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Abstract: Green structures such as roofs or facades are great examples of ways to mitigate climate
change, and they have multidisciplinary benefits. One of them is water retention during storms
and high rainfalls. In this paper, the impact on the temperature of a membrane after excessive
watering was investigated. The results of watered samples were compared to the non-watered ones.
This test was carried out on five equal samples. The results showed that the actual foliage cover
is very important. The worst results were obtained by the samples that did not have sufficient
plant (foliage) cover. Notable differences in courses after watering reached up to 7 °C and lasted
up to five days. Visible differences after watering were also exhibited by other samples. The type
of drainage/retention layer also influenced the results, whereas the hard-profiled plastic board had
high practical retention, which impacted temperatures over a long time period. The actual water
content influenced and reduced the daily amplitude from 13 to 7 °C for at least five sunny days. This
confirms the theoretical evapotranspiration calculations and actual water content in green roofs. In
this case, the water content in the samples proves the cooling effect on the waterproofing membrane.

Keywords: green roof; experimental setup; test; watering; irrigation; evapotranspiration; membrane

temperature reduction; vegetation; retention

1. Introduction

Green roofs and facades belong to the group of green structures or greenery systems.
The idea of green roofs was used in the ancient world: the Hanging Gardens of Babylon
were actually a type of green roof. Scandinavian countries used sod roofs until the late
19th century. These were pitched roofs with birch bark roofing and grass as the vegetation
layer. In the 20th century (1960s and 1970s), a rediscovery took place mostly in Germany [1].
Essentially, it can be said that the green roofs have a long history of research behind them
and the idea is pretty old. With advances in material engineering and worldwide efforts to
mitigate climate change, green roofs have attracted a lot of attention worldwide.

Research efforts can be divided into two main areas: water and heat management.
In the area of water management, the research aims are as follows: storm water manage-
ment [2-4] and a reduction in runoff volume, e.g., to avoid the clogging of the drainage
network [5-7]. Over the years, heat management has changed from thermal loss reduction
to a reduction in cooling loads [8-10]. A green roof (GR) consists of several layers; therefore,
the research follows the individual properties of layers, such as foliage percentage, growth
time [11], suitable plants [12-14], or substrates [15-18]. As a part of water conservation
on-site, the quality of runoff water [7,17] is also important. Green roof layers have more
functions, such as water accumulation and also drainage, where polyolefin-cup-style boards
are widely used. Agglomerated cork is also used as the latest development [19,20] as a
water accumulating material. Mineral wool insulation [21,22] is incorporated in order to
reduce the substrate thickness.

One of the main benefits, regarding the reduction in the cooling load, is the evapotran-
spiration (ET) from vegetation. It can be defined as a dissipating part of surface heat flux
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into latent heat released into the external environment [23,24]. This is important during
heat waves [10,25,26]. With the lack of natural rain and more frequent and longer heat
waves, its effect can be increased by additional watering or irrigation systems [8,9,19,27].
Watered plants increase the cooling potential of green roofs [24].

The primary focus of green roofs is to reduce the well-known urban heat islands
(UHIs), to mitigate climate change, and to positively influence the quality of the micro-
climate around the buildings. The UHI is a long-time phenomenon that has influenced
the temperature distribution in urban environments. Increasing the green areas within
the cities [26,28,29], wetting the individual surfaces, and more complex simulations of the
urban environment [25,29] have been conducted in order to mitigate the UHI and to offer
different solutions. Green roofs can absorb a large proportion of solar energy [30].

Additional green roof layers protect the waterproofing membrane against ultraviolet
(UV) solar radiation. UV radiation causes membrane degradation. Green roofs minimize
or decrease the daily/diurnal temperature amplitudes too [1,24]. Additional layers also
reduce the heat flux and, therefore, heat is lost through the roof [10,31-34]. This reduction
is dependent on the thickness of the roof’s thermal insulation [35,36]. By increasing
the thermal protection of buildings according to worldwide efforts to reduce the energy
demand of building stock, other benefits of green roofs are becoming more attractive.

Experiments worldwide have had different effects on the results, which are mostly of
benefit in the summer [37-39]. Measurements have been conducted on different sample
scales [37,38,40]. Simulation and experiment comparisons are given in [33,37,41]. Winter
benefits [3,42—44] are not as widely covered as summer ones [1,31,45]. A snow layer, mostly
powder snow [34], can highly influence the results and shape the differences. The reported
energy saving in winter between a non-protected or non-covered flat roof and a green roof
is about 10-15% [1,36,40,46]. This reduction is highly dependent on the thickness of the
thermal insulation [39,44,45]. The overcooling of the outer surface caused by long-wave
radiation and during winter is crucial [42,47,48]. Measurement of the long-wave radiation
among other outdoor climate parameters is important [49-51].

Focusing on Central Europe, where this research was conducted, three other similar
studies are found. Two of them are in the Czech Republic. The first is in the University
Centre for Energy Efficient Buildings (UCEEB) CTU in Busterad. More green roofs [52]
were tested, but the results are for commercial areas and they are confidential. There is also
a testbed in Brno, but it is not applied to real roofs [53]. In Slovakia, an experimental roof
in Kosice with different substrate thickness was investigated [46].

This paper is an update and follow-up to conducted and previously published papers
of temperature measurements of different green roof fragments [31,32]—green and non-
green roofs and gravel. Also, an analysis focusing solely on winter results is found in [31].
In this paper, the temperature courses of the membrane were compared between the
irrigated and non-irrigated ones. This comparison highlights the possibility of comparing
two identical samples, because there are two of them: one primarily for temperature and
the other one for water retention measurements.

In Section 2, test site and sample compositions are described. Also, the methodology
of irrigation or watering of the samples is provided. Outdoor boundary conditions (real
outdoor climate chosen for the experiment) are described in Section 3. The results are
introduced in Section 4. Temperature courses for different membrane covers during the
selected periods and courses for watered and non-watered green roofs are presented and
discussed here. Section 5 draws conclusions, limitations, and future plans.

2. Experimental Test Site Construction

We conducted experimental measurements of samples on the roof of the Faculty of
Civil Engineering. In Figure 1, the individual segments of green roof samples are numbered.
The same compositions are labeled with the same number. This arrangement creates non-
continuous numbering in the bottom row.
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membrane

Figure 1. View of test site. The same segment compositions are marked with the same number
(picture from October 2021). The upper row was watered, whereas the bottom row was dry.

The concept for these measurements dates back to 2019 when the single-ply roof was
reconstructed. The original roof composition up to the load-carrying concrete slab was
removed to construct a new single-ply flat roof. Sensirion SHT21 sensors, which combine
temperature and relative humidity measurement, were installed in two points [32] during
the roof’s construction phase. Direct comparisons between green roof R3 and the non-
protected single-ply roof could be made. It was also possible to compare the rest of the
composition to the surface and membrane temperatures required for extensive green roofs.

We assessed the calibration measurement between these two areas and the results
were similar [32]. After this measurement, the construction of R3 and other samples began
in the autumn of 2020. Additional compositions followed in the summer of 2021. The last
samples, marked as GR1/R1 and GRé6 in Figure 1, were constructed in November 2021.
Unlike most of the other samples, for the vegetation was not used pre-vegetated roll/mat
but the cuttings. Consequently, the surface was only partially covered with plants during
the test.

All samples were doubled to monitor the temperatures on the membrane of the roof
(Figure 1—bottom row) and measure the amount of rainwater (Figure 1—upper row). These
required additional pitched layers from thermal insulation, which caused a slight elevation.
This method made it possible to use the tipping bucket rain gauge. The composition and
sketch of the samples for water retention are shown in Figure 2. The upper row of samples
was used in this test for watering or as watered samples.

All used or tested segments are commercially available on the Slovakian market
(except for GR6). We followed individual sellers” user guides during construction and
maintenance.

Table 1 shows the exact compositions with different special layers. The structures
measured 1.8 x 1.85 m, and the temperature was measured in the center of the sample.
The first layer of samples was the root barrier, which avoids waterproof membrane leakage
during measurements and creates waterproof containers for water retention measurements
(Figure 2).
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tipping bucket rain gauge

Figure 2. The scheme of the container for water retention measurement. The container consists of an
elevated enclosed wall, a plastic-coated plate, and a membrane. There is an extra layer of XPS board
to create a pitch for drainage with a tipping bucket gauge. The same composition is created inside
the container as the one that is directly placed on the roof membrane with the same sample number.

The main difference between the GR/R1 and GR/R2 compositions is that, in the second
sample, plants were pre-vegetated into the recycled board; therefore, it was substrate-free.
This system is mainly developed for green facades. Testing of the experimental facade for
such types is shown in [54]. Recycled board was also used in the first sample, but without
the plants. The substrate was situated on the board. The sedum plants required some time
to grow; therefore, the foliage cover of the sample was minimal during the test.

To keep the thickness of the composition as low as possible on the extensive green
roof, we used mineral wool to reduce the substrate thickness (GR/R3, 5, and GR6). The
GR/R4 and R6 had more substrate, and no mineral wool was used. All samples of GR and
R with the same numbers had the same compositions above the membrane, except for the
sixth sample (Table 1).

Sheathed thermocouples and PT100 sensors within the samples, suitable for measur-
ing water, were built in several positions. We used either the position on or below the
membrane. Some positions were doubled by both sensor types for comparison. In the
R3 sample, the sensor was under a waterproof membrane. Fluke Hydra with one-minute
recording intervals served as data loggers for the sensors built into the green roof structures.
Temperature and relative humidity sensors built into the flat roof under the membrane
were connected to a Raspberry PI. The same one-minute recording intervals were used,
capturing the quick rise and drop in surface temperatures accurately. The weather station
is situated on the roof of the next building on the campus [49,55] to record the outdoor
climate.

The methodology of our experiment was simple. On the mornings of 9 August and
3 September, we manually watered all elevated segments in protective containers with a
hose. The watering was intensive, and the duration was based on previous experiments
determined at 15 min, which was enough to reach the maximum retention capacity of
simple and extensive green roofs. The retention capacity was reached once the water
started to drain through the tipping bucket gauge. The water flow by watering was approx.
7 L/min, indicating 100 L per sample or 30 L per square meter of the sample. The retention
capacity declared by the manufacturer was between 10 and 25 L/m?. There were differences
in the retention capacity and phase shift of the water outflow. However, this paper does
not analyze or focus on these differences.
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Table 1. Numbering and exact composition of the green roof samples. Visible layers are bold.

Name Composition Thickness (mm) Figure

sedum plants cuttings -

substrate 30
GR1
recycled board 50
geotextile -
pre-vegetated plants rooted into the recycled board 50
GR2
geotextile -
pre-vegetated roll 40
GR3 mineral wool board 40
hard plastic profiled water retention board
10
(cup style board)
pre-vegetated roll 40
substrate 30
GR4
geotextile -
profiled drainage mat 25
pre-vegetated roll 40
substrate 30
GR5
mineral wool board 50
hard plastic profiled water retention board 10
sedum plants cuttings -
substrate 90
GR6
mineral wool board 50
profiled drainage mat 25
planted vegetation 40
R6 substrate 90
profiled drainage mat 25

3. Outdoor Climate Test Conditions

Two periods were chosen for the watering test: The first was from 8 to 15 August
2022 (Figure 3) and the second was from 1 to 7 September 2022 (Figure 4). Daily courses in
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outdoor air temperature and solar radiation were supplemented with calculated evapo-
transpiration (ET).

B - 35
solar radiation === air temperature Outdoor climate
30
&
25
5
2
o
20 8
3
—
©
15
10
B
E
-
w
©
=]
2
o
@
8/8 9/8 10/8 11/8 12/8 13/8 14/8 15/8
Date
Figure 3. Outdoor climate conditions during the first watering test from 8 to 15 August 2022.
Evapotranspiration rates were only available on 10 August. Sunny weather with some semi-cloudy
days (13 and 14 August).
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Figure 4. Outdoor climate conditions during the second watering test from 1 to 7 September 2022.
Cloudy weather on 4 September, semi-cloudy on 6 September.
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The Davis Vantage 2 Pro weather station calculated the ET. The exact equation was not
known, but the results were similar to those for the methodology stated in [56]. The results
differed by up to 10% per day. In the first measurement period, ET rates were available
on 10 August. The theoretical ET, based on the actual climate, was up to 28 mm for the
first watering test and up to 19 mm for the second watering test. The weather station
calculated a theoretical ET in the range of 3.6-4.2 mm/day on cloudless and sunny days.
If the retention capacity of the green roof was, for example, 12 L/m?, the water would
evaporate in three days. Real evapotranspiration from the green roof is usually lower and
ranges from 2.6 £ 1.3 mm/day to 4.8 mm/day for different green roof types [27].

4. Results and Discussion

The measurement results were divided into two parts: The first part measured
the membrane’s temperature for green roof sample R3 and was comparable to the non-
protected membrane and the one with gravel protection. This measurement was performed
to show the green roof’s impact on the temperature course. The second part measured
courses of membrane temperatures after watering in following days.

4.1. Temperature Measurement of Non-Covered Membrane, Gravel Protected Membrane, and
Green Roof R3

Figure 5 shows the results of the first watering test. Figure 6 shows the results of the
second watering test. The green roof R3 was not watered; therefore, the results did not
display evapotranspiration effects, based on the lack of rainfall and the roof’s limited water
retention. This phenomenon occurred at the end of the testing period, where the phase
shift between the air temperature and green roof temperature was reduced by approx. 3 h
on 9 and 10 August to 1.5 h on 15 August.
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Figure 5. Daily temperature courses for the membrane and outdoor air during the first watering test.
The green roof was not watered. The green roof course had maximal temperatures close to outdoor
air at the end of the test period, and the phase shift was lowered.
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Figure 6. Daily temperature courses for the membrane and outdoor air during the second watering
test. The green roof was not watered. The green roof course had maximum temperatures similar or
higher than outdoor air.

Figure 6 shows temperature courses during the second watering test. Although the
non-protected membrane temperatures were lower than those in the August period, the
green roof had higher maximum temperatures than outdoor air (e.g., 2 September). The
phase shift was between 2 and 3 h based on actual weather.

For test periods (Figures 5 and 6), the green roof had clear advantages in maximum
temperatures and daily amplitudes. The maximum temperature for non-protected mem-
branes was up to 60 °C, whereas the gravel-protected membrane was 47 °C. The usual
green roof ‘s membrane reached temperatures below 30 °C (14 and 15.8) or even 23 °C
(12.8). The gravel slightly reduced the maximum and minimum temperatures compared to
the unprotected roof. However, the course was moved more to the right, maintaining the
accumulated heat in the evening. At 22:00 local time (times in graphs are in UTC, which is
2 h behind local time), the grave-protected membrane was still around 30 °C.

The daily amplitude confirmed temperature stabilization. The non-protected mem-
brane amplitude was >50 °C, the gravel-protected membrane was >30 °C, and the green
roof membrane was somewhere between 10 and 15 °C. These findings support the fact that
simply extensive green roof compositions can reduce the temperature load of the mem-
brane and protect it against UV and solar radiation, which should extend the membrane’s
durability significantly. On the other hand, the gravel-protected membrane had lower
temperatures. However, the gravel retains the accumulated heat and contributes to the
UHI effect by radiating it back at night.

4.2. Watering Test

As mentioned before, the watering test was repeated. Consequently, the measurement
was conducted in situ using the outdoor climate. The results might not have been identical,
but should have the same pattern. Figure 7 shows the membrane temperature courses for
the first watering test. Figure 8 shows the second watering test courses.
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7. First (August) watering test. The membranes’ temperature courses for watered and non-

Figure

watered green roof compositions (segments). Watering was performed during the second day and

there was a sudden rise in temperature by the morning.
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Figure 8. Second (September) watering test. The membranes’ temperature courses for watered and

non-watered green roof compositions (segments). Watering was performed during the second day

and there was a sudden rise in temperature by the morning.
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Our results are summarized in two tables. Tables 2 and 3 show the first watering
event. In Table 2, minimum, maximum, and average temperatures on the second day after
watering are presented. Table 3 shows the time period after watering (starting at 10:00
of watering day). The different section/composition results are influenced by the actual
foliage cover of the sample, type of water retention layer, and substrate/mineral wool use.
The same representation of the results is for the second watering event.

Table 2. Measured temperatures on the second day after watering for the first watering test (courses
are in Figure 7).

Results of Second Day after Watering during August Watering Event—10.8

AVERAGE (°O) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
watered 17.19 19.43 17.99 18.41 19.31 19.96
non-watered 20.30 19.02 17.50 18.71 20.03 19.15
difference 3.12 —0.41 —0.49 0.30 0.72 —0.82

MAX (°C) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
watered 19.82 21.78 19.81 20.69 21.87 21.61
non-watered 27.30 25.33 21.83 22.06 23.33 22.45
difference 7.48 3.56 2.01 1.36 1.46 0.83

MIN (°C) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
watered 14.29 16.69 15.73 15.63 16.53 18.52
non-watered 14.68 14.61 13.99 15.82 16.81 16.16
difference 0.39 —2.08 -1.74 0.19 0.28 —2.36

Table 3. Measured temperatures for the time period from first watering test on 9 August to 15 August
(courses are in Figure 7).
Results of August Watering Event from 10:00 9 August to 23:59 15 August

AVERAGE (°C) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
watered 19.42 21.04 19.59 20.18 2091 21.67
non-watered 22.17 20.17 18.82 20.09 20.98 20.53
difference 2.74 —0.87 —0.76 —0.09 0.07 -1.13

MAX (°C) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
watered 19.25 20.86 19.46 20.04 20.76 21.54
non-watered 21.94 20.07 18.71 20.01 20.94 20.45
difference 2.70 —0.80 —0.75 —0.03 0.18 -1.10

MIN (°C) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
watered 12.24 14.71 13.99 13.36 14.74 15.62
non-watered 14.22 13.08 12.23 14.60 15.33 14.97
difference 1.99 —1.63 —-1.76 1.24 0.59 —0.66

4.2.1. First Test

The highest impact of watering on temperature was on the first sample, which con-
tained small sedum plants covering its surface. Therefore, its protective abilities were
significantly limited. The soil color also had higher solar radiation absorption, which over-
heated the composition. According to [11], a higher foliage percentage from sedum cuttings
takes approximately four years (four years is maximum, which could be also earlier). The
second highest impact of watering was on the second sample, which consisted of a recycled
board with rooted plants on the surface. This composition limited the vegetation height,
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which was short and had some moss. The third most influenced sample was GR3. It had a
built-in plastic water retention and drainage board with a solid retention capacity of up to
9L/m?.

This fact supports retention because the board does not change its capacity with time
and weather conditions such as substrate, plants, or mineral wool. A similar board with a
lower retention capacity was used in sample GR5. Slight, visible differences appeared in
GR4, which only had a fabric mat as the drainage board (visible in the last figure of Table 1)
and soil substrate. The duration of the change and the composition’s actual water content
influenced the courses for only two days. The rest of the monitored days were almost a
perfect match in both samples.

This observation was also valid for the R/GR5 sample, where a slight difference was
visible for two days. Then, the watered and non-watered courses matched each other.
Samples GR6 and R6 were not identical, but their courses were similar, and the irrigation
effect was minor. The three samples with the highest differences, e.g., R/GR1, reduced the
amplitude from 14 to 7, which lasted until the end of the monitoring period. The R/GR3
sample’s amplitude reduction was long and ranged from 9 to 5 °C.

Figure 8 shows the results of the second watering test. Table 4 shows the tabulated
results of the second day after watering. Table 5 shows the whole period after watering.

Table 4. Measured temperatures on the second day after watering for the second watering test
(courses are in Figure 8).

Results of Second Day after Second Watering Test—3 September

AVERAGE (°C) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
watered 15.27 17.39 15.74 15.89 17.03 16.96
non-watered 16.44 16.30 16.21 16.85 16.84 16.47
difference 1.16 —1.09 0.47 0.96 —0.18 —0.48

MAX (°C) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
watered 20.23 20.84 18.81 19.66 19.46 18.32
non-watered 23.04 25.76 26.24 22.25 22.49 21.14
difference 2.81 492 7.44 2.59 3.03 2.83

MIN (°C) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
watered 10.45 13.56 12.34 11.71 14.27 15.35
non-watered 10.77 9.96 9.35 12.39 12.16 12.28
difference 0.33 —3.60 —2.99 0.68 —2.11 —3.06

4.2.2. Second Test

When the watering test was performed a second time, the impact was higher in all
tested roof compositions. The highest difference was in the case of R/GR3, where the
amplitude was reduced from 16 to 6 °C. The second highest was R/GR2, with an amplitude
reduction from 15 to 7 °C (second day—sunny day after watering). The first sample with
small foliage ranked third this time. The rest of the samples showed a higher impact, with
the watering impact lasting longer than the monitored period in some cases. In other words,
the remaining water was still in the composition. The shortest time, where both courses
appeared similar, was for R/GR1 and R/GR4. The fourth day (6 September) was without a
significant reduction.

On the other hand, differences were detected between R/GR2 and R/GR3. On the last
monitored day (Figure 8), the amplitude of the second sample reduced from 13 to 7 °C and
from 13 to 5 °C of the third sample.

Differences in the previous test could have resulted from different water content at
the start of the experiment. The weather was also less hot than in the August period. Tem-
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perature courses were coupled with the water retention and water content of the samples
depending on the outdoor climate. The climate was perfectly described by theoretical
evaporation. We obtained similar results to [27], where the daily evapotranspiration for
various green roofs was from 2.6 £ 1.3 mm/day to 4.8 mm/day. Our results showed
that water content influenced the courses for several days, unlike the results in another
study [19], where the courses matched after 12 h.

Table 5. Measured temperatures for the second watering period from 3 September to 7 September
(courses are in Figure 8).

Results of September Watering Event from 10:00 3 September to 23:59 7 September

AVERAGE (°O) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
watered 16.68 17.72 16.59 16.83 17.66 17.66
non-watered 17.46 16.88 16.45 17.27 17.53 17.18
difference 0.77 —0.84 —0.14 0.44 —0.12 —0.48

MAX (°C) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
watered 16.63 17.51 16.52 16.77 17.51 17.66
non-watered 17.36 16.72 16.29 17.18 17.44 17.11
difference 0.73 —-0.79 —0.22 0.41 —0.07 —0.55

MIN (°C) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
watered 10.29 8.72 11.19 11.43 10.68 14.49
non-watered 10.77 9.85 9.32 11.98 12.16 12.27
difference 0.48 1.13 -1.87 0.55 1.48 —2.22

5. Conclusions

In this paper, we analyzed the impact of green roof compositions between non-
protected PVC roof membranes and gravel-covered membranes. We also measured the
influence of water content on extensive green roof samples. We compared five identical
samples and one almost identical sample. The same test was conducted twice to enhance
our results: once in August and again in September. Here is a summary of our results for
different membrane covers:

- The highest maximum temperatures for non-protected membranes were up to 60 °C,
47 °C for gravel-protected membranes, and <30 °C for green roof R3.

- The daily amplitudes for non-protected membranes were >50 °C, >30 °C for gravel-
protected membranes, and 10-15 °C for green roofs membranes.

- Gravel-protected roofs had slightly reduced maximal and minimal temperatures
compared to unprotected roofs. However, the course was moved more to the right,
retaining the accumulated heat in the evening and contributing to the UHI effect.

- The green roof’s membrane temperature course was close to the outdoor air tempera-
ture. Therefore, if some water was in the composition, temperatures were lower.

- The green roof’s membrane was well protected against UV radiation, and the temper-
ature amplitude was significantly lower.

The results of our watering test are summarized as follows:

- Actual water content in the sample influenced the initial and ending difference;

- Foliage (plants) coverage is important;

- Using a retention and drainage layer fabricated from profiled plastic board is important
because of high practical water retention (composition GR3);

- Substrate-dependent compositions for water retention are not recommended, due to
their small impact and retention (limited thickness of substrate in extensive roofs).
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It is important to emphasize that these results are mostly valid for extensive roofs
with thin substrate layers. Other researchers have found that in green roofs with higher
substrates, almost no rainwater reaches the membrane in dry summers and during summer
heat. Consequently, the substrate serves as the main retention layer [35].

The gravel-protected roofs had slightly reduced maximum and minimum membrane
temperatures compared to unprotected roofs. However, the course was moved more to the
right, retaining the accumulated heat in the evening. At 22:00 local time (time in graphs is
Coordinated Universal Time (UTC), which is 2 h behind local time), the gravel-protected
membrane still had a temperature of around 30 °C. Since gravel-protected membranes
contribute to the UHI effect, gravel is not recommended.

During the building phase of the green roof, watering was necessary to root plants
from the pre-vegetated mat or cuttings into the substrate. This process required watering
for more than two weeks. All samples on the test roof were well beyond this phase. Most
of the green roof compositions survived more than two complete years. With climate
change, taking roots could be problematic in some locations, even in Central Europe.
A longer period is needed to obtain sufficient foliage cover after using cuttings for the
vegetation layer [11]. Most producers recommend using a drip irrigation system. As our
research confirmed, the water content in the structure could improve the benefits of the
green roof [8,30]. The weather station calculated the ET and the methodology presented
in [56]. The differences between the temperature courses after watering correlated with the
evapotranspiration calculated in [27].

This measurement had some limitations and flaws. The row of samples for temper-
ature measurement (bottom row) was in the shade during the morning for approx. 2 h
more than the water retention row (upper row) (Figure 1). This discrepancy represents the
everyday reality because almost every roof is partly shaded during the day. The upper
row may be considered the worst-case scenario, whereas the bottom one is normal. During
the long dry phase, the difference between plants was slightly visible. Another problem
was the tipping capacity of the rain gauges, where the drainage outflow was too high after
reaching retention capacity.

As mentioned before, samples R/GR1 and GR6 had almost no foliage cover, which
influenced the measurement results. In the future, we will repeat the test with higher
foliage cover. More aspects of the practical retention test outcome will also be published.
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