
green roof specimen as a control specimen (Fig. 1). After that, both the substrate and drainage
layers have been replaced by recycled materials. The dry and light mix of recycled bricks and tiles
produced by Zincohum was used as substrate layer and the recycled coarse aggregates layer
(drainage layer) were used as drainage layer (Fig 2).

(a) (b)
Fig. 1. Dry convectional materials for the control green roof: dry substrate without recycled
bricks and tiles (a); natural coarse aggregates (b).

(a) (b)
Fig. 2. Dry recycled materials for the green roof: dry substrate produced with recycled bricks
and tiles (a); recycled coarse aggregates (b).

The green roof’s total thickness was 20 cm, with the drainage and substrate layers assumed to
be 5 cmand 15 cm, respectively. The drainage layer is in charge of water transmission in the green
roof system’s bottom [55,56]. The EN 12620 [57] recommends that the coarse aggregates should
not be smaller than 5 mm but on the other hand, they should not be too big given the shallow
depth of the drainage layer (5cm). So, natural and recycled aggregates with a size of 7 mm were
used for the drainage layer.

The proposed and the control green roof specimens were put in a 40 x 40 x 20 cm mini
experimental mold as shown in Fig. 3(a). After that, the mold was placed in the thermal device’s
center between the hot and cold plates (Fig. 3(b)). The polyurethane foam was used to insulate the
lateral panels of the experimental mold from the environment as shown in Figs. 3(a) and 4.
Thereafter, the specimen’s top and bottom were exposed to the applied temperatures using the hot
and cold plates of the thermal device (Fig. 3(b)). This device was able to measure the green roof’s
thermal conductivity using a sensor installed at its bottom. A sketch of the different layers is
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depicted in Fig. 4(a). The dry substrate and drainage layers were also tested separately to measure
their thermal resistance. Natural and recycled materials were both considered. For example, the
dry substrate layer composed of natural dry soil was put alone in the experimental mold and then
in the thermal device to measure its thermal conductivity. This configuration is referred as SC15
(for 15 cm of dry substrate without coarse recycled materials). The same test has been done for the
dry substrate composed of coarse recycled materials (SP15) as depicted in Fig. 4(b). After that, the
5-cm natural coarse aggregates layer (NCAS5) was put alone in the experimental mold as depicted
in Fig. 4(c). The same test has been done for the 5-cm drainage layer made of recycled coarse
aggregates (RCAS).

s
Mini-experimental green roof mold
(size =40 x 40 x 20 cm)

Dry coarse aggregate as
drainage layer (size=7mm)

Dry substrate Thin filter layer for separating substrate

and coarse aggregate layers

()

Polyurethane foam

Cold plate

Hot plate

(b)
Fig. 3. Thermal device (a); drainage and substrate layers in the mini experimental green roof
mold situated in the center of the thermal device (b).
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Fig. 4. Cross sectional schemes of 20-cm green roof layers: 5-cm natural coarse aggregates layer
and 15-cm substrate layer (a); substrate layer (b); coarse aggregates layer (c).

The thermal conductivity measurement was carried out by means of the thermal device (Fig.
3(b)). The difference between the bottom and top temperatures of the green roof specimen (AT)
was calculated using Eq. (1):

AT= Th - Tc (1)

where T and T, are referred to the temperatures in the hot and cold plates of thermal device,
respectively (K).

Eqg. (2) presents a formula to calculate the heat flow rate density, g, (W/m?) according to
Fourier's law:

0= A 2

where | and A are the green roof layers’ thickness (m), and thermal conductivity (W/m-K),
respectively.

In the thermal device, the heat flux sensor was installed in the center of the hot plate. Therefore,
the location of this sensor was considered at the bottom of green roof (interior surface of green
roof) as proposed by ISO 9869-1 [51].

As per the Average Method of 1SO 9869-1 [51], the convergence of Rc-value (m2K/W) was
assessed using Eq. 3:

R.= o AT
= m .t
t=0d

3)

Where m and t are the minimum required measurement period (h) and time interval,
respectively.



To stop the Rc-value measurement, the termination criteria in accordance with the Average
Method of ISO 9869-1 [51] are presented below:

- Assuming the minimum test duration of 72 h is recommended.

- Less than £5% difference should be obtained between the last two measurements of Rc-
value.

- Rc-values during the first 67% of convergence period should not differ more than 5 %
from those during the last 67% of convergence period.

According to the Average Method of 1SO 9869-1 [51], the difference between the interior and
exterior surface temperature (temperature at the bottom and top of green roof) should be considered
higher than 3 °C [58]. In addition to this, in order to use the Average Method, this surface
temperature difference is recommended to be at least 5-10 °C [51,59,60]. So, the aforementioned
difference was 7 °C in this study (the temperatures at the bottom and the top of green roof samples
were 23.5 °C and 16.5 °C).

Two sensors were installed to measure the temperature at mid depth of the substrate and at the
interface between the drainage and substrate layer (Fig. 4(a)). These temperature data were used
to validate the modeling output (specifically the temperature distribution) at different depths in the
green roof. Considering that the indicators for thermal resistance have been attributed to the
temperature distribution through the materials’ depth [11,52-54] , the temperature values were
assessed by changing the drainage and substrate layers’ depth to introduce the green roof layers’
optimum thickness.

3. Properties and geometrical characteristics of green roof layers

The properties of drainage and substrate layers are presented in Table 1. The each layer’s
thermal conductivity was separately measured according to 1SO 9869-1 [51] by means of the
thermal device as explained in section 2 and depicted in Figs. 4 (b) and 4 (c). The ratio of the
diffusion coefficients of water vapor in the building material and in the air is referred to the water
vapor diffusion resistance Factor (l1). For coarse aggregates layers (porous materials), the p-value
could be close to 1 [61]. The diffusion coefficient of water vapor in the dry substrate was measured
using the cup method which was adapted to EN 1015 [62]. Thereafter, the p-values obtained for
the SC15 and SP15 were 3.62 and 3.35, respectively.

Table 1. Properties of green roof layers.

- Th I
Bulk Specific heat e”‘.“a. Water vapour

. . . . conductivity, e

Materials density, ps  Porosity capacity, Dry diffusion
3 .
(kg/m?) Dry (J/kg K) (W/m-K) resistance factor

SP15 855.7 0.482 880 0.15 3.62
SC15 944.1 0.4863 810 0.17 3.35
NCAS5 1436.56 0.4167 770 0.114 1
RCA5 1164.47 0.4956 730 0.11 1




As presented in Table 1, the specific heat capacities obtained for the SP15 and SC15 were 810
and 880 J/kg K. The corresponding values for the drainage layer composed of natural and recycled
coarse aggregates were 770 and 730 J/kg K. These were close to the values for dry soil and dried
aggregates [63,64].

The specific heat capacity of the coarse aggregates and substrate was obtained using the
Calorimetric method which was compatible with ASTM D4611-16 [65]. This parameter is the
amount of the heat needed to increase the temperature of 1 kg of mass by 1 °C [66]. It is used to
calculate the energy change associated with a temperature change. In most cases, the specific heat
capacity of the substrate has been determined by the simplest and oldest approach namely the
calorimetric method [67]. In this method, a substance can be heated to a particular temperature,
and then it should quickly be mixed into a liquid medium of known temperature and known
specific heat [68]. As per the law of conservation of energy, the heat lost by the substance should
be equal to the heat gained by the liquid. By knowing the masses involved, the changes in
temperatures, and the specific heat of the liquid, the unknown specific heat may be easily
calculated.

Figs. 5 (a) and 5(b) are the schematic representations of the typical calorimeter method. To
attain the dry substrate’s specific heat capacity, its mass (Ws) was weighed. Then, the mass of
water inside of the beaker (W) was measured. Later on, the substrate was put inside of the closed
tube which was hung in water to prevent it from touching the sides and bottom of the beaker (Fig.
5 (a)). Thereafter, the beaker was exposed to high temperature using the boiler until the water
reached boiling point. When the temperature of boiling water remained constant, the tube was kept
in the beaker for 10 min to make the temperature of substrate equal to that of boiling water. This
temperature was recorded using the thermometer as the initial temperature of dry substrate (Ts).
The temperature of the same amount of water in ambient temperature was also measured using
another thermometer (Tw) as shown in Fig. 5 (b). After ensuring that the substrate was heated
evenly, the closed tube including dry substrate was brought out of the beaker in Fig. 5(a) and it
was put inside of water with ambient temperature as shown in Fig. 5 (b). Later on, a stirrer was
used to equalize the temperature of the water and the closed tube containing the dry substrate. In
these conditions, the temperature of water in the beaker (Fig. 5 (b)) increased and its highest
amount was recorded as the equilibrium temperature of mixed water and dry substrate (Te). The
same process was carried out once again to attain the specific heat capacity of the coarse aggregates
for the drainage layer. Fig. 5 (c) shows the instruments used for measuring the specific heat
capacity of substrate and coarse aggregates.
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Fig. 5. Schematic representation for the calorimeter method: tube with sample in boiling water
(a); tube in water at ambient temperature (b); instruments used for attaining the specific heat
capacity of materials (c).

To measure the specific heat capacity of coarse aggregates and substrate, their heat transferred
was determined by means of Eq. 4:

Q=cmAT 4)

where Q is change in heat (J), m is mass (g), c is specific heat capacity (J/g°C), and AT is the
change in temperature (°C).

According to the principle of conservation of energy, for instance, the heat transferred of
substrate (Qs) could be considered equal to that of water (Qw) as presented in Eq. 5:

Qw = Qs (5)
Eg. 6 was obtained from Eqs. 4 and 5:

Cw. mw.ATW = Cs.ms.ATs (6)
where cw and cs were the specific heat capacity of water and substrate, respectively.



By rearranging Eq. 6, Eqs. 7 and 8 were obtained to calculate the specific heat of the substrate:

_ cyw.my ATy,
Cs = mg.ATg (7)
— Ccwmw.(Tw—Te)
Cs= ————= 8
S Ms.(Te—Ts) ( )

The details and geometrical characteristics of the different green roof configurations are
presented in Table 2. As already stated, the proposed and control green roof specimens (SP15-
RCAS and SC15-NCAD5) were tested by means of the thermal device. After measuring the green
roof specimens’ thermal resistance for 7 days, two dimensional (2D) simulation were performed
using the version 4.2 of WUFI software as seen in Fig. 6 and their results were compared with the
experimental outputs. The properties of the dry substrate and drainage layers in Table 1 were
introduced in the software and the boundary conditions imposed were the same exact temperatures
applied to the green roof specimens using the hot and cold plates. The fine gird available in WUFI
software was automatically considered through the depth of green roof to effectively validate the
numerical models with experimental outputs. After validation, the drainage and substrate layers’
depth influence over the temperature distribution in the green roof was analyzed. Regarding this,
while keeping constant the thickness of substrate, the thickness of the drainage layer was changed
to 4, 6, 7, and 8 cm for both proposed and control green roof models. In the next step, while keeping
constant the thickness of the drainage layer, the thickness of substrate was changed to 12, 18, and
21 cm. Finally, while keeping constant the thickness ratio of substrate to drainage layer (3), the
thicknesses of drainage and substrate layers were both changed simultaneously as presented in
Table 2.

Table 2. Details and geometrical characteristics of green roofs.
Thickness (cm)

No. Specimen

Substrate Drainage layer
1 SC215-NCAP4 15 4
2 SC15-NCA5 15 5
3 SC15-NCA6 15 6
4 SC15-NCA7 15 7
5 SC15-NCA8 15 8
6 SC12-NCA5 12 5
7 SC18-NCA5 18 5
8 SC21-NCA5 21 5
9 SC12-NCA4 12 4
10  SC18-NCA6 18 6
11  SC21-NCA7 21 7
12 SP°15-RCAY4 15 4
13 SP15-RCA5 15 5
14  SP15-RCA6 15 6
15  SP15-RCA7 15 7
16  SP15-RCA8 15 8
17  SP12-RCA5 12 5
18  SP18-RCA5 18 5
19  SP21-RCA5 21 5
20  SP12-RCA4 12 4
21  SP18-RCA6 18 6
22  SP21-RCA7 21 7

2 Substrate without coarse recycled materials
® Natural coarse aggregate

¢ Substrate with coarse recycled materials

4 Recycled coarse aggregate
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Top of green roof

Substrate = 15 cm

H Between the substrate and drainage layer

Coarse aggregate = 5 cm

| < Bottom of green roof |

Fig. 6. 2D green roof model built by means of WUFI software.
4. Results and discussion

4.1. Heat flow measurement based on 1SO 9869-1 [51]

The green roof layers’ thermal conductivity was attained by means of the thermal device as
seen in Fig. 7. After that, the Rc-values of all specimens in Fig. 4 were calculated using Eq. 3. The
results of Rc-values given in Fig. 8 were assessed in accordance with the criteria of Average
Method of ISO 9869-1 [51].

As per the first criterion given by 1SO 9869-1 [51], the minimum test duration of 72 h (3 days)
should be considered for the thermal performance monitoring of specimens to achieve the
convergence of Re-value. The test durations of all specimens are presented in Table 3. For the
RCADS and NCADb, the last 76 h of their test duration was assumed to assess the convergence of Rc-
value. For the SP15 and SC15, the last 75 h and last 116 h of their test duration were assessed,
respectively. The last 120 h of test duration of the proposed and control green roof specimens
(SP15-RCAS5 and SC15-NCADb5) was assumed to evaluate the Re-value convergence.

The Rc-values obtained 24 h before the termination of heat flow measurement for SP15-RCAS5,
SC15-NCAS, SP15, SC15, RCAS5, and NCAS5 were 1.27, 1.42, 0.94, 1.38, 0.44, and 0.443 m?K/W,
respectively. These values, for the same specimens, at the end of the heat flow measurement were
1.3, 1.4, 0.93, 1.4, 0.446, and 0.443 m?K/W. A comparison between the results showed that the
difference between data 24 h before the termination of heat flow measurement and at the end of
the heat flow measurement was 2.4% at most, which is less than the 5% recommended by ISO
9869-1 [51].

In the convergence duration, presented in Table 3, the first 67% of R¢-value for SP15-RCAS5,
SC15-NCAb, SP15, SC15, RCA5, and NCAS5 was averagely attained at 1.27, 1.4, 0.93, 1.036,
0.449, and 0.441 m?K/W, respectively. The last 67% of Rc-value for the same specimens was on
average about 1.32, 1.4, 0.94, 1.043, 0.446, and 0.44 m?K/W. Therefore, the difference between
the first and last 67% of Rc-value was of 3.9% at most, which is less than 5% as recommended by
ISO 9869-1 [51]. As a consequence, Rc-values of all specimens were satisfactorily converged after
meeting the termination criteria of the Average Method given by ISO 9869-1 [51].
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Fig. 8. Rc-value of green roof layers.
Table 3. Thermal properties of green roof layers.
. Test duration Convergence duration Thermal conductivity Rc-value
Specimens )
(h) (h) (W/m-K) (M?K/W)
NCA5 101 76 0.114 0.44
RCA5 101 76 0.11 0.446
SC15 140 116 0.15 1
SP15 165 75 0.16 0.94
SC15-NCA5 165 120 0.142 1.38
SP15-RCA5 166 120 0.151 131

4.2. Thermal performances of green roof layers
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The green roof layers’ thermal conductivity and Rc-value are presented in Table 1. The thermal
transmission and resistance of materials can be assessed using the thermal conductivity and Rc-
value, respectively [39,69]. As presented in Table 1, the thermal conductivity of recycled and
natural coarse aggregates layers (RCA5 and NCA5) was near to 0.11 W/m-K. Their Rc-values
were also near to 0.44 m*K/W and there was no difference between their thermal insulation
performance, while the properties of natural and recycled coarse aggregates were different to each
other. Concerning this, it is noteworthy that air within the voids can improve the heat resistance of
building materials [11,41,70-72] and the thermal insulation of drainage layer was highly affected
by the air-voids among coarse aggregates. Therefore, due to the heat resistance effect of air-voids,
dominating that of coarse aggregate types, there was no difference between Rc-values of NCA5
and RCAS5.

The results demonstrated that the thermal conductivity of the SP15 (0.16 W/m-K) was slightly
higher than that of the SC15 (0.15 W/m-K), while the Rc-value of SP15 was slightly lower than
the one of SC15 (6.4 %). This difference showed a slightly better thermal resistance for SC15 than
for SP15. It can be inferred that the heat resistance ability of porous coarse recycled materials was
a bit lower than that of dry soil particles and there is more air trapped within the former than within
the latter, even though it only led to a narrow difference between the Rc-values of SC15 and SP15.

A comparison between the proposed and the control green roofs (SP15-RCAS and SC15-
NCAS) showed that the Rc-value of the former was slightly lower than that of the latter (5.3%).
This narrow difference could be attributed to the thermal insulation resistance of the SC15 and
SP15 as already described.

It is worth underlying that although the Rc-value of dry substrates (SC15 and SP15) was about
twice greater than the one of the coarse aggregate layers (NCA5 and RCADb), it should be kept in
mind that the former was three times as thick (15 cm) as the latter (5 cm). It means that, due to
high heat resistance of air-voids among aggregates [1,11,41], the coarse aggregates layer has better
thermal insulation performance than the dry substrate layer once they have equal thickness.

4.3. Comparison between the experimental and modeling results

The temperature fluctuations at different depths of the green roof models implemented in the
WUFI software were compared with those of the SP15-RCA5 and SC15-NCA5 specimens. As
seen in Figs. 9 and 10, the solid lines and dashed lines represent the temperature distribution in the
green roof specimens and models, respectively. Since the location between the drainage and
substrate layer was near to the hot plate of the thermal device and on the other hand, the middle of
substrate was near to the cold plate, the temperature between the drainage and substrate layer was
obtained higher than that in the middle of substrate as expected.

During the convergence duration (last 5 days of the test duration), the average value of
temperatures reached in the middle of the substrate layer was 20.16 °C and 19.7 °C for the control
specimen and 2D model (SC15-NCAb5), respectively (Fig. 9). The corresponding values at the
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interface between the substrate and the natural coarse aggregates layer were 22.15 °C and 21.64
°C. On the other hand, during the convergence duration, the average value of temperature in the
middle of the substrate layer was 19.9 °C and 19.4 °C for the proposed specimen and 2D model
(SP15-RCAS5), respectively (Fig. 10). The corresponding values at the interface between the
substrate and recycled coarse aggregate layer were 21.76 °C and 21.27 °C. Therefore, the
difference between the temperature through the depth of the specimens and 2D models was lower
than 2.6%. Moreover, the general trends of temperature distribution in the 2D models were nearly
identical to those of the experimental specimens. In brief, the 2D green roof models’ thermal
performance was reliably validated via comparisons of the modeling outputs and experimental

results.
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Fig. 9. Experimental results of the SC15-NCADS5 specimen and its modeling outputs.
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Fig. 10. Experimental results of the SP15-RCAS5 specimen and its modeling outputs.
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4.4. Parametric study
4.4.1. Thickness of drainage layer

The green roof’s thermal resistance can be influenced by changing the thickness of its layers
[11,41,73]. Considering this, to analyze the influence of coarse aggregates over the green roofs’
thermal performance, the dry substrate layer’s depth was assumed constant (15 cm) and the coarse
aggregates layer’s depth was changed from5 cmto 4 cm, 6 cm, 7 cm, and 8 cm (Figs. 11 and 12),
and then the optimum thickness of the coarse aggregates layer as a drainage layer was determined
for both the SP15-RCA5 and SC15-NCA5 models once the general trends of temperature in their
depth became stable.

The average temperature values through the depth of the models during the convergence
duration are presented in Fig. 13. Since the bottom of green roof models was exposed to higher
temperature (temperature of the hot plate in the thermal device), increasing the coarse aggregates
layer’s thickness decreased the average temperature at the interface between the drainage and the
substrate layer similarly to what revealed in the middle of substrate layer. However, there was no
significant change in the temperature distributions in some cases. For instance, the average value
of the temperature at the interface between the drainage and substrate layer for the control models
with 8-, 7-, and 6-cm natural coarse aggregates layer was about 21.2 °C. In addition, the
temperature in the middle of the substrate layer for the control models with 8-, 7-, and 6-cm natural
coarse aggregates layer was about 19.3 °C. Therefore, in the case of natural coarse aggregates, the
increment of the drainage layer’s depth above 6 cm yields no change in the temperature
distribution.

The average value of the temperature at the interface between the drainage and substrate layer
for the proposed models with 8-, 7-, and 6-cm recycled coarse aggregate was 20.8 °C. The
temperature in the middle of the substrate for the models with 8-, 7-, and 6-cm dry substrate was
about 19.2 °C. The same conclusions can thus be reached for the recycled coarse aggregates than
for the natural coarse aggregates. In brief, by assuming the substrate layer with a constant depth,
the 6-cm drainage layers of natural or recycled coarse aggregates could be considered the best
configuration for the drainage layer. Moreover, as shown in Fig. 8, there was a negligible
difference between the recycled and natural coarse aggregates’ thermal resistance owing to the
participation of air-voids among them to generate the insulation layer similar to what other
researchers concluded [41,70-72]. On the other hand, the weight of 6-cm drainage layer of natural
coarse aggregates is equal to 86.19 kg/m? according to the bulk density of materials presented in
Table 1. The corresponding value for the 6-cm drainage layer of recycled coarse aggregates is
69.88 kg/m?. Therefore, the recycled coarse aggregates are recommended for the drainage layer
due to their lower bulk density and lighter weight, contributing to apply lower load to the top of
structures as suggested by Teemusk and Mander [18].
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4.4.2. Thickness of substrate

To evaluate the influence of the dry substrate (substrate layer) over the green roof models
thermal performance, the drainage layer’s depth was assumed constant (5 cm) and the substrate’s
depth was changed from 15 cmto 12 cm, 18 cm, and 21 cm. After analyzing the modeling outputs
given in Figs. 14 and 15, the dry substrate layer’ optimum thickness was determined. The
temperature average values through the green roof models’ depth during the convergence duration
are depicted in Fig. 16.

According to the results, the average value of temperature through the green roof layers’ depth
increased with increment of the dry substrate layer’s thickness. However, no significant change
was observed in the temperature distribution in the green roof’s depth for deeper substrate owing
to its high diffusion properties [22]. For example, the average value of the temperature in the
middle of the substrate for the control models with 18- and 21-cm dry substrate layer was about
19.9 °C. Moreover, the temperature at the interface between the drainage and substrate layer for
the control models with 18- and 21-cm dry substrate layer was close to 21.8°C, demonstrating the
fact that the temperature distribution in green roof layers remained constant for the substrate with
a thickness of more than 18 cm.

The temperature in the middle of the substrate for the proposed models with 21- and 18-cm dry
substrate was about 19.7 °C. The temperature at the interface between the recycled coarse
aggregates layer and substrate layer for the proposed models with 21- and 18-cm dry substrate was
21.6 °C. Therefore, the temperature distribution for the proposed models with 21- and 18-cm dry
substrate was found to be the same once the thickness of recycled coarse aggregate layer was kept
constant (5 cm).
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In general, the radiation of heat in green roof layers was affected with the increment of the dry
substrate’s depth similarly to what Eksi et al. [74] concluded and SC18-NCA6 and SP18-RCA6
models were found to be the optimum design. However, by ignoring the slight difference between
the Rc-value of SC15 and SP15, the proposed green roof (SP18-RCAG6) can be regarded as the
optimum design of systems for the rooftop due to its adequate heat resistance.
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4.4.3. Constant thickness ratio of dry substrate to drainage layer (3:1)

As shown in Figs. 17 and 18, for the proposed and the control models (SP15-RCAS5 and SC15-
NCADb), the thickness of the coarse aggregates and the dry substrate layers were simultaneously
modified, while keeping constant the thickness ratio of substrate to drainage layer (3). Regarding
this, the 5-cm coarse aggregates layer and 15-cm dry substrate layer were changed to 4-cm coarse
aggregate layer and 12-cm dry substrate (SC12-NCA4 and SP12-RCA4), 6-cm coarse aggregate
layer and 18-cm dry substrate (SC18-NCAG6 and SP18-RCAG6), and 7-cm coarse aggregate layer
and 21-cm dry substrate (SC21-NCA7 and SP21-RCAT7).

As per the modeling outputs, the temperature at the interface between the dry substrate and
recycled coarse aggregate layer slightly increased, while the temperature decreased in the middle
of the dry substrate by simultaneously increasing the thickness of both layers, owing to the thermal
protection generated by deeper layers as demonstrated by Eksi et al. [74]. However, in some cases,
no change was found in the temperature distribution in the green roof’s depth for deeper layers
(Figs. 17 and 18). Concerning this, the average values of temperature in the middle of the dry
substrate layer and at the interface between the dry substrate and coarse aggregates layer during
the convergence duration were presented in Fig. 19. In the middle of the dry substrate layer, a
temperature of 19.5 °C was obtained for the control model with 4-cm natural coarse aggregates
layer and 12-cm dry substrate (SC12-NCAA4). The corresponding temperature for the control model
with a 5-cm natural coarse aggregates layer and a 15-cm dry substrate layer (SC15-NCA5) was
19.7 °C. By increasing the thickness of the natural coarse aggregates layer and the dry substrate
layer, the temperature remained constant (19.7 °C) for the SC18-NCA6 and SC21-NCA7 models.
At the interface between the substrate and drainage layer, a temperature of 21.9 °C was attained
for the control model with a 4-cm natural coarse aggregates layer and a 12-cm dry substrate layer
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(SC12-NCAA4). The corresponding temperature was of 21.7 °C for SC15-NCAS5. For the control
models with deeper thicknesses (SC18-NCA6 and SC21-NCA7), the temperature obtained was
21.1 °C. Therefore, there was no significant difference between the results of SC18-NCA6 and
SC21-NCA7 models.

For the proposed models of SP12-RCA4 and SP15-RCAD5, the average value of temperature at
the interface between the dry substrate and recycled coarse aggregates layer was about 21.3 °C.
By increasing the layers’ thickness, the corresponding temperature was 21 °C for the SP18-RCA6
and SP21-RCA7 models. The temperature in the middle of the dry substrate layer for the SP12-
RCA4 and SP15-RCA5 models was 19.2 °C and 19.4 °C. This temperature remained constant (19
°C) for the SP18-RCAG6 and SP21-RCA7 models. Therefore, no significant change was observed
between the results of the SP18-RCA6 and SP21-RCA7 models, similar to what was obtained for
the control models between the SC18-NCA6 and SC21-NCA7 models. On the other hand, the
weight of the control green roof with optimized layers (SC18-NCA®6) is equal to 240 kg/m?
according to the bulk density of materials presented in Table 1. Nearly the same value was obtained
for the proposed green roof with optimized layers (SP18-RCAG). As a result, the proposed and the
control models with a 6-cm coarse aggregates layer and an 18-cm dry substrate layer (SC18-NCA6
and SP18-RCA®6) could be considered as the optimum system for the rooftop by simultaneously
increasing the thickness of green roof layers, while applying low load to the top of structures,
causing an advantage from the viewpoint of structural design [18].
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5. Conclusions

This study dealt with the optimization of green roof made with the dry substrate layer and
drainage layer of natural and recycled coarse aggregates, which were tested based on ISO 9869-1
[51] and simulated using the WUFI software. The optimized green roof’s thermal behaviour was
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also assessed through numerical simulations. The mini experimental green roof specimens and the
developed 2D models produced the following conclusions:

The thermal insulation performance of drainage layer was highly affected by the air-
voids among coarse aggregates and no difference was pointed out between the Rc-value
of natural coarse aggregate layer (NCA5) and recycled coarse aggregate layer (RCA5)
owing to the heat resistance effect of air-voids, dominating the one of coarse aggregates
types.

The Rc-value of the SP15 was slightly lower than that of the SC15, demonstrating that
the heat resistance ability of porous coarse recycled materials was slightly lower than
that of dry soil particles. Therefore, it can be assumed that there is more air trapped
within the former than within the latter, even though the difference between the Rc-
value of SP15 and SC15 is not substantial.

The narrow difference between the thermal resistance of the SC15 and SP15 caused the
Rc-value of the proposed green roof specimen, SP15-RCADS, to be slightly lower than
the one of the control green roof specimen, SC15-NCA5, (5.3%). In addition,
considering the same thickness for the coarse aggregates layer and the dry substrate, the
former has better thermal insulation performance than the latter, even though the Rc-
value of the dry substrates (SC15 and SP15) is about twice greater than the one of the
coarse aggregates layers (NCA5 and RCAS5) due to a thicker layer of dry substrate than
of coarse aggregates.

The temperature distributions obtained though the simulations performed using the
WUFI software presented similar trends (less than 2.6% difference) to the temperature
distributions measured experimentally on the green roof specimens. This allowed for
the model to be considered valid to simulate the studied configuration.

The heat retention capacity of the green roof system increased when the thickness of the
layers increased until a certain point. Any increase over 6 cm in the thickness of the
drainage layer or any increase over 18 c¢m for the substrate layer didn’t yield any
increase in heat retention capacity as attested by the absence of changes in the
temperature distribution. Therefore, SC15-NCA6 and SP15-RCA6 models were the best
configuration while the dry substrate layer’s depth was assumed constant (15 cm). In
addition, when the thickness of coarse aggregates layer was assumed constant, the
models with 18-cm dry substrate layer (SC18-NCA5 and SP18-RCA5)were the best
configuration for the rooftops.

By simultaneously increasing the thickness of green roof layers, the green roof with 18-
cm dry substrate layer and 6-cm coarse aggregates layer was introduced as the best
configuration either for the control model (SC18-NCA®6) or for the proposed model
(SP18-RCA®6).

In general, the difference between the Rc-value of the proposed and the control green
roofs was not significant (5.3%). On the other hand, the weight of the proposed and the
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control green roofs with optimized layers (SC18-NCAG6 and SP18-RCAG6) was the same
(240 kg/m?). Therefore, both control and proposed green roofs provided nearly the same
thermal resistance for rooftops and applied the same dead load on the top of buildings.
However, to reduce the burden on the environment and save natural resources, the use
of green roof with recycled materials and optimized thicknesses of the different layers
is recommended.
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