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ABSTRACT 

The selection of materials and substrates is essential for optimizing the thermal 
performance of green roofs. However, there has been limited research on green roof 
characteristics under subtropical conditions. Therefore, this study aims to evaluate the 
internal and substrate temperatures of six green roof prototypes and one control prototype. 
Prototypes with clay tiles (control), clay substrates with and without vegetation, sandy 
substrates with and without vegetation, and organic matter substrates with and without 
vegetation are evaluated. The experimental design involves randomized blocks and the 
internal and substrate temperatures are monitored. The vegetated sandy substrate 
prototype exhibits the highest thermal performance, with internal temperatures 0.6 ℃ lower 
than those of other green roof prototypes and 1.7 ℃ lower than that of the control with clay 
tiles. This is attributed to the high porosity of the sandy substrate, which enhances thermal 
insulation. To provide optimal thermal performance, the substrate must have a water 
retention capacity that is sufficient to guarantee vegetation development, but not excessive 
so that it constantly increases the thermal conductivity owing to substrate saturation. 

 
 
INTRODUCTION 

There is a clear cause-and-effect relationship 
between temperature and energy consumption. Changes in 
heating and precipitation patterns, referenced by the 
Intergovernmental Panel on Climate Change, have 
increased global surface temperatures by 1.1-6.4 ℃ 
between 1990-2100. An ecological solution is the 
implementation of green roofs (or eco-roofs), which 
comprise several overlapping layers on a structural surface, 
incorporating vegetation cover (Bevilacqua, 2021; Leite & 
Antunes, 2023).  

Green roofs provide shade and insulation, save 
energy, and mitigate the urban heat island effect. Green 
roofs can also improve the performance of photovoltaic 
electricity (Chemisana & Lamnatou, 2014; Lamnatou & 
Chemisana, 2015), offering aesthetic and social benefits 
(Jungels et al., 2013). Green roofs can reduce heat transport 
(during and after construction) and energy consumption for 
heating and cooling (Werdin et al., 2021; O’Carroll et al., 
2023). Green roofs also retain stormwater runoff and 

improve water quality in urban areas (Gong et al., 2019; Liu 
et al., 2019; Zhang et al., 2021). 

Green roof systems are not standardized and vary 
depending on the choice of materials used in the growing 
substrate, drainage layer, and plant composition (Vandegrift 
et al., 2019), as well as the thickness of the different 
components (Wang et al., 2022; Tan & Wang, 2023). Each 
component influences the thermal potential of a green roof. 
The thermal performance is directly related to the thermal 
characteristics of the substrate (Dimitrijević et al., 2016; 
Kostadinović et al., 2022; Chen, 2022). 

Although there are several guidelines in the literature 
for selecting substrate components and their basic 
characteristics, few studies have combined information on 
different substrates, soil types, and covers. Therefore, this 
study aims to evaluate the internal and substrate 
temperatures of different prototype green roofs                   
with different substrates, soils, and cover types in 
subtropical Brazil. 
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MATERIAL AND METHODS 

This study was conducted at the State University of 
Western Paraná, UNIOESTE, Cascavel, PR, Brazil, located 
at Latitude 24°59’14” South, Longitude 53°26’58” West, 
and an altitude of 750 m above sea level. The local climate 
is classified as subtropical (Cfa) according to the Köppen-
Geiger system. The 30 year mean annual temperature is 22.1 

℃ with a July minimum of 16.8 ℃, January maximum of 
27.6 ℃, and mean annual precipitation of 1800 mm.  

The prototypes were positioned in an open, grassy 
area to eliminate potential shading from nearby structures, 
trees, or other objects. Each unit had approximate 
dimensions of 1 m in length, width, and height (Fig. 1), with 
a 2 m gap. To maintain proper elevation, the prototypes were 
placed 15 cm above the ground level and supported by bricks.

 

 

FIGURE 1. Dimensions and technical drawing of green roof prototypes, including side view (A), rear view (B), section of side 
view (C), front view (D), top view (E), and section of rear view (F) 

 
Prototypes covered with clay tiles (control), clay 

substrates with and without vegetation, sandy substrates 
with and without vegetation, and organic matter substrates 
with and without vegetation were evaluated. A conventional 
roof prototype with clay tiles was adopted as a control to 
compare the internal structure temperature between green 
and conventional roofs. The constituent layers of the green 
roof were installed as illustrated in Fig. 2. 

The prototype structures were built with pine boards  

and rafters and nails. The prototype surface exhibited a 10% 
decrease in rainwater drainage. The waterproofing layer 
material was a self-adhesive asphalt blanket, which is 
commonly used in slabs. The draining and filtering layers 
comprised expanded clay and geotextile filters, 
respectively. Emerald grass (Zoysia japônica) was selected 
as the plant layer species (Fig. 2) because of its high drought 
tolerance and low temperatures, which are ideal for the 
climate of Cascavel-PR.
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FIGURE 2. Green roof prototypes implemented. 
 

To drain the excess rainwater not absorbed by the 
substrate, barbican drains were installed in the retaining 
walls to allow the passage and avoid accumulation of 
water. These drains were composed of 20 mm × 10 cm PVC 
pipes installed on the front of the green roof prototypes and 
lined internally with a geotextile filter to prevent the 
substrate from passing through them. 

The difference in texture between the substrates is 
essential to determine the influence of each soil type on the 
thermal performance of green roofs, because each soil type 
has distinct physical and chemical characteristics.  

In soil-based substrates, particle size and density 
tests were conducted to accurately determine the clay, silt, 
and sand contents, and specific mass of the soil. Humus was 
added until an organic matter content of approximately 5% 
was reached to ensure adequate conditions for the nutrition 
and survival of vegetation cover. A mixture of bovine 
manure and dry vegetable matter (branches and leaves) was 
used as the organic matter substrate. Table 1 presents the 
data for each substrate.

 
TABLE 1. Granulometry and apparent density of the substrates.  

  Substrate 

Parameters Clay Sandy Organic matter 

% sand 12.71 69.81 - 

% clay 53.71 17.31 - 

% silt 33.61 12.91 - 

Density (g cm-3) 1.092 1.463 0.293 

1 - Densimeter method. 2 - Volumetric ring method. 3 - Test tube method. 
 

Capacitive (AM2302 DHT-22) and digital 
(DS18B20) sensors were employed to monitor the internal 
and surface temperatures of the prototypes, 
respectively. The internal sensors were placed at the 
geometric center of the prototype, 50 cm from each side, 
whereas the sensors used to measure the surface 
temperature were positioned at the center of the substrate. 
Data were recorded and stored every 15 s to obtain a high 
data volume and confidence during the 24 h period of the 
30 monitored days. Data were collected in late spring 
between November 18 and December 19, 2019. This period 
was selected to evaluate the results at reasonably high rather 
than extreme temperatures, as would be likely to occur in 
summer or winter.  

A thorough multi-step analysis was conducted to 
statistically analyze the influence of the substrate 
composition on the internal and substrate temperatures. 
Examining the internal temperature across the entire data 
collection period alone would provide detailed insights into 
the thermal efficiency of the prototypes. For example, 
Schmidt (2020) observed that sandy substrates had 
significantly lower average temperatures during midday 
(noon to 2 p.m.), but reached the highest internal 

temperatures at night compared to other treatments. This 
finding demonstrates that analyzing daily temperature 
averages could obscure meaningful differences among 
substrates, as thermal efficiency relates more to the 
reduction in the heat transfer rate than simply minimizing 
the temperature levels. 

To better interpret the results, internal temperatures 
were analyzed according to the substrate type and time of 
day. A randomized block design (RBD) was applied, 
treating the substrate type and time of day as factors and 
days as blocks. The 24 h cycle was treated as a qualitative 
variable to allow for distinct analyses. Data were subjected 
to an analysis of variance (ANOVA) test followed by a post-
hoc Tukey test at a 5% significance level. The data were 
grouped monthly to ensure significant variations in 
performance under extreme conditions were observed to 
capture critical moments of green roof functionality. 

The statistical approach considered the impact of 
external factors, such as ambient temperature, solar 
radiation, and substrate moisture on the internal 
temperatures of the prototypes. Given the substantial 
variability at different times of the day, the use of a 
completely randomized design would likely have increased 



Matheus Schmidt, Samuel N. M. de Souza, Deonir Secco, et al. 
 

 
Eng. agríc., Jaboticabal, v.45, e20240146, 2025 

the overall variability, potentially masking important 
differences. To mitigate this, hours of the day were treated 
as blocks within the RBD, enabling the precise 
identification of temperature patterns over time and 
isolating the effects of substrate composition. 

This methodology resembles approaches used in 
crossover designs, where sequential treatments and time-
based blocking control confounding factors, such as 
learning effects or fatigue. As highlighted by Meier (2022), 
blocking by time ensures that external conditions, such as 
wind or precipitation, which simultaneously influence all 
prototypes, do not create random variability. This design 
effectively isolated the impact of the substrate composition 
on the internal temperatures, eliminating noise from daily 
temperature fluctuations. 

Moreover, incorporating ANOVA and the post-hoc 
Tukey test within this framework allowed for robust 
differentiation among treatments, ensuring that the 
observed differences were attributable to the substrate 
composition rather than external variability. This approach 

proved essential for understanding the subtle thermal 
dynamics of each prototype and identifying the conditions 
under which each substrate type excelled. 
  
RESULTS AND DISCUSSION 

 The internal average temperature of each prototype 
varied throughout the day, reaching maximum temperatures 
between 2-4 p.m. and minimum temperatures between 5-6 
a.m. (Fig. 3). At times when the temperature was higher, the 
significant discrepancy (p<0.05) between the internal 
temperatures of the prototypes was also high, whereas at 
times of milder temperatures, the thermal performances of 
the prototypes seemed to differ slightly. However, the 
control prototype with clay tiles (P1) had the highest 
temperature. These results were expected, considering the 
established efficiency of the thermal performance of green 
roofs. This is explained in terms of thermal inertia, which is 
the time required to exchange thermal energy between the 
internal and external environments, explaining the heat 
absorbed during the day and released throughout the night.
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FIGURE 3. Average internal temperature in the prototype with clay tiles (P1), clay substrate with vegetation (P2), sandy substrate 
without vegetation (P3), sandy substrate with vegetation (P4), organic matter substrate without vegetation (P5), clay substrate 
without vegetation (P6), and substrate of organic matter with vegetation (P7). Within each hour range, vertical bars represent the 
least significant difference at p < 0.05 according to Tukey test. 
 

The prototypes of clay and sandy substrates with 
vegetation (P2 and P4) predominated in lower temperature 
ranges than those without vegetation (P3 and P5; Fig. 3). 
This can be explained by the benefits of the plant layer 
above the substrate: reducing the temperature through 
evapotranspiration; increasing the thermal inertia by adding 
plant mass; decreasing the overall thermal conductivity of 
the system as a function of the air present among the 
vegetation; generating shading, and consequently reducing 
direct sun exposure of the substrate, which significantly 
increased the albedo of the structure (MacIvor & Lundholm, 
2011; Ouédraogo et al., 2023). Furthermore, substrate 
prototypes without vegetation had lower thermal 
performances, as they reached temperatures similar to those 

of the prototype control with clay tiles (P1), which was 
attributed to the dark color of these substrates, decreasing 
the albedo. 

The observed difference between the green roof 
prototypes and the control in this study is consistent with 
the findings of other studies that have highlighted the 
effectiveness of green roofs in reducing internal 
temperatures compared with conventional roofs. For 
example, Lokesh et al. (2023) demonstrated that green roofs 
could lower indoor temperatures by 2.4 °C at the peak 
afternoon hour (2 p.m.), attributing this effect to the ability 
of vegetation to absorb solar radiation and dissipate heat 
through processes such as evapotranspiration and 
photosynthesis. Similarly, Ahmadi et al. (2015) found that 
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green roofs reduced indoor air temperatures by 2.6 °C in 
Athens, 2.0 °C in La Rochelle, and 1.4 °C in Stockholm, 
illustrating the broad potential of this technology to improve 
energy efficiency across diverse climatic conditions. 

The sandy substrate prototype with vegetation (P4) 
tended to maintain lower internal temperatures, particularly 
during the hottest periods of the day. For example, between 
3-4 p.m., a temperature difference of up to 0.6 °C was noted 
when compared to the green roof prototype with a clay 
substrate (P2) and up to 1.7 °C when compared to the 
control with clay tiles (P1). 

The high porosity of sandy soil, which prevents it 
from retaining water for long period and consequently 
increases its thermal conductivity, is a factor that explains 
its high thermal performance. As an elevated water 
retention capacity is a partially undesirable factor for 
thermal insulation, it was assumed that the substrate 
prototype composed of organic matter with vegetation    
(P7) would demonstrate comparable or improved thermal  

insulation performance, given its low water retention 
capacity. However, similar or higher temperatures were 
observed compared to the clay prototype, with a high water 
retention capacity. In addition, vegetation did not develop 
in a manner similar to that of the other prototypes. This can 
be explained by the very low apparent density (0.29 g cm-3) 
of this substrate, which produced the lowest thermal capacity. 

The thermal conductivity of soil is significantly 
influenced by the moisture content, with the porosity and 
thermal conductivity of the solid fraction also being critical 
factors (Cosenza et al., 2003). Several studies have 
confirmed that the thermal conductivity of a soil is directly 
proportional to its moisture content. This is because the 
thermal conductivity of air is significantly lower than that 
of water or solid matter, as shown in Table 2, resulting in 
low thermal conductivity in soils with high air or low water 
contents (Cosenza et al., 2003; Dimitrijević et al., 2016; 
Farouki, 1981; Hillel, 2005; Tarnawski & Leong, 2000).

 
TABLE 2. Thermal conductivity of soil components (AT 10°C). Modified from Hillel (2005, p. 159); modified from Hamdhan 
& Clarke (2010). 

Material Wm-1 k-1 
Organic Matter 0.25 

Water 0.57 
Air 0.025 

Soils in General 0.15 - 4.0 
Saturated Soils 0.6 - 4.0 

Dry Sand 0.15 - 0.25 
Moist Sand 0.25 - 2.0 

Saturated Sand 2.0 - 4.0 
Clay (Dry to Moist) 0.15 - 1.8 

Saturated Clay 0.6 - 2.5 
Organic Soil 0.15 - 2.0 

 
This observation explains why the sandy substrate 

maintained lower internal temperatures during the hottest 
periods of the day, given that its thermal conductivity was 
among the lowest in the list of materials presented, in its dry 
state. In addition, as described by Farouki (1981), this 
behavior can be attributed to the differences in porosity and 
particle arrangement among the substrates. Sand, 
predominantly composed of silica grains, features a more 
open and porous structure than clay, which consists of finer 
particles arranged in a denser and more compact manner. 
The greater porosity of sand leads to a higher air content in 
the voids between the grains, which lowers its thermal 
conductivity. In contrast, the tightly packed particles in clay 
create more contact points, facilitating heat transfer and 
resulting in a higher thermal conductivity than that of sand. 

This corroborates the results of Sandoval et al. 
(2015), who, when analyzing different models of prototypes 
with substrates without superficial vegetation, noted that the 
clay substrate with ground bricks demonstrated not only the 
lowest water retention capacity, but also the smallest 
increase in thermal conductivity when saturated. Despite 
this, the substrate composed of perlite and peat, which in  

addition to having a greater water retention capacity, had a 
greater increase in thermal conductivity, was the substrate 
that most attenuated the external temperature. As referenced 
by previous studies, the results of this study suggest that the 
thermal behavior of green roofs depends on the association 
and interaction of the thermal and hydraulic properties of 
the substrate. 

In general, the prototypes with more efficient 
thermal performance exhibited lower substrate 
temperatures during the hottest periods and higher substrate 
temperatures during the coldest periods of the day (Fig. 4). 
The sandy substrate with vegetation (P4) had lower 
temperatures during the sunnier periods, with thermal 
inversion occurring at dawn (Fig. 4). This low temperature 
unlikely translates to a reduction in the internal temperature 
of the prototype because of the low natural thermal 
conductivity provided by the organic matter to the soil 
(Abu-Hamdeh & Reeder, 2000), which means that it does 
not tend to retain heat. However, owing to the negligible 
density of organic matter, it does not offer significant 
protection from solar radiation and heat.
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FIGURE 4. Average substrate temperature in the prototype of clay substrate with vegetation (P2), sandy substrate without 
vegetation (P3), sandy substrate with vegetation (P4), organic matter substrate without vegetation (P5), clay substrate without 
vegetation (P6), and substrate of organic matter with vegetation (P7). Within each hour range, vertical bars represent the least 
significant difference at p < 0.05 according to Tukey test. 

 
The thermal variations between the afternoon and 

night periods tended to be more visible in the prototypes in 
which the vegetation was properly developed (P2 and P4), 
whereas in the prototypes without vegetation, the 
discrepancy was reduced (P3 and P6; Fig. 4). The vegetation 
cover intercepts solar radiation before it reaches the ground 
(Lee & Jim, 2020). In this way, plants dissipate heat more 
easily because they have physiological defense 
mechanisms, such as perspiration, which prevent 
overheating and keep them cool. 

The findings of this study have practical 
implications, particularly when considering recent research 
emphasizing the ability of green roofs to enhance thermal 
comfort and reduce energy consumption. For example, 
Abuseif et al. (2021) revealed that green roofs, particularly 
those incorporating tree cover, can decrease cooling energy 
requirements by as much as 60%, underscoring their 
potential to improve energy efficiency in urban settings. 
Additionally, Meng et al. (2022) demonstrated that green 
roofs are capable of lowering external surface temperatures 
by up to 13.7 °C during daytime hours, further highlighting 
their critical role in alleviating the urban heat island effect. 

 
CONCLUSIONS 

The prototypes with the best results were the sandy 
vegetation substrate (P4), clayey substrate with vegetation 
(P2), and organic matter substrate with vegetation (P7). 
Thermal conductivity appears to be a more relevant factor 
than the volumetric thermal capacity (thermal inertia) in the 
case of heat exchange on green roof substrates, except when 
the initial density of the substrate is significantly lower. 
Albedo is an equally important factor in the internal cooling 
of structures. However, green roofs with equally developed 
vegetation did not appear to exert considerable influence. 
Finally, for the substrate to exhibit ideal thermal 
performance, it must have a water retention capacity 
sufficient to guarantee vegetation development but not 

excessive enough to constantly increase the thermal 
conductivity due to the saturation of the substrate. The 
results of this study can be used to guide integrated green 
roof strategies under subtropical conditions. 

 
ACKNOWLEDGEMENTS 

This work was carried out with the support of the 
Coordination for the Improvement of Higher Education 
Personnel - Brazil (CAPES) - Financing Code 001, and for 
this reason the authors are grateful for the support. 
 
REFERENCES 

Abu-Hamdeh, N. H., & Reeder, R. C. (2000). Soil thermal 
conductivity effects of density, moisture, salt 
concentration, and organic matter. Soil Science Society 
of America Journal, 64(4), 1285–1290. 
https://doi.org/10.2136/sssaj2000.6441285x 

Abuseif, M., Dupre, K., & Michael, R. N. (2021). The effect 
of green roof configurations including trees in a 
subtropical climate: A co-simulation parametric study. 
Journal of Cleaner Production, 317, 128458. 
https://doi.org/10.1016/j.jclepro.2021.128458 

Ahmadi, H., Arabi, R., & Fatahi, L. (2015). Thermal 
behavior of green roofs in different climates. Current 
World Environment, 10, 908–917. 
https://doi.org/10.12944/CWE.10.Special-Issue1.110 

Bevilacqua, P. (2021). The effectiveness of green roofs in 
reducing building energy consumptions across 
different climates: A summary of literature results. 
Renewable and Sustainable Energy Reviews, 151, 
111523. https://doi.org/10.1016/j.rser.2021.111523 

Chemisana, D., & Lamnatou, C. (2014). Photovoltaic-green 
roofs: An experimental evaluation of system 
performance. Applied Energy, 119, 246–256. 
https://doi.org/10.1016/j.apenergy.2013.12.027 



Thermal performance of green roofs influenced by substrate composition

 

 
Eng. agríc., Jaboticabal, v.45, e20240146, 2025 

Chen, P. Y. (2022). Effects of meteorological variables and 
substrate moisture on evapotranspiration and thermal 
performance of a green roof in a subtropical climate. 
Ecological Engineering, 180, 106663. 
https://doi.org/10.1016/j.ecoleng.2022.106663 

Cosenza, P., Guérin, R., & Tabbagh, A. (2003). 
Relationship between thermal conductivity and water 
content of soils using numerical modelling. European 
Journal of Soil Science, 54(3), 581–588. 
https://doi.org/10.1046/j.1365-2389.2003.00539.x 

Dimitrijević, D. G., Živković, P. M., Stojiljković, M. M., 
Todorović, M., & Spasić-Đorđević, S. Z. (2016). 
Green living roof implementation and influences of 
the soil layer on its properties. Thermal Science, 20, 
S1511-S1520.https://doi.org/10.2298/TSCI16S5511D 

Farouki, O. (1981). Thermal properties of soils (1st ed.). 
U.S. Army Corps of Engineers, Cold Regions 
Research and Engineering Laboratory. 

Gong, Y., Yin, D., Li, J., Zhang, X., Wang, W., Fang, X., & 
Wang, Q. (2019). Performance assessment of 
extensive green roof runoff flow and quality control 
capacity based on pilot experiments. Science of the 
Total Environment, 687, 505–515. 
https://doi.org/10.1016/j.scitotenv.2019.06.100 

Hamdhan, I. N., & Clarke, B. G. (2010). Determination of 
thermal conductivity of coarse and fine sand soils. In 
Proceedings of the World Geothermal Congress 2010, 
Bali, Indonesia, April 2010. 

Hillel, D. (2005). Thermal properties and processes. In 
Encyclopedia of Soils in the Environment (pp. 156–
163). Elsevier. 

Jungels, J., Rakow, D. A., Allred, S. B., & Skelly, S. M. 
(2013). Attitudes and aesthetic reactions toward green 
roofs in the Northeastern United States. Landscape and 
Urban Planning, 117, 13-21. 

Kostadinović, D., Jovanović, M., Bakić, V., Stepanić, N., & 
Todorović, M. (2022). Experimental investigation of 
summer thermal performance of the green roof system 
with mineral wool substrate. Building and 
Environment, 217, 109061. https://doi.org/10.1016/j.
buildenv.2022.109061 

Lamnatou, C., & Chemisana, D. (2015). A critical analysis 
of factors affecting photovoltaic green roof 
performance. Renewable and Sustainable Energy 
Reviews, 43, 264 - 280. https://doi.org/10.1016/j.rser.
2014.11.048 

Lee, L. S., & Jim, C. Y. (2020). Thermal-irradiance 
behaviours of subtropical intensive green roof in 
winter and landscape-soil design implications. Energy 
and Buildings, 209, 109692. https://doi.org/10.1016/j.
enbuild.2019.109692 

Leite, F. R., & Antunes, M. L. P. (2023). Green roof recent 
designs to runoff control: A review of building 
materials and plant species used in studies. Ecological 
Engineering, 189, 106924. https://doi.org/10.1016/j.e
coleng.2023.106924 

Liu, W., Wei, W., Chen, W., Deo, R. C., Si, J., Xi, H., & 
Feng, Q. (2019). The impacts of substrate and 
vegetation on stormwater runoff quality from 
extensive green roofs. Journal of Hydrology, 576, 575-
582. https://doi.org/10.1016/j.jhydrol.2019.06.061 

Lokesh, S., Kadiwal, N., Chandrashekar, R., Pai, A., & 
Kumar, B. (2023). Heat transfer study of green roof in 
warm and humid climatic conditions. Materials 
Today: Proceedings, 92, 327–337. 
https://doi.org/10.1016/j.matpr.2023.05.010 

MacIvor, J. S., & Lundholm, J. (2011). Performance 
evaluation of native plants suited to extensive green 
roof conditions in a maritime climate. Ecological 
Engineering, 37, 407 - 417. https://doi.org/10.1016/j.
ecoleng.2010.10.004 

Meier, L. (2022). ANOVA and Mixed Models: A Short 
Introduction Using R (1st ed.). Chapman and 
Hall/CRC. https://doi.org/10.1201/9781003146216 

Meng, E., Yang, J., Cai, R., Zhou, B., & Wang, J. (2022). 
Experimental comparison of summer thermal 
performance of green roof (GR), double skin roof 
(DSR) and cool roof (CR) in lightweight rooms in 
subtropical climate. Journal of Building Physics, 
45(6), 809 - 832. https://doi.org/10.1177/1744259121
1040545 

O'Carroll, D. M., Sia, M. E., Staniec, M., Voogt, J. A., 
Lundholm, J. T., Smart, C. C., & Robinson, C. E. 
(2023). Influence of vegetation type and 
climatological conditions on evapotranspiration from 
extensive green roofs. Journal of Hydrology, 617, 
128951. https://doi.org/10.1016/j.jhydrol.2022.128951 

Ouédraogo, A. A., Berthier, E., Ramier, D., Tan, Y., & 
Gromaire, M. C. (2023). Quantifying 
evapotranspiration fluxes on green roofs: A 
comparative analysis of observational methods. 
Science of The Total Environment, 902, 166135. 
https://doi.org/10.1016/j.scitotenv.2023.166135 

Sandoval, V., Suárez, F., Vera, S., Pinto, C., Victorero, F., 
Bonilla, C., & Pastén, P. (2015). Impact of the 
properties of a green roof substrate on its hydraulic and 
thermal behavior. Energy Procedia, 78, 1177–1182. 
https://doi.org/10.1016/j.egypro.2015.11.097 

Schmidt, M. (2020). Influência da composição do substrato 
no desempenho térmico de telhados verdes 
[Dissertação de mestrado, Universidade Estadual do 
Oeste do Paraná]. 

Tan, K., & Wang, J. (2023). Substrate modified with 
biochar improves the hydrothermal properties of green 
roofs. Environmental Research, 216, 114405. 
https://doi.org/10.1016/j.envres.2022.114405 

Tarnawski, V. R., & Leong, W. H. (2000). Thermal 
conductivity of soils at very low moisture content and 
moderate temperatures. Transport in Porous Media, 
41(2), 137 - 147. https://doi.org/10.1023/A:10067810
09920 



Matheus Schmidt, Samuel N. M. de Souza, Deonir Secco, et al. 
 

 
Eng. agríc., Jaboticabal, v.45, e20240146, 2025 

Wang, J., Garg, A., Huang, S., Wu, Z., Wang, T., & Mei, G. 
(2022). An experimental and numerical investigation 
of the mechanism of improving the rainwater retention 
of green roofs with layered soil. Environmental 
Science and Pollution Research, 29, 10482–10494. 
https://doi.org/10.1007/s11356-021-16369-x 

Werdin, J., Conn, R., Fletcher, T. D., Rayner, J. P., 
Williams, N. S., & Farrell, C. (2021). Biochar particle 
size and amendment rate are more important for water 
retention and weight of green roof substrates than 
differences in feedstock type. Ecological Engineering, 
171, 106391. https://doi.org/10.1016/j.ecoleng.2021.1
06391 

Vandegrift, D. A., Rowe, D. B., Cregg, B. M., & Liang, D. 
(2019). Effect of substrate depth on plant community 
development on a Michigan green roof. Ecological 
Engineering, 138, 264 - 273. https://doi.org/10.1016/j
.ecoleng.2019.07.032 

Zhang, S., Lin, Z., Zhang, S., & Ge, D. (2021). Stormwater 
retention and detention performance of green roofs 
with different substrates: Observational data and 
hydrological simulations. Journal of Environmental 
Management, 291, 112682. https://doi.org/10.1016/j.j
envman.2021.112682

 


