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Abstract: Increased urbanisation has led to a worsening in the quality of life for people in large
cities due to the increase in indoor temperatures. Retrofitted green roofs may attenuate housing
temperatures, due to the isolation and passive cooling properties of these vegetated systems.
For this purpose, this research reports on an experiment using a green roof modular system to
compare indoor and outdoor temperatures before, and after, a green roof set up in an existing
depot in Rio de Janeiro, Brazil characterized by high temperatures for most parts of the year.
The modular system comprised previously used pallets covered with geotextile and planted
with succulent species with low watering needs and reduced maintenance processes.
Compared to the outdoor environment, mostly warmer indoor conditions were converted to
cooler temperatures and due to its thermal properties, which provide insulation,
evapotranspiration, and shading the green roof system presented a potential to attenuate the
heat exchange and improve indoor conditions. A homemade lightweight modular system can
widespread green roofs on a city scale.

Keywords: green roof retrofit; indoor temperatures; health environment; thermal comfort;
green cities

1. Introduction

Urban environments have experienced rapid expansion, which contributed to
creating urban canyons, where heat is trapped between buildings, leading to negative
effects on human health [1-6]. The changes in the original land conditions and the
decline, or absence, of green areas result in significant heat gain since solar radiation
is mostly absorbed by hard dark surfaces found on dwellings, increasing indoor
temperatures. To offset these effects, green roofs are suggested to mitigate these
drawbacks of the urbanization processes.

Due to its insulation and the cooling effects of evapotranspiration, green roofs
comprise an interesting alternative for energy savings in attenuating cooling
demands [7-9]. In addition, the environmental benefits of green roofs lead to
potential reductions in operational carbon emissions, reductions in the urban heat
island, increases in biodiversity, housing temperature attenuation and reductions in
stormwater run-off [7,10-12].

Thermically green roofs promote attenuation of heat influx and outflux through
insulation [7,8,13-29]. In tropical countries, heat gain in indoor environments occurs
through the roof due to the lack of insulation. There is a consensus that in poorly
insulated dwellings, green roofs can enhance the insulation properties, reducing the
heat gain and improving indoor thermal comfort without the need for artificial
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cooling that requires energy demand. Green roofs can provide an annual
energy-saving potential for cooling in buildings with no insulation between 22% and
45% [20]. A study from Singapore showed that an extensive green roof covered with
turf provided an energy saving of about 11% compared to a non-insulated bare roof
[30].

Green roofs can be classified as extensive or intensive. Extensive roofs
comprise vegetation composed of short plants, introduced in shallow soils, with
depths less than 15 cm [31] and are characterized by requiring low maintenance and
intermittent watering [32]. Intensive green roofs are characterized by soil substrates
up to 1m depth and can support bigger plants that require higher levels of
maintenance and irrigation [32].

Considering the lack of areas available for vegetation establishment in urban
centres, rooftops offer good areas, potentially available for planting. However, it is
important to highlight that the vegetation setup on rooftops must meet structural
requirements, considering that most of the existing buildings were not designed to
support heavy additional loads. To comply with structural criteria, green roofs
supplied in lightweight modular systems are imperative. Similarly, several studies
used of green roofs considering a lightweight approach [33-37]. Rather than direct
contact with the roof and avoiding green roof setup restrictions to commercial brands
or suppliers, an inexpensive modular homemade solution is tested and proposed.
This modular system aims to enable off-site planting, cultivation, and maintenance.
Besides, the lightweight characteristic enables the application of these systems at
scale due to the low additional structural load allowing these green roofs to be fitted
to existing rooftops with no requirement of structural reinforcement.

This paper reports on an experiment to evaluate the green roof influence
between outdoor and indoor temperatures using a modular lightweight system
planted with succulents. The experimental setup was performed in the Oswaldo Cruz
Foundation (Rio de Janeiro—Brazil). A depot (as shown in Figure 1 below) was
used to compare outdoor and indoor temperatures simultaneously, 105 days before
and, 105 days after the green roof setup. Data was collected using thermal data
loggers over the summer and autumn 2018 seasons. The paper discusses the findings
and the potential for retrofitting residential stock using a homemade solution with
lightweight plastic pallets planted with succulents.

2. Materials and methods

The methodology comprised the development of simple technologies to
mitigate the problems created by increasing urban densification and uncomfortable
indoor air temperatures in housing. In the present work, lightweight and low-cost
techniques that minimize costs related to the installation of the green roof and allow
off-site planting and maintenance were adopted. Lightweight removable modules,
comprising rectangular pallets covered with geotextile, soil, and vegetation, were
used to cover a concrete slab (15 cm thick) of an existing depot at Oswaldo Cruz
Foundation (Fiocruz), Rio de Janeiro, Brazil.

The assemblage of the vegetated modules comprises the following steps. Plastic
pallets (Im > 1m) are selected as a frame for the green roof system, due to its
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resistance to weathering. These pallets are covered with a geotextile fabric that
retains the soil particles and allows the water flow. Cavities are created in the
geotextile between the free spaces of the pallets, providing soil beds for the plants.
The geotextile is fixed with plastic straps, on the four sides of the pallets, and the
plants are placed in the soil. The vegetated modules are placed on the rooftop once
the plants are fully developed. The cost for this vegetated system varied between US
13 $/m? and 15 $/m2. However, different plastic containers can be used for the
purpose.

The lightweight characteristic of the vegetated modules lies in the adoption of a
shallow soil substrate. However, it is important to consider that the shallow soil
substrate limits the size of plants, which in turn can limit the thermal performance of
green roofs when compared to green roofs that support larger vegetation. The weight
of planted pallets varied from 60 kg to 80 kg, considering dry and saturated
conditions, respectively, allowing its application without structural reinforcement. In
addition, one of the innovative aspects of this choice is that the modules can be
assembled at home without being subjected to any patent or brand since the materials
are commercially available, adaptable and affordable. These characteristics provide
potential to widespread the use of green roofs in a substantial coverage of roof areas
in the urban environment. The benefit of this choice is that all the activities for the
green roof assemblage are performed away from the rooftop, minimizing the risk of
accidents and unclean sites. In addition, the harsh climate conditions of the rooftop,
such as wind and solar radiation, may be harmful to the initial development of the
vegetation. Figure 1 shows the sequence of the green roof assemblage.

pallets after the geotextile coverage; (b) development of the vegetation; (c) pallets
positioning before the assemblage on the rooftop; (d) green roof modules after the
placement on the rooftop; (e, f) external view of the green roof.
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Rather than succulents, a different study has suggested the use of Stachys for
green roofs [38]. However, due to their survival capability in shallow substrates [38]
and lower levels of maintenance, succulent plants mostly composed of Callisia
repens and Kalanchoe delagoensis were adopted, since they represent a group of
drought-tolerant plants with low watering needs. Succulent species have a
Crassulacean acid metabolic (CAM) that protects their photosynthesis from CO; and
H-O stresses, using a mechanism of switching photosynthesis pathways [39]. In the
site study, there is no irrigation system, and due to their drought resistance, the plants
survive only depending on the local precipitation.

To evaluate the performance of green roofs in temperature attenuation, two
temperature data loggers were placed, at the same wall, inside and outside of the
depot about 1.8 m above the floor. As shown in Figure 2, the dimensions of the
depot are: 4 m length; 2m width; 2.5 height, and its walls are 15 cm thick,
constructed with bricks covered with cement mortar and painted white. There are no
windows, and access is provided by a 1.5 m x 2. m (width > height) door that
remains closed most of the time.

The dimensions of the rooftop are 4.2 < 2.1 m, and eight pallets were used to
cover it. The temperature records were taken every 30 minutes for approximately
210 days, using a commercial USB data logger Extech TH10, which has a
temperature (T) range from —40 to 70 °C (—40 to 158 °F), and an accuracy of 0.6 °C
(1 °F).

The original survey was conducted over a period of 420 days. The initial 210
days performed from 26 March to 22 October 2018 were going to be repeated in the
same period in 2023. However, due to the COVID-19 contingency plan, the
experimental site had to be inactivated at the beginning of 2023. Thus, only 2018
data could be presented in this study.

Considering that the local climate is predominantly warm for the entire year, we
decided to select a period where the temperature oscillates from warm (26 March:
end of summer), to cool (11 July: winter) and back to warm conditions (22 October).
Thus, indoor and outdoor temperatures were compared simultaneously 105 days
before (26 March 2018-11 July 2018), and 105 after (11 July 2018-25 October 2018)
the green roof was set up (11 July).
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Figure 2. Depot view and position of the data loggers (grey squares).
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3. Results

Figure 2 shows the indoor (blue) and outdoor (orange) temperatures, as well as
the simultaneous temperature differences (the yellow line) between these two
environments before, and after, the green roof setup (grey line—11 July 2018). In
general, compared to external outdoor temperatures, indoor temperatures shifted
downwards after the green roof was set up. However, it is important to highlight that
apart from green roof intervention, lower temperatures were mostly observed during
the day, and higher temperatures, were observed from the end of the afternoon to the
beginning of the morning. The lower part of Figure 3 shows this trend.

Regarding the differences between indoor and outdoor temperatures (the yellow
line), positive values represent warmer indoor conditions, whereas negative values
represent the opposite. In terms of daily average temperatures (dotted line), even
though the indoor temperatures were slightly higher than the outdoor temperatures,
the results indicated an improvement in thermal indoor conditions after the green
roof set up. The initially higher indoor temperatures decreased after the installation
of the vegetation, approaching the outdoor conditions, indicating the insulating
properties of the green roofs.
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Figure 3. Indoor and outdoor temperatures before and after the green roof setup on the depot. The lower illustration
details (red square on the upper picture) the differences between the temperatures.
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The following histogram (Figure 4) presents a comparison between indoor and
outdoor temperatures, before and after, the green roof was set. This figure classifies
the temperature according to the frequencies of occurrence over each period of 105
days. For instance, 105 days before the green roof the indoor temperatures varied
between 28 and 30 °C 8.2% of the time, and after the green roof set the temperatures
in this range diminished to 4.2% of the time.

As shown in Figure 4, compared to outdoor temperatures, after the green roof
set up the indoor temperatures shifted to the left towards lower temperature levels.
While the higher number of occurrences remained on the same outdoor temperature
(t) range (22 °C < t < 24 °C), after the green roof setup the indoor temperatures
decreased, shifting higher frequencies of temperature ranging from 24 °C <t <26 °C
to 22 °C <t < 24 °C. However, it is worth noting that for indoor and outdoor
temperatures, it is evident that after the green roof was set up lower frequencies for
higher temperature ranges are noticeable, since 83% of wintertime occurred after the
green roof set up in this experiment.
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Figure 4. Histogram of indoor and outdoor temperature ranges (in degrees Celsius) before and after the green roof

setup.
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Regarding the differences observed between indoor and outdoor temperatures, it
is evident that the green roof set-up promoted cooler conditions in the indoor
environment. Figure 5 presents a histogram of these temperature differences, before
and after the green roof setup, where positive differences comprise warmer indoor
conditions, and negative differences comprise the opposite. In general, the
temperature differences were substantially reduced. Extremes of warmer indoor
conditions (3 °C to 4 °C) were reduced from 3% to zero, whereas extremes of cooler
conditions (=3 °C to —4 °C) were created. Positive differences from 1 °C to 3 °C
were reduced from 54% to 12% and negative differences of the same magnitude
increased from 14% to 48%.
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Figure 5. Histogram of temperature differences between indoor and outdoor environments, before and after the green

roof setup.

In general, the green roof turned a warmer environment into a cooler
environment. As shown in Figure 6 before the green roof setup, the indoor
temperatures were warmer 72% of the time, whereas after the setup the warmer
indoor conditions reduced substantially to 25.8%. Neutral conditions, where
temperature differences are negligible, increased from 2.9% to 4%, and cooler indoor
temperatures increased from 25.2% to 70.1%.
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Figure 6. Summary of indoor conditions before and after the green roof setup.

4. Discussion

The results showed that the indoor conditions improved thermally after the
green roof set up. Similar findings were observed by Parizotto and Lamberts [40]
comparing green, ceramic, and metallic roofs. Several studies have established that
green roofs can reduce indoor temperatures providing a significant improvement in
thermal comfort [11,23,24,32,41-48].

As shown in Figures 3 and 4, the results concur with previous studies
[10,12,49], indicating the insulation properties of green roofs, and their role in
attenuating extreme temperatures. Green roofs improve thermal performance in
buildings, increasing roof insulation. The positive and the negative differences,
between indoor and outdoor temperatures before and after the green roof setup,
indicate respectively the potential for gaining and avoiding heating loss. These
results concur with experiments performed by dos Santos et al. [46]. Similarly, the
positive differences commonly occur during the afternoon and the negative
differences between the end of the day and the beginning of the next morning.

The results present a delay between indoor and outdoor temperatures, showing
that green roofs provide inertia during rising and lowering temperatures, concurring
with previous studies [7,29,46]. Besides insulation, green roofs promote thermal
mass, absorbing and storing thermal energy, leading to a temperature delay [7,29].
The delay between indoor and outdoor temperatures leads to warmer indoor
temperatures between the end of the afternoon and the early morning. As pointed out
by dos Santos et al. [46], the heat is absorbed and stored in the soil during the day
and released over the night, leading to a delay in the heat transfer process.

As shown in Figure 5, after the green roof installation, the indoor temperatures
were reduced compared to outdoor temperatures. Comparing green to a conventional
roof [20] observed a decrease of up to 3 °C in indoor temperatures. This reduction in
indoor temperature occurs due to the solar attenuation by vegetation and by the
thermal insulation properties of the green roofs [50]. The reduction in heat exchange
in green roofs occurs not only due to the vegetation, that provides shading but also
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by the soil substrate. Even though soil moisture was not measured in the present
study, the relation between air and water content in the soil plays an important role in
the cooling properties of green roofs [7,8,12,13,17,18,49,51,52]. The thermal
performance of green roofs is inversely proportional to the soil moisture content
since water conducts heat better than air [13]. Similarly, higher heat transfer was
observed for soils with higher water content [7,13,20,30]. Although air is a better
insulator than water, is important to highlight that water promotes passive cooling
through an evapotranspiration process. According to [51] under dry conditions, green
roofs attenuated the heat flux into a building by 60%. However, in wetter conditions,
the evapotranspiration processes are responsible for heat removal from the buildings.
The soil water content plays an important role in heat loss when evapotranspiration
is significant [7]. Despite the different behaviour from other plant species,
evapotranspiration rates in succulents are significant in humid soil conditions.
During drier conditions, the transpiration ceases, and the evapotranspiration equals
evaporation [24,53].

As shown in Figure 6, the indoor conditions changed substantially compared to
outdoor conditions, after the green roof set up, reverting mostly warmer conditions to
cooler conditions, due to the combination of insulation and evaporative cooling
processes. A similar trend was observed simulating the coverage of an existing
rooftop in a building in Melbourne [8] and Sydney [48]—Australia, with vegetation.
These results showed significant thermal improvements regarding the cooling effects
of the green roofs. Other studies also revealed the cooling effects of green roofs. A
reduction in the rooftop surface temperature up to 20 °C was observed after the green
roof was set up in an existing building [19], resulting in an attenuation in heat influx
and a decrease in the surrounding air temperature. Compared to a concrete rooftop,
under high warm climate conditions, green roofs reduced internal roof surface
temperatures up to 12.4 °C. Opposite, under cold conditions, the internal roof surface
temperatures were warmer by up to 5.8 °C, indicating the efficiency in thermal
regulation of the green roofs for damping influx and outflux of heat [16,29]. A
similar observation is also evident in other Brazilian regions with similar climates to
Rio de Janeiro, after the green roof installation in a garage building in Recife, Brazil
[54].

In summary, green roofs have a significant impact on temperature attenuation
improving indoor temperatures. Even though in the present study, the rooftop surface
temperature has not been monitored, it is expected that the attenuation in indoor
temperatures occurs exclusively by the substantial reduction in the temperature of
the rooftop surface by shading, thermal insulation, and evapotranspiration. The
higher the insulation, the lower the heat transfer and, the thermal conductivity. The
heat transfer to the indoor environment was substantially reduced compared to a
conventional roof. However, the heat transfer increased slightly for drier soil
conditions, indicating the role of evapotranspiration in heat removal [14]. A damping
in thermal conductivity led to warm indoor temperatures in cold episodes during the
winter and cooler indoor temperatures during the summertime [15]. A compilation of
several studies, listing the most common properties of the green roofs in different
climates indicated significant surface temperature reduction highlighting the effects
of insulation, evapotranspiration, and heat flux [12,47,52,55]. Thus, the results
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concur with several studies presented in the literature [29,33,35,56], showing the
green roof’s potential to attenuate indoor temperatures. Similar measures of green
roof retrofit considering removable modules with lightweight characteristics can be
adopted in existing buildings, improving indoor temperatures.

5. Conclusion

Green roofs are not simply just an aesthetic design option. More than that, they
contribute to improving health conditions in the urban environment, isolating
thermally hot human-made surfaces and providing evapotranspiration to places with
a lack of green areas.

This study intended to evaluate the improvement of indoor conditions after the
establishment of vegetation on the roof of an existing depot using a modular and
inexpensive homemade solution as garden beds. Compared to outdoor temperatures,
the attenuation in indoor temperatures after the green roof setup was significant.
Even though the indoor temperatures were higher from the end of the afternoon to
the early morning, the indoor temperatures shifted downwards after the
establishment of the vegetation on the rooftop of an existing depot, lowering the
differences between indoor and outdoor temperatures. Statistically, after the green
roof setup, the mode of the indoor temperatures decreased by approximately 2 °C,
whereas the outdoor temperatures remained in the same range. The differences
between indoor and outdoor temperatures changed substantially. Higher frequencies
of warmer indoor conditions from 1 °C to 2 °C, turned into higher frequencies of
cooler indoor conditions of the same magnitude. In general, mostly warmer indoor
conditions were converted to cooler temperatures when compared to the outdoor
environment, thereby showing the green roof’s potential to attenuate the heat
exchange and improve indoor conditions, due to its thermal properties that provide
insulation, evapotranspiration, and shading.

The application of green roofs can contribute to mitigating the energy demand
for cooling during warmer months and warming during cooler months. Due to
insulation, evapotranspiration and shading, green roofs can also contribute to
improving the conditions of outdoor environments, reducing air temperature and
attenuating urban heat islands.

Modular systems provide facilities to apply green roofs on a city scale since it
comprises a low-cost alternative and easy maintenance. The use of succulent plants,
characterized by drought resistance, minimizes working labour for conservation
activities and water supply for watering. The methodology presented in this study
gathers a homemade lightweight, affordable and inexpensive solution for modular
green roofs offering a path to widespread the use of green roofs in urban areas. The
adoption of green roofs on a large scale can positively influence human conditions,
contributing to turning city centres into healthier and sustainable environments.
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