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This study conducted a sensitivity analysis and assessed the effects of long-term weather conditions on green roof
models, including recycled and artificial materials. Climate conditions can affect the hygrothermal performance
of green roof materials, but this important issue has hardly been evaluated for drainage and substrate layers
made of recycled and artificial materials. Climate change makes it unclear how well green roofs will perform
hygrothermally. Moreover, the heat flux sensitivity to the thickness and physical characteristics of green roofs
with artificial and recycled materials has received less attention. This study applied three weather scenarios on
green roof models with artificial and recycled materials: the beginning, middle, and end of the 21st century. As
per the results, at the beginning and middle of the 21st century, substrate layers’ water content was roughly nine
times more than the drainage layers’. At the end of the 21st century, the comparable difference was 6.5 times
larger. During the summer and the beginning of autumn, the green roofs’ thermal performance with recycled and
artificial materials was improved until the end of the 21st century. The entire parameter change demonstrated
the scatter of thermal conductivity, density, and thickness effectively influenced the dispersion of heat flux for
the green roof layers. Also, the scatter of density was more effective in heat flux dispersion for substrate layer
than drainage layer.

The heat flux from the building was lower for the green roof than the
gravel roof, even under chilly and wet conditions. The gravel roof

1. Introduction

Green roofs’ ability to provide thermal protection may help buildings
to use less energy and experience less thermal load [1-4]. Also, the
configuration (thickness) of drainage and substrate layers and their
materials’ thermal and physical properties can affect the insulation
performance and water-holding capacity of green roof systems [5-7].
On the other hand, since green roofs with different materials’ charac-
teristics can be highly affected by climate conditions [8-12], their
thermal performance and workability have been assessed under
different weather conditions. Regarding this, Getter et al. [13] compared
the performance of green roofs with traditional gravel roofs in a Mid-
western U.S. climate with hot, humid summers and cold, snowy winters.

consistently experienced more extreme maximum and minimum
average monthly temperatures and heat fluxes than the green roof over a
year. Green roofs’ effects on heat fluxes and surface temperatures during
the winter were assessed by Stella and Personne [14] in a temperate
climate. The results showed green roofs decreased heat flux fluctuations
at the building surface. Also, the building surface’s temperature and heat
flux variations were lessened by deeper substrates.

The thermal, hydrodynamic, and physical characteristics and thick-
ness of green roof materials and layers play a fundamental role in
hygrothermal performance of roofing systems [6,15]. Scharf and Zluwa
[16] investigated different green roof systems’ building physical
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properties. They concluded that the thicker the green roof construction
was, the better the building’s physical properties were. However, it was
unreliable to estimate the average U-value of green roofs based only on
construction thickness. When paired with a drainage layer with a high
pore volume, substrate materials with a high-water storage capacity
improved the building’s physical characteristics. Zhang et al. [17] car-
ried out a sensitivity analysis on green roof systems. The results showed
that the rate at which the green roof reduced cooling load rose as
insulation effectiveness declined owing to an increase in the inward heat
flux. Mechelen et al. [18] revealed that small amounts of irrigation were
needed for green roofs in temperate climate to have a more sustainable
future for urban life. A study was done by Chan and Chow [19] on green
roof performance under future climate conditions. According to the re-
sults, in comparison to the base case, the building case with soil thick-
ness of 0.4 m and plant height of 0.05 m kept the energy consumption no
more or less than the current level, ranging from —2.4% to —10%.

The recycled materials have been found to work well for commercial
green roofs [20]. Regarding this, Eksi et al. [21] showed that the particle
dispersion of zeolite prevented it from supporting plant growth, despite
performing well in terms of nutrient and water retention. Concrete as the
coarse and heavy material performed well as a substrate for the plant
growth. Cascone [22] revealed that rubber crumbs had the greatest
density and thermal conductivity measurements of all the drainage
materials analyzed. Mickovski et al. [23] found that the green roof
substrate made from recycled inert construction waste material was
effective in providing good drainage, promoting plant development, and
being resistant to slippage and erosion. Substrates made from a combi-
nation of recycled red brick and clay pellets were very promising for
maximizing plant diversity of green roof systems as reported by Moli-
neux et al. [24]. A study by Bates et al. [25] demonstrated for green roof
plant diversity, the crushed brick or recycled aggregates with a high
proportion of crushed brick were ideal for substrate materials. Also,
recycled bricks and cork were introduced by Tams et al. [7] as promising
green roof materials. Rincon et al. [26] revealed that, compared to
pozzolana as a drainage material for green roof systems, recycled rubber
showed a lower environmental impact. Shafique et al. [27] reported that
recycled materials in green roof layers might decrease the environ-
mental impacts. However, the use of by-products and recycled materials
for green roof layers should be studied more deeply as recommended by
Scolaro and Ghisi [28].

Long-term experimental and modeling efforts have been conducted
by Kazemi et al. [5,6,9,29,30] to evaluate the hygrothermal, physical,
and configuration of the drainage layer and substrate of green roofs
made of artificial and recycled components. Kazemi et al. [5] suggested
three commercial drainage materials as artificial and recycled produc-
tion: Lightweight Expanded Clay Aggregate (LECA), Incinerated
Municipal Solid Waste Aggregate (IMSWA), and Recycled Coarse
Aggregate (RCA). Their results were compared with Natural Coarse
Aggregate (NCA) as a control coarse granular aggregate. For the sub-
strate layer, the results of a commercial substrate material, including
coarse recycled materials (SP), were compared with those of the control
substrate without coarse recycled materials (SC). Based on heat flow
measurement results and hygrothermal modeling outputs, Kazemi and
Courard [6] demonstrated that a 15-cm SP and a 15-cm SC in a wet state
differed marginally from one another (4.3%). The respective difference
in the dry state was slightly more (6.4%) [30]. Also, 5-cm RCA and 5-cm
NCA both had the same Rc-value [6]. In a wet state, considering the
substrate and drainage layers together, there was a slight variation be-
tween the RC values of the green roof with 15-cm SP and 5-cm RCA and
the green roof with 15-cm SC and 5-cm NCA (4.2%) [6]. The corre-
sponding difference in the dry state was 5.3%, as presented by Kazemi
et al. [30]. Following that, measurements and presentations of three key
indicators, including Rc-value, water permeability, and water retention
capacity, were made by Kazemi et al. [5] for different substrate and
drainage materials, and their outputs were compared with each other.
The results showed that in comparison to SP, the water retention
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capacity of SC was nearly 1.2 times. The corresponding difference for
water permeability test was 1.5 times. However, the values of water
retention capacity and water permeability for both SC and SP were in the
required ranges given by FLL guidelines [31]. For drainage materials,
when compared to NCA, LECA and IMSWA'’s water retention capacity
values were roughly two times higher. Also, the respective value for RCA
was around 1.5 times higher. 5-cm LECA obtained the highest Re-value
among coarse granular drainage materials.

Based on the above, it is evident that certain research on the mea-
surement of water retention capacity, water permeability, and heat flow,
across green roof layers, including coarse artificial and recycled mate-
rials, has been conducted. Although the hygrothermal performance of
green roof materials can be influenced by climate conditions [8,10,11],
this critical issue has scarcely been assessed for drainage and substrate
layers including artificial and recycled components. Thus, there is a lack
of understanding of the hygrothermal performance of green roof layers
including artificial and recycled materials in the future till end of 21st
century when the weather conditions will change. On the other hand,
green roof layers’ thermal resistance is more sensitive to some param-
eters that must be taken into account [17]. This issue has received less
attention for green roof layers, including artificial and recycled
materials.

Therefore, in this study, different weather data scenarios for the 21st
century were supposed and applied to the validated green roof models.
The research aims to answer the following two questions:

1-What is the influence of using artificial and recycled materials on
green roof performance under the temperate climate of Liege city till
the end of the 21%century?

2-To what extent is green roofs’ thermal resistance sensitive to pa-
rameters of drainage and substrate layers, including artificial and
recycled components?

To answer those questions, the hygrothermal performance of
drainage and substrate layers, including different coarse artificial and
recycled components, was assessed. Moreover, analytical methods were
used to evaluate green roofs’ thermal resistance sensitivity to the
configuration (thickness) and physical characteristics of drainage and
substrate layers made with artificial and recycled components.

This study supposed three weather data scenarios: beginning, mid-
dle, and end of the 21st century. Considering this, the novelty of this
research lies in considering different climate scenarios for the 21st
century to apply to green roof models characterized by recycled and
artificial materials’ properties. The effect of weather data scenarios on
heat flux values and water content of green roof layers was assessed and
compared to each other. Also, conducting a sensitivity analysis on green
roof layers based on the properties of artificial and recycled materials is
another novelty of this study.

2. Materials and methods

In this study, three weather data scenarios: beginning, middle, and
end of the 21st century, were supposed and applied to the validated
green roof models, including coarse artificial and recycled. Then, the
heat flux and water content variations for different layers and materials
were compared to each other through the end of the 21st century. After
that, the sensitivity of heat flux value to green roof layers’ thickness and
materials properties was assessed using analytical methods.

2.1. Configuration and characteristics of green roof layers

This study mainly focused on green roof models with substrate and
drainage layers, as coarse artificial and recycled aggregates could be
used only for these two layers of green roof systems. As Kazemi et al.
(Kazemi et al., 2023) suggested, three commercial drainage materials:
RCA, IMSWA, and LECA were considered where NCA was supposed to
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control coarse granular aggregate. IMSWA included the crushed brick,
crushed glass, crushed aggregate, inert waste, and crushed ceramic. For
the substrate layer, the results of SP were compared with SC. SP was
composed of recycled tiles and bricks and organic matter, while no
recycled materials were used for SC. As per Fig. 1, the substrate and
drainage layers’ thicknesses were intended to be 15 c¢cm and 5 cm,
respectively, as considered by Kazemi et al. [6,29,30]. Green roof ma-
terials’ properties, introduced to the WUFI software for the validation of
green roof models, are presented in Table 1. Note that, to separate
substrate and drainage layers from each other, a thin filter layer was
used in green roof specimens [6,30]. This thin filter layer was not
modeled in the simulation as it was not needed to be considered for
substrate and drainage layers separation and it didn’t affect the hygro-
thermal performance of green roof models.

For validation, the depth-based temperature changes within green
roof models with the IMSWA and LECA drainage layers were compared
with experimental outputs measured by Kazemi et al. [5,29]. The out-
puts of green roof models with the drainage layer of RCA and NCA have
already been validated by Kazemi and Courard [6] in which nearly the
same as what was shown for the green roof specimens, the general trend
of the temperature distribution through the green roof models’ depth
was seen.

2.2. Boundary conditions and weather data

According to the Regional Climate Model (MAR) “Modele Atmos-
phérique Régional" [32], the Typical Meteorological Year (TMY) data
file was used to apply weather condition of Liege to green roof models.
Liege is a city in Belgium, located at 50°38'23” N 05°34'14” E.
Considering that TMYs as data sets of hourly values are fairly accurate
and practical in projecting long-term building energy and thermal per-
formance [33], they are frequently employed by those who design and
model buildings [34]. In this study, different weather parameters were
incorporated in the TMYs data files, including solar radiation, air tem-
perature, RH, rain, etc. The weather data were applied to the top of
green roof models using WUFI software. For the interior surface, the
initial conditions were considered based on EN 15026 [35] as provided
by WUFI software. According to EN 15026 [35], the daily mean of the
external air temperature was automatically entered into the graph in
Fig. 2 to produce the inside air conditions. This simplified approach was
suggested only for dwellings and offices to determine the internal tem-
perature and RH for heated buildings. Also, since Liege city has a
temperate climate, a high moisture load of RH was supposed for the
interior surface.

As presented in Table 2, three weather scenarios were considered in
this study to apply to green roof models. Scenario 1 was based on his-
torical observations between 2001 and 2020. Scenarios 2 and 3 were the
predicted weather data for the middle (2040-2060) and end
(2080-2100) of the 21st century. In Appendix 1, an average of one year
was taken from 20 years for each scenario to apply to green roof models.
To present the trends of weather data curves in Appendix 1, solid lines

Substrate layer = 15 cm

Coarse aggregate =S cm
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with an average value of 200 points were generated. The solar radiation
and air temperature had a similar trend, where their lowest amounts
were observed from November (end of autumn) until March (beginning
of spring) for all scenarios. The highest RH for scenario 1 was in March,
while scenarios 2 and 3 experienced the highest RH in December. For all
scenarios, the lowest amount of RH occurred between Jun and
September, when solar radiation and air temperature were high. The
highest rainfall averagely occurred at the end of autumn, during winter,
and at the beginning of spring. Also, the lowest rainfall was observed
during summer and at the beginning of autumn. The average value of RH
for all scenarios was the same (76%). The average value of rainfall for
scenarios 1 and 2 (0.022 Ltr/m?) was more than that for scenario 3
(0.015 Ltr/m?). The temperatures for scenarios 1, 2, and 3 averagely
were 10.7, 11.6, and 12.2 °C, respectively. The average solar radiation
values for the same scenarios were 23.7, 25.7, and 21 W/m?>.

2.3. Sensitivity analysis (local and global methods)

Since the hygrothermal behavior of green roof systems is highly
dependent on the characteristics and thickness of substrate and drainage
materials [6,15], analytical methods were used to evaluate green roofs’
heat flux sensitivity. The approach of sensitivity analysis in this study
was similar to the work done by Mahar et al. [36]. This study considered
some parameters (independent variables), including thermal conduc-
tivity in a dry state (Ao), water content (W), density (p), and thickness of
substrate and drainage layers (L), and then, their effects were evaluated
on the heat flux, q (dependent variable). Both local and global sensitivity
analyses were taken into account in this study. In the local method, a
single independent variable was changed, and others were assumed to
be constant. The global method examined the sensitivity regarding the
entire parameters change.

As presented in Table 3, the maximum and minimum of 2, value for
drainage and substrate layers was determined based on a variation of
green roof materials’ thermal properties given by Kazemi et al. [5].
Considering that coarse granular aggregates were used for the drainage
layer by Kazemi et al. [6,30], its minimum thickness shouldn’t be sup-
posed less than 4 cm to easily dewater green roof systems [8,37]. Also,
its maximum thickness was assumed 6 cm to prevent applying more load
to rooftops as recommended [30,38]. On the other hand, since the
substrate depth of the green roof, at 15 cm, can offer an acceptable depth
for a variety of plant growth [39], and in some cases, a 9-cm substrate
can adequately provide plant growth depth, 15 cm, and 9 cm were
supposed as the maximum and minimum thicknesses of the substrate
layer, respectively. According to the water retention capacity of green
roof materials given by Kazemi et al. [5], the maximum water content of
drainage and substrate materials was determined. As per the weight of
green roof materials [5], the maximum and minimum density of
drainage and substrate components was chosen.

After determining the maximum, minimum, mean value, and stan-
dard deviation for materials’ properties, it was required to generate the
random values belonging to the distribution of each independent

Top of green roof

Between the substrate and drainage layers

Bottom of green roof

Fig. 1. Two-dimensional green roof model built using WUFI software. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)
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Table 1
Green roof materials’ properties.
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Green roof Materials Density Porosity ~ Specific heat Thermal Water vapour Reference water ~ Free water Water absorption
layers (kg/m%) capacity, dry (J/  conductivity, dry diffusion content (kg/m®) content (kg/ coefficient (kg/m?.
kg K) (W/m-K) resistance factor m?) $9%)
Substrate SC [6] 1075 0.48 880 0.15 3.62 10.31 380.95 0.47
layer SP [6] 1001 0.486 810 0.16 3.35 7.73 285.71 0.22
Drainage NCA [6] 1437 0.42 770 0.114 1 1.16 42.86 0.03
layer RCA [6] 1165 0.50 730 0.11 1 3.32 122.76 0.07
IMSWA 1147 0.47 750 0.115 1 2.74 101.2 0.07
[29]
LECA [5] 439 0.55 710 0.067 1 2.83 141 0.11
30 80 AT
-~ ——— Internal air temperature o q = }\, e (3)
9 - s 8 L
[ Internal relative humidity g
£2s £ 2
g [ o0 E where q is the heat flux in W/m?, A is the thermal conductivity value, L is
5
g 20 s the thickness in m, and AT is the difference between the top and bottom
.% 0 g surfaces of the specimen in K. AT was supposed to be equal to 283.15 K
‘g 15 E as suggested by other literature [30,40-42] so that the exterior tem-
£ 2 perature was more than the interior one.
10 20 To generate a linear relationship between the water content and
20 -10 0 10 20 30

External air temperature (°C)

Fig. 2. Dwellings and office buildings’ daily mean internal air temperature and
RH depending on daily mean external air temperature.

Table 2
Weather data files’ scenarios.
No. Scenarios Type Years
1 Beginning of the 21st century Historical observation 2001-2020
2 Middle of the 21st century Predicted 2040-2060
3 End of the 21st century Predicted 2080-2100
Table 3
Values of independent variables for drainage and substrate layers.
Green roof Independent Max Min Mean Standard
layer variables (D) deviation (o)
Drainage Ao 0.15 0.05 0.1 0.0167
layer L 0.06 0.04 0.05 0.0033
w 200 0 100 33.333
p 1500 400 950 183.333
Substrate Ao 0.3 0.1 0.2 0.033
layer L 0.15 0.09 0.12 0.01
w 500 0 250 83.33
p 1400 800 1100 100

variable. To increase the accuracy of distribution, 5000 random values
were generated for each independent variable. To achieve this goal, the
normal distribution function (f (x, y, 6)) was used, as shown in Eq. (1).
The value of this function was between 0 and 1.

f(X,p,0)=——¢ 22 @

where x is the independent variable for which the function was evalu-
ated, p is the mean of the distribution, ¢ is the standard deviation.

To generate random values for each independent variable, f (x, y, 6)
was reformulated to obtain the inverse of the normal distribution
function (g (f (x, p, 0), }, 6)) as presented in Eq. (2):

g(f(x,p,c),p,c):\/i(s(Ln (\/ﬁ c.f(x,p,c))erp @

Fourier’s law (Eq. (3)) was used to obtain the relationship between
independent and dependent variables:

thermal conductivity (A), Eq. (4) is proposed [43-45].

x:xg( (1+¥> @

where ) is thermal conductivity value in dry condition (W/mz), W is
water content in kg/m®, and p is density kg/m°>.
Eq. (4) was used to rearrange Eq. (3) as presented in Eq. (5):

()

Therefore, Eq. (5) was used during the sensitivity analysis process to
introduce the relationship between dependent and independent
variables.

The coefficient of variation (COV) of independent and dependent
variables was calculated using Eq. (6):

cov=2 ®)
p

To assess the sensitivity of the dependent variable (q) to the inde-
pendent variables (Ao, W, p, and L), it was required to obtain the ratio of
COV of q to COV of each independent variable. Increasing this ratio by
more than one demonstrates that independent scattering variables lead
to the dispersion of q more. While decreasing the ratio above to less than
one shows that q is less dispersed and affected once independent vari-
ables are scattered.

It is noteworthy that it was essential to control whether the q values
based on the specified values in Table 3 were valid or not. Regarding
this, after obtaining 5000 random values for each independent variable
using Eq. (2), it was controlled whether the calculated q was in its ex-
pected range (maximum and minimum values) or not. Less than 1% of q
values were out of the expected range. Therefore, q values, obtained
based on the specified values for independent variables in Table 3, were
valid with more than 99% confidence.

3. Results
3.1. Validation of green roof models

For green roofs with the drainage layer of IMSWA and LECA, the
modeling and experimental results were compared in Fig. 3(a) and 3(b).
As expected, the temperature distribution on green roof models’ top
and bottom followed the same trend as in roofing systems. For the green
roof specimen with the drainage layer of IMSWA, between the substrate



M. Kazemi et al.

Building and Environment 237 (2023) 110327

100
-
90 X
- <
S z
< 80 T
£ g
=

2 E
g 70 5
= Z
£ k|
e 60 :

50

L 40

13 4 . . . . . . 30

0 24 48 72 96 120 144 168
Time (h)

Exp.(temperature at the top of green roof)
Exp.(temperature between substrate and drainage layer)
e e Apnalyt.(temperature at the top of green roof)

= Exp.(relative humidity at the top of green roo

@=s = Analyt.(temperature between substrate and drainage layer)

Exp.(temperature in the middle of substrate)
Exp.(temperature at the bottom of green roof)
Analyt.(temperature in the middle of substrate)

@=s e=» Analyt.(temperature between substrate and drainage layer)
e—

.(relative humidity at the bottom of green roof)

(@

30 100

29 - -

28 4 % S
o - I L
<26 =
o L o=
£ -
w24 L8 =
: GED GEP GED GED GEP GED GED GED GED GEP GED GEOP GED ED e @
223 L75 2
En =
=21 0 &

20

19 65

18 L 60

17 e afte- 2. - g

16 55

15 4 - - - - - - 50

0 24 48 72 96 120 144 168
Time (h)

Exp.(temperature at the top of green roof)
Exp.(temperature between substrate and drainage layer)
e e Apnalyt.(temperature at the top of green roof)

e e Analyt.(temperature between substrate and drainage layer)
s EXp.(relative humidity at the top of green roof)

Exp.(temperature in the middle of substrate)
Exp.(temperature at the bottom of green roof)
Analyt.(temperature in the middle of substrate)
@  e=s Analyt.(temperature at the bottom of green roof)
e Exp.(relative humidity at the bottom of green roof)

(b)

Fig. 3. Results from experiments and models for green roofs with the drainage layer of IMSWA (a); and LECA (b). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

and drainage layers and in the middle of the substrate layer, respec-
tively, average temperatures of 22.02 °C and 18.87 °C were reached
during the convergence period. For the green roof model, the respective
values were 22.39 °C and 19.34 °C. For the green roof specimen with the
drainage layer of LECA, during the convergence phase, average tem-
peratures of 22.99 °C and 20.39 °C were attained, respectively, between
the substrate and drainage layers and in the middle of the substrate
layer. The corresponding temperatures for the green roof model were
23.41 °Cand 20.25 °C. The general trend of the temperature distribution
through the depth of the green roof models can be said to be almost
equivalent to what was seen for the green roof specimens. In addition,
comparing the average temperature through the depth of green roof
models and specimens showed no greater than a 2.5% difference.

3.2. Effect of weather conditions on green roof models

The effect of different weather scenarios on temperature and RH
variations within the depth of green roof layers was assessed in this
study. Also, the results of the water content of drainage and substrate
layers under different weather conditions were presented. The outputs
regarding heat flux transfer within different green roof models have
been compared afterward.

3.2.1. Temperature and RH variations

Fig. 4 depicts the temperature and RH variations between the sub-
strate and drainage layers during the 21st century. The temperature and
RH fluctuations for green roofs with the SP and green roofs with the SC

were nearly identical in each scenario. In scenario 1, the temperature
and RH were in the 10.2-27.8 °C and 50-96.8% ranges, respectively.
The respective ranges for scenario 2 were 10.8-27.7 °C and 50-98%.
These ranges for scenario 3 were 11-27.8 °C and 50-94%. Therefore, all
scenarios had nearly the same maximum and minimum temperature and
RH between the substrate and drainage layers.

According to Fig. 4(a), in scenario 1, the highest and lowest tem-
peratures between substrate and drainage layers were obtained in
August (summer) and March (beginning of spring), respectively. In
scenarios 2 and 3 (Fig. 4(b) and 4(c)), the maximum temperatures were
in the summer season (from June until August) and at the beginning of
autumn (September), while the lowest temperatures were attained in
December (beginning of winter). Concerning the RH, the reverse results
were observed for all scenarios.

Interior temperature and RH variations for all scenarios are shown in
Fig. 5. For scenario 1, RH ranged from 48.2 to 73.1%, and temperature
ranged from 17.9 to 25.6 °C, respectively. For scenario 2, the corre-
sponding ranges were 49.9-73% and 18-25.6 °C. These ranges for sce-
nario 3 were 47.5-74% and 18.1-25.8 °C. As recommended by Gilmore
[46], the ideal internal RH range for comfort is between 30% and 70%.
The results of all scenarios were nearly within the comfort range of RH
given by Gilmore [46]. To preserve the health of general populations
during cold seasons, a safe and well-balanced indoor temperature is at
least 18 °C according to the World Health Organization’s 2018 recom-
mendations [47]. Also, healthy sedentary individuals living in an envi-
ronment with an air temperature between 18 °C and 24 °C do not appear
to be at risk for health problems [47]. According to the results, the
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Fig. 4. Temperature and RH variations between substrate and drainage layers at the beginning (a); middle (b); end of the 21st century (c).

maximum and minimum range of interior temperatures for all scenarios
were obtained near the comfort range given by World Health Organi-
zation [47].

In each scenario, nearly the same trends of interior temperature and
RH were observed for green roofs with different types of materials. Also,
the highest and lowest temperature and RH in the interior surface (Fig. 4
(b)) occurred nearly during the same periods as observed between
substrate and drainage layers (Fig. 4(a)). However, the fluctuation of
temperature and RH was less in the interior surface than in between
substrate and drainage layers. Similar results were found by Parizotto
and Lamberts [48] in which the diurnal temperature variation at the
lower layers of the green roof systems decreased.

3.2.2. Water content

The water content values of green roof layers for each month were
averagely presented in Fig. 6.

As shown in Fig. 6(a), the water content of SC and SP was averagely
obtained at 17.05 and 15.53 kg/m°, respectively, for scenario 1. The
respective values for scenario 2 were 18.09 and 16.19 kg/m®. The results
for scenario 3 were 11.79 and 9.64 kg/m>. Based on the above, the water
content of SC was 13.5% more than that of SP. According to Fig. 6(b),
the average water content values of NCA, RCA, IMSWA, and LECA for
scenario 1 were 0.8, 2.4, 2, and 2.4 kg/m°, respectively. The

corresponding values for scenario 2 were 0.9, 2.5, 2.1, and 2.5 kg/m3.
These values for scenario 3 were 0.7,1.9, 1.6, and 1.9 kg/mg. Therefore,
the water content of RCA, IMSWA, and LECA was obtained about 2.5
times more than that of NCA. Similar results were also attained by
Kazemi et al. [5] regarding the water retention capacity of the afore-
mentioned coarse granular aggregates.

The water contents of the substrate layer for scenarios 1, 2, and 3
were averagely obtained at about 16.3, 17, and 9.8 kg/m3, respectively.
The respective values for drainage materials were 1.9, 2, and 1.5 kg/m3.
Therefore, the water content of substrate layers was about nine times
more than that of drainage layers for scenarios 1 and 2. The corre-
sponding difference for scenario 3 was 6.5 times.

According to Fig. 6(a), from January to February (winter), the water
content of substrate materials increased for scenarios 1 and 2, while the
reverse occurred for scenario 3. In March (beginning of spring), a
decrease was observed for scenarios 2 and 3, while scenario 1 achieved
the highest water content of substrate materials compared to other
months. All scenarios experienced a decrease in the water content of
substrate materials from March until May (spring). The lowest water
content of substrate materials for all scenarios was in the summer season
(from June until August) and at the beginning of autumn (September).
Then, there was an incremental trend until the end of autumn (from
September until November). This trend continued until December (the
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Fig. 5. Temperature and RH variations at the bottom of green roof models at the beginning (a); middle (b); end of 21st century (c). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

beginning of winter), when scenarios 2 and 3 had the highest water
content of substrate materials compared to other months.

As shown in Fig. 6(b), for all scenarios, the lowest water content of
drainage materials was from June until September, similar to what was
revealed for substrate materials (Fig. 6(a)). For scenario 1, the highest
water content of drainage materials was in March and then April
(spring). An increase in the water content of drainage materials for
scenario 2 was attained in February and March. Its highest water content
was in December, as also observed for scenario 3.

3.2.3. Heat flux

The average values of heat flux in each month within the depth of
green roof models are presented in Fig. 7.

In the exterior surface (Fig. 7(a)), comparing different scenarios
showed that there was a decrease in the heat flux value of scenarios 1
and 2 from January to February (winter), while the reverse was
observed for scenario 3. In the spring season, the heat flux increment
was experienced from March to May for scenarios 2 and 3, while this
increment was observed for scenario 1 until April, and then, there was a
decrease in May. In the summer season, there was a fluctuation in heat

flux values for scenario 1 from June to August. In the autumn season,
scenarios 2 and 3 experienced a reduction in heat flux value from
September to November. This trend was followed in December (winter).
Generally, the highest and lowest exterior heat flux values of scenario 1
were averagely attained in September and December, respectively (72.5
W/m? and 18.5 W/m?). For scenario 2, August and December had the
highest and lowest exterior heat flux (78.5 W/m?and 7.5 W/mz), similar
to what was observed for scenario 3 (78.5 W/m? and 13.5 W/rnz).

The heat flux values in the interior surface of green roof models are
presented in Fig. 7(b). The heat flux values for scenario 1 were averagely
obtained at 6.1, 6.6, 6.6, and 5.5 W/m? for SC15-NCA5, SP15-RCAS,
SP15-IMSWADS, and SP15-LECADS, respectively. The respective values for
scenario 2 were 5.6, 6.1, 6.1, and 5.1 W/m?. The results of scenario 3
were 4.85, 5.1, 5.1, and 4.2 W/m?. Based on the aforementioned results,
the green roof models with the drainage layer of RCA and IMSWA had
the same thermal performance in the 21st century. Their heat flux values
were 8.2%, 8.9%, and 5.2% more than those of the control green roof
model with the drainage layer of NCA in scenarios 1, 2, and 3, respec-
tively. The same trend was observed by Kazemi et al. [5] when they
compared the Rc-value of the green roof specimens, including the
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drainage layer of RCA and IMSWA, with the control green roof specimen
in a wet state.

Therefore, this difference for scenario 1 (8.2%) was nearly the same as
scenario 2 (8.9%), demonstrating that the control model with substrate
layer of SC and NCA drainage layer moderately had better thermal
resistance than green roof models with substrate layer of SP and the
drainage layer of RCA and IMSWA. However, decreasing this difference
to 5.2% for scenario 3 indicated the better thermal performance of the
latter at the end of the 21st century than in other periods. The heat flux
values of the green roof model with the drainage layer of LECA were 9.8%,
8.9%, and 13.4% less than those of the control green roof model in sce-
narios 1, 2, and 3, respectively. The same trend was observed by Kazemi
etal. [5]. Hence, the former outperformed the latter in providing thermal
resistance for rooftops. Their heat flux differences in scenarios 1 and 2
were nearly the same (9.8% and 8.9%), and increasing this difference in
scenario 3 (13.4%) showed better thermal performance of the green roof

Histogram for 2, variable
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model with substrate layer of SP and LECA drainage layer at the end of
21st century, similar to what was obtained for green roof models with
substrate layer of SP and the drainage layer of RCA and IMSWA.

As shown in Fig. 7(b), the highest and lowest interior heat flux values
of scenario 1 were averagely attained in March and August, respectively
1.2 W/m? and 2 W/mz). Scenario 2 had the highest and lowest interior
heat fluxes in December and August (11.9 W/m? and 0.5 W/m?). In
scenario 3, the highest and lowest interior heat fluxes were obtained in
December and July (10.1 W/m? and 0.1 W/mz).

Generally, it can be stated that the interior surface had an incre-
mental heat flux trend during the winter season (December, January,
and February) and the beginning of spring (March), while the reverse
was observed in the exterior surface. Also, a decreasing heat flux ten-
dency for the interior surface was obtained during the summer (June,
July, and August) and at the beginning of autumn (September), contrary
to the exterior surface.
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3.3. Sensitivity analysis

Since the maximum and minimum values of independent variables
for materials of drainage and substrate layers were different, it was
required to perform a separate sensitivity analysis for green roof layers
as presented below:

3.3.1. Drainage layer

Fig. 8(a) to 8(d) show the heat flux histograms of the drainage layer
for a single independent variable changed while keeping constant other
independent variables. The heat flux histogram regarding the entire
parameter change is shown in Fig. 8(e). The dispersion of heat flux (q)
values had a symmetrical shape in all histograms, demonstrating that all
data were well-distributed. Also, only 1% of q values exceeded the ex-
pected range. Therefore, there was greater than 99% confidence in the
validity of the q values that were calculated using the values for the
independent variables in Table 3.

To evaluate the sensitivity of the dependent variable (q) to the in-
dependent variables (Ao, W, p, and L), their COV values for the drainage
layer were calculated in the first step. Then, the ratios of COV of q to
COV of each independent variable were obtained for both local and
global methods, as presented in Table 4. According to the results of the
local method, the ratio above for Ay and L was about 1, showing that q
was dispersed as much as they were scattered. However, the respective
ratio for W and p was 0.29, indicating that q was less affected by their
dispersion.

As per the results of the global method, the ratios of COV of q to COV
of Ao, L, W, and p were 1.08, 2.69, 0.53, and 0.95. Therefore, the
dispersion of q was more and less affected by Ao and W, respectively,
similar to the results of the local method. However, due to the hidden
interaction among independent variables, q was dispersed as much as p
scattered in the global method, while the reverse was observed in the
local method. Also, the scatter of L dispersed q more, and its effect in the
global method was more than that in the local method.

3.3.2. Substrate layer

The heat flux histograms of the substrate layer were obtained using
local and global methods, as presented in Fig. 9. Their shapes were
symmetrical, similar to what was observed for the drainage layer’s
histogram. The confidence of q values was high as well (99%).

Table 5 shows COV values of dependent and independent variables
for the substrate layer. The ratios of COV of q to COV of Ag, W, p, and L
were 1, 0.95, 0.48, and 0.48. Therefore, the scatter of Ay and L could be
equally effective in the dispersion of q, while the influence of p, and L
was not significant, similar to what was observed for the drainage layer.

In the global method, the ratios of COV of q to COV of Ag, L, W, and p
were 1.27, 2.53, 0.63, and 2.31. Therefore, the dispersion of q for the
substrate layer was observed once L was scattered, as also occurred for
the drainage layer. Also, the )y was more effective in the global method
than the local method. The W was not effectual in the global method as
the local one. However, the hidden interaction among independent
variables in the global method remarkably increased the influence of p
on q scatter, contrary to the local one.

Table 4
COV values of dependent and independent variables for the drainage layer.
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4. Discussion
4.1. Main findings

The temperature and RH fluctuations between the substrate and
drainage layers (Fig. 4) decreased compared to those in the exterior sur-
face (Appendix 1). This could be due to the substrate’s significant thermal
mass generation near the top of the drainage layer, similar to what
Lundholm et al. [49] observed. The RH values were obtained less than
100% in some cases between the substrate and drainage layers owing to
air-voids among coarse drainage aggregates. Also, the temperature and RH
in the interior surface of green roof models (Fig. 5) were less fluctuated
than those between substrate and drainage layers (Fig. 4), so that the
former’s ranges were attained within the comfort ranges given by World
Health Organization [47] and Gilmore [46]. It may be because coarse
granular drainage materials had more pores, which created air voids in the
drainage layer and increased its heat resistance against fluctuating exte-
rior temperatures. This somewhat prevented the interior temperature
from escaping through the green roof’s exterior surfaces [8]. Also, the
drainage materials offered thermal resistance, preventing the exterior
temperature from easily transferring to the interior surface. According to
the modeling outputs, most of the time, as the temperature rose, the RH
changed quickly. Similar to what Li and Zhu [50] reported, this process
could be linked to the evaporation of water content in the substrate layer,
which directly impacted heat transfer in the interior surface of green roof
systems. As a result of the water in the substrate layer evaporating at high
temperatures, the depth of the green roof system was somewhat protected
from the transfer of outside temperature and solar radiation.

Due to the green roof layers’ high water retention capacity, the
interior RH decreased compared to the exterior one. SC’s water content
was an average of 13.5% higher than SP’s (Fig. 6(a)), owing to a large
amount of organic matter in the former, leading to slightly more water
absorption of the substrate layer. Because of the higher porosity of
artificial and recycled drainage aggregates (RCA, IMSWA, and LECA),
their water content was about 2.5 times more than that of NCA (Fig. 6
(b)). The presence of fine particles in substrate materials caused their
water content to be obtained 9 times more than drainage materials in
scenarios 1 and 2. The respective difference in scenario 3 was 6.5 times.
The lower difference in scenario 3 was due to less rainfall at the end of
the 21st century (Appendix 1).

In comparison to green roof models with a substrate layer of SP and
the drainage layer of RCA and IMSWA, the control green roof model
with a substrate layer of SC and drainage layer of NCA marginally had
greater thermal resistance for all scenarios (Fig. 7). The drainage layer of
RCA, IMSWA, and NCA nearly had the same thermal resistance [5].
Therefore, the aforementioned difference could be that the soil’s fine
particles in SC moderately outperformed coarse recycled materials in SP
to prevent heat flux transfer within green roof systems. However,
compared to the green roof model with a substrate layer of SP and the
drainage layer of LECA, the control green roof model’s thermal resis-
tance was lower. Due to the high porosity and low density of LECA as
drainage material, its thermal resistance was better than that of NCA
[5], similar to what other researchers obtained for other drainage

Sensitivity analysis method Independent variables COV of independent variables COV of q COV of dependent variable (q)
COV of independent variables
Local Mo 0.167 0.167 1
L 0.067 0.067 0.97
w 0.34 0.1 0.29
p 0.19 0.055 0.29
Global Ao 0.167 0.18 1.08
L 0.067 2.69
w 0.34 0.53
P 0.19 0.95
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Fig. 9. Heat flux histogram of substrate layer for A (a); L (b); W (c); p (d); and all variables (e).
Table 5
COV values of dependent and independent variables for substrate layer.
Sensitivity analysis method Independent variables COV of Independent variables COV of q COV of dependent variable (q)
COV of independent variables
Local Ao 0.165 0.165 1
L 0.083 0.079 0.952
w 0.333 0.161 0.48
p 0.091 0.044 0.48
Global Ao 0.165 0.21 1.27
L 0.083 2.53
w 0.333 0.63
p 0.091 231

aggregates [37,51]. Therefore, in comparison to the substrate layer of
SC, the drainage layer of LECA contributed more to providing thermal
resistance for green roof systems in the 21st century. Note that the dif-
ference between the heat flux of the control green roof model and green
roof models with the drainage layer of RCA and IMSWA decreased for

11

scenario 3 compared to scenarios 1 and 2, while this difference between
the former and green roof models with the drainage layer of LECA
increased. The reason is that the rainfall and, subsequently, water con-
tent of green roof layers for scenario 3 (0.015 Ltr/m?) were averagely
lower than those for scenarios 1 and 2 (0.022 Ltr/m?). Similar to what
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other researchers [26,52-55] reported, decreasing the amount of water
content led to increasing air-voids and diffusion properties of artificial
and recycled coarse aggregates with high porosity. That’s why the
substrate layer enhanced the thermal performance of buildings when
combined with a drainage layer with a large pore volume, as revealed by
Scharf and Zluwa [16]. Therefore, the drainage layer decreased tem-
perature fluctuation and ultimately improved the green roof models’
thermal resistance with less rainfall for scenario 3. As a result, since the
thermal performance of green roofs with artificial and recycled mate-
rials was improved until end of 21st century against the temperate
climate, they are recommended to be used for rooftops to apply lower
weight to buildings owing to their lower density and higher porosity.

The value of heat flux on the interior surface (Fig. 7(b)) was lower than
that on the exterior surface (Fig. 7(a)). This procedure showed that the
drainage and substrate layers prevented temperature changes from
transferring through the green roof systems, which decreased the diurnal
temperature fluctuation at the lower layers of the green roof model [48],
leading to decreasing the interior heat flux compared to the exterior one.

In contrast to the exterior surface (Fig. 7(a)), the summer months
(June, July, and August) and the beginning of fall (September) had a
decreasing heat flow tendency in the interior surface (Fig. 7(b)). Increased
temperature caused the water content in the substrate layer to evaporate
once there was humidity in the various layers of the green roof during the
summer. This evaporated water helped to absorb some of the solar light
and temperature outdoors. Considering this, a thermal resistance layer
was created in the green roof system due to the moisture in the drainage
and substrate layers absorbing the outside temperature to attain a stable
temperature [9]. Therefore, increasing solar radiation and air temperature
and decreasing RH during the summer led to enhancing green roofs’
passive cooling ability, resulting in less heat gain and heat flux [56]. That’s
why the green roof decreased the cooling energy demand in places with
temperate weather, as reported by Avila-Hernandez et al. [57].

The results of the local method (Tables 4 and 5) showed that the q
value was scattered as much as the Ay and L dispersed. According to the
results of the global method, the drainage and substrate layers’ greatest q
dispersion was attained once L was scattered, confirming that the thermal
resistance of buildings was improved as the green roof construction
became thicker, as revealed by Scharf and Zluwa [16]. The ratios of COV
of q to COV of p showed that the effect of density on q dispersion for the
substrate layer (2.31) was higher than that in the drainage layer (0.95).
This difference may be because the ranges of maximum and minimum
values of other independent variables (Ao, W and L) for the substrate layer
were greater than those for the drainage layer. This, in turn, increased the
effect of hidden interaction among independent variables on the density
parameter (p) to disperse q values more for the substrate layer.

4.2. Limitations

There were some limitations that could have affected the outcomes
in this study. The influences of plants and their evapotranspiration
phenomenon on the hygrothermal performance of green roof models
were not considered. Moreover, the color of the soil that could affect the
heat flux and the thermal behavior of the green roof layers was not taken
into account in the analyses.

5. Conclusions

This study assessed the hygrothermal performance of green roof
layers, including different coarse artificial and recycled materials, under
three weather data scenarios of the 21st century. Sensitivity analysis on
drainage and substrate layers made with artificial and recycled com-
ponents was carried out as well. Based on the presented results, the
following conclusions were extracted:

e In comparison to the exterior surface and the area between the
substrate and drainage layers, the interior surface presented less
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temperature and relative humidity fluctuations. Also, for all sce-

narios, the interior temperature and relative humidity ranges were

near to the comfort ranges, providing a healthy internal environment
for buildings’ occupants.

Compared to the proposed substrate with coarse recycled materials,

the control substrate without coarse recycled materials presented

averagely 13.5% more water content by volume. In addition, RCA,

IMSWA, and LECA achieved around 2.5 times more water content

than NCA. For scenarios 1 and 2, the substrate layers’ water content

was roughly nine times larger than the drainage layers. For scenario

3, the difference was 6.5 times larger owing to lower rainfall at the

end of the 21st century.

e The lowest water content of green roof materials for all scenarios

happened in the summer and at the beginning of autumn. For sce-

nario 1, the highest water content of green roof materials happened
in March and April (spring). With scenarios 2 and 3, the highest
water content was observed in December (winter).

The lowest interior heat flow values for scenarios 1 and 2 were

observed in August. July experienced the same for scenario 3. March

had the highest interior heat flow values for scenario 1. The same

was observed in December for scenarios 2 and 3.

During the summer months and the beginning of autumn, a decrease

in the rainfall pattern until the end of the 21st century caused the

heat resistance of green roof models with artificial and recycled

materials to increase for scenario 3, compared to scenarios 1 and 2.

Decreasing heat flow tendency in the interior surface during the

summer months and the beginning of fall revealed the passive

cooling ability of green roof models.

e The sensitivity to a single independent variable revealed that the
highest dispersion of q for the green roof layers was attained when 2
and L changed. However, the former was less affected by the W and p
scatter.

e The entire parameters change showed that the scatter of A9, p, and L
influenced the dispersion of q for the green roof layers. However, the
scatter of p was more effective in the dispersion of q for the substrate
layer than the drainage layer.

Therefore, using artificial and recycled components seems to
improve the thermal performances of green roof systems against the
temperate climate until the end of the 21st century and has a positive
effect on buffering climate change for housing comfort.
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