
Energy & Buildings 298 (2023) 113589

Available online 26 September 2023
0378-7788/© 2023 Elsevier B.V. All rights reserved.

Lightweight extensive green roof for building renovation: Summer 
performance analysis and application in a living laboratory 

Graziano Salvalai a,*, Grazia Marrone a, Marta Maria Sesana b, Marco Imperadori a 

a Department of Architecture, Built Environment and Construction Engineering (ABC), Politecnico di Milano, 20133 Milano, Italy 
b Department of Civil, Environmental, Architectural Engineering and Mathematics, University of Brescia, 25123 Brescia, Italy   

A R T I C L E  I N F O   

Keywords: 
Extensive green roof 
Hygrothermal performance 
Monitoring 
Multi-layer dry construction 
Mitigation Strategies 
Building renovation 

A B S T R A C T   

Extensive green roofs are considered an effective energy conservation measure for increasing buildings’ energy 
efficiency and reducing the heat wave effect in dense build environments. In this context the present work has a 
two-fold objective: the first is to test and analyse a commercial extensive lightweight green roof sample through 
an experimental monitoring campaign carried out in a hot climate during the summer time; the second is to 
provide a practical case study application showing the architectural integration of the extensive green roof 
technology for existing buildings. The experimental monitoring campaign has been set for analyzing the tem-
perature levels of an extensive green roof compared with a traditional horizontal roof finished with cement tile. 
The temperature levels have been analysed through a set of sensors positioned at different levels to characterise 
the green roof response to the climatic forces during summer. The results show that the air temperature in 
proximity to the green surface (15 cm above the greenery) is warmer than the undisturbed ambient air tem-
perature during the day and lower during the night by 2–2.5 ◦C. The soil substrate and the vegetative layer 
contribute to increase ambient air humidity levels. As expected, the evapotranspiration of the green layer in-
creases during a typical sunny day resulting in more water content in the air above the vegetative level of about 
4–8 %. The surface temperature of the ground below the vegetation layer and the temperature of the ground 
layer (8 cm deep) shows beneficial attenuation and time shift properties with respectively 12–15 ◦C and 3–4 h. 
Compared to the traditional cement tiles the green roof shows lower intralayer temperature with differences 
ranging from 6 to 8 ◦C. Moreover, the renovation case study represents a practical example of green roof 
technology integration in a real environment. The study has high replicability, and it is meant to be an interesting 
example for researchers and professionals to boost the green roof technology application for higher-quality built 
environments.   

1. Introduction 

The European goals to reduce carbon emissions are progressively 
oriented towards renovating urban areas [1]. In the last years, much 
effort has been put into addressing the overall building’s performance, 
but nowadays, other issues are becoming urgent. Urban Heat Island 
(UHI), air pollution (AP), human health, and resource scarcity are some 
of the global environmental issues that need to be addressed [2–5]. 
Although the ambitious legislation to meet the zero-emission goal has 
significantly contributed to the overall quality of the European building 
stock, the European Union also highlights the need for forward-thinking 
strategies towards the limitation of both the UHI effect’s growth and the 
buildup of excessive pollution concentration. The EU is going to revise 

the 2008/50/EC directive on ambient air quality and cleaner air for 
Europe [6] proposing stricter air quality regulations inside and outside 
the buildings. In this context, the use of mitigation strategies to influence 
internal and external environmental conditions and to improve the cit-
ies’ air quality has become a priority. In recent years, the scientific 
community focused on studying Nature Based Solutions (NBS), given 
their tendency to draw on natural processes offering multiple co-benefits 
and enhancing or conserving nature, thus representing a carbon–neutral 
strategy [7]. Various approaches have been proposed to integrate NBS 
into the building envelope. Among others, significant attention has been 
paid to the potential of green roofs to reduce the energy stored in urban 
horizontal surfaces [8] and contribute to air quality improvement [9,10] 
by fixing air pollutants [11] and reducing the UHI [12]. Green roofs are 
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available in a wide range of solutions and can be considered multi-
functional systems. They contribute to the assessment of different per-
formances, such as thermal [13], hydraulic [14], and acoustic [15], also 
considering different types of substrates and vegetation [16]. As NBS, 
green roofs can improve the stormwater retaining capacity and urban air 
quality and increase the overall energy efficiency of buildings towards 
zero carbon emission target [17]. Moreover, the development of green 
roofs as industrialised multi-layer systems can increase their application 
range. However, the existing literature on the topic merely addresses 
microclimatic and thermophysical processes as one-way sectorial dis-
ciplines without considering the system’s multiple benefits [18]. On one 
side, there are scientists focused on mathematical modelling [19] and 
simulation [20] of the physical phenomena influencing the thermal 
performances of green roofs. On the other side, experimental in-
vestigations are conducted comparing different roof construction sys-
tems [21,22]. Since a green roof is composed of different layers, its 
behaviour is influenced by several parameters, from external climatic 
conditions [23] to physical phenomena [24]. The type of green roof, its 
geometrical properties, soil depth, moisture content, density, thermal 
diffusivity, and vegetation choice can contribute to the system’s overall 
performance [25] Considering the required level of maintenance, which 
varies with the depth of the soil substrate layer [26], the literature 
agrees with classifying green roofs as intensive, semi-intensive and 
extensive [27,28]. The extensive green roof typically consists of low- 
maintenance greenery with very high drought resistance and a light-
weight substrate (i.e., a soil layer thickness of less than 20 cm and 
saturated weight of less than 150 kg/m2 [29]), allowing its installation 
on existing roofs with limited structural load-bearing capacity. 
Accordingly, extensive green roofs show great potential in retrofitting 
interventions. The semi-intensive and intensive green roofs allow arti-
culated modelling of the surface and the use of a wide range of species 
thanks to the depth of the substrate layer (i.e., a soil layer thickness of 
more than 20 cm, saturated weight of more than 200 kg/m2). Usually, 
intensive green roofs are designed for complete accessibility and applied 
to new buildings since the weight has to be considered in the building’s 
structural design [27]. Generally, extensive green roofs are equipped 
with self-sustaining plant species which require low irrigation and can 
survive water runoff more effectively [30] thus, they appear beneficial 
in dry and hot seasons [31]. They supply building energy savings mainly 
through the substrate evapotranspiration process, essential for releasing 
cooling effects [32–34] and reducing the cooling load of buildings 
[34,35], the VOC mixture and contributing to the CO2 sequestration 
[36]. Contrariwise, intensive green roofs show low performance in 
saving cooling energy due to the limited biodiversity. Moreover, the 
substrate thickness has a high moisture-holding capacity which gener-
ates a green-roof heat-sink effect showing better performance in cold 
climate areas [37]. Various approaches have been investigated to 
highlight the use of green roofs as a tool for a mitigation strategy at both 
urban and building scales. Many empirical [38,39] and theoretical 
studies have been published to address [40] and compare [41] the 
performance of multi-layer green roofs, which combine the water 
retention layer, substrate, and various vegetation types [42]. The pres-
ence of vegetation and water bodies can effectively influence thermal 
energy [31] performances mitigating the UHI effect according to (i) the 
contribution of the vegetation layer, varying on the type of plants used 
and improving environmental quality by controlling emissions of Vol-
atile Organic Compounds (VOC), (ii) the substrate depth, reducing en-
ergy consumption, (iii) the substrate water content and storage of 
rainfall water, preventing runoff events, (iv) the thermal resistance 
value of the substrate, which can significantly influence the thermal 
behaviour, and (v) the type of drainage system used according to the 
application contexts and building technology. The green roof tempera-
ture fluctuations as well as rainfall runoff were attained compared to the 
traditional roof systems [37–39]. 

Besides the benefits of green roofs in energy savings, recent years 
have seen an increasing interest in their microclimate and hygrothermal 

properties’ contributions [43]. However, further research is needed to 
address lightweight extensive green roof systems’s hygrothermal prop-
erties in summer conditions also investigating their potential to boost 
building renovation interventions. Moreover, the variety of green roof 
systems available on the market pinpoints the need to provide reliable 
data and knowledge of their hygrothermal properties. This work con-
tributes to the identified research gaps by providing data about the 
summer hygrothermal performances of a lightweight extensive green 
roof, also offering a comparison with a cement tile to provide benchmark 
values of surface and interlayer temperatures according to the variations 
of the external climatic conditions. Moreover, through a case study 
application, the research is enriched by the installation of a lightweight 
extensive green roof on a test facility building in a temperate climate. 
The case study has been described in detail to bridge the gap between 
research and real-world application. 

The work is structured into four main sections: after the introduction, 
section 2 describes the experimental set-up and monitoring campaign 
conducted to collect the data and the technical description of the case 
study building before the renovation intervention. Section 3 shows 
through several graphs the experimental results and the authors’ inter-
pretation and section 4 shows the architectural green roof integration in 
a living laboratory as a practical example of building renovation. The 
paper closes with a discussion of the findings, including limitations and 
suggestions for future research. 

2. Methods of work and experimental set-up 

Green roofs have proven to be a ready and affordable technological 
solution able to mitigate peak temperatures in dense urban areas 
contributing also in reducing the energy consumption of buildings and 
providing thermal protection mainly during the hot summer season. 
Starting from this, the present study focuses primarily on the analysis of 
the summer performance of the green roof technology comparing the 
temperature level with a common horizontal roof finishing. The meth-
odology reported in this section is presented according to the two main 
objectives of this study: i) preliminary experimental monitoring 
campaign in a hot climate during summer climate conditions and ii) 
study and detailed description of a practical case study green roof 
application in a living laboratory located in Milan, Italy. The first part of 
the methodology describes the set-up of the monitoring campaign con-
ducted to assess the summer hygrothermal performances of the exten-
sive green roof. Hygrothermal performances of the green roof sample 
have been measured on a building’s roof close to the living laboratory as 
a representative case of the operating conditions. The results have been 
compared with typical cement tile finishing, traditionally used for flat 
roof claddings, to provide a reference point. 

2.1. Experimental set-up and sensor implementation 

The hygrothermal performance analysis of the lightweight extensive 
green roof has been carried out using a detailed monitoring system. The 
experimental campaign was carried out in July 2019 to assess and 
compare with traditional roof coating systems, the performances of the 
green roof technology under summer climate conditions. The experi-
ment was conducted through a certified monitoring system for 13 days, 
from 12th July 2019 at noon to 25th July 2019 at 6 PM. The monitoring 
set-up has been set for collecting both the temperature level of the green 
roof sample and the typical horizontal roof technology covered by pre-
fabricated cement tiles, traditionally used for the roof coating. The 
cement tile is approximately 40x40 cm in size and 2.5 cm thick, it is 
separated from the roof’s structure by 1 cm air cavity; a bituminous 
membrane protects from water infiltration from the structural layer 
below. The tested green roof technology has been developed for rooftop 
applications for new and renovated buildings. The system is character-
ized by limited weight and thickness: the depth is approximately 13,0 
cm, while the weight measured during maximum saturation equals 
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93,00 kg/m2, the total water content of 30,50 l/m2 and the air volume is 
equal to 46,50 l/m2. Four main layers compose the overall roof system, 
from to do down: 1) Vegetation layer (Mixture of Sedum), 2) roof soil 
substrate, 8 cm thick, 3) small flow element filter membrane, 4) 
component for drainage and water storage in expanded polystyrene. The 
analyzed green roof sample has a dimension of 80x60 (l × w) cm with 
the perimeter of the box made by a thin steel grid to maximize the green 
surface; the monitoring sensors have been positioned in the middle of 
the sample to minimize the boundary effect. According to the existing 
literature [33], the sample set-up is suitable for the thermo-hygrometic 
green roof analysis. Fig. 1 shows the schematic design of the two roofs 
tested. 

The monitoring equipment consisted of a certified data logger set 
connected to temperature, relative humidity (RH), and solar radiation 
sensors. A scheme of the sensor’s placement is represented in Fig. 1, 
while a detailed description of the sensors is reported in Table 1. The 
data has been collected with a granularity of 15 min further aggregated 
hour by hour [44]. 

2.2. The living laboratory building 

The test facility building object of the intervention is located at the 
Bovisa Campus of Politecnico di Milano University, in a Nord-West 
suburban area of Milan (Italy). It is an example of the reuse and reno-
vation of the model home for the Mediterranean climate named Atika 
[45]. After the renovation, the building changed its name to VELUXlab 
and turned into a test facility building equipped with innovative 
building materials and sensors. The building responds to the changing 
internal and external conditions by smartly and actively adjusting itself 
to reach indoor comfort. Only in the extreme season, it needs help from 
the mechanical system of acclimatization and ventilation. The building 
was assembled using semi-volumetric prefabricated portions and was 
completed with the multi-layer dry construction technique [46]. The 
building envelope is hyper-insulated, with excellent winter and summer 
performance. The main steel structure is completed with lightweight 

Fig. 1. Schematic representation of sensor’s location within the two samples and images of the experimental setup.  

Table 1 
Technical description of the experimental measurement equipment.  

Sensor/logger type Sensor/logger technical specifications 

Hobo data logger 
Rx3000 type 

Represents the central unit to collect and process 
data. Each sensor which measures physical 
quantities is connected to the data logger. This 
instrument provides the storage of the collected 
data in an online server. It sends the data to the 
server every 5 min. All the data are accessible via 
the web; 

Surface temperature sensor 
(Onset S-TMB-M006 sensor) 

Consists of a small thermocouple assembled on a 
metal element and connected to the surface of 
the sample by a conductive adhesive paste. It can 
be thermally insulated to the outside with 
insulating material. 
Measurement Range: − 40◦ to 100 ◦C 
Accuracy: < ±0.2 ◦C from 0◦ to 50 ◦C 
Resolution: <0.03 ◦C from 0◦ to 50 ◦C 

Air and humidity sensor (Onset 
S-THB-M002 
Sensor) 

Consists of a sensor (Platinum100) to measure 
temperature and a capacitive sensor to measure 
relative humidity. When used in an outdoor 
environment it is protected by a special anti- 
radiation screen. 
Measurement Range: Temp: − 40 ◦C to 75 ◦C, 
RH: 0–100 % RH at − 40◦ to 75 ◦C 
Accuracy: Temp: +/- 0.21 ◦C from 0◦ to 50 ◦C, 
RH: +/- 2.5 % from 10 % to 90 % RH 
Resolution: Temp: 0.02 ◦C at 25 ◦C, RH: 0.1 % 

Solar radiation - Pyranometer 
sensors (Onset S-LIB-M003) 

The Pyranometer is a thermopile sensor to 
measure global solar radiation. It measures the 
diffuse component of sunlight in the spectrum of 
0.3 µm ÷ 3 µm with a range from 0 to 2000 W/ 
m2.Measurement range: 0 to 1280 W/ 
m2Operating temperature range: -40◦ to 
75 ◦CAccuracy: ±10 W/m2 or ± 5 % 
Resolution: 1.25 W/m2  
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steel frames, while the floor is a hybrid structure of galvanized metal 
sheets and reinforced concrete. The façade is isolated with mineral wool, 
wood wool and polyurethane, with recycled glass fibre cladding. The 
roof can be considered the main façade of the building enhancing nat-
ural ventilation through its tilted shape. Before the renovation inter-
vention proposed in this study, the original building’s roof was isolated 
with 60 mm of polyurethane with a ventilated gap, under it 75 mm of 
wood wool and 80 mm of rock wool and completed with raw aluminium 
slats resulting in a ventilated and thermoreflective roof. To increase the 
sustainability of the building and test the potential heat mitigation effect 
of green roofs, some portions of the actual roof have been integrated 
with the studied green system. This has led to verifying the practical 
architectural integration in a real environment highlighting the high 
replicability of the practice. 

3. Experimental monitoring campaign results 

The present section reports on the performance study of the light-
weight extensive green roof and focuses on comparing the temperature 
level of the different material layers with a traditional roof finishing. The 
section is composed of three main subsections: Section 3.1. describes the 
microclimate condition during the monitoring campaign, Section 3.2 
compares the temperature levels of the superficial layer of the two 
samples, and Section 3.3 compares the temperature levels behind the 
two roof finishing technologies. 

3.1. Microclimate conditions during the monitoring campaign 

The experimental monitoring campaign lasted for 13 days, from 12th 
July at noon and ended on 25th July at 6 PM. The external climatic 
conditions during the monitoring campaign are reported Fig. 2 in Fig. 3 
and Fig. 4. 

The prevailing general daily weather condition is indicated by 
symbols on the top of the charts to allow an easier data reading. Fig. 3 
highlights the values of the ambient air temperature and relative hu-
midity while Fig. 4 reports the relationship between ambient air tem-
perature and global solar radiation over the 13-day monitoring period. 

As shown by the graphs the weather conditions during the experi-
mental monitoring campaign were characterized by a prevalent clear 
sky with ambient air temperature peaks over 30 ◦C with a peak-to-valley 
amplitude between 12 and 15 ◦C during the hottest days. One typical 
summer rain event was registered between July 14th and July 16th, the 
rest of the monitoring campaign was characterized by hot and sunny 
days with air temperature peaks above 35 ◦C and horizontal global ra-
diation higher than 800 W/m2. 

3.2. Measurements of the surface temperature levels of the vegetative 
layer and cement tile 

In this paragraph, the substrate surface temperatures of the green 
roof sample are presented and compared to the values gathered from the 
surface temperatures of the cement tile roof coating. Fig. 5 shows that 
the cement tile’s surface temperature is always higher than the sub-
strate’s, showing deviations between 5 and 14 ◦C according to the 
weather conditions and the water soil content. 

The measurement reported in Fig. 6 highlights the effect of the water 
content on the measured surface temperature. During the rainy day (15/ 
07/2019), the green roof substrate increases the water content (the 
technology has a normal water capacity of 30 l/m2) allowing a lower 
surface temperature of the green substrate for the next days. 

In detail, the temperature difference between the green surface and 
the cement finishing registered on July 14th is about 10 ◦C with the 
temperature of the cement tile 21 ◦C higher than the air temperature. 
After a rain event, the temperature level of both samples has drastically 
reduced, with the temperature of the vegetative layer reaching the same 
level as the air ambient temperature. The temperature profile of the 
concrete finishing is still significantly higher with a difference of up to 
6 ◦C during the central hour of the day. Fig. 7 reports the temperature 
behaviour during and after a series of hot and sunny days. The surface 
temperature profile is comparable with lower differences mainly 
concentrated in the peak and the valley of the curves profile. The 
maximum temperature peak of the green layer is 3–4 ◦C lower than the 
concrete finishing. 

Fig. 8 showcases two thermal camera pictures, taken on 24th July at 
10.25 a.m., for verifying the overall temperature level of the two sam-
ples. The thermal imaging camera T620 with a sensor resolution of 
640x480 and 307,200 pixels has been used. The emissivity value of the 
construction material represents a critical parameter in processing the 
infrared picture. The values normally vary between different materials 
with a significant impact on the surface temperature level. Regarding 
the tested materials, the following properties have been considered: (i) 
cement tiles (light grey): albedo 0,5 and emissivity 0,9; (ii) green roof 
substrate: albedo 0,32 and emissivity 0,95. 

The infrared images offer an intuitive representation of the surface 
temperature difference between the vegetation layer and the exposed 
surface of the cement tile. To have a comprehensive overview of the data 
gathered with the thermal camera, also the temperature profiles are 
reported in Fig. 8. As shown, the surface temperature of the greenery is 
less homogenous than the tile surface temperature and presents in 
general as an average value temperature lower by 6–10 ◦C concerning 
the concrete tile surface (picture on the right side). In terms of relative 
humidity Fig. 9 reports the comparison between the ambient air relative 

Fig. 2. Test facility building’ aerial views before the green roof renovation intervention. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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humidity measured respectively above the green roof substrate and the 
one measured over the cement tiles finishing. In general, the two hu-
midity levels do not show a high difference between each other. The air 
humidity above the two surfaces has been measured through two 
capacitive RH sensors. As expected, during a rainy day, the soil con-
tributes to an increase in the related air humidity values due to the water 
content of the soil/vegetative layer. 

Fig. 10 shows a detailed picture of typical summer days character-
ized by high solar radiation and air temperature. As expected, the 
evapotranspiration process of the green layer increases during the days 
resulting in more water content in the air above the vegetative layer of 
about 4–8 %. During the nighttime, the air humidity level is comparable 
with the minimal difference between the two measured points. The 

experimental data demonstrate that the air temperature is the primary 
driver of the evaporation process, but other factors also play a role such 
as the humidity level; moreover, the evaporation rates decrease with 
increasing humidity with all other factors kept constant [47]. 

3.3. Measurements of the interlayer temperatures (ground layer vs under 
tile) 

This section reports the results gathered by comparing the interlayer 
temperature of the green roof substrate (at 8 cm below the vegetation 
layer) to the temperature gathered under the cement tile of the reference 
roof system. Fig. 11 shows the measured surface temperature profile 
together with the air ambient temperature. The label reported 

Fig. 3. Ambient air temperature and relative humidity measured during the monitoring campaign.  

Fig. 4. Ambient air temperature and global solar horizontal radiation measured during the monitoring campaign.  
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highlighting the difference between the two measured points under two 
different weather conditions: a rainy day and a typical summer day. 

In general, the ground substrate’s intralayer offers a consistent 
mitigation effect with a significantly lower temperature than one below 
the traditional cement tile finishing. On average, the temperature 
registered under the cement tile is 5–7 ◦C higher than the substrate’s 
intralayer temperature. The following figures highlight two specific time 
frames of the monitoring campaign. Fig. 12 reports the temperature 
level registered during the 15th of July (rainy day) and Fig. 13 reports 
the temperature profile collected during the typical sunny day (17th of 
July). In the case of rain and cloudy sky, the thermal shift provided by 
the green roof is equal to 3.5 h with a temperature attenuation of 8 ◦C 
concerning the temperature registered below the tile finishing. More-
over, the presence of the soil water influences the overall thermal 

behaviour during the following day. 
Fig. 13 shows the temperature profile during a series of typical 

summer sunny days. From the chart is evident a series of homogenous 
sinusoidal waves characterized by 4 h time shift of and up to 9 ◦C 
attenuation capacity. From the results, the green roof technologies show 
high potential in mitigating the thermal flux from inside the building 
and the beneficial effect on the external built environment. Fig. 14 
highlights the temperature profile calculated as a difference between the 
soil level and the surface layer behind the cement tiles. As expected 
during rainy days the temperature difference decreases reaching parity 
and increases again the day after with high global solar radiation. In 
general, the monitoring shows a maximum temperature difference that 
ranges from 10 to 13 ◦C during the day and between 0 ◦C and 4 ◦C during 
the night. 

Fig. 5. Comparison between the green roof and the cement tile’s surface temperatures. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 

Fig. 6. Measurements of the surface temperatures for three days period between the 14th and 16th of July 2019.  

G. Salvalai et al.                                                                                                                                                                                                                                



Energy & Buildings 298 (2023) 113589

7

Fig. 15 shows the distribution of the intralayer soil temperatures and 
temperatures under the cement tiles as a function of the ambient air 
temperature. As expected, the soil intralayer temperatures show a lower 
temperature fluctuation during the whole day, with the highest varia-
tion ranging from 10 to 11 ◦C. The temperatures registered below the 
cement tile finishing show in general a lower temperature stability with 
a max temperature difference of up to 20 ◦C. 

The thermal inertia offered by the soil together with the water con-
tent mitigate the solar radiation effect with beneficial impact both to the 
inner and outer spaces. Fig. 16 reports the scatter plot of the vegetative 
layer and the external surface of the cement tile versus the ambient air 
temperature. The temperature distribution is more homogeneous with a 
closed R2 value. As shown in the figure the surface temperature of the 
cement tile presents a temperature level shifted by 7 ◦C when the 
ambient air temperature is between 28 and 32 ◦C. 

4. Green roof technology application in a living laboratory 

The case study application is presented and discussed in this section 
to illustrate the feasibility of lightweight green roof technology for 
building renovation. The case study has been presented in section 2.1 as 

an interesting living laboratory where researchers and students can 
apply and test different building envelope components. In 2020 the test 
facility building’s roof was renovated using the green roof technology 
presented in the previous sections for covering 28 m2 of the existing roof 
characterized by a multy-layer dry assembled technology as presented in 
Fig. 17. 

The renovation intervention took place between 18th March and 2nd 
April 2020. The authors identified three main steps to carry out the 
renovation intervention: (i) removal of the original external cladding 
(raw aluminium staves, transpiring and waterproof membrane and 
wooden slats), (ii) placement of the sandwich panel layer and (iii) 
placement of the lightweight green roof system. Fig. 18 reports three 
pictures representing the main phase of the existing finishing removal. 

The extensive green roof has been integrated with a bilayer metal- 
faced sandwich panel. The sandwich panel, on the one hand, offers 
thermal insulation and, on the other hand, works as a load-distributing 
layer for the green roof system. Moreover, the upper metal sheet of the 
sandwich panel is preassembled with a PVC waterproof membrane to 
increase the durability of the overall system. To protect the oriented 
straight board layer, a new waterproof and breathable membrane has 
been installed and taped before the installation of the sandwich panels. 

Fig. 7. Measurements of the surface temperatures for three days period between the 22nd and the 23rd of July 2019.  

Fig. 8. Infrared pictures of the two samples and related profiles of the surface temperatures (24th July).  

G. Salvalai et al.                                                                                                                                                                                                                                



Energy & Buildings 298 (2023) 113589

8

Fig. 19 shows the new roof layering and Fig. 20 collects some repre-
sentative pictures of the main renovation phases. 

Afterwards, the placement of 40 mm thick sandwich panels insulated 
with polyurethane fastened to the light steel frame substructure took 
place. The panels’ fixing to the substructure occurs mechanically with 
screws and special sealing caps, thus weakening the synthetic membrane 
pre-bonded offsite to the sandwich panels. To prevent water infiltration 
between one panel and the other, a PVC-P pontage band is applied and 
welded to the sandwich panel’s pre-bonded membrane. The last phase 
involves the installation of the extensive green roof, which starts with 
placing a waterproof and root barrier membrane on the installed sand-
wich panels. Secondly, the drainage and water retention layer has been 
installed, placing a stabilising geotextile above it to separate the 
drainage system and the substrate above. Before the soil is placed on the 

lightweight green roof system, it is necessary to place a soil retention 
system made of polyethene geocells to avoid the soil sliding due to the 
pitching of the roof. In conclusion, the renovation process of the test 
facility building’s roof was completed in 14 working days with an 
installation of 2 m2 of new green roof per day. 

5. Discussion and limitations of the study 

The outcomes of this research have provided insights into the 
hygrothermal performances of an extensive and lightweight green roof 
technology in a real environment during the summer season, enriching 
the results with a real case study application of the technology in the 
renovation of a living laboratory. However, the results should be 
interpreted considering the limitations of the current research. In this 

Fig. 9. Full test measurement data of the ambient air relative humidity measured above the green substrate and the cement tiles. The data refers to the whole 
monitoring campaign. 

Fig. 10. Detail of the measured ambient air relative humidity for three days (22nd – 25th of July). The chart compares the relative humidity level measured above 
the green substrate and the relative air humidity above the cement tiles. 
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section, the interpretation of the key findings is provided, discussing the 
implication of the results and its limitations. The section ends with av-
enues and recommendations for future research. Our experimental 
monitoring campaign to analyse the summer hygrothermal perfor-
mances of a lightweight extensive green roof in comparison with a 
traditional horizontal roof finished with cement tiles showed coherent 
results with the existing literature. The results of the study can be 
summarised in the following key points: (i) the temperature of the 
vegetative layer presents a lower temperature concerning the surface 

cement tile surface. The difference increases according to the water 
content of the ground. In detail, the temperature difference between the 
green surface and the cement coating after a previous rainy event is high 
and about 10 ◦C. Instead, the two analyzed temperature profile after a 
series of hot and sunny days are comparable with a recorded tempera-
ture difference, collected during the hottest hour of the day, between 3 
and 5 ◦C; (ii) As expected, during a rainy day, the soil and the green layer 
contributes to increasing the related air humidity thanks to the water 
content of the green roof. During typical summer days characterized by 

Fig. 11. Comparison of the substrate’s intralayer temperatures and the temperatures under the cement tile. The data refers to the whole monitoring campaign.  

Fig. 12. Comparison of the substrate’s intralayer temperatures and the temperatures under the cement tiles for three days period, between 14th and 16th of 
July 2019. 
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high solar radiation and air temperature, the evapotranspiration of the 
green layer increase resulting in more water content of the air above the 
vegetative level of about 4–8 % (iii) the temperature registered at 8 cm 
depth of the green roof demonstrate the ability of the soil layer to shift 
and attenuate the temperature levels, the attenuation potential is greater 
the higher the ground water contet is; (iv) the thermal inertia of the soil 
allow a temperature reduction at the ground substrate level (at 8 cm 
depth) of about 9–10 ◦C during sunny days respect to the other case. This 
study also provides insights from the technical point of view in using the 
extensive green roof technology for building renovation. The real case 

study application highlights the feasibility of the installation process on 
a multi-layered dry building increasing the aesthetics and functionality 
of the roof. Moreover, the application of lightweight prefabricated 
technology components speeds up the renovation intervention, which 
lasted 14 working days (2 m2/day). Despite the insight offered by this 
study, some limitations should be considered. The limited number of 
measuring points, due mainly to the limited dimension of the sample, 
reduce the depth of the analysis, leading to a less comprehensive 
assessment of the green roof’s performances that will be further inves-
tigated on the living laboratory. 

Fig. 13. Comparison of the substrate’s intralayer temperatures and the temperatures under the cement tiles for three days period, between 17th and 19th of 
July 2019. 

Fig. 14. Temperature difference between the ground layer and the surface temperature under the cement tiles (T1-T2). The data refers to the whole moni-
toring campaign. 
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6. Conclusions 

Considering the urgent global issues, such as Urban Heat Island and 
air pollution, the European Union has expressed the need for forward- 
thinking strategies towards the growth of the UHI’s effect and the 
levels of air pollution. Towards comfort increasing inside the urban 
environment, the need for mitigation strategies to improve environ-
mental conditions outside and inside the buildings is becoming a pri-
ority. Among others, the scientific community recognises the potential 
of Nature Based Solutions to offer multiple benefits and contribute to 
reducing carbon emissions. In this context, the green roof can be 
considered a valid mitigation strategy in the already-started Renovation 
Wave scenario. 

The presented work contributes to the existing literature showing the 

feasibility of the green roof technology in existing buildings without 
limiting the study to the experimental sample test measurement. In fact, 
the novelty of the research relies on the case study application demon-
strating and disseminating how green roof technology can be integrated 
into real-world scenarios for the construction industry, focusing on 
building renovation interventions boosting the European Renovation 
Wave policy. This study confirms the potential of the rising industrial-
ized and lightweight extensive green roof technology analyzing the 
hygrothermal performances in comparison with a traditional horizontal 
roof with cement tiles and providing an application of the technology to 
renovate the roof of a living laboratory. This study being the first step, a 
future study will be carried out on the green roof installed in the living 
laboratory. To provide comprehensive results comparing green roof 
performances between different seasons, a long-term monitoring will be 

Fig. 15. Scatter plot of the intralayer ground temperatures and temperatures under the cement tile versus ambient air temperature. The data refers to the whole 
monitoring campaign. 

Fig. 16. Scatter plot of the vegetative ground temperature and the superficial temperature of the cement tile versus ambient air temperature. The data refers to the 
whole monitoring campaign. 

G. Salvalai et al.                                                                                                                                                                                                                                



Energy & Buildings 298 (2023) 113589

12

conducted including measurements. Moreover, one of the purposes of 
the following study is to evaluate and quantify how the green roof 
technology contributes to the interior comfort conditions when inte-
grated into the existing energy-efficient envelope of the living labora-
tory. The study will support in clarifying how the high thermal 
resistance roof, combined with the thermal mass provided by the ground 
substrate, contributes to the indoor comfort user perception. The results 
of the study might be used in future research to compare or calibrate 
micro-climate simulation-based models of the dense build environment, 
where the green roof technology is applied as a promising UHI mitiga-
tion measure. 
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