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Green urban infrastructures have a significant impact on urban climate mitigation, on indoor
and outdoor thermal comfort and on energy performance of buildings. In this paper, outdoor
thermal comfort conditions and energy saving for space heating and cooling were investigated
before and after the use of roof-integrated green technologies. Existing urban energy and
climate models and tools were applied to an urban area located in a Turin (ltaly). CitySim,
ENVI-met and SOLWEIG tools and a GIS-based model were used to evaluate the mean radiant
temperature and the thermal comfort of outdoor spaces before and after the use of vegetated
roofs and green surfaces such as the predicted mean vote (PMV), the physiological equivalent
temperature (PET) and the universal thermal climate index (UTCI). A GIS-based engineering
model and CitySim tool were used to evaluate the energy saving and energy independence
index for space heating and cooling after the use of green roofs and solar technologies.
According to the shape and the suitability of rooftop elaborated with GIS tools, some roofs
were identified as potential green roofs other as potential solar roofs for installing solar thermal
collectors and photovoltaic panels. According to the results it is possible to confirm that the
use of green roofs and urban greenery can decrease the mean radiant temperature until about
10°C during summer season, improving outdoor thermal comfort conditions and energy

savings with a reduction of 12% for space cooling energy consumption.

1. INTRODUCTION

Global warming and climate change have a significant
impact on the quality and liveability of cities, especially in
urban environments [1]. The urban heat island (UHI) effect
has a fundamental impact on urban microclimate, which
influences urban air quality and energy-use of buildings
especially during the summer season [2]. Over the years these
problems have become increasingly impactful. Given that
more than 50% of the world population lives in urban areas, it
is essential to design sustainable urban spaces improving
energy independence and urban resilience. The goal is to
combat global warming and extreme heat events due to
urbanization and greenhouse gas emissions with an increase of
renewable energy and green technologies [3].

Compact and vertical cities are considered to be more
energy-efficient and a solution to decrease the land use. The
retrofitting of the roofs can lead to a multitude of potential uses
such as vegetated spaces and solar energy production [4].
Smart green technologies should be promoted at building and
urban level as a solution to reduce the impacts of urbanization
and industrialization on cities [5]. Different urban forms [6]
and different materials [7] used for outdoor surfaces affect
urban local climate and thermal comfort conditions. For
example, cold or cool materials with high reflectance, are often
proposed as a solution to mitigate UHI effect [8]. Also green
urban infrastructures make urban environments less thermally
stressful improving thermal comfort: trees, green roofs, and
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vegetation can mitigate UHI effects by shading building
surfaces, deflecting radiation from the sun, and with the
evapotranspiration effect [9, 10]. Greening plays a major role
in mitigating the local climate, directly impacting the outdoors
thermal comfort of city pedestrians, as well as reducing the
energy demand of buildings. More precisely, the vegetation
decreases the short and long wave radiation fluxes impinging
on the urban surfaces, and reduces the outdoor air temperature
by 2°C to 6°C depending on the plant species and their location
[11, 12]. Trees have a positive impact on the outdoor human
thermal comfort, by the cooling effect of the
evapotranspiration phenomenon, mitigating the local climate,
providing shading effect, and wind resistance [13].

The aim of this work is to investigate outdoor thermal
comfort conditions and energy consumption in an urban
environment by identifying measures to improve urban
environments livability, energy savings and energy
independence. Taking into account local climate conditions,
building shape and urban form of a district in Turin (IT), smart
green technologies have been investigated: cold surfaces,
green roofs and solar roofs (solar thermal collectors and
photovoltaic panels). In the following sections, are presented:
the effect of green infrastructures on thermal comfort and
energy savings (Section 2); the methodology and the
description of data, models and tools used at district scale
(Section 3); the case study and the main results obtained; the
future work and conclusions (Section 5).


https://crossmark.crossref.org/dialog/?doi=10.18280/ijsdp.160102&domain=pdf

2. THE EFFECT OF GREEN INFRASTRUCTURES

Green urban infrastructures can be classified into two
categories: public, associated to an urban public space (green
canopies, green permeable systems, green pavements, and bio-
retention areas), and private, related to a building component
(green roofs and green walls) [14].

The environmental, social, and economic benefits of green
urban infrastructure are extensively recognized [15]. Urban
greenery provides a space for city workers and dwellers to
relax and enjoy. It can improve the quality of life, healthiness,
sustainability of urban spaces, and can decrease the
atmospheric pollution and greenhouse gas (GHG) emissions
with the control of dust and improve the urban quality. Urban
greenery also has a psychological effect on inhabitants,
activating economic and social actions, reducing crime, and
upgrading productivity and creativity [16].

New green roofs and walls improve buildings performance
with a significant reduction in energy consumptions by
reducing the absorption of solar radiation and mitigating UHI
effect. The main advantages concern the contribution to
thermal insulation, acoustic insulation, ecological preservation,
mitigation of summer temperatures, attenuation of rainwater
runoff and an aesthetic improvement of the property
increasing building value [17-21].

2.1 Outdoor thermal comfort conditions

A correct design and planning of buildings and urban
environment is fundamental to improve liveability in cities:
urban morphology (i.e. orientation and aspect ratio)
significantly affect the intensity and duration of the thermal
peaks; green urban infrastructures (i.e. green roofs and green
surfaces) strongly improve the thermal comfort conditions and
human health [22].

Thermal comfort conditions can be described by the
interaction of six factors able to define the human thermal
environment and sensation: ambient temperature, metabolic
rate, clothing insulation, mean radiant temperature (7,.), wind
speed and relative humidity [23]. The direct component of
solar irradiation and the 7, are affected by urban morphology
and greening and play the most important role in the outdoor
thermal comfort [24].

Nowadays, there are several thermal comfort indices used
to simulate human thermal perception according to local
climate conditions [25]. Indices can be divided into three
categories: (i) empirical indices based on thermal perception
with thermal environment (i.e. actual sensation vote ‘AVS’,
thermal sensation ‘TS”); (ii) thermal indices based on heat
balance equation of human body (i.e. predicted mean vote
‘PMV”, standard effective temperature ‘SET"); (iii) and indices
based on linear equations defining the human comfort as
function of the thermal environment (i.e. apparent temperature
‘AT, discomfort index ‘DI’, wet bulb globe temperature index
‘WBGT’) [26, 27].

In this work, the following thermal indices were
investigated with the support of existing urban climate tools:

» The Predicted Mean Vote ‘PMV’ and Predicted

Percentage Dissatisfied ‘PPD’ depend on air
temperature, mean radiant temperature, relative
humidity, air speed, metabolic rate, and clothing
insulation; they are based on balance equations and
empirical studies about skin temperature.

» The Physiologal Equivalent Temperature ‘PET’ is
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based on a prognostic model of the human energy
balance that computes the sweat rate and the
temperatures of the skin, the body core and the clothing.

» Universal Thermal Climate Index ‘UTCI’ is the
equivalent temperature for the environment derived
from a reference environment, and it is related to wind
speed, air temperature, mean radiant temperature and
air vapour pressure.

» Standard Effective Temperature ‘SET’ is a temperature
metric that factors in relative humidity, mean radiant
temperature, and air velocity, and also the activity rate
and clothing levels (physiological considerations).

2.2 Energy-related effect of green technologies

At urban level, the urban morphology, street greening and
green surfaces improve the urban local climate, which
consequently affects heating and cooling energy consumptions
of buildings located near vegetation and green surfaces [28].

At building level, a green roof compared to a traditional one
increases energy performance and improves the energy
efficiency in buildings mainly through three mechanisms [29-
31]: (i) Control of solar absorption. The presence of
vegetation on the external surface improves radiation
exchanges and mitigates the fluctuation of temperatures by
limiting the risk of summer overheating. The solar absorption
of a green surface is close to 0.3, which is comparable to a cold
surface (e.g. light color). (ii) Thermal inertia, heat and water
vapor accumulation/release. The presence of vegetation and
thick soil layer are able to accumulate heat and also humidity
and release it over time allowing latent heat exchanges
between the layers attenuating the cooling energy demand. (iii)
Thermal insulation, the materials used to design a new green
roof are able to optimize the indoor thermal conditions
reducing winter and summer heat flows. Shading reduces the
surface temperatures below the plants, consequently this
cooler surface, reduces the heat transmitted into the building.

2.3 Urban energy and climate models and tools

The promotion of smart green technologies in cities should
be supported by appropriate models and tools able to
investigate the effect of these infrastructures on local climate
mitigation, thermal comfort conditions and energy
performance of buildings. The aim is to identify and quantify
the effectiveness of planning strategies and energy policies
necessary for a sustainable development of buildings,
neighborhoods, districts and cities.

Following are described the existing urban models and tools
used in this work to quantify the outdoor thermal comfort
conditions in an urban environment:

» ENVI-met (https://www.envi-met.com/) is a tool that
simulates and analyzes local climate and thermal
comfort conditions in urban environment using a
holistic approach. Biomet is a post-processing tool used
to calculate human thermal comfort indexes based on
ENVI-met simulation results (i.e. 7). Biomet is able
to evaluate the impact of green infrastructures by
calculating the following thermal comfort indexes:
PMVIPPD, PET, UTCI, and SET.

» SOLWEIG is a free tool of QGIS based on a shortwave
and longwave radiative flows model able to simulate
outdoor thermal comfort conditions [32]. It is an
extension of UMEP (https://umep-



docs.readthedocs.io/), an urban multi-scale
environmental predictor used for a variety of
applications related to outdoor thermal comfort, energy
consumption at urban scale, and climate changes
mitigation [33]. SOLWEIG estimates spatial variations
of 3D radiation fluxes and 7, in complex urban
settings by calculating PET and UTCI.

» CitySim (http://www kaemco.ch/download.php) is a
free tool developed at Ecole Polytechnique Fédérale de
Lausanne that includes a solver module (CitySim
Solver) and a graphical interface (CitySim Pro). It is
used to quantify the energy consumption of buildings at
district scale and the cooling effect of vegetation on
space cooling consumption in urban environment by
shadowing and evapotranspiration. CitySim is able to
estimate T, at urban level [34, 35].

» GIS-based approach is an engineering place-based
model that simulates the outdoor climate conditions and
the T+ using a simplified heat fluxes balance. This
model is a first investigation, future developments will
be presented in further works.

As previous mentioned, green urban infrastructures also
influence the energy performance of buildings. In this work,
two existing urban energy models and tools [36] were used to
simulate space heating and cooling energy consumptions to
quantify their energy savings at neighborhood scale:

» CitySim is based on a simplified thermal-electrical
analogy and takes into account the complexity of the
urban environment, where the energy fluxes interact
with each other [37, 38].

»  GIS-based engineering model is a dynamic urban-scale
energy model that simulates the space heating energy
consumption of buildings considering the thermal
balance of the built environment using the existing
technical maps and databases available in the geoportal
[39, 40].

A fundamental tool to collect spatial information and
process input data is a Geographic Information System (GIS)
[41]. GIS tools (ArcGIS, ESRI) ware used to assess: (i)
thermal and electrical energy consumptions at municipal scale
[37, 42]; (ii) solar energy potential promoting the self-
sufficiency and self-consumption [43-45]; (iii) green roofs
potential improving the outdoor thermal comfort conditions
and energy savings [46-48]. For these place-based analyses, a
territorial database (DBT) was organized in GIS creating a 3D-
city model for the city of Turin (Italy) [15, 49].

3. MATERIALS AND METHOD

In this section the input data, materials and method applied
to investigate the impact of green roofs and solar energy in a
densely built-up context were presented. In particular, roofs’
potential (Section 3.1) and urban energy and climate models
and tools were used by analysing urban environments
(Sections 3.2 and 3.3).

The main phases of this work can be summarized as follows:

> Firstly, a GIS-based approach was used to assess low-
carbon infrastructure strategies on the rooftops of
buildings, such as solar thermal (ST) collectors,
photovoltaic (PV) panels and green roofs.

» Secondly, according to rooftop solar suitability of each
roof, the potential production from ST collectors was
compared to domestic hot water consumption (DHW)
and the potential production from PV panels was
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compared to the electrical consumption.

» Finally, outdoor thermal comfort conditions and energy
saving for space heating and cooling energy
consumption were investigated before and after the use
of green roofs and green surfaces with existing tools.

3.1 Input data processing

The first step of this work was the analysis of buildings’
roof shape in order to identify the best retrofit measure: green
roof or solar roof. Starting from previous work [49], a 3D-roof
model for buildings was created using a GIS tool (in ArcGIS,
ESRI). The main databases elaborated have been: building
footprints, type of users, digital surface model (DSM), digital
terrain model (DTM), digital elevation model (DEM),
orthophoto, and land cover.

The slope tool in ArcGIS, was used to classify roofs as flat
roofs (with slope < 11°) and non-flat roofs. With the aspect
tool in ArcGIS —able to evaluate the roof orientation— non-flat
roofs were classified as: shed roofs, gable roofs,
hipped/pyramid roofs, and half-hipped roofs. The rooftop of
each building was reconstructed and classified for a district in
Turin.

With the 3D-roof model, the potential roof areas for green
roofs and solar roofs were identified. Some buildings were
more suitable for the installation of solar technologies, other
buildings were more suitable for the installation of vegetated
roofs (intensive and extensive green roofs).

To assess the suitability of rooftops for green roofs the
following criteria were considered: constrains and regulations
(no historical buildings), roof materials and construction
restrictions (no tiled roofs), roof areas (area = 100 m?), shadow
effects (hours of sun > 3 h), roof slope (0° < slope < 20°).
Therefore, from this type of analysis, green roofs potential was
assessed by identifying intensive and extensive green roofs.

While, to assess the suitability of rooftops for the
installation of ST collectors and PV panels the following
criteria were considered: constrains and regulations (no
historical ~buildings), roof materials and construction
restrictions (no disturbing elements), roof areas (= 50 m?), roof
orientation (no North orientation), roof slope (20° < slope <
45°), good annual solar radiation (> 1,200 kWh/m?/y). After
the identification of potential solar area for each building, the
incident cumulative solar irradiation with monthly detail was
calculated using the area solar radiation tool in ArcGIS taking
into account local climate conditions (atmosphere
transparency ‘t’ and ratio of diffuse radiation to global
radiation ‘w’).

Efficiency that varies between 43% and 75% was calculated
for ST collectors and an average system performance was
considered equal to 75%; while PV panels used in this analysis
have an efficiency of 15% —to characterize a medium quality
panel of a polycrystalline photovoltaic panel— and an average
system performance was considered equal to 75%.

The ST collectors' potential area was dimensioned in order
to not have an overproduction of DHW during summertime
(i.e. June and July); while the dimension of installed PV power
depends on a cost-benefits analysis (e.g. investment and
energy costs and on the energy production revenues).

3.2 Urban energy models and tools

Residential energy consumption for space heating and
DHW with monthly detail were simulated for a district with a



dimension of 1 kmx 1 km. The simulation was done using a
GIS-based engineering model [50, 51] able to predict thermal
consumption at district level. Space heating and DHW
consumptions were simulated from October 15,2012 to April
15% 2015.

Regarding non-residential sector (commercial, public and
industrial), thermal energy consumption for space heating and
DHW were assessed according to the literature [52] applying
bottom-up and top-down models. Annual thermal
consumptions were distributed during months according to the
number of days and the temperature gradients between indoor
and outdoor air temperature.

Energy consumption for space cooling was simulated for
residential and non-residential sectors. CitySim engineering
tool was also used to calculate the space cooling energy
consumption of the 2015 summer season with hourly detail.

Knowing that a typical Turin family consumes about 2,049
kWh/year [53], the electricity consumption for residential
users was quantified using the Istat census database (2011
update); while non-residential electricity consumption was
simulated, considering measured data and taking into
consideration the number of working and non-working days in
a year, distinguishing the type of building.

After the energy simulations for space heating, space
cooling and electrical consumption, the effect of PV panels,
ST collectors and vegetated roofs on energy performance, self-
consumption and energy self-sufficiency was assessed. The
energy savings for space heating and cooling was quantified
before and after the retrofit intervention of vegetated roofs.

3.3 Urban climate tools

Existing urban climate tools were used to investigate
outdoor thermal comfort conditions in the case-study area. In
the analysed district, a smaller site was selected (Figure 1) and
two scenarios were investigated: (a) the business as usual Sgau
with standard insulated roof in red, and (b) the installation of
roof-integrated green technologies with standard insulated
roof in red, green roof with a substrate of 10 cm in dark green
and the use of cold or cool surfaces in light green in the
courtyards (SGreen).

< hPalms] %
4041.0104 204100

The simulation was done taking into account the local
climate conditions of one of the warmest days of the years
2014 and 2015: August 7™, 2015 (Figure 2): the average daily
temperature was 31.4°C, with a daily solar irradiation of 6,680
(Wh/m?/day). The air temperature reaches its maximum values
between 5 and 6 p.m., with 36.5°C. The wind speed is quite
constant, with a maximum of 2.7 m/s and a minimum of 0.4
m/s, and the air relative humidity varies between 30 and 70%.

The analysis was done using ENVI-met and SOLWEIG. In
ENVI-met thermal comfort indices (PMV/PPD, PET, UTCI,
and SET) were calculated at 1 meter above the ground (this
software does not consent a major accuracy of this height) for
a grid of 10 x 10 meters considering the following data (ISO
7730:2005):

» Human body parameters: 35 years old, male, weight of

75 kg, height of 1.75 m, surface area of 1.91 m?.

> Clothing insulation: 0.5 clo or 0.08 m2K/W (typical

summertime daily wear clothing).

> Metabolic rate: 1 met or 58 W/m? (seated relaxed) and

1.9 met or 110 W/m? (walking at 2 km/h).

In SOLWEIG, PET and UTCI thermal indices were
simulated using the same human body parameters, clothing
insulation and metabolic rate used in ENVI-met, but the urban
environment was described with a DSM and a DEM with a
precision of 1 meter.

b i
(b) Green roofs and surfaces

Figure 1. The two scenarios of roof retrofit intervention
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Figure 2. Local climate data for a typical summer day: August 7%, 2015
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Additional simulations were conducted using CitySim, to
compute the 77, on a 10 x 10 meters grid, using 1.5 meter high
virtual pedestrians, modeled according to ref. [53]. CitySim’s
model provides the longwave exchanges within the model
(including the buildings), as well as the evapotranspiration of
the green surfaces.

However, the air temperature, relative humidity, and wind
speed and direction are assumed constant within the area. The
nebulosity, which was not available in the input data, was
assumed constant (4 Octas), even if this parameter was shown
to greatly influence the results of the CitySim model [54].

The results include the comparison of the 7, computed by
CitySim, ENVI-met, SOLWEIG and GIS-based model
analyzed for the selected hot summer day, distinguishing two
scenarios of retrofit intervention for the buildings’ roofs (Sgau
and the SGREEN)-

The urban climate tools simulate the 75, (in K) according
to Eq. (1) [55].

4
Tmrt =
where:

» W, isadirection-dependent weighting factor, it depends
on the position and orientation of the person. For a
standing or walking person it is 0.22 for radiation fluxes
from East, South, West and North directions and 0.06
for radiation fluxes from above and below [55];

» K; is the short-wave radiation fluxes (i = 6) received by
a standard standing (or waking) person from six
directions (from the four cardinals directions and from
below and above);

» L; is the long wave radiation fluxes (i = 6) received by
a standard standing (or waking) person from six
directions;

> a, is the absorption coefficient of a clothed human
body for short-wave radiation (standard value 0.7);

» a, isthe absorption coefficient of a clothed human body
for long-wave radiation (standard value 0.97);

» o is the Stefan—Boltzmann constant (5.67-1078
Wm2K™),

l-6=1 Wi ' (ap ' Ki + a - Ll)

a-o

(M

The T (in K) was also calculated with a GIS-based
approach according to Eq. (2), that is a method used in
CityComfort+ to simulate the spatial variation of the Ty, in
urban environment [56]. The input data were elaborated with
GIS tools in order to simplify the simulation (i.e. using some
urban variables such as the SVF and H/W).

Tmr t

4 (ap "Eso1° Fsol—»p + Esky * Esky ' Fsky—>p +)
+eurp " Eurp - Furb—»p

2)

o

> a, is the absorption coefficient of a clothed human
body for short-wave radiation (standard value 0.7);

> &gy is emissivity of the sky (0-1) elaborated knowing
the dewpoint temperature (Tqp, °C) [57] as a function
of the external air temperature (Ta, °C) and the
saturation pressure (Psat, Pa);

» &, 1S the emissivity of surface material (0-1)
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assumed equal to 0.8 for grass and trees, 0.94 for
playground, 0.95 for walls buildings and path [58];

> E, is the direct and diffuse solar irradiance (W/m?),
the direct quota was calculated knowing the urban
canyon high-to-width ratio (H/W), the solar height [39]
and the time when the human body was shaded; this
last variable was elaborated in arcGIS using the
“points solar radiation” tool;

»  Eg,y is the long-wave radiation intensity of the sky
(W/m?) elaborated according to Eq. (3);

» E,. is the long-wave radiation intensity of urban
surfaces (W/m?) elaborated according to Eq. (4);

> Fsop is the view factor between the short-wave
sources and a person (0-1) elaborated with GIS tools;

> Fgyp is the view factor between the visible sky and
a person (0-1) elaborated with GIS tools;

> Fympop is the view factor between urban surfaces and
a person (0-1) elaborated with GIS tools;

» o is the Stefan-Boltzmann constant (5.67-10°
Wm2K ™).

n
Esky = z a &0 (Ts4icin - Ts%cy) (3)

i=1

where:

» q; is the absorption coefficient of a clothed human
body for long-wave radiation (standard value 0.97);

» &, is the emissivity of the human body assumed equal to
0.95 [59];

» o is the Stefan—Boltzmann constant;

»  Tein is the skin temperature of the human body
assumed equal to 306.15 K;

> Ty is the sky temperature (K).

Yo T+ (1 —g) g 0-Th) F
n FL

i=1

“4)

Eup =

where:
» g is the emissivity of surface material (0-1);
» T is the mean temperature at the surface plane (K);
» T, is the ambient radiant temperature at the surface
plane (K);
»  F; is the view factor of solid surface (0-1) elaborated
with GIS tools.

The selected equations 1 and 2 for the calculation of the T
allow considering separately the contributions of short- and
long-wave radiations which have different absorption
coefficients and therefore weights.

4. RESULTS AND DISCUSSION

Starting from a previous work [49], it is emerged that in the
city of Turin there is a significant potential of roofs to be
retrofitted into vegetated roofs or solar roofs. Smart green
technologies such as green roofs and surfaces, photovoltaic
panels and solar thermal collectors can contribute positively to
liveability and quality of life in urban environments by
promoting a sustainable and resilient development of cities
[60]. In this work, the impact of smart green technologies on
energy saving in the buildings’ sector and the thermal comfort
conditions in urban environment were analyzed at territorial



scale for a district in Turin with a dimension of 1 km x 1 km.
According to a previous research [46], the critical areas with
the highest energy consumptions and GHG emissions were
identified as priority areas for the installation of vegetated
roofs to mitigate the UHI. Other areas in which there are
mainly residential buildings, were considered for the
installation of solar technologies.

In the following subsections were described the
methodology applied to a case study, the main results on
energy saving after the use of vegetated roofs and the solar
energy production, the output of outdoor thermal comfort
simulations with the comparison between three tools by
evaluating thermal indexes.

4.1 Case study

The analysis was carry out in ‘Pozzo Strada’ district (in
Turin, Italy), an urban area with a dimension of 1 km x 1km
and a population of 21,520 inhabitants. The roofs of over 700
buildings were characterized and classified referring to a 3D-
roof model.

Roof typology
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Figure 3. Roof classification
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Figure 4. Analysis results of the potential intensive (flat
roof) and extensive (pitched roof) green roofs

From the 3D-roofs analysis it is emerged that 79% of
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buildings were residential and a large quota of them has an
optimal orientation for solar energy production (East-West).
According to Figure 3, roofs were classified in six typologies,
a significant quota equal to 70% refers to gables roofs (typical
for residential buildings in Turin), 17% of buildings have flat
roofs and the remaining part (13%) was composed by shed,
half-hipped and hipped/pyramid roofs.

Figure 4 shows the total area (m?) of flat roofs identified as
potential is equal to 64,458 m?, and pitched roofs’ area with a
slope less than 20° representing a small quota of 254 m?,

The social effect of green roofs is not included in this study
but is interesting to underline that the creation of green roofs
can be integrated in the urban farming concept, as well as in
the creation of “park roof” (e.g. playgrounds) dedicated to
social activities.

4.2 Energy saving assessment

The monthly results on energy consumption and production
after the installation of solar technologies are presented in
Figures 5 and 6. The ST collectors were dimensioned
according to the residential DHW consumption. ST collectors
cover on average 53% of DHW consumption.

From Figure 5 it is possible to observe that in June and July
the self-consumption reaches about 100%, while in December
and January ST production covers around 10% of residential
consumption. As regards electricity consumption, there is an
overproduction of 9 % from June to August; in this case, the
quota depends on the available roof area (about 58%).

700 B DHW consumption (RES) ST production
600
500
=
%'400
£
=
g 300
200
100
0
1 2 3 4 5 6 7 8 9 10 11 12

Month

Figure 5. DHW consumption and production from ST
collectors with monthly detail
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[
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o 838 &8 &

Figure 6. Electrical consumption and production from PV
modules with monthly detail

The potential green roofs identified are 26% of the total roof
areas (249,609 m?). Thermal energy saving after the use of
vegetated roofs, —calculated with the application of GIS-based
engineering models— is 1,610 MWh/year, which corresponds



to 1.5% of thermal consumptions of residential and non-
residential buildings for space heating and DHW consumption
[61]. Cooling energy saving was computed in CitySim for the
area object of the comfort analysis. Considering the typical hot
summer day of 7 August 2015, the cumulative energy saving
for the buildings including a green roof is 14 Wh/m?grss volume
(-12%).

It is important to compute the impact of the greening in the
urban local climate; indeed, the presence of grass decreases the
air temperature. This phenomenon has consequently an
important impact on the UHI effect and the assessments of this
aspect are presented in the following section.

4.3 Outdoor thermal comfort simulation

Outdoor thermal comfort conditions were assessed using
existing simulation models and tools: ENVI-met, SOLWEIG,
CitySim and GIS-based model. In order to quantify the effect
of greening in the urban microclimate, the same area was
simulated with and without the installation of green roofs and
the use of green areas. The comparisons of mean radiant
temperature and PET (with seated relaxed activity) shows an
improvement of outdoor thermal comfort conditions due to the
use of green mitigation strategies (in Figure 7). Improvements
were especially visible in the new sunny green areas, while in
the shaded areas the difference was minimal.
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(a) Absolute difference (b) Absolute difference
MRT (K) PET (K)

Figure 7. ENVI-met: comparison between Sgau and Sgreen
at 6 pm on August 7%, 2015

Figure 8 shows a reduction in the external surface
temperature. In the scenario Spay the temperature varies
between 33.3°C and 60.8°C, while in the scenario Sgreen the
lower temperature of the grass surfaces corresponds to 27.9°C.
Indeed, the grass temperature follows the air temperature path
but taking into account the evapotranspiration process. Finally,
the reduction of the outdoor surface temperature of the roof
affects the internal surface temperature and then comforts
conditions resulting also in energy savings for space cooling.

Figure 9 shows an example of the hourly results for a
building: outdoor roof surface temperature 7., (Spau and
Screen), external air temperature (7,.) and global solar
irradiance. The impact that can be seen is extremely important
in the fight against climate changes (e.g. IPCC projections for
2050 and 2100) and against the increase of summer hot events.

Figures 10 and 11 show PET (°C) and UTCI (°C) indexes
calculated in ENVI-met and SOLWEIG on August 7, 2017
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(with hourly precision) for a single point indicated in Figure 7
(red point).

In general, it is possible to observe an improvement in
comfort conditions with green surfaces also at pedestrian level.
Regarding PET index, the results of two urban climate tools
were very close: SOLWEIG perceives a greater difference
between the two scenarios Spau and Sgreen With a maximum
PET difference of 4.5°C at 4 pm; in ENVI-met there was a max
PET difference of 2.8°C at 6 pm. For both scenarios maximum
PET values were reached between 3 pm and 5 pm. Similar
trend can be observed for UTCI index, where the maximum
UTCI difference of scenarios Sgau and Sgreen was 2°C at 5
pm in SOLWEIG and 1.4°C at 4 pm in ENVI-met.
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Figure 8. ENVI-met: Temperature of buildings’ surfaces at 1
pm on August 7, 2015
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Figure 9. ENVI-met: comparison of external roof
temperature between scenarios Sgau and Sgreen 0N August
7%, 2015

60
—=—ENVImet_SBAU

55 —=—ENVImet_SGREEN
5o —* SOLWEIG_SBAU
—+—SOLWEIG_SGREEN

45
40

PET, °C

35
30
25

20

0 3 6 9 12 15 18 21 24
Hours

Figure 10. ENVI-met and SOLWEIG: comparison between
Sgau and Sereen 0N August 7™, 2015 for the red point
indicated in Figure 7
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Figure 11. ENVI-met and SOLWEIG: comparison between
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Figure 12. ENVI-met, SOLWEIG, CitySim and GIS-based
model: comparison between Sgau and Sereen 0N August 7%,
2015 for the red point indicated in Figure 7
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Figure 13. SOLWEIG: percentage of time in which Tyt is
above 55°C base on 24 hours for August 7™, 2015

ENVI-met, SOLWEIG, CitySim ab GIS-based model
results were compared using the hourly profile of the 7.
Figure 12 shows the T, (°C) comparison for August 7%, 2015
distinguishing the two scenarios on a specific point indicated
in Figure 7.

The results of Ty, computed by the three software and the
GIS-based model (only for scenario Sp4) were within similar
temperature range. ENVI-met simulated higher values at
midday (about +15°C) compared to CitySim and GIS-based
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model, while SOLWEIG simulates intermediate values; this
result is consistent with previous studies [62]. The difference
between the two scenarios was also of similar magnitude, but
with CitySim a greater difference between the two scenarios
at midday can be observed. The effect of the thermal inertia
seems also more significant in CitySim, where the difference
between the two scenarios is still noticeable later in the
evening. In this work, no calibration or confrontation with
measured values has been conducted. However, it is important
to notice that simulations conducted using two different
validated models both show an appreciable reduction of the
T thanks to the proposed intervention scenario SGreew.
Future investigations will be made to implement the GIS-
based model.

Figure 13 shows statistical maps elaborated in SOLWEIG,
for both scenarios, that indicates the percentage of time in
which the 7, was above 55°C based on the whole analysis
time (24 hours for August 7, 2015).

It is possible to see a reduction in percentage after the
installation of green roofs and the use of green surfaces (from
46% to 33%). This type of map can be used to identify critical
areas under thermal heat stress.

5. CONCLUSIONS AND FUTURE WORK

To promote a sustainable and resilient development of cities,
there is no one solution, but different low-carbon strategies
and smart green technologies can be used in the different urban
environments.

The methodology presented in this work evaluates the solar
potential energy on the building’s roofs, the existing and
potential green roofs, and the relationship between the local
climate and the new vegetated areas. This analysis is useful to
discover the effect of smart green technologies to reduce
dependence on energy from hydrocarbons and fossil fuels
harnessing solar energy, and the impact of green roofs and
green surfaces on urban microclimate improving thermal
comfort and energy savings. From the results, it is emerged
that the use of green technologies can improve liveability and
quality of a district in Turin.

Further developments on this topic will be investigated, and
other green mitigation strategies and smart technologies will
be assessed. Thanks to the proposed methodology, it is
possible to create a trans-urban ecological network through the
cities in Italy, providing a comprehensive GIS map of the
territory. The purpose is to implement GIS-based models,
evaluating the effect of green surfaces on urban comfort. In
further works the effect of evapotranspiration will be
evaluated in GIS by implementing the engineering model.

Finally, it is evident the need of bringing the research into
practice, creating an interface, in collaboration with the cities,
where architects, engineers and urban planners can access and
download the data, using the results as support for their
projects. The goal is to provide a platform to help urban
planners and policy makers to find effective solutions for
sustainable cities and smart energy systems.
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