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N G W N e

Abstract: Green roofs are made up of several components, including those belonging to the wa-
terproofing and drainage layers, substrate, and vegetation. Of these, the substrate is undoubtedly
one of the most important layers of a green roof, contributing not only to the healthy growth of
vegetation but also to the water retention capacity and thermal behaviour of the whole solution.
Although green roofs are widely recognized as sustainable solutions, it is possible to further improve
their environmental performance by developing more ecological substrates that contain industrial
by-products. Bearing this objective in mind, sixteen newly developed substrates were characterized
in terms of thermal conductivity, specific heat, emissivity, water vapour transmission, hygroscopic
sorption, and water retention/drainage capacity. These properties are extremely relevant when
solving heat and mass transfer problems as well as for water management prediction. Two reference
substrates were also studied for comparison purposes. The results showed that the new ecological
substrates have properties that make them comparable to conventional substrates already available
on the market. Additionally, the results showed that temperature, moisture content, and density play
an important role in the behaviour of substrates of this kind and have a significant influence on many
of the studied properties.

Keywords: green infrastructure; growing medium; recycled materials; hygrothermal properties;
water retention and drainage

1. Introduction

Rapid urban expansion is at the origin of more frequent flood events, heat accumu-
lation phenomena, and poorer water and air quality, among other city-related problems.
Recent figures indicate that more than half the world’s population live in cities, and this
indicator is expected to reach nearly 75% by 2050 [1,2]. Furthermore, the building and
construction sector is responsible for 39% of all carbon emissions in the world, 28% of which
relates to the energy consumed to meet heating and cooling needs [3]. The implementation
of nature-based solutions to mitigate the negative effects of urban growth has increased,
and green roofs are currently targeted as a clever solution to face many environmental
problems in cities. One of the great benefits of green roofs is their ability to delay the
runoff peak, thus preventing the overloading of public drainage systems and consequently
helping to mitigate the urban flood risk [4-7]. Built-up areas in cities, such as streets,
pavements, fagades, and roofs, absorb solar energy throughout the day and release it at
night in the form of heat, leading to an increase in air temperature in cities. This released
heat remains in the urban atmosphere forming a phenomenon known as an urban heat
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island effect (UHI) [8-10]. Green roofs can also reduce noise pollution [11-13], increase
biodiversity [14], and reduce building energy consumption [15], among other benefits.

Although several benefits have been attributed to green roofs, it is possible to further
improve their performance by developing substrates containing recycled waste materials.
In recent decades, the production of organic and inorganic waste from both human activity
and industry has increased. Considering the physical and chemical properties of some
recycled waste materials, they can be good candidates for replacing conventional raw
materials commonly used in lightweight substrates for green roofs, and thus contribute
towards the circular nature and resilience of the built environment. Adding value to these
types of waste could, in fact, leverage the true concept of a circular economy associated
with their management and would still allow the fulfilment of community goals regarding
the recycling, reuse, and recovery of waste.

The substrate is also important for water drainage and retention capacity [16] and
provides additional thermal inertia to the roof [17,18]. Previous studies have shown that
the thermal conductivity of substrates varies between 0.10 and 0.25 W/(m-°C) and 0.30
and 0.60 W/(m-°C) for dried and saturated states, respectively [19-23]. Although only
a few experimental studies explore the specific heat of substrates, this is an important
parameter to evaluate the dynamic thermal behaviour of green roofs. Coma et al. [19] and
Kazemi et al. [23,24] studied the specific heat of substrates and reported values ranging
between 710 and 880 (J/kg-°C). Pianella et al. [22] also studied this property in substrates,
showing specific heat values ranging from around 1000 to 2000 (J/kg-°C) in dried and
saturated states, respectively. The ability to delay the runoff peak is well represented in the
literature. The average retention value for substrates composed of materials like mineral
grit, washed sand, peat, gravel, lime, and organic compounds ranges from 47% to 55% [25].
Organic waste components can improve the physical properties of substrates. Generally,
greater amounts of organic material can make substrates lighter and increase their water-
holding capacity, which will improve water availability for vegetation by 15-20% [26,27].
Although substrates are important for the hydrological behaviour of green roofs, they have
a dynamic behaviour since the water content in this material is constantly changing. In dry
conditions, substrates can drain up to 4% of a rain event simulation. However, after a rain
event, substrates can drain up to 73% of the water because of the high water content in the
substrate [28].

According to the literature, the most important components of the green roof with
regard to thermal performance are the vegetation and substrate. As mentioned above, the
thermal inertia provided by the substrate plays an important role under dynamic conditions.
Vegetation helps to regulate heat transfer through shading and evapotranspiration effects.
Considering the complexity of the various phenomena that occur in a green roof, it is
sometimes difficult to ascertain what each variable provides to the heat flow that occurs in
the system. Therefore, numerical models based on experimentally obtained parameters
have been used to predict the behaviour of such systems when subjected to different
environmental conditions [20].

Most studies found in the literature that aim to characterise green roofs systems
and their components take the German FLL Green Roofs Guidelines (Guidelines for the
Planning, Construction, and Maintenance of Green Roofs) as a reference [29]. Recently,
a European Assessment Document has been proposed. However, the scope of the document
only considers the green roof as a kit, and only considers the drainage layer as a loose-fill
mineral material [30]. In spite of there being a lack of standards focused on the components
of green roofs, characterising these components using the best of our knowledge is crucial
to a better understanding of the behaviour of green roofs. In this work, the tests carried
out as part of this experimental characterisation were based on international standards
whenever possible.

As mentioned before, these new ecological substrates are expected to be used in
green roof solutions. Thus, the scope of this work includes an experimental campaign
that was carried out to learn about their performance in terms of hygrothermics, water
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retention/drainage capacity, and subsequent optimisation. The next part of this paper
describes the samples and the test methods. Section 3 presents the experimental results.
For thermal conductivity, specific heat, and emissivity, the influence of moisture content
on the behaviour of substrates was evaluated. For the drainage and water retention, the
test followed the methodology described in the FLL Guidelines. Finally, Section 4 presents
the main conclusions. All tests were carried out under controlled laboratory conditions at
Itecons—Institute for Research and Technological Development for Construction Sciences,
Energy, Environment, and Sustainability (Coimbra, Portugal).

2. Materials and Methods
2.1. Substrate Samples

The substrates under study were developed based on recycled organic and inorganic
residues from different industrial sectors. The organic fraction was obtained by composting
urban solid waste and other organic materials, while the inorganic fraction was produced
by transforming waste from several industries (e.g., ceramics, foundry, etc.) The organic
composition of the substrates represents a fixed mass fraction of 50% of materials, such as
composts derived from forest residues, blond peat, and coco peat. The inorganic fraction
of the substrate is composed of residues or products formulated from industrial waste,
namely slags from iron and steel melting furnaces, used refractories, and even products
from the geopolymer family based on the alkaline activation of fly ashes from coal power
plants. Eighteen substrates were developed for characterisation.

Figure 1 presents the substrates under study. The ON substrate is a lightweight
commercial product specially designed for green roofs. The OL substrate was prepared
in the laboratory, following the formulation of the ON substrate. ON and OL substrates
were considered as reference substrates. Table 1 presents the composition of the substates
containing waste materials:

Figure 1. Substrate samples under study: (a) ON (reference substrate); (b) OL (reference substrate);
(c) S1; (d) S2; (e) S3, (f) S4; (g) S5; (h) S6; (i) S7; (j) S8; (k) S9; (1) S10; (m) S11; (n) S12; (o) S13; (p) S35;
(q) S36; (r) S45.
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Table 1. Formulations of the tested substrates with waste-derived materials (in %).

Forest Blond Coco Iron Steel .
Substrate Compost Residues Peat Peat Slag Slag Refractories Geopolymer

S1 20 5 15 10 0 0 0 50
S2 20 5 15 10 40 0 10 0
S3 20 5 15 10 40 0 0 10
S4 20 5 15 10 20 20 10 0
S5 20 5 15 10 20 20 0 10
S6 20 5 15 10 10 10 30 0
S7 20 5 15 10 10 10 0 30
S8 20 5 15 10 0 0 30 20
S9 20 5 15 10 0 0 20 30
510 20 5 15 10 0 0 15 35
511 20 5 15 10 0 0 35 15
512 20 5 15 10 0 40 10 0
513 20 5 15 10 0 40 0 10
S35 20 5 15 10 25 15 10 0
S36 20 5 15 10 0 0 50 0
545 20 5 15 10 10 10 10 20

2.2. Test Methods

First, the eighteen substrates were experimentally analysed to determine the thermal
conductivity for different temperatures and moisture contents, the surface emissivity of the
substrates as a function of moisture content, and the water vapour transmission properties.
Then, based on the results obtained, four substrates were selected, taking into account the
physical properties and technical feasibility of production. Afterwards, the hygroscopic
sorption properties as well as the water drainage and retention capacity were determined.
Finally, the specific heat of a selected substrate and a reference substrate was determined.
Details of all the methods are given in the following subsections.

2.2.1. Thermal Conductivity

The thermal conductivity in steady-state conditions was measured using a Lambda-
Messtechnik GmbH Dresden single-model A-Meter EP-500 guarded hot plate (Figure 2)
in accordance with the standard ISO 8302: 1991 [31] and following the test procedure
described in EN 12664: 2001 [32]. The thermal conductivity was determined in the dry
state, reference state, for high moisture content, and saturated state. For the dry state, the
samples were conditioned by exposure to a ventilated oven at (60 &= 5 °C), until constant
mass was reached. For the reference state, the samples were placed in a climatic chamber at
(23 £ 2 °C) air temperature and (50 £ 5%) relative air humidity and subsequently for the
high moisture content at (23 £ 2 °C) air temperature and (80 & 5%) air relative humidity,
until constant mass was reached. Constant mass is considered to have been established
when the change in the mass of the samples over a 24 h period is random and less than the
equivalent of 0.1 kg/m?3. For the saturated state, the samples were immersed in water for
approximately 2 h and the excess water was allowed to drain before the test.

The substrates were also tested at three average temperatures (10 °C, 25 °C, and 40 °C)
for each moisture content, keeping a gradient temperature of 15 °C between plates. The
apparent density was recorded for all tests.
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Figure 2. Thermal conductivity tests: (a) guarded hot plate apparatus; (b) overview of test sample
inserted in the insulation frame; (c) dimensions and metering area of the sample.

2.2.2. Specific Heat Capacity

Specific heat capacity is defined by the amount of heat needed to increase the tempera-
ture of a unit mass of a material by 1 °C. Assessing the specific heat, Cp, of substrates is
essential to parameterize numerical simulation models used to evaluate green roofs perfor-
mance under dynamic boundary conditions [20]. Since the substrates are non-homogeneous
materials, specific heat capacity was determined using an indirect method according to
the methodology proposed by Simoes et al. [33] and applied by Marques et al. [34] and
Gongalves et al. [35]. For this, a guarded hot plate A-meter EP500 test tool (Figure 2) was
used, combined with a number of thermocouples located at different heights between the
hot and cold plates, as described in Figure 3. The temperature values were recorded every
minute using a data logger.
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Figure 3. Experimental setup used to determine the specific heat: (a) guarded hot plate inside
a climatic chamber; (b) position of thermocouples at system interfaces (red dots).

Due to the complexity of the method, this test was only performed for two selected
substrates, the reference substrates ON and 545, for two conditions of humidity, dry state,
and reference state at (23 £+ 2 °C)/(50 + 5%). The substrate S45 was selected since it has
the lowest value of thermal conductivity in a dry state. The samples used were similar
to those used in thermal conductivity (150 mm x 150 mm x 30 mm). To this end, for the
dry state, C,, 4ry, the samples were dried in a ventilated oven at (60 & 5 °C) until constant
mass was reached (change < 0.1kg in 24 h). For the reference state, Cp,(23,50), the samples
were stabilised in a climatic chamber at (23 £ 5 °C) air temperature and (50 & 5%) relative
air humidity until constant mass was reached (same criterion). To ensure that there was
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no heat loss, two layers of a known homogeneous thermal insulating material (expanded
polystyrene) were introduced on the upper and lower part of the sample, which was also
contained within the same insulating material. The test was carried out inside a climatic
chamber under controlled conditions of temperature and relative humidity, i.e., (23 & 2 °C)
air temperature and (50 &= 5%) air relative humidity.

2.2.3. Emissivity

The emissivity, ¢, of a material is defined as the ratio between the energy emitted by
the surface of that material per unit area and the energy emitted by a blackbody for the
same wavelength at the same temperature following the Stefan-Boltzmann Law. When
talking about the environmental and energy benefits of a material or construction system,
it is essential to emphasise this surface parameter, since it is directly related to the surface
temperature of the materials and to their ability to emit energy. The emissivity of the
substrates was characterised using an INGLAS TIR100-2 thermal emissivity meter. The
sample was subjected to thermal radiation from a body at a temperature of approximately
100 °C during a very short measurement period (<5 s). Eighteen substrates were tested, as
shown in Figure 4. Since the samples being analysed are substrates and they cannot be kept
vertically, it was necessary to rotate the measuring device to adapt to the position of the
substrate. A wooden support structure was built for this purpose. To accommodate the sub-
strate while the test was being carried out, a tray measuring 120 mm x 120 mm x 25 mm
was built to allow the substrate to be removed without moving the apparatus. These
dimensions are considered the measurement area of the emissometer, which corresponds to
a semi-sphere. To obtain more accurate values, the minimum distance between the sample
and the measurement area of the equipment was guaranteed. Due to the heterogeneity of
each substrate, three measurements were performed at different points in each sample to
give a total of nine measurements. In this way, an average emissivity value was obtained
from each series of measurements.

(b) (d)

Figure 4. Assembly of the test sample: (a) support structure for the equipment; (b) test sample;

(c) complete sample setup; (d) positioning of the emissometer for the test.

For each measurement cycle, calibrations were performed using the reference stan-
dards provided by the equipment manufacturer. In a study by Kononogova et al. [36], the
principle of operation, calibration, and validation of the TIR100-2 emissometer is explained,
and uncertainty in the results of 0.050 is assumed. To determine the emissivity, the effect of
the moisture content was also considered. For this, the following levels of moisture content
were considered: dry state, at (23 £ 2 °C)/(50 &£ 5%), and saturated. The measurements
were carried out under controlled laboratory conditions.

2.2.4. Water Vapour Transmission

Water vapour permeability can be defined as the passage of water in the vapour
state through a porous material. The aim of this study was to determine the amount
of water vapour transmitted; per unit of surface; during the unit of time; and under
defined conditions of temperature, humidity, and pressure. The water vapour transmission
properties were determined using the dry cup method recommended in ISO 12572:2016 [37].
Before testing, the substrate samples were conditioned at (23 £ 2) °C and (50 & 5%) until
constant mass was reached (change < 0.1 kg/m3 over 24-h). The samples were supported on
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a permeable membrane placed over the mouth of a metallic cup with nominal dimensions
of 100 mm x 100 mm x 50 mm. These assemblies were placed in a temperature- and
humidity-controlled climatic chamber at (23 £ 2 °C) and (50 = 5%). Because of the different
partial vapour pressure between the interior of the test cup, which contained a desiccant
(silica gel), and the atmosphere of the chamber, vapour flow occurs through permeable
specimens. The test samples were laterally sealed to ensure that the humidity inside the
cup remained constant with a downward moisture flow, as shown in Figure 5.

(b) (d)

Figure 5. Sample preparation for water vapour permeability determination: (a) placement of silicone

(f)

to glue the permeable fabric; (b) bonding the permeable fabric to the frame; (c) metallic cup with silica
gel (desiccant); (d) sealing both metallic cups; (e) placement of the substrate sample; (f) complete
test sample.

The assemblies were weighed inside the climatic chamber at 24 h intervals until their
mass variation was less than 5% in relation to their total mass. The linear variation in
time, corresponding to the equilibrium state of the mass gain, allows the determination of
the water vapour transfer properties. In other words, the linear regression referring to the
last five weighings makes it possible to determine the water vapour transmission rate, g
[mg/(h-m?)]. The quotient of the water vapour transmission rate of the sample and the water
vapour pressure difference between the two sample faces during the test is given by the
water vapour permeance W [mg/ (m2-h-Pa)]. The water vapour resistance, Z [(m2-h-Pa)/ mg],
corresponds to the inverse of the water vapour permeance (W). The water vapour permeability,
b [mg/(m-h-Pa)], is determined from the thickness of the test sample. The water vapour
resistance factor, p, corresponds to a dimensionless parameter that relates the air permeability
to water vapour and the water vapour permeability of the material.

2.2.5. Hygroscopic Sorption Properties

Since the substrates are intended for use outdoors, it is important to analyse their
behaviour in the presence of different levels of ambient air humidity. This variation in
the relative humidity of the environment is reflected in the materials through the increase
or decrease of their moisture content due to their sorption and desorption behaviour.
This sorption (increase in moisture content) and desorption (decrease in moisture content)
behaviour can be expressed in hygroscopic curves following the test procedures described
in EN ISO 12571:2013 [38] using the climatic chamber method. To determine the hygroscopic
curves, samples were placed in a series of test environments with four levels of relative
humidity (10%, 38%, 66%, and 95%) and at a constant test temperature of (23 £ 0.5 °C) until
equilibrium was reached. Four substrate formulations were selected based on the results
of tests carried out previously on the scope of this study (thermal conductivity, emissivity,
and water vapour permeability).

To determine the adsorption curves, the samples were dried in a ventilated oven at
(60 4 2 °C) until constant dry mass was reached (change < 0.1 kg/m? over 24-h). After
determining the dry mass, my, the samples were placed in the climatic chamber at the first
relative humidity stage, 10%. For each relative humidity level, weighings were carried out
at 24 h intervals until constant mass was reached (same criterion). The equilibrium moisture
content of the samples, u, was calculated according to EN ISO 12571:2013. This procedure
was repeated to determine the desorption curves. The starting point for determining the
desorption curve was the last point of the sorption curve at 95% relative humidity.
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2.2.6. Water Drainage and Retention Capacity

It is well known that substrates contribute to reducing stormwater runoff and delaying
the peak flow, which leads to less stress on drainage systems. To determine the drainage
capacity and water retention of the selected substrates, tests were performed to obtain the
temporal evolution of drained water and water holding capacity. For this test, tray modules
were prepared with the selected substrates. The layers used in the assembly followed
the same composition of green roof modules used in a real situation without vegetation
(Figure 6). The tests were performed under controlled laboratory conditions using a test
procedure adapted from the FLL guidelines. Accordingly, the samples were saturated
and allowed to drain for a period of no less than 24 h before the test. Still following the
FLL guidelines, the determination of drainage capacity must be calculated for an area
equivalent to one hectare for a precipitation rate of 300 L/sec, equivalent to a rain event
lasting 15 min, which is equivalent to 27 L/ m?. Therefore, the volume of water that was
applied to the area of the modules (0.25 m?) was 6.75 litres. During the test, three water
discharges were applied at 24 h intervals.

(b) (d)

Figure 6. Preparation of test samples: (a) propylene tray (500 mm x 500 mm x 100 mm);
(b) Lightweight Expanded Clay Aggregate (LECA); (c) geotextile filter; (d) substrate.

For this test, an experimental water discharge apparatus was developed, as shown
in Figure 7. This apparatus could control the volume and flow rate of water applied to
the sample and monitor the amount of water drained. The drained water was monitored
using a scale capable of continuous recording with a frequency of five measurements per
second. Thus, it was possible to determine the flow rate, the amount of water drained, and
the amount retained in the system. Reference values to characterise the drainage/water
retention capacity of the system were determined by carrying out tests without a tray and
with an empty tray.

—— Water discharge device

@ — System support

—— Sample

Support for the sample and for routing the drained water

Container for collecting drained water

Electronic scale for recording the amount of water drained

Figure 7. Experimental apparatus used for water drainage and retention capacity tests.
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The following tests were carried out: no tray, empty tray (T_empty), tray with reference
substrate (ON), tray with substrate 35 (535), tray with substrate 36 (S36), and tray with
substrate 45 (545). A drainage and water retention test were also carried out for the system
with the reference substrate (ON) without the previous saturation foreseen by the FLL
guideline. This test was used to compare the drainage and water retention capacity of the
system for a wet and almost dry substrate. The samples were weighed before and after
the test to assess the amount of water retained by the system. The mass of water drained
through the sample at each water discharge was obtained based on the total mass of water
drained and accumulated in the container after 24 h.

3. Results and Discussion

This section describes the results of the experimental characterisation performed
according to the test methods presented above.

3.1. Thermal Conductivity

As expected, an increase in the thermal conductivity values with the temperature,
moisture content, and apparent density was observed, with the moisture content playing
a major role. The values obtained for the samples in dry state varied between 0.081 and
0.101 W/(m-°C) at 10 °C, 0.084 and 0.106 W/(m-°C) at 25 °C, and between 0.088 and
0.109 W/(m-°C) at 40 °C. At the reference state, the thermal conductivity values varied
between 0.077 and 0.106 W/(m-°C) at 10 °C, 0.083 and 0.109 W/(m-°C) at 25 °C, and
between 0.086 and 0.113 W/(m-°C) at 40 °C. For the (23 =+ 2 °C) air temperature (80 & 5%)
air relative humidity condition, the values of thermal conductivity continued to increase
and presented values that varied between 0.082 and 0.095 W/(m-°C) at 10 °C, 0.088 and
0.103 W/(m-°C) at 25 °C, and between 0.092 and 0.110 W/(m-°C) at 40 °C. However, it was
in the saturated state that the greatest increase in the thermal conductivity was observed,
with values ranging from 0.206 to 0.293 W/(m-°C) at 10 °C, 0.245 to 0.352 W/(m-°C) at
25 °C, and 0.270 to 0.422 W/(m-°C) at 40 °C.

According to the values obtained, it was concluded that all substrates are technically
viable. In relation to the reference substrate ON, it was found that the substrates in
general gave similar results. The thermal conductivity results for 10 °C are presented in
Figure 8. The maximum increment in thermal conductivity that was obtained in relation
to the temperature was 9% in the dry state and 71% in the saturated state. As expected,
temperature has a smaller impact on thermal conductivity than it does for the saturated
state where there is a substantial increase in thermal conductivity.

0.35
< 030+
£
20.25*
2
S 020F
©
>
T 015F
8
T 010 ( ’ S $ 2
£ 8§ 068 8 08 8 0 g0 00 8y
[0}
£ 0.05[
000_ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
NN YD X DO A D DO N AD S O O
S S R A B AP NI LG . R
Sample
® DryState © 23°C/50% 23°C /1 80% Saturated

Figure 8. Variation of thermal conductivity of the substrate samples with moisture content at 10 °C.
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Regarding the apparent density, it was concluded that the thermal conductivity in-
creases with the apparent density, as shown in Figure 9.

0.35 0.35¢
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. 3 .
Apparent density (kg/m~) Apparent density (kg/ma)

(a) (b)
Figure 9. Variation of the thermal conductivity of the substrates with the apparent density at 10 °C:
(a) dry state; (b) saturated state.
3.2. Specific Heat Capacity

Table 2 summarises the specific heat capacity results of the ON (reference) and 545
(one of the substrates with the lowest value of thermal conductivity in dry state) substrates
for dry state and (23 £ 2 °C) air temperature and (50 £ 5%) air relative humidity.

Table 2. Specific heat capacity results for substrates ON (reference) and 545 using the indirect method.

Specific Heat Capacity, Cp, qry Specific Heat Capacity, C (23,50)
[J/(kg °O)] [J/(kg °O)]
ON 1413 1658
S45 536 2069

The values obtained confirm the higher specific heat capacity for samples with higher
moisture content. The specific heat capacity of water is 4000 J/ (kg K) [39], which helps to
justify this behaviour. These results can be compared with other building materials used
for the thermal protection of roofs. For example, for XPS insulation boards, the specific
heat values were found between 1300 and 1700 ]/ (kg K). Cork, also used as insulation, has
specific heat values between 1500 and 1700 J/ (kg K). Higher values for the specific heat
were also found for natural fibres, up to 2100 (J/ (kg K) [40]. Although the results that can
be obtained from the substrate samples are variable due to their heterogeneity, they are
close to the values of other insulation materials.

3.3. Emissivity

Emissivity is mainly controlled by the physical properties of materials and surface
properties. In this case, the samples are non-homogeneous since they have several types
of materials in their composition, in addition to their moisture content. The moisture
content of a substrate considerably modifies the substrate emissivity because of the high
emissivity value of water. Therefore, the emissivity of the water was also determined
(=0.94). Figure 10 presents the average emissivity for the eighteen substrates, considering
the following moisture content conditions: dry state, (23 £ 2 °C)/(50 & 5%), and saturated.

It is observed, as expected, that emissivity values vary with the moisture content
present in the substrates. A significant increase in emissivity can be observed for higher
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moisture content. The lowest emissivity values were obtained with the substrate in the dry
state and ranged from 0.58 (S35) to 0.77 (ON), and higher emissivity values were observed
for saturated substrate with values between 0.92 (56) and 0.97 (S8). Emissivity values in
saturated state substrates were close to water emissivity. At (23 £ 2 °C)/(50 £ 5%) the
emissivity varied between 0.79 and 0.90.
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Figure 10. Emissivity for the eighteen substrates considering the different moisture contents: dry
state, (23 + 2 °C)/(50 £ 5%), and saturated. The whiskers represent the standard deviation found in
the nine measurements.

3.4. Water Vapour Transmission

The water vapour permeability results are given in Table 3. Although the substrates gen-
erally exhibit similar permeability to water vapour, values ranging from 0.12 mg/(m-h-Pa)

(53) and 0.28 mg/(m-h-Pa) (S13) were recorded.

Table 3. Water vapour transmission properties.

Water Vapour
Permeance, W

Water Vapour
Resistance, Z

Water Vapour
Permeability, &

Water Vapour Diffusion

Resistance Factor, u

[mg/(m?-h-Pa)]

[(m2-h-Pa)/mg]

[mg/(m-h-Pa)]

ON
OL
S1
S2
S3
S4
S5
S6
S7
S8
S9
510
511
S12
513
535
536
545

4.00
3.70
2.59
2.57
242
2.55
294
2.75
3.27
2.79
3.00
3.36
3.86
3.33
5.50
2.81
4.16
490

0.25
0.27
0.39
0.39
0.41
0.39
0.34
0.36
0.31
0.36
0.33
0.30
0.26
0.30
0.18
0.36
0.24
0.24

0.20
0.18
0.13
0.13
0.12
0.13
0.15
0.14
0.16
0.14
0.15
0.17
0.19
0.17
0.28
0.14
0.21
0.21

3.55
3.84
5.49
5.53
5.87
5.56
4.83
5.16
4.34
5.10
473
4.22
3.68
4.26
2.58
5.05
3.42
3.39
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The graph in Figure 11 shows a comparative analysis of the water vapour permeability
results for the set of eighteen substrates.

0.30
= 0.25
= c
Q o <
3 = 23

=

0.20 =]
EL E 8
fesy - S o
() ©
D_'C — Y=

. 5

0.15
5 £ g8
2o S
o £ > 5
> —/0.10 5o
_ w = 0
..q_)a O <
© =
= 0.05

ON OL S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S35 S36 S45
Samples

Figure 11. Comparative analysis of the values for water vapour permeability, 5, and water vapour
diffusion resistance factor, p, for the set of eighteen substrates under study.

3.5. Hygroscopic Sorption Properties

The four substrate formulations that were selected to the hygroscopic sorption proper-
ties and drainage and water retention were those with technical feasibility of production
and adequate thermal and water vapour transmission properties: S35, 536, 545, and the
reference substrate (Figure 12). Four samples were prepared from each substrate with
a mass of at least 200 g. The samples were placed in glass crystallizers with lids to prevent
possible losses or gains in mass during the handling of the samples for weighing purposes.

(b) (d)

Figure 12. Substrates used to determine the hygroscopic curves (adsorption and desorption): (a) S35;
(b) S36; (c) S45; (d) reference substrate.

The results obtained for the hygroscopic properties as a function of relative humidity
(RH) are presented in Figure 13. For all substrates, there is a progressive increase in the
moisture content with the increase in relative humidity. As expected, initially, the moisture
is absorbed by monomolecular adsorption which occurs until the level of RH = 38% and,
in a second phase, multimolecular adsorption occurs (38% < RH < 66%). Finally, there is
a phase of capillary condensation (66% < RH < 95%), which is reflected in the increase in
the slope of the curve. As expected, all substrates showed a hysteresis effect, characterised
by the distance between the adsorption and desorption curves. Knowing the hysteresis
effect can be relevant to predicting the moisture content during the drying process after
a cycle of wetting the substrates. In this study, substrates 545 and S35 showed a smaller
hysteresis effect, which reveals a lower capacity to retain moisture. This behaviour could
be related to the porous structure of the substrate formulation. In a comparative analysis
of the adsorption and desorption of the tested substrates, it is possible to confirm that the
reference substrate (ON) presented the highest hysteresis effect.
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Figure 13. Sorption curves for substrates: (a) ON (reference); (b) S35; (c) S36; (d) S45.

3.6. Drainage and Water Retention

The purpose of this test was to determine the water drainage retention capacity of
substrates when subjected to a 15 min water discharge that simulated a rain event. This
test was carried out only for the four selected substrates: ON (reference), S35, S36, and 545,
which were previously saturated (according to the FLL Guidelines). Figure 14 presents the
accumulated drained water and the corresponding flow rate for the reference substrate
ON. To compare the accumulated and retained water as a function of time, two reference
profiles were used. The red curve represents the discharge without a tray and the black
curve corresponds to the discharge with an empty tray (Figure 14a). For the flow rate,
a reference curve (black curve) was determined as a function of time, which corresponds to
the discharge without a tray (Figure 14b).

In the first discharge, the system drained about 92% of the total water applied, retaining
about 8% of the water. In the following discharges, a lower percentage of water retention is
noted, around 4% of the total water applied. The high repeatability of the system behaviour
is also seen in the similarity of the curves of discharges two and three. Figure 14b) shows
that the maximum peak flow rate per square meter of the system is lower than the reference
curve, which leads to a delay in the flow. Figure 15 shows the experimental results for
the drainage and retention of water for substrate S35. In the first discharge, the system
presented a drainage capacity of around 95% of the total water applied and retained about
5%. Contrary to expectations, in the following discharges, a higher percentage of water
retention was recorded, around 6% to 10% of the total applied (Figure 15a). For the flow
rate, as also happened in the reference substrate ON, the maximum peak flow rate of the
system is lower than the reference curve, leading to a delay in the flow.
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Figure 14. Accumulated water and flow rate for the three discharges (D1, D2, D3) applied within
a period of 60 min to reference substrate ON: (a) accumulated drained water; (b) flow rate.
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Figure 15. Accumulated water and flow rate for the three discharges (D1, D2, D3) applied within
a period of 60 min for substrate S35: (a) accumulated drained water; (b) flow rate.

Figure 16 displays the experimental results for substrate S36. As expected, in the first
discharge, the system retained approximately 10% of the water applied. In the following
discharges, the retention was lower; this may be due to substrate saturation. In terms of
drainage capacity, S36 was able to drain around 89% of the water in the first discharge and

over 90% in the remaining ones (Figure 16a). As already observed in the other two sub-
strates (ON and S35), the flow rate remained lower than the reference curve (without tray),
reinforcing the peak flow delay (Figure 16b).
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Figure 16. Accumulated water and flow rate for the three discharges (D1, D2, D3) applied within
a period of 60 min for substrate S36: (a) accumulated drained water; (b) flow rate.
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Figure 17 presents the experimental results for substrate S45. It is observed that the
system presents the same behaviour for the three applied water discharges, which was
not verified in the previous substrates (ON, S35, and S36). Based on the results obtained
for the total water drained, substrate S45 drained approximately 95% of the applied water
(Figure 17a). The results for the flow rate follow what has already been observed for the
previous substrates (Figure 17b).
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Figure 17. Accumulated water and flow rate for the three discharges (D1, D2, D3) applied within
a period of 60 min for substrate S45: (a) accumulated drained water; (b) flow rate.

The authors decided to carry out a test on the reference substrate ON for comparison
purposes and to evaluate the behaviour of the substrate when subjected to a discharge
of water in an almost dry condition. Figure 18 shows the experimental results for the
accumulated drained water. As expected, in almost dry conditions, the reference substrate
ON had a higher water retention capacity due to its low initial water content. In this case,
in the first discharge, the system drained about 32% of the water applied and retained
68%, presenting, as would be expected, a greater water retention capacity. In subsequent
discharges, its retention capacity decreased to values between 8% and 18%.
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Figure 18. Accumulated water for the three discharges (D1, D2, D3) applied within a period of 60 min
for reference substrate ON in almost dry conditions: (a) accumulated drained water; (b) flow rate.

3.7. Final Remarks

For the thermal conductivity, our results point to an increase in thermal conductivity
with moisture content, the difference being more evident in substrates in the saturated
state. The influence of temperature and apparent density was also evaluated. As expected,
thermal conductivity increased slightly with temperature and more with increasing appar-
ent density. For future support of researchers, taking into account the results presented in
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Section 3.1, the following correlations of thermal conductivity in function to water content
can be used in computer simulations:

Apry = 4e™°-u + 0.0685 (1)
A3 /50 = 7e~>.u + 0.0534 @)
/\Sutumted = 2374'“ + 0.073 (3)

where A (W/(m.K)) is the thermal conductivity and u (kg/ m?3) is the water content.

For the dry state and for the saturated state, the results obtained are lower than those
found in the literature review. For example, the literature review showed values between
0.10 and 0.25 W/(m-°C) for the dry state, compared to values lower than 0.10 obtained in
this work.

Concerning the dynamic thermal behaviour, specific heat was obtained. The results
confirm the influence of the moisture content present in the substrates, with a higher value
of specific heat being recorded for the samples with higher moisture content. However,
for the substrate 545, a significant difference was observed between the dry state and at
(23 £2°C)/(50 £ 5%) condition results, which were 536 J/(kg °C) and 2069 J/ (kg °C),
respectively, and in line with those found in the literature. This variability, in addition to
the presence of water, could also be due to the sample’s heterogeneity.

The measured emissivity values highlighted that the material’s moisture content also
has a significant influence on the results. The highest emissivity values were found for
substrates in the saturated state, with values close to 1.

The values of water vapour permeability of the studied substrates were generally
similar. The highest values of water vapour permeability were found for substrates ON,
S13, S35, and S36.

Regarding hygroscopicity, in the test carried out for substrates ON, S35, 536, and 545,
it was concluded that the substrate ON has the greatest increase in humidity, of about 12%,
in relation to the dry state at (23 £ 0.5 °C).

Finally, regarding the water drainage retention capacity, the authors concluded that the
systems have a similar drainage profile, with a higher retention rate in the first discharge,
excluding systems with substrates S45 and S35. Based on the results presented, it can be
concluded that the flow rate in substrates ON and 545 are similar, with values higher than
2500 g/(min-m?). Substrates S35 and S36 had flow rate values higher than 1500 g/(min-m?)
and 2000 g/ (min-m?), respectively.

The results do not show any statistical correlation between the composition of the
inorganic part and the thermal properties, only indicating a slight increase in thermal
conductivity for almost all compositions when compared to the reference substrates.

4. Conclusions

Different ecological substrates for use in green roof systems were developed and
characterised with the aim of obtaining relevant parameters to demonstrate the advantages
of their application in building solutions. These parameters will also be important when
used in numerical models. The use of these ecological substrates composed of organic
and inorganic residues can help with waste management, with the additional advantage
of bringing benefits to the environment. Regarding thermal conductivity, specific heat
capacity, and emissivity, the influence of the moisture content on the behaviour of the
substrates should be highlighted, as stated in the previous section.

The results of the experimental characterisation show that the ecological substrates
developed can be used in green roofs. Further research should be carried out, taking
into consideration the compatibility of plants using the ecological substrates, the life cycle
assessment, and economic viability.
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