Modelling thermal and humidity transfers within green roof systems: effect of
rubber crumbs and volcanic gravel

Mostafa Kazemi'*, Luc Courard?

Corresponding author*

1- Ph.D. Candidate, GeMMe Building Materials, Urban and Environmental Engineering (UEE), University of
Liege, Liege, Belgium, E-mail: mostafa.kazemi@uliege.be

2-  Full Professor, GeMMe Building Materials, Urban and Environmental Engineering (UEE), University of
Liege, Liege, Belgium, Email: luc.courard@uliege.be

Abstract

The use of recycled materials and porous aggregates such as rubber crumbs and volcanic gravel (pozzolana) for the
drainage layer can lead to improving thermal behaviour of the green roofs. On the other hand, the thermal
performances of green roofs can be affected by the thickness of substrate and drainage layer. Therefore, the main
objective of this study was to adapt modelling characteristics for different thicknesses of substrate and drainage
layers used under constant and variable temperatures and solar radiation: specific rubber crumbs and volcanic gravel
behaviour has been modelled. The simultaneous heat and moisture transfers within the green roof were estimated as
well. According to the results, the 9cm substrate was recommended to be used for the green roofs, once the
thickness of drainage layer was 4cm. Moreover, the optimum thickness of pozzolana and rubber crumbs as drainage
layer was 6cm and 7cm, respectively, once the thickness of the substrate was kept constant (5cm). By increasing the
thickness of substrate and drainage layers, the fluctuation of internal ceiling temperature in the green roof models
with the presence of humidity decreased, but not as much as that in the green roof models without the presence of
humidity.
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1. Introduction

The high energy consumption .of houses has been known as a serious concern in the
construction sector, and it is estimated that about 40% of total primary energy consumption is
used by the houses and. building sector in the European Union (EU) (Coma et al. 2014;
Soleimani et al. 2020; Karatzas and Katsifarakis 2018; Ramin et al. 2019). One of the innovative
solutions to improve the energy savings in the building sector is to substitute common flat roofs
with green roofs, which can provide a good thermal performance at the top of houses (Coma et
al. 2016; Theodosiou 2011; Ebadati and Ehyaei 2018; Ferrante et al. 2015; Yu and Hien 2009).
According to the thickness of green roof, it can be classified into three categories: intensive,
semi-intensive, and extensive. The thickness and weight of extensive green roof are in the range
of 60-200 mm and 70-170 kg/m?, respectively, and it has drawn the attention of researchers in
the building sector due to its shallower depth and lighter weight than other categories of green
roof (Oberndorfer et al. 2007; Raji et al. 2015).

The extensive green roof has different layers including vegetation, substrate, filter, drainage
and insulation layers (Tabares-Velasco et al. 2012). In some cases, the polyethylene modular
panel (egg-carton-shaped panel) has been used for the drainage layer of green roof (Jim 2014,
Dvoraka and Volder 2013; Vesuviano and Stovin 2013; Jim and Tsang 2011; Papafotiou et al.
2013; Mickovski et al. 2013; Chenani et al. 2015). Other researchers have proposed to use
natural aggregates for this layer (Wanielista et al. 2008). Wanielista et al. (2008) performed a
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comparison between the use of polyethylene modular panel and natural gravel aggregate for the
drainage layer. They revealed that the quality of water leaked from the natural gravel aggregate
was nearly the same as that leaked from the polyethylene modular panel. In addition, the
evapotranspiration process in the green roof with the natural gravel aggregate as the drainage
layer increased by increasing the atmospheric temperature. A study by Parizotto and Lamberts
(2011) assessed the thermal performance of green roof with gravel and pebble as drainage layer.
As per the results, the thermal mass was added to the green roof due to the diffusive properties of
substrate and drainage layer, leading to the absorption of large amounts of heat and delaying the
heat transfer processes and subsequently declining the diurnal temperature variation.
Furthermore, during the warm period, the green roof increased the heat loss by.49% and 20%
more than ceramic and metallic roofs, respectively, and decreased the heat gainto 92% and 97%.
Uhl and Schiedt (2008) used the broken expanded slate as drainage layer.. According to the
results, the dewatering of the substrate was accelerated due to high‘porosity of the broken
expanded slate.

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 and Schiedt 2008;
Vijayaraghavan et al. 2012; AzariJafari et al. 2015), the use of natural aggregates in the drainage
layer imposes a heavy burden on the environment and construction sector owing to the
consumption of natural resources and higher energy required for their transformation process
(Vila et al. 2012; Berardi et al. 2014; Toghroli et al. .2020; Nematzadeh et al. 2020; Madandoust
et al. 2020; Saberian et al. 2019a; Crafford et al. 2018). :These issues can be somewhere solved
by the substitution of natural aggregates with recycled materials and porous aggregates such as
rubber crumbs, volcanic porous gravel, and the crushed brick, reducing the consumption of
natural materials and providing a suitable thermal behaviour in the extensive green roof, as
already confirmed by other researchers (Coma et al. 2016; Pérez et al. 2012; Berardi et al. 2014;
Jafari and Toufigh 2017; Karamanis et al..2013). In addition, the recycled and porous materials
have greater porosity and more water retention capacity than the natural aggregate (Kazemi et al.
2020; Zhao et al. 2020; Kazemi et al. 2019; Karamanis et al. 2013; Courard et al. 2020),
providing a suitable condition to irrigate the vegetation of green roofs, particularly during the
warm periods. In this regard, to 'save the raw materials, the recycled crushed brick was proposed
by Ngan (2004) to be utilized for the drainage layer and growing media. Another study by
Berndtsson et al. (2006) on the extensive green roofs showed that the crushed brick as drainage
layer slightly retained small particles, released from the soil, and somewhat prevented washing
them away. Palla et al.-(2009) proposed the Lapillus (a volcanic porous material) as drainage
layer in the greenroof, which on one hand had a high water retention capacity and on the other
hand, allowed the extra water to drain from the green roof.

The concept of thermal insulation can be referred to the reduction of heat transfer between
objects of differing temperature (Deshmukh et al. 2017). For the thermal insulation performance
of materials, three indicators have been introduced including thermal inertia index, thermal
resistance, and thermal storage coefficient, which are attributed to the temperature fluctuation
(Ling et al. 2016; CABR 2014). 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). They concluded that, the use of green roof decreased the energy consumption for the
cooling of building by 31-35% during summer period. The corresponding value for heating was
2-10% during the cold period. Meanwhile, the diurnal temperature fluctuations of building with



the green roof decreased in comparison to that with the traditional roof, owing to higher thermal
inertia generated by the drainage layer and substrate.

To simulate thermal and moisture transfer processes, the modelling tools have been widely
used by researchers and a list of hygrothermal simulation software was provided by Delgado et
al. (2013) to apply to building physics. Some hygrothermal simulation tools have met the criteria
required for the heat and moisture transfer within green roof systems (ASHRAE Standard 160
2009; Burch and Chi 1997; Kunzel 1994). Among the approved tools, the WUFI simulation
software has been chosen for further use by researchers to simulate the bond between moisture
and heat transfer 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 (Schafaczek and Zirkelbach 2013).
Considering the rainwater reception and water drainage effect through the ‘greenery layers are
other advantages of WUFI simulation software (Zirkelbach et al. 2017; Vertal et al. 2018). In
addition to the above, the moisture properties of materials including liquid water transport and
vapour diffusion can be easily measured in lab-scale and then introduced into.the WUFI software
to predict the hygrothermal performance of green roof layers (Vertal’ et al. 2018). A study by
Zirkelbach (2017) on the hygrothermal performance of extensive green roof showed that the
WUFI was able to well reproduce the moisture and thermal performance of green roof layers in
comparison with experimental measurements, leading.to a better understanding of energetic
consequences for green roof systems. In addition, Zirkelbach (2017) demonstrated that the effect
of natural weather conditions with precipitation in summer and winter could be considered using
more detailed simulation of the moisture balance. in the substrate layer. In another study by
Vertal et al. (2018), the WUFI simulation tool was used with good accuracy for the generation of
strong bond between moisture and<heat transfer through green roof layers. According to the
results, the water content reduced the average daily heat flow across the green roof by 11%,
leading to decreasing its summer overheating. To assess the potential thermal performance of
green roof systems, researchers(Ting 2011; Lei et al. 2019) has also used a finite element
software, namely ABAQUS (Dassault Systemes 2009) to assess the thermal performance of
green roof systems. This software is able to accurately predict the thermal distribution through
different depths of substrate and drainage layers. The thermal parameters can be easily obtained
in laboratory to introduce to ABAQUS software (Ting 2011; Lei et al. 2019). Recently, Lei et al.
(2019) simulated the green roof layers to evaluate their performance for improving the indoor
thermal comfort.~As per the results, the green roof system effectively participated in decreasing
the indoor temperature up to 4°C in comparison to bare roofs particularly during summer period,
while its insulation performance during the cold period was negligible.

Generally, the hygrothermal simulation tools can be utilized further to shed some light on heat
and maoisture:transfers into the green roof layers with different thicknesses and materials.
Concerning this, Eksi et al. (2017) introduced key factors in the improvement of green roof
performance including weather conditions, substrate moisture content, evapotranspiration
phenomenon, substrate depth, and plant type. According to the results, in a warmer summer
climate, the night-time radiation of heat severely transferred into the building from a deep
substrate layer owing to warmer air temperatures and sun exposure, while night-time heat
transfer into a deep substrate of green roof systems was not observed for a cooler summer
climate. Therefore, it can be stated that there is a demand for simulating the green roof with
different thicknesses of substrate layer to assess its hygrothermal performance under summer
weather conditions. On the other hand, Bianchini and Hewage (2012) reported that the drainage
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and filter layers are manufactured with 40% recycled polypropylene, which has harmed the
environment owing to the air pollution generated by the polymer’s production process. For this
reason, Vijayaraghavan (2016) recommended to substitute the polyethylene modular panel with
suitable materials to improve the sustainability of green roof systems. More importantly,
Vijayaraghavan (2016) pointed out that the effect of different components on the insulation and
thermal properties of green roof are not well known. This in turn has raised a need to perform
further studies for simulating the thermal and moisture transfer within green roof systems made
with alternative materials as drainage layer, where the sensitivity of these materials are required
to be assessed (Kapsalis et al. 2014; Vijayaraghavan 2016) using hygrothermal and thermal
simulation tools such as WUFI and ABAQUS software.

To assess the thermal performances of green roof with a drainage layer made of rubber
crumbs and volcanic gravel, a long-term experimental works was performed. in Spain by Coma et
al. (2014; 2016), Peérez et al. (2012; 2012), Navarro et al. (2012) and Vila et al. (2012).
Regarding this, the useability of rubber crumbs instead of volcanic gravel as.drainage layer was
first confirmed by Vila et al. (2012). During summer 2011, Coma et al. (2014) performed some
tests on identical house-like cubicles with green roofs in Puigverd de Lleida(Spain), where there
was a dry, Mediterranean climate with low precipitation. The results showed that the green roof
with the substrate and rubber crumbs and volcanic gravel as drainage layer provided better
thermal insulation performance than that of the conventional flat-roof. During summer 2012,
Coma et al. (2016) assessed the insulation performance of the same green roofs in Puigverd de
Lleida (Spain) once the effect of moisture was not negligible. Therefore, they assessed the
integrated effect of temperature and humidity on the extensive green roof with the drainage layer
of rubber crumbs and volcanic gravel. The results showed that the green roof with rubber crumbs
provided more energy savings than volcanic gravel.as drainage layer. Following this, Pérez et al
(2012) revealed that the use of the accumulated energy consumption of house-like cubicles with
rubber crumbs and volcanic gravel as drainage layer under inside temperature of 24 °C decreased
up to 3.5% and 15%, respectively; in comparison with the conventional flat roof.

Generally, to get a better understanding of the temprature distribution of extensive green roofs
with different types of materials, there.is a necessity to assess the thermal and humidity transfers
within the green roof models. Furthermore, the thermal performance of green roof models using
recycled materials and porous aggregates as drainage layer has rarely been simulated. Moreover,
only few studies have been conducted to model the simultaneous temperature and humidity
transfers within.green roof models. In addition, providing the design recommendations for the
optimum thickness of green roof layers is essential to achieve a suitable thermal perfomance for
the inside temperature of the houses and buildings (Coma et al. 2016; Mickovski et al. 2013).
Therefore, the objective of this study was to adapt modeling characteristics for the green roof
models with different thicknesses of substrate and drainage layers used under constant and
variable temperatures and solar radiation: specific rubber crumbs and volcanic gravel behaviour
has been simulated. To achieve this goal, the temperature fluctuations in green roof models were
assessed, where the models were developed and exposed to outside weather conditions (variable
temperatures and solar radiation) of Lleida for the summer period of 2011. Thereafter, a
parametric study was carried out to assess the temperature transfer through substrate and
drainage layers. Furthermore, the models were exposed to the weather conditions of Lleida for
the summer period of 2012, when environmental conditions included solar radiation and outside
temperature as well as outside relative humidity. Finally, the simultaneous effect of temperature



and relative humidity on green roof models with different thicknesses of substrate and drainage
layers was studied.

2. Green roof modelling

2.1. Details of green roof models

In this study, the pure thermal performance of green roof models was first developed using
the ABAQUS software, which is suitable for the thermal simulation in the green roof (Lei et al.
2019; Ting 2011). The properties of materials given by Coma et al. (2016) were used for the
thermal modelling simulation. They extracted data from Sailor and Hagos (2011) to realistically
predict the thermal behaviour of green roof layers. Concerning this, the density, thermal
conductivity and specific heat for the drainage layer of pozzolana were equal to 830 kg/m®;0.55
W/m K, and 1000 J/kg K, respectively. The corresponding values for the drainage layer of rubber
crumbs were 610 kg/m®, 0.13 W/m K, and 1000 J/kg K, respectively. These values for substrate
were obtained 940 kg/m?®, 0.435 W/m K, and 1420 J/kg K, respectively.

Twenty green roofs were numerically modelled in which the. models with the reference
numbers of 1 and 11 (Table 1) were first simulated and verified with the experimental outputs,
given by Coma et al. (2014; 2016) and Pérez et al. (2012). They:carried out experiments on the
green roof specimens with pozzolana (volcanic gravel) and rubber crumbs as drainage layer
under constant inside temperature (24 °C =297.15 K) during.a 6-day period (518400 s) on July
2011 in Lleida. During this period, the weather conditions included the variable solar radiation
and outside temperature as measured by Coma et al: (2014) (Fig. 1). In the aforementioned green
roof models, the thicknesses of drainage layer-and substrate were equal to 4cm and 5cm,
respectively. Later on, by keeping constant the thickness of substrate, the thickness of drainage
layer with pozzolana and rubber crumbs numerically increased up to 5, 6, 7, and 8 cm (the
reference numbers of 2-5 and 12-15 in Table 1). Thereafter, by keeping constant the thickness of
drainage layer, the thickness of substrate.increased up to 6, 7, 8, 9, and 10 cm (the reference
numbers of 6-10 and 16-20 in Table 1).

Table 1. Details and geometrical characteristics of green roofs.
Thickness (cm)

No. Specimen Materials for drainage layer Drainage layer Substrate
1 paj-sbs Pozzolana 4 5
2 P5-S5 Pozzolana 5 5
3 P6-S5 Pozzolana 6 5
4 P7-S5 Pozzolana 7 5
5 P8-S5 Pozzolana 8 5
6 P4-S6 Pozzolana 4 6
7 P4-S7 Pozzolana 4 7
8 P4-S8 Pozzolana 4 8
9 P4-S9 Pozzolana 4 9
10 P4-S10 Pozzolana 4 10
11 RC¢4-S5 Rubber crumbs 4 5
12 RC5-S5 Rubber crumbs 5 5
13 RC6-S5 Rubber crumbs 6 5
14 RC7-S5 Rubber crumbs 7 5
15 RC8-S5 Rubber crumbs 8 5
16 RC4-S6 Rubber crumbs 4 6
17 RC4-S7 Rubber crumbs 4 7
18 RC4-S8 Rubber crumbs 4 8
19 RC4-S9 Rubber crumbs 4 9
20 RC4-S10 Rubber crumbs 4 10

® Pozzolana

® Substrate
¢ Rubber crumbs
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Fig. 1. Outside temperature and solar radiation at the beginning of July 2011 for a 6-day period
(518400 s) in Lleida (Spain) (Coma et al. 2014).
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To assess the integrated effect of temperature and humidity~on different layers of the
extensive green roof including substrate and drainage layers, the. WUFI software was used,
which is suitable to model the simultaneous heat and moisture transfer into the buildings
(Budaiwi and Abdou; 2013; Antretter et al. 2011; Amiri Fard et al. 2019; Altamirano-Medina et
al. 2009). To realistically simulate the thermal performance of materials in WUFI software, the
data given by Coma et al. (2016) were used as already. presented. In addition, the porosity and
water vapour diffusion resistance of rubber crumbs, pozzolana and substrate were required for
the simulation of humidity transfer into the depth of the green roof models. Concerning this, the
approximate values for the porosity of rubber crumbs, pozzolana and substrate were assumed to
be 50%, 57%, and 40%, respectively, similar to what were proposed by other researchers (Stovin
et al. 2015; Pfretzschner and Rodriguez 1999; Tommasi et al. 2015). Moreover, the water vapour
diffusion resistance factor of substrate was considered to be 5 (Schulte-Wrede et al. 2012). The
drainage layer included granular materials of pozzolana and rubber crumbs and it was very
permeable. Therefore, the water vapour diffusion resistance factor for this layer was assumed to
be 1 as recommended by Fraunhofer:IBP (2015).

For the hygrothermal simulation of green roof systems, the models with the reference
numbers of 1 and 11 (Table 1) were simulated using WUFI software once again and they were
verified with the experimental outputs, given by Coma et al. (2014; 2016) and Pérez et al. (2012)
for the green roof'specimens under constant inside temperature during a 6-day period (518400 s)
on July 2011 in Lleida. Fig. 1 shows the weather conditions for this period which included the
variable solar radiation and outside temperature as measured by Coma et al. (2014). After the
verification, the outside weather conditions on July 2011 in Lleida (Fig. 1) were replaced with
those on July 2012 in Lleida (Fig. 2) prepared by Coma et al. (2016) in which the verified
models were exposed to the variable solar radiation and outside temperature as well as outside
relative humidity. Thereafter, the integrated effect of temperature and humidity on green roofs
was assessed, particularly for the summer period. Finally, another parametric study was carried
out using WUFI software to evaluate the simultaneous effect of temperature and relative
humidity transfer within the green roof models with different substrate and drainage layer
thicknesses.

It is noteworthy that the plants covered only 20 % of the surface of substrate and they were in
a growth phase during summer 2011. Therefore, the vegetation coverage was scarce and the
sunlight shined directly through the surface of the substrate, which provided a suitable condition



to evaluate the effect of the solar radiation and outside temperature on the substrate and drainage
layers as mentioned by Coma et al. (2014). In addition, they fabricated the experimental cubicle
specimens without filter and insulation layers and revealed that the effect of rainfall on the
thermal performance of cubicle specimens was negligible owing to the dry and Mediterranean

climate of Lleida.
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Fig. 2. Outside temperature and solar radiation as well as outside relative humidity at the
beginning of July 2012 for a 6.5-day period (561600 s)in Lleida (Spain) (Coma et al. 2016).

2.2. Green roof model with ABAQUS software

Figs. 3(a) and 3(b) show the experimental cubicle specimen and green roof model,
respectively. To realistically simulate the thermal conditions of the cubicle specimen during a 6-
day period on July 2011 in Lleida, the bottom.of drainage layer was exposed to constant inside
temperature (24 °C =297.15 K), similar.to what Coma et al. (2014; 2016), Pérez et al. (2012)
performed. In addition, considering the edges of green roof specimens were not experimentally
insulated, they could be exposed to 24 °C, similar to the bottom of green roof specimen.
Therefore, the initial temperature of 24 °C was numerically considered for the edges of green
roof models, similar to their bottom;-even though the numerical results were extracted from the
center of green roof models (Fig. 4), where was far away from the green roof’s edges. On the
other hand, the top of substrate was exposed to the outside temperature and solar radiation as
shown in Fig. 3(b). As per the properties of different types of materials given by Pérez et al.
(2012) and Coma et al. (2014; 2016), some parameters of substrate and drainage layers were
introduced to- ABAQUS software including the density, thermal conductivity, and specific heat
value as presented in Table 1.
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Fig. 3. Experimental cubicle of green roof (Pérez et al. 2012) (a); three-dimensional (3D)
configuration of numerical model developed using ABAQUS software (b).

According to the Fig. 4, to realistically model the three-dimensional (3D). members in
ABAQUS software, the 3D hexahedral element was employed as already used in other studies
(Kazemi et al. 2019; Jarrah et al. 2019; Madandoust and Kazemi 2017; Mohammadi et al. 2019).
The intersection between substrate and drainage layer was assumed.to be the constraint of tie to
effectively transfer the thermal radiation and temperature in the depth of the green roof. To
verify the developed models, the fluctuation of temperature in the.internal ceiling point (point A
in Fig. 4) of green roofs with the drainage layer of pozzolana and rubber crumbs (P4-S5 and
RC4-S5) was compared with those of experimental cubicle specimens, fabricated by Coma et al.
(2014; 2016). Meanwhile, the approximate element sizes of 8 cm and 1 cm were considered for
the length and depth of the green roof models as shown:.in Fig. 4. To assess the thermal
distribution in different thicknesses of green roofs, the points A, B, C, D, E, F, G, H, I, and J
were assumed along the depth of the models as depicted in Fig. 4, where the distance between
the aforementioned points was the same and equal to 1 cm.

Element size for the length of green
roof = 8cm

/

b Element size for-the width of green

z‘l‘x roof = Iem- & « £
Fig. 4. Finite element mesh and cross-sectional view of green roof model.

2.3. Green roof model with WUFI software

Fig. 5 shows the green roof model developed using WUFI software. For the verification of
green roof models, the weather conditions of Lleida for a 6-day period on July 2011 (Fig. 1)
were used. In order to model the two-dimensional (2D) green roof models using WUFI software,
three automatic grids were available including coarse, medium and fine. To reliably verify the
green roof models, the fine gird was automatically chosen and introduced to the depth of
substrate and drainage layers as shown in Fig. 5. After the verification of green roof models, the
outside weather conditions of Lleida for July 2011 (Fig. 1) was replaced with those for July 2012



(Fig. 2). To assess the simultaneous effect of thermal and humidity transfers into the depth of the
green roof models, the top of substrate was exposed to the outside temperature and solar
radiation as well as relative humidity (Fig. 2). On the other hand, the bottom of drainage layer
was exposed to the constant inside temperature (24 °C =297.15 K), similarly to what Coma et al.
(2014; 2016) carried out experimentally.

Top of substrate
Substrate = 5cm

Between substrate and drainage layer

Drainage layer = 4cm

Bottom of drainage layer

Fig. 5. 2D grid configuration of green roof model developed using WUFI software.
3. Verification of green roof models

For the thermal simulation using ABAQUS software, the curves of internal ceiling
temperature for green roof models with the drainage layer of.pozzolana and rubber crumbs were
compared with those of experimental cubicle specimens under constant inside temperature, given
by Pérez et al. (2012), as shown in Fig. 6. According to the Fig. 6, the temperature fluctuation for
the green roof model with pozzolana as drainage layer (Analyt.(P4-S5)) was nearly the same as
that obtained for the cubicle specimen (Exp.(P4-S5)). Inaddition, the maximum and minimum
internal ceiling temperatures of the.green roof model with pozzolana as drainage layer were
26.25°C and 23.29°C, respectively. The corresponding values for the green roof specimen were
25.5°C and 23.9°C as reported by Pérez et al. (2012). Therefore, there was less than 2.9%
difference between the results of green roof model and experimental specimen with pozzolana as
drainage layer. As per Fig. 6, the variation of internal ceiling temperature for the numerical
model with rubber crumbs as drainage layer (Analyt.(RC4-S5)) was found to be the same as that
observed for the experimental specimen (Exp.(RC4-S5)). Moreover, the maximum and minimum
internal ceiling temperatures of the green roof model with rubber crumbs as drainage layer were
25.2°C and 23.1°C, respectively. The corresponding values for the green roof specimen were
24.924°C and 23.5°C as reported by Pérez et al. (2012). So, there was less than 1.7% difference
between the results of.green roof model and specimen with rubber crumbs as drainage layer.
Generally, it can be stated that the green roof models effectively predicted the thermal behaviour
of experimental cubicle specimens, tested by Pérez et al. (2012).

To verify the green roof model using WUFI software, a comparison between the internal
ceiling temperature of experimental specimens given by Pérez et al. (2012) and green roof
models was performed as shown in Fig. 6. According to the results, the fluctuation of internal
ceiling temperature for the green roof models was nearly the same as that for the green roof
specimens. Also, the maximum and minimum internal ceiling temperatures of the green roof
model with pozzolana as drainage layer were 25.5°C and 23.5°C, respectively. In addition, the
maximum and minimum internal ceiling temperatures of the green roof model with rubber
crumbs as drainage layer were 25.17°C and 23.03°C, respectively. Therefore, there was less than
2.1% difference between the results of green roof models and experimental specimens given by
Pérez et al. (2012). It can be stated that the thermal behaviour of green roof model suitably
agreed with the experimental results given by Pérez et al. (2012).
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Fig. 6. A comparison between the internal ceiling temperature of experimental green roof
specimens and green roof models.

4. Results and discussions
4.1. Thermal performances

Fig. 7 shows the ceiling temperature in different depths of the green roof model with the
drainage layer of pozzolana (P4-S5) and rubber crumbs (RC4-S5), which were modelled using
ABAQUS software. The data were presented in terms of each 1 cm through the depth of green
roof layers to accurately assess the temperature distribution through the depth of different layers.
According to the results, an approximate linear increase in temperature was observed for each
layer at a specific time.
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Fig. 7. Ceiling temperature vs. period plot of green roof for the points of A, B, C, D, E, F, G, H,
I,-and J, shown in Fig. 4.

In Fig. 7, Analyt. (P4-S5)- Pt. A, Analyt. (P4-S5)- Pt. B, Analyt. (P4-S5)- Pt. C, and Analyt.
(P4-S5)- Pt. D are the fluctuation oftemperature in the points A, B, C, and D, respectively, at the
same order shown in Fig. 4, indicating the temperature in different depths of the pozzolana as
drainage layer. Analyt. (P4-S5)- Pt.:E, Analyt. (P4-S5)- Pt. F, Analyt. (P4-S5)- Pt. G, Analyt.
(P4-S5)- Pt. H, Analyt. (P4-S5)- Pt. I, and Analyt. (P4-S5)- Pt. J are the fluctuation of
temperature in the points E, F, G, H, I, and J, respectively, at the same order as shown in Fig. 4,
depicting the variation of temperature in different depths of the substrate. As indicated in Fig. 4,
the maximum and minimum temperatures at the top of green roof (Analyt. (P4-S5)- Pt. J) were
47.74°C and-17.02°C, respectively. The corresponding values at the bottom of green roof
(Analyt. (P4-S5)- Pt. A) were 26.5°C and 23.29°C, respectively. Therefore, the results showed
that the-fluctuation of temperature from the surface to the bottom of green roof decreased,
leading to decreasing the internal ceiling temperature variation. This process demonstrated that
the substrate and drainage layers resisted the outside temperature fluctuation to transfer through
green roof systems, which led to declining the diurnal temperature variation at lower layers of
green roof model as explained by Parizotto and Lamberts (2011). In addition, the results showed
that the fluctuation of temperature in the substrate was obtained more than that in the pozzolana
as drainage layer as shown in Fig. 7.

Similar to what was observed for the green roof with the pozzolana as drainage layer, the
fluctuation of temperature in the substrate was obtained more than that in the drainage layer of
rubber crumbs. However, the fluctuation of temperature in the drainage layer of rubber crumbs
was more than that of pozzolana. In this regard, the contour plots of green roof with pozzolana

11



(P4-S5) and rubber crumbs (RC4-S5) as drainage layer were compared to each other in Figs. 8(a)
and 8(b), when the maximum nodal temperature distribution was generated in 370000" s. As per
the results, the temperatures at the top and bottom of pozzolana as drainage layer were found to
be 304.6 K and 299.5 K, respectively (Fig. 8(a)). The corresponding values for the rubber
crumbs as drainage layer were 311.6 K and 298.2 K, respectively, as indicated in Fig. 8(b).
Concerning this, the temperature at the top of pozzolana layer was 1.7% more than its bottom
surface. The corresponding difference for the rubber crumbs as drainage layer was 4.5%.
Therefore, it can be stated that the rubber crumbs outperformed pozzolana to prevent transferring
the temperature to green roof systems, owing to lower bulk density of rubber crumbs, leading to
generating more air gaps in the green roof, and subsequently increasing the thermal resistance of
system (Coma et al. 2014; Pérez et al. 2012; Saberian et al. 2019; Akbarzadeh Bengar et al.
2020).
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Fig. 8. The maximum nodal temperature distribution in the green roofs under constant inside
temperature with drainage layer of pozzolana (P4-S5 ) (a); and rubber crumbs (RC4-S5) (b); the
unit in the legends is K.

4.2. Parametric study

4.2.1. Thickness.of substrate

By keeping constant the thickness of drainage layer (4cm), the fluctuation of internal ceiling
temperature for the green roof models with different thicknesses of substrate is shown in Fig. 9.
According to the results, the fluctuation of temperature decreased by increasing the thickness of
substrate-from-5cm to 10cm as expected. However, this fluctuation for the green roofs with
drainage layer of pozzolana was found to be more than those of rubber crumbs. Regarding this,
the temperatures at the top and bottom of substrate layer are presented in Fig. 10 to compare the
effect of drainage layer type on the thermal distribution in the substrate. For the green roofs with
the pozzolana material, the temperature at the top of the substrate was in the range from 320.2K
to 320.9K. The corresponding value at the bottom of substrate was in the 302.3-304.6 K range.
On the other hand, for the green roofs with the rubber crumbs, the temperature at the top of the
substrate was in the range from 320.2K to 321.4K. The corresponding value at the bottom of
substrate was in the 305.6-311.6 K range. Therefore, the temperature at the top of the substrate
was on average about 5.54% more than that at the bottom of the substrate for the green roof with
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the pozzolana material. The corresponding difference was 4.14% for the green roof with the
rubber crumbs. It can be stated that the thermal performance of substrate was slightly affected by
the type of materials used for the drainage layer similarly to what Cascone (2019) concluded and
the drainage layer of rubber crumbs outperformed that of pozzolana to prevent transferring the
temperature to green roof systems, owing to lower bulk density of rubber crumbs in comparison
to the pozzolana material.

As shown in Fig. 10, the difference between the temperature at the top and bottom of
substrate increased by increasing the thickness of substrate, which led to increasing the thermal
resistance of green roof. However, for the green roof either with pozzolana or rubber crumbs as
drainage layer, this difference for substrate with the thicknesses of 9cm and 10cm.was negligible.
From the structural point of view, it would be better to choose the low-weight substrate layers,
imposing a lower load to the building (Teemusk and Mander 2009; Sadeghian:et al., 2020).
Therefore, the substrate with the thickness of 9cm is recommended to be used once the thickness

of pozzolana and rubber crumbs as drainage layer is kept constant, equal to 4 em.
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Fig. 9. Internal ceiling temperature (point A in Fig. 4) in the green roofs with different

thicknesses of substrate.
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Fig. 10. The maximum nodal temperature (generated about 370000 s).in the green roofs with
different thicknesses of substrate.

4.2.2. Thickness of drainage layer

Fig. 11 shows the fluctuation of internal ceiling temperature for the green roof models with
different thicknesses of drainage layer by keeping constant the thickness of substrate (5cm).
According to the results, the fluctuation of temperature decreased by increasing the thickness of
drainage layer from 4cm to 8cm. In addition, the internal-ceiling temperature fluctuated more in
the green roof with pozzolana than that with rubber crumbs. Although both rubber crumbs and
pozzolana had high porosity, low bulk density of rubber crumbs led to increasing the air
entrapment into the drainage layer and generating higher resistance to the temperature transfer
through green roof systems similarly to what Coma et al. (2014) and Pérez et al. (2012)
concluded.

The temperatures at the top and bottom of drainage layer of pozzolana and rubber crumbs are
presented in Fig. 12. The results showed that the temperature at the top of the pozzolana layer
was in the range from 304.6K to 310.1K. The corresponding value at the bottom of substrate was
in the 298.8-299.5 K-range. Furthermore, the temperature at the top of the rubber crumbs layer
was in the range from311.6K to 316.7K. The corresponding value at the bottom of the rubber
crumbs layer was in the 297.8-298.2 K range. In other words, the temperature at the top of the
pozzolana layer was;on average about 3.11% more than that at its bottom surface. The
corresponding difference for the drainage layer of rubber crumbs was 5.74%. Therefore, it can be
stated that the pozzolana and rubber crumbs resisted against the thermal transfer through the
inside of the green roof, similarly to what Coma et al. (2014; 2016) and Mohammed et al. (2012)
observed. However, due to higher diffusion properties of rubber crumbs than pozzolana, the
thermal distribution along the depth of rubber crumbs as drainage layer was found to be more.

As per the results, by increasing the thickness of drainage layer, the difference between the
temperature at the top and bottom of the drainage layer in the green roof models increased (Fig.
12). However, there was no significant difference between the results of the drainage layer of
pozzolana with the thicknesses of 6¢cm, 7cm, and 8mm. The same was observed for the drainage
layer of rubber crumbs with of 7cm and 8cm. For instance, the difference between the
temperature at the top and bottom of the drainage layer of pozzolana with the thicknesses of
6cm, 7cm, and 8cm was in the range of 10.9-11.2 K. The corresponding difference for the
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drainage layer of rubber crumbs with the thicknesses of 7cm and 8cm was in the 18.5-18.9 K
range. Since it has been recommended to select the low-weight drainage layers for the extensive
green roof (Oberndorfer et al. 2007; Raji et al. 2015), the 6cm and 7cm can be considered as
optimum thicknesses for the drainage layers of pozzolana and rubber crumbs, respectively.
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Fig. 11. Internal ceiling temperature (point A inFig. 4).in the green roofs with different
thicknesses of drainage layer.
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Fig..12. The maximum nodal temperature (generated about 370000" s) in the green roofs with
different thicknesses of drainage layer.

4.3. Effects of humidity and temperature on thermal performances

In this section, the WUFI software was used to assess the integration of temperature and
humidity transfer in the P4-S5 and RC4-S5 models at the top and bottom of green roof and
between substrate and drainage layers during summer period as shown in Figs. 13 and 14.
According to the results, the temperature at the top of green roof with the drainage layer of
pozzolana and rubber crumbs was in the range of 16.44-31.89 °C and 16.07-32.25 °C,
respectively. The corresponding values between the substrate and drainage layer of green roof
with pozzolana and rubber crumbs were 19.44-28.59 °C and 18.07-30.07 °C. The ranges of
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21.12-26.86 °C and 22.27-25.73°C were obtained for the bottom of green roof with the drainage
layer of pozzolana and rubber crumbs, respectively. It can be stated that the fluctuation of
temperature decreased from the top to the bottom of green roof demonstrating suitable heat
resistance of substrate and drainage layer of pozzolana and rubber crumbs. In addition, the
fluctuation of temperature at the bottom of green roof with the drainage layer of rubber crumbs
was slightly lower than that of pozzolana. It can be due to lower bulk density rubber crumbs than
that of pozzolana, leading to increasing the thermal performance of system (Coma et al. 2016;
Pérez, et al. 2012). As mentioned by Coma et al. (2016), the comfort temperature for the inside
of houses was in the 23-26 °C range, particularly during summer period. The ranges of internal
ceiling temperature of green roof with the drainage layer of pozzolana and rubber crumbs
(temperature at the bottom of green roof) were near to the same range as reported by Coma et al.
(2016). That’s why the current design of green roof could provide the required internal comfort
temperatures, particularly during summer period.

The relative humidity at the top of green roof with the drainage layer of pozzolana and rubber
crumbs was in the range of 33.27-86.09 % and 32.46-87.1 %, respectively. The corresponding
values between the substrate and drainage layer of green roof with pozzolana and rubber crumbs
were 41.13-79.64 % and 37.78-83.23 %. The ranges of 44.96-74.6 % and 45.16-71.57% were
obtained for the bottom of green roof with the drainage layer of pozzolana and rubber crumbs,
respectively. The range of internal relative humidity for comfort is about 30-70% as reported by
other researchers (Tsutsumi et al. 2007; Jin et al. 2017; fan et al. 2019). Therefore, the ranges of
internal relative humidity (humidity at the bottom of drainage layer of pozzolana and rubber
crumbs) were within the humidity range for indoor comfort. In addition, the results showed that
the relative humidity of green roof decreased from the top to the bottom the green roof,
demonstrating the suitable water absorption capacity of substrate and drainage layer.
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Fig. 13. The temperature and humidity fluctuation in different depths of green roof model
with drainage layer of pozzolana (P4-S5) under constant inside temperature.
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Fig. 14. The temperature and humidity fluctuation in different depths of green roof model
with drainage layer of rubber crumbs (RC4-S5) under constant inside temperature.

4.4. Sensitivity analysis
4.4.1. Thickness of substrate

Figs. 15 and 16 show the integration of internal ceiling temperature and humidity fluctuation
for the green roof models with different thicknesses-of substrate once the thickness of drainage
layer was kept constant (4cm). By using the pozzolana as drainage layer, the range of internal
ceiling temperature for the green roof models with 5-, 6-, 7-, 8-, 9- and 10-cm substrate was
21.12-26.86 °C, 21.32-26.61 °C, 21.5-26.37 °C, 21.67-26.2 °C, 21.8-26.05 °C, and 21.93-25.87
°C, respectively, as shown in Fig. 15. The corresponding values for the green roof models with
the drainage layer of rubber crumbs were 22.27-25.73 °C, 22.35-25.62 °C, 22.45-25.52 °C,
22.53-25.43°C, 22.61-25.31°C, and 22.68-25.2 °C as shown in Fig. 16. The results showed that
the ranges of internal ceiling temperature of green roof models with different thicknesses of
substrate were nearly within the range of 23-26 °C, which is the comfort temperature for the
inside of houses during summer period as reported by Coma et al. (2016).

The internal relative humidity values for the green roof models with different thicknesses of
substrate were between 44.56% and 73.59 % as indicated in Figs. 15 and 16. These values were
nearly within the.range of 30-70%, which is the comfort humidity for the inside of houses as
reported by other researchers (Tsutsumi et al. 2007; Jin et al. 2017; fan et al. 2019). On the other
hand, the results showed that the fluctuation of relative humidity increased by increasing the
temperature, while the reverse was observed by decreasing the temperature. This process showed
that high temperature caused to evaporate the water content in the substrate layer, which
somewhat prevented the transfer of outside temperature and solar radiation through the depth of
green roof system.

According to the results, the fluctuation of internal ceiling temperature in the green roof
models with the presence of humidity (Figs. 15 and 16) decreased by increasing the thickness of
substrate, but not as much as those without the presence of humidity (Fig. 9). However, once
there was the humidity in different layers of green roof during summer period, increasing the
temperature led to the evaporation of water content in substrate layer. This evaporated water
participated in absorbing some parts of the outside temperature and solar radiation. That’s why
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the fluctuation of internal ceiling temperature slightly decreased by increasing the thickness of
substrate once there was the humidity in the substrate layer.

36

34

32

30

28

26

24

Internal ceiling temperatures (°C)

20

Fig.

Internal ceiling temperatures (°C

22 A

L\

€= 2

¥ _/f Y I y /
_ \ - (4 o \ > A % A

LR gi?”" T Wl e ';{"’“ U VAT
™ 4 ) ¢ \ #,Mz_gj‘zm
© L] \?_/
0 86400 172800 259200 345600 432000 518400
Time (s)

Temperature_Analyt.(P4-S5)
Temperature_Analyt.(P4-S7)
Temperature_Analyt.(P4-S9)
— — — — Relative humidity_Analyt.(P4-S5)
— — = — Relative humidity_Analyt.(P4-S7)
— — — — Relative humidity_Analyt.(P4-S9)

Temperature_Analyt.(P4-S6)
Temperature_Analyt.(P4-S8)
Temperature_Analyt.(P4-S10)

— — = — Relative humidity_Analyt.(P4-S6)
— — = — Relative humidity_Analyt.(P4-S8)
Relative humidity_Analyt.(P4-S10)

100

- 90

- 80

- 70

- 60

——= 50

- 40

- 30

- 20

10

15. The internal ceiling temperature and humidity fluctuation for the green roof models

36

34

32

30

28

26

24

22

20

with the drainage layer of pozzolana and different thicknesses of substrate.

Jl i 3 i ‘m Vel
W
0 86;100 172‘800 259‘200 Time (s) 345‘600 432‘000 518‘400

Temperature_Analyt.(RC4-S5)
Temperature_Analyt.(RC4-S7)
Temperature_Analyt.(RC4-S9)
= = = Relative humidity_Analyt.(RC4-S5)
— = = = Relative humidity_Analyt.(RC4-S7)
— = = = Relative humidity_Analyt.(RC4-S9)

Temperature_Analyt.(RC4-S6)
Temperature_Analyt.(RC4-S8)
Temperature_Analyt.(RC4-S10)

— = = = Relative humidity_Analyt.(RC4-S6)
— = = = Relative humidity_Analyt.(RC4-S8)

Relative humidity Analyt.(RC4-S10)

100

- 90

- 80

70

60

< 50

- 40

30

20

- 10

Fig. 16. The internal ceiling temperature and humidity fluctuation for the green roof models

4.4.2. Thickness of drainage layer

The integration of internal ceiling temperature and humidity fluctuation for the green roof

with drainage layer of rubber crumbs and different thicknesses of substrate.

models with different thicknesses of drainage layer of pozzolana and rubber crumbs is shown in

Figs. 17 and 18. According to Fig. 17, the range of internal ceiling temperature for the green roof
models with 4-, 5-, 6-, 7-, and 8-cm drainage layer of pozzolana was 21.22-26.86 °C, 21.24-
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26.68 °C, 21.38-26.5 °C, 21.47-26.34 °C, and 21.57-26.23 °C, respectively. The corresponding
values for the green roof models with the drainage layer of rubber crumbs were 22.4-25.73 °C,
22.46-25.52 °C, 22.5-25.4 °C, 22.53-25.26 °C, and 22.52-25.14 °C as shown in Fig. 18.
According to the results, there was no significant difference between the range of internal ceiling
temperature of green roof models with different thickness of drainage layer and that of comfort
temperature (23-26 °C) reported by Coma et al. (2016). The fluctuation of internal ceiling
temperature of green roof model with the rubber crumbs was slightly lower than that with
pozzolana due to higher diffusive properties and lower bulk density of rubber crumbs in
comparison to the pozzolana material (Coma et al. 2016; Pérez et al. 2012).

As shown in Figs. 17 and 18, the relative humidity values for the green roof models with
different thicknesses of substrate were between 45.05% and 73.79 %. These«values were nearly
within the range of 30-70%, which is the humidity range for indoor comfort (Tsutsumi et al.
2007; Jin et al. 2017; fan et al. 2019). In most cases, there was a rapid fluctuation in relative
humidity once the temperature increased. This process can be attributed to the evaporation of
water content in the substrate layer, which directly affected the heat transfer within green roof
systems, similar to what Li and Zhu (2003) reported.

Generally, the fluctuation of internal ceiling temperature in the green roof models with the
presence of humidity (Figs. 17 and 18) decreased by increasing the thickness of drainage layer,
but not as much as that without the presence of humidity (Fig. 11). It can be due to the fact that
the pozzolana and rubber crumbs used for the drainage layer of green roof had high water
retention capacity (Coma et al. 2016; Vila et al. 2012).. The trapped water in the drainage layer
was evaporated by increasing the temperature during summer period. This process absorbed
some parts of the outside temperature.and solar radiation, leading to a moderate decrease in the
internal ceiling temperature by increasing. the thickness of substrate once there was the humidity
in the drainage layer.
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Fig. 17. The internal ceiling temperature and humidity fluctuation for the green roof models
with different thicknesses of the drainage layer of pozzolana.
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Fig. 18. The internal ceiling temperature and humidity fluctuation for the green roof models

with different thicknesses of the drainage layer of rubber crumbs.

5. Conclusions

In this study, the behavior of specific rubber crumbs and volcanic gravel as drainage layer has
been simulated on the base of the temperature and humidity transfers within green roof systems,
the thickness of substrate and drainage layer was optimized and adapted for dry summer,
Mediterranean climate with low precipitation. According to the developments, the following
conclusions can be drawn:

The modeling realistically. predicted the thermal performances observed on
experimental cubicle' specimens. In addition, the temperature fluctuation in the
substrate was observed to be more than that in the drainage layer made of rubber
crumbs and pozzolana. Furthermore, this fluctuation in the rubber crumbs was lower
than in pozzolana material.

By keeping constant the thickness of the drainage layer, an increase in the thickness of
substrate from 5cm to 10cm caused a decrease of the fluctuation of internal ceiling
temperature once there was no humidity in green roofs. In addition, the temperature at
the top of the substrate was on average about 5.54% and 4.14% higher than that at the
bottom of the substrate for the green roofs with the pozzolana and rubber crumbs,
respectively, once the thickness of the drainage layer was constant. Therefore, the heat
resistance with rubber crumbs was moderately more important than those with
pozzolana. On the other hand, the 9-cm substrate was recommended to be used for the
green roofs once the thickness of the drainage layer was kept constant.

By keeping constant the thickness of the substrate, the fluctuation of temperature
decreased by increasing the thickness of drainage layer from 4cm to 8cm once there
was no humidity in green roofs. In addition, the internal ceiling temperature of green
roof with pozzolana fluctuated more than that of the green roof with rubber crumbs.
Meanwhile, the temperature at the top of the pozzolana and rubber crumbs as the
drainage layer was on average about 3.11% and 5.74%, respectively, more than that at
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their bottom surface. It is worth noting that the optimum thickness of pozzolana and
rubber crumbs as drainage layer was 6cm and 7cm, respectively, once the thickness of
the substrate was kept constant.

e The simultaneous heat and moisture transfers within the green roof models showed
that there was no significant difference between the range of internal ceiling
temperature of green roof models with different thickness of substrate and drainage
layers and that of comfort temperature. In addition, by increasing the thickness of
substrate and drainage layers, the fluctuation of internal ceiling temperature in the
green roof models with the presence of humidity decreased, but not as much as that in
the green roof models without the presence of humidity.
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