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The use of smart green technologies such as solar panels or green roofs on the top of 

buildings are identified as low-carbon infrastructure strategies. This work examines the 

roofs’ potential in a densely built-up context, analyzing the effects of smart green 

technologies on energy savings and thermal comfort conditions at district scale. The 

methodology presented can be used to accurately estimate solar energy potential and green 

roof potential on existing building stock at national, municipal, district and building level, 

with direct application in energy efficiency policy design. With the support of a place-based 

approach, the methodology was applied to a district in the city of Turin (Italy). A 3D model 

was created, some scenarios have been investigated, and priorities of interventions have 

been established mapping the spatial distribution of different parameters. From the results, 

it is emerged that there is a significant potential in Turin, and the use of green technologies 

especially in critical areas with solar technologies can promote a more sustainable 

development of the city. Solar modules and green roofs have been used alternatively to 

maximize the benefits. The applicability of these technologies can be integrated in the 

Municipal Energy-Environmental annex of the Building Regulations of the city of Turin. 
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1. INTRODUCTION

The “Clean Energy for all Europeans Package” encourages 

all member states to achieve energy efficiency, to improve the 

use of renewables, and to promote a sustainable development 

of their countries. These objectives were implemented in Italy 

in December 2019 with the publication of the “Integrated 

National Plan for Energy and Climate”. This plan considers a 

new energy model that combines economic development and 

environmental sustainability through the energetic, 

environmental, and economic impacts of the construction 

sector for each territory.  

The decrease of energy consumptions in buildings is one of 

the measures to improve the livability and quality of cities 

reducing greenhouse gas emissions (GHG) and mitigating the 

urban heat island (UHI) effect [1, 2]. These emissions are in 

most part from non-renewable energy sources and the use of 

smart green technologies has become a viable cleaner 

alternative [3]. Therefore, the role of renewable energy 

sources (RES) such as the solar energy for sustainable energy 

production in cities is of the utmost importance [4]. These 

technologies are able to promote the livability of cities, to 

improve the quality of life reducing the energy consumption 

and GHGs in buildings, exploiting the RES, and mitigating the 

UHI effect [5, 6]. In addition, green-roof technologies, which 

have high thermal inertia technology, guarantee an excellent 

thermal behavior in both heating and cooling seasons with 

consequent good thermal comfort conditions [7-10]. Moreover, 

the combination of green roof and green walls improves 

buildings performance with a significant reduction in thermal 

consumptions [11]. 

In this work, the use of photovoltaic (PV) panels, solar 

thermal (ST) collectors and green-roofs technologies that 

provide environmental benefits [12, 13] have been 

investigated for different districts (‘mesh’ with a dimension of 

1 km x 1 km). The paper illustrates a place-based approach for 

assessing thermal and electrical monthly energy consumptions, 

usable solar energy potential of residential and non-residential 

buildings in order to promote the use of RES and the self-

consumption, green roofs potential to improve the indoor and 

outdoor thermal conditions reducing thermal energy 

consumption. 

The use of Geographic Information Systems (GIS) is 

fundamental for a place-based approach to analyse and design 

green technologies in sustainable-smart cities [14]. In several 

researches [4, 15-19] a GIS software has been used to 

determine the available rooftop area of a territory, identify 

obstructions or assess shadow effects on buildings, evaluate 

and map solar irradiation in urban areas, assessing energy 

consumption in buildings. In this work, a territorial database 

(DBT) using ArcGIS 10.7 has been organized in three main 

stages: (i) creation of 3D-building model for roofs analysis and 

classification, (ii) solar energy potential assessment, (iii) green 

roof potential assessment. Summing up, the aim of this 

research has attempted to address the following issues: 

• Development of a 3D city model with GIS software for

automatically reconstructing building roof structures in

large area with high accuracy.

• Design a methodology able to assess smart green

technologies on the rooftop of buildings.

• Evaluate how green roofs and/or solar panels can help

to mitigate the UHI, improve thermal comfort and
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reduce energy consumption of buildings in an urban 

context. 

• According to energy and environmental regulations 

and the availability of roofs areas in a territory, what 

are the retrofit interventions that can be carried out and 

how they can be financed with incentives and financial 

schemes? 

In this study, the concept of territorial energy resilience is 

developed considering: a territory environmentally, 

economically, and socially healthy; with energy efficient 

systems and energy saving technologies; exploiting the 

available renewable energy sources with low greenhouse gas 

emissions; and with an optimization model for demand-supply 

management [20, 21]. 

The methodology presented should help policy makers and 

local authorities for implementing energy management 

strategies in their urban areas, but also citizens in the reduction 

of consumption in dwellings participating in the energy market. 

To achieve a sustainable and resilient development of cities 

there is no one solution, but different strategies and 

technologies. In future research, other smart-green measures 

will be considered on the evaluation of energy savings and 

thermal comfort conditions, such as white roofs and vertical 

green walls. 

 

 

2. MATERIALS AND METHOD 

 

In this section, the input data and methodology used to 

examine roofs’ potential in a densely built-up context have 

been presented. A place-based model has been developed to 

improve energy management of buildings using smart green 

technologies – solar panels, collectors and green roofs – on the 

top of buildings in order to identify low-carbon infrastructure 

strategies. The described approach has been applied to a case 

study of the city of Turin, in Italy. Energy consumptions of 

buildings sector with monthly detail have been assessed at 

districts scale, and roofs suitability has been investigated to 

evaluate usable solar energy and potential green roofs. 

This methodology has been proven to be flexible and easily 

applicable in different districts and neighborhoods. On one 

hand, some neighborhoods and/or buildings are better suited 

for solar active technologies, where energy that can be 

produced using PV panels and ST collectors. On the other 

hand, some areas are more suited for installing green 

technologies like intensive and extensive green roofs. 

 

2.1 Input data collection and processing 

 

A georeferenced territorial database (DBT) was organized 

using ArcGIS 10.7, and a 3D-roof model for buildings has 

been created. The DBT includes:  

• Remote sensing images from Landsat 8 (OLI/TIRS) 

with a precision 30 meters, that have used to analyze 

the land cover types (territorial scale) [22]; 

• Orthophotos with RGB (red, green, blue) and IR 

(infrared) spectral bands with a precision of 0.1 meters 

(building scale) useful to evaluate color tones [7]; 

• Digital Surface Models (DSM) with a precision of 0.5 

and 5 meters, represents the earth’s surface and 

includes all objects (surfaces of trees, buildings), have 

been used for roof analysis and solar radiation 

assessment on the rooftop (building scale) [23]; 

• Building data from Municipal Technical Map that gives 

information on a building’s footprint, area, volume, 

number of floors and type of users (building scale) [24];  

• Local climate data from weather stations (WS) with 

monthly and hourly precision: air temperature, relative 

humidity, vapor pressure, wind velocity and the solar 

radiation [22]; 

• District heating (DH) energy consumptions of 

residential buildings with monthly and hourly precision 

(building and districts scale) [25]; 

• Energy Performance Certificates (EPC) database from 

Piedmont Region [26]; 

• Socio-economic data from ISTAT census section and 

urban variables (building blocks scale) with the 

characteristics of technological systems [27]. 

 

2.2 Methodology for roofs analysis 

 

With the presented approach is possible to classify roofs 

according to material, height, area, slope, orientation, and 

hours of sunlight. According to Zheng et al. [28], a 3D-roof 

model for each building was reconstructed according to the 

input data of the entire city. After this first analysis, the roofs’ 

potential in a densely built-up context has been assessed 

analyzing also the effects of smart green technologies on 

energy savings and thermal comfort conditions in the 

buildings’ sector. In the following sub-sections, the 

methodology used to create a 3D-roof model, and to assess 

solar energy and green roofs potential has been investigated. 

 

2.2.1 Roofs analysis and classification 

The potential of roof retrofitting depends on: the structural 

static capacity of the buildings, the cover material and the 

physical aspects of the roof, such as the available surface and 

inclination [28]. In addition, the local built environment plays 

a significant role in urban areas, due to the shadowing effects 

of the surrounding buildings [29]. 

Starting from previous research [7], a simple approach was 

developed to rapidly quantify the roof areas with a 3D-model. 

This method allows to classify the geometry of roofs for large 

amount of areas, according to solar energy and green-roof 

design criteria, as input for the planning process. Figure 1 

shows the main steps for roofs classification, and in Table 1 

the rules for roof type determination have been indicated. 

 

 
 

Figure 1. GIS-based methodology for roofs classification 
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Table 1. Roof type classification [28] 

 

Roof type Rules 

 

Flat roof: has one plane, at least 27% of roof 

area has slope < 11°. 

 

Shed roof: has one plane, at least 80% of roof 

area has one orientation. 

 

Gable roof with N-S: has two planes, more 

than 30% of roof area has N-orientation AND 

30% has S-orientation. 

Gable roof with E-W: has two planes, more 

than 30% of roof area has E-orientation AND 

30% has W-orientation. 

 

Hipped/pyramid roof: has four planes, each 

plane contains more than 15% of roof area for 

each orientation. 

 

Half-hipped roof: has three planes, each plane 

contains more than 20% of roof area for each 

orientation. 

 

In particular, a 3D analysis was carried out according to the 

following steps: 

• The information of building footprints, obtained from 

Municipal Technical Map of the city, was used to 

quantify the roof areas: buildings with area higher than 

50 m2 were classified as solar potential roofs, and with 

area higher than 100 m2 were identified as potential 

green roofs. 

• The roof material was analyzed with the Feature 

Analyst (FA) tool that is an extension of ArcGIS 10, 

using as input data orthophotos with high precision of 

0.1 meters [30]. This tool allows roofs to be classified 

according to the cover type (tiled and non-tiled roofs). 

• The roof slope was assessed with the ‘Slope’ tool in 

ArcGIS using the DSM (precision of 0.5 meters). 

Firstly, the roofs were classified into two categories: 

‘flat roofs’ with a slope of less than 11° (potential 

intensive green roof), and ‘pitched roofs’ with slope ≥ 

11°. This second category has been differentiated in 

roof with slope of less than 20° (potential extensive 

green roof), and roofs with a larger slope than 20° 

(potential solar roof) [7]. 

• The roof orientation was assessed with the ‘Aspect’ 

tool in ArcGIS using the DSM. Eight classes of 

orientation have been identified according to aspect 

values (that varies between 0° and 360°):  

- North: aspect ≤ 22.5° or aspect > 337.5°;  

- North-East: 22.5° < aspect ≤ 67.5°;  

- East: 67.5° < aspect ≤ 112.5°; 

- South-East: 122.5° < aspect ≤ 157.5°; 

- South: 157.5° < aspect ≤ 202.5°; 

- South-West: 202.5° < aspect ≤ 247.5°; 

- West: 247.5° < aspect ≤ 292.5°; 

- North-West: 292.5° < aspect ≤ 337.5°. 

Taking into account slope values, pitched roofs were 

classified into five categories: gable roofs with north-south 

orientation, gable roofs with east-west orientation, 

hipped/pyramid roofs, shed roof, half-hipped roof [28]. 

• The roof disturbing elements, such as dormers and 

antennas, have been identified with the ‘Zonal Statistics’ 

tool in ArcGIS using the orthophotos, the annual solar 

radiation analysis, and the hillshade analysis (made 

using the DSM and the ‘Hillshade’ tool of ArcGIS). By 

overlapping the results of the statistical analysis, the 

disturbance percentage for each roof was identified. 

 

2.2.2 Solar energy potential assessment 

The solar energy potential has been investigated identifying 

the available rooftop areas and quantifying the total solar 

radiation on the rooftop (Figure 2). Therefore, the solar energy 

that can be produced from the monthly solar radiation has been 

estimated at urban scale for each building according to its 

technical potential. The hypothesized panels’ area was 

assessed considering the area of the roofs with better solar 

exposition. According to the literature review [15, 31-33] the 

criteria used to identify suitable rooftops for solar panels and 

collectors are: 

• Historic, static, architectural and regulation constraints; 

• Roof material (no green, no red tiles), disturbing 

elements, and construction restrictions; 

• Minimum available surfaces (roof area > 50 m2); 

• Suitable rooftops should have a slope between 20-45°; 

• Roof areas with North orientation have been excluded, 

as north-facing rooftops receive less sunlight; 

• Roof area should receive at least 1,200 kWh/m2/year of 

annual solar radiation. 

Therefore, the annual and monthly solar radiation have been 

calculated using the ‘Area solar radiation’ tool in ArcGIS in 

order to identify available roofs areas. From ‘Photovoltaic 

Geographical Information System PVGIS’ portal of JRC, the 

monthly data of atmosphere transparency (τ) and ratio of 

diffuse radiation to global radiation (ω) have been identified 

for the specific territory. The solar potential assessment 

considers the monthly shadows of all obstructions. The quota 

of annual and monthly incident global solar radiation was 

quantified with a precision of 0.5 meters using the DSM of the 

entire city.  

Regarding PV productivity, the efficiency of converting 

solar energy into electricity varies mainly according to the 

photovoltaic module technology chosen. In this work, the 

efficiency value is equal to 15% (standard efficiency 

polycrystalline silicon module), and the system performance, 

that consider the energy losses of all system components, is 

estimated to be around 75%.  

Regarding ST productivity, the ST collectors used had a 

variable monthly efficiency of 43-75% and a system 

performance ratio of 75%.  

The hypothesized PV and ST areas have been dimensioned 

in order to not have an overproduction of thermal and 

electrical energy during summer months. 

 

2.2.3 Green roofs potential assessment 

This section presents a flexible approach that allows to 

evaluate the presence of existing and potentially future green 

roofs [7]. Various tools were integrated in ArcGIS to produce 

accurate land cover and vegetation maps. The first step was an 

analysis of the green areas and vegetation of outdoor urban 

spaces, the second one was a 3D evaluation of built-up 

environment and finally the green roofs potential assessment. 

The following criteria were used to select the potential green 

roofs (Figure 2): 

• Historic, architectural and regulation constraints; 

• Roof material (high-reflectance and vegetated roofs); 

• Suitable roofs should have roof area larger than 100 m2; 

• Roof slope less than 11° for flat roofs (intensive green 

roofs) and roof slope between 11° and 20° for pitched 

roofs (extensive green roof); 
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Figure 2. GIS-based methodology for roofs potential assessment 

 

• More than 3 hours of sunlight (sunny roofs). In fact, to 

allow the growth of vegetation [34], sunny roofs with 

three or more hours of sunlight were identified as 

‘potential’, while the shaded roofs (less than 3 hours of 

sunlight) were classified as ‘non-potential’.  

The building roofs were thus classified into three typologies: 

existing green roofs, potential green roofs, and non-potential 

green roofs. According to the slope, two typologies of 

potential roofs were identified: intensive green roofs (flat roofs) 

that not require special structure measures, and extensive 

green roofs (pitched roofs). 

 

2.3 Monthly engineering energy model application 

 

The energy consumption of buildings has been simulated 

using a monthly engineering model [35, 36] in order to identify 

the most critical areas and evaluate the energy savings after the 

installation of the green technologies analyzed in this work. 

The following subsections present urban-scale energy 

models used to estimate thermal (both for heating and 

domestic hot water) and electrical consumptions in order to 

size PV panels and ST collectors. Solar energy potential was 

compared to energy demand per district (mesh of 1 km2). The 

decrease of non-renewable thermal and electricity needs has 

been estimated considering both possible installations of PV 

and ST systems (self-consumption). 

 

2.3.1 Energy consumptions assessment 

Energy consumptions for space heating and domestic hot 

water of residential buildings with monthly detail have been 

simulated at district level (‘mesh’ with a dimension of 1 km2) 

for three consecutive heating seasons (2012-13, 2013-14 and 

2014-15). This analysis was made using a monthly 

engineering energy model [35, 36] able to predict thermal 

consumptions at urban area (case study dimension: 38 km2, 

30% of the city area with 545,696 inhabitants). 

Thermal consumptions for space heating and domestic hot 

water of non-residential buildings have been assessed 

according to Mutani and Todeschi [37], using a hybrid 

approach matching bottom-up, top-down and engineering 

models. In this case, annual thermal consumptions have been 

distributed during months according to the number of days and 

the temperatures variation between the internal building air 

temperature and the external air temperature (climate data 

refer to the nearest weather station).  

Electrical consumptions for residential and non-residential 

sectors have been quantified considering a typical family with 

a certain number of components and: (i) the average 

consumption of an Italian family of about 2,700 kWhel/year 

and the number of families available from ISTAT database 

(2011); (ii) the annual consumption of 2,049 kWh/year from 

Regional Database for the reference year 2014 [38]. The 

annual electrical consumptions have been distributed during 

months according to the number of workdays and holidays. 

 

2.3.2 Energy savings and thermal comfort assessment 

The impact of PV panels, ST collectors and green-roofs 

technologies on energy savings and on indoor and outdoor 

thermal comfort has been assessed. Regarding solar 

technologies, the electrical and thermal consumptions were 

compared with the PV and ST potential production. Regarding 

green-roofs technologies, thermal comfort conditions and 

energy savings have been quantified before and after the 

installation of these technologies. In addition, some 

parameters have been used to describe the UHI mitigation –

the ‘Normalized Difference Vegetation Index’ NDVI, the 

albedo, and ‘Land Surface Temperature’ LST– thermal 

conditions of buildings and urban environments. 

Three scenarios have been investigated: 

1. The maximum green potential roofs has been exploited 

(flat roofs and pitched roofs with slope between 11° and 

20°) and the remaining potential areas have been used 

for solar energy production; 

2. The maximum solar potential roofs has been exploited 

(considering also pitched roofs with slope between 11° 

and 20°) and the remaining potential areas have been 

used for green-roof technologies; 

3. According to a previous research [7], the critical areas 

with the worst air quality conditions have been 

identified as priority areas for the installation of green-

roof technologies (see Figure 13, red areas), which 

allow the mitigation of the UHI; other areas (with 

mainly residential buildings) have been considered for 

solar energy production. 
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3. RESULTS AND DISCUSSION 

 

The effects of smart green technologies on energy savings 

and thermal comfort conditions in the buildings’ sector have 

been analyzed at territorial level for the city of Turin. From the 

results, it is emerged that the use of green technologies in 

critical areas can promote a more sustainable development of 

the city. 

Accordingly, considering the shape, the slope, the 

orientation of roofs, the presence of obstacles and the shadings 

due to the built environment, results show that: (i) some 

neighborhoods are better suited for solar power deployment, 

in which the energy that can be produced using photovoltaic 

panels and solar collectors was assessed; (ii) while other areas 

are more suited for installing green roof technologies: 

intensive and extensive green roofs. 

 

3.1 Model application 

 

The methodology presented in this work has been applied 

to ‘Pozzo Strada’ district in the city of Turin, and the results 

have been calculated for a mesh with a dimension of 1 km2 

with 21,520 inhabitants. 

 

3.1.1 Roofs analysis and classification 

The roofs of over 700 buildings in the city of Turin have 

been analyzed and classified according to their geometric 

characteristics. Figures below show the main steps necessary 

for the building’s categorization: evaluation of the roof slope 

(Figure 3); evaluation of roof surfaces considering eight 

orientations (Figure 4); classification of roofs into six 

categories (Figure 5).  

 

 
 

Figure 3. Roof slope analysis (slope, degree) 

 

The 16% of buildings have flat roofs, only the 2% have shed 

roof, half-hipped and hipped/pyramid are respectively the 3% 

and the 8%, the gable roofs represents as much as 70% of the 

roofs, typical for residential buildings in Turin. In the analyzed 

district the 79% of buildings are residential. According to four 

building sectors – industrial, municipal, residential and tertiary 

– the main results of roof orientation analysis were indicated 

in Table 2 and Figure 6. It is possible to observe that a large 

quota of residential buildings has an optimal orientation for 

solar energy production (E-W). 

 

 
 

Figure 4. Roof aspect analysis (orientation, degree) 

  

 
 

Figure 5. Roof classification (type of roof) 

 

Table 2. Roof analysis for a district in Turin (IT) with a dimension of 1 km2 and values for the entire city are indicated in 

brackets 

 

Sector No build. Flat roof [103 m2] Pitched roof [m2] Slope pitch. roof [°] Main orientation 
Suitable 

roof areas [m2] 

Ind. 70 (4950) 17 (2,138) 17 (3,574) 17 (20) N-S (N-S) 19,533 

Mun. 53 (5561) 8 (748) 18 (1,292) 21 (24) S-E (N-S) 15,672 

Res. 572 (44224) 20 (870) 139 (8,670) 25 (25) E-W (N-S) 93,172 

Ter. 33 (4109) 20 (1,160) 8 (710) 13 (24) S-E (N-S) 15,949 
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Figure 6. Areas of pitched roof distinguishing eight 

orientations and four building sectors 

 

3.1.2 Solar energy potential assessment 

In this analysis, the sun and sky models were elaborated 

with the support of GIS tool ‘Area solar radiation’ considering 

the monthly data of atmosphere transparency (τ) and ratio of 

diffuse radiation to global radiation (ω) identified from the 

‘Photovoltaic Geographical Information System PVGIS’ of 

JRC [20] (in Table 3). 

 

Table 3. Monthly sun and atmosphere characteristics 

 
Month 01 02 03 04 05 06 

ω [-] 0.46 0.40 0.35 0.38 0.41 0.40 

τ [-] 0.46 0.58 0.64 0.66 0.71 0.74 

Month 07 08 09 10 11 12 

ω [-] 0.41 0.45 0.38 0.46 0.49 0.40 

τ [-] 0.73 0.69 0.66 0.56 0.46 0.42 

 

 
 

Figure 7. Monthly solar radiation (Wh/m2/month) 

 

 
 

Figure 8. Annual solar radiation (Wh/m2/year) 

In Figure 7 monthly results have been indicated for some 

months, where the solar radiation values are obviously higher 

in summer, compared to winter, and the Figure 8 shows the 

values of annual solar radiation (Wh/m2/y) calculated for a 

district. 

 

3.1.3 Green roofs potential assessment 

Potential green roofs have been identified according to roof 

typology (Figure 9). In particular, on 109 buildings, the quota 

of flat roofs identified as potential is equal to 64,458 m2, while 

the potential pitched roofs with a slope less than 20° represent 

a small potential of 2,629 m2. 

 

 
 

Figure 9. Potential green roofs 

 

3.2 Energy savings and thermal comfort assessment 

 

The results of the three scenarios analyzed are presented 

below (Figures 10, 11, 12, 13). 

In the first scenario, the maximum green potential roofs 

have been exploited and the 28% of the total roof areas 

(237,461 m2) have been identified as potential of green roofs. 

The ST collectors and PV modules have been dimensioned 

according to the consumption of residential and non-

residential users (domestic hot water and electrical 

consumptions).  

In scenarios 2 and 3 the roofs identified as potential green 

roofs decreased in favor of the use of PV and ST technologies, 

and the percentage of green roofs compared to the total roof 

areas is 27%. The ST production have been dimensioned (as 

scenario 1), and there is an overproduction from PV modules 

from June to August, with a surplus of 9% in the scenarios 2 

and 3. 

In the third scenario, critical areas have been identified 

(Figure 10) and, in these zones, green roof technologies have 

been assessed; in the other areas ST collectors and PV panels 

have been dimensioned considering residential and non-

residential demand. 

According to literature review [7, 39], in scenario 1, the 

energy saving after the installation of green roofs is equal to 

1,669 MWh/year, which corresponds to 2% of thermal 

consumptions of residential and non-residential buildings for 

space heating and domestic hot water production. In the other 

two scenarios (2 and 3), energy savings are 1.5%. Regarding 

ST collectors, the domestic hot water consumptions cover on 

average 53% of consumption, the percentage reaches 100% 

during the summer months (in June and July), while in the 

winter months (December and January) ST production is able 

to cover about 10% of the residential consumptions (in Figure 

12). 
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Figure 10. Scenario 3: Building block classification 

according to three classes of thermal comfort conditions 

(green: Good, yellow: Acceptable, red: Bad) 

 

 
 

Figure 11. Scenarios 1-2-3: Analysis results of the potential 

intensive (flat roof) and extensive (pitched roof) green roofs 

 

 
 

Figure 12. Scenarios 1-2-3: Analysis results of the rooftop 

ST collectors (monthly solar productivity) 

 

 
 

Figure 13. Scenarios 1-2-3: Analysis results of the rooftop 

PV panels (monthly solar productivity) 

As regards electricity consumptions, in scenario 1, PV 

production covers on average 57% of residential and non-

residential electricity consumption (in the summer months it 

covers 100%, in the winter months 9%). In scenarios 2 and 3 

there is an overproduction of 9% in the months from June to 

August, on average the 58% of the annual electricity demand 

are covered. 

As previously mentioned, in addition to the reduction in 

consumption and GHG emissions, green roofs contribute to an 

improvement of indoor and outdoor thermal comfort 

conditions, improving the livability of outdoor urban areas. 

There are some parameters which allow to describe the UHI 

effect and the climate/local-climate characteristics of urban 

environment. According to other studies [40, 41], LST and the 

air temperature tend to decrease more or less rapidly as the 

green areas increase, depending also on the type of urban 

morphology. 

According to previous researches [7, 41] the local climate 

conditions can been investigated using the LST. From the first 

scenario, where the green roofs areas is 66,302 m2, compared 

to the other two scenarios (with on average 64,500 m2 of green 

roofs) the difference in LST temperature could be 0.5°C [7]. 

 

3.3 Energy and environmental regulations 

 

The feasibility of energy efficiency interventions has been 

assessed considering energy and environmental regulations for 

the city of Turin: 

• Municipal buildings regulation with the energy- 

environmental annex (building codes); 

• Financial schemes: ‘Facades Bonus’ and ‘Ecobonus’; 

• Laws and constrains. 

Three conditions were investigated for the installation of 

smart green technologies (according to National Decree 

28/2011 and Ministerial Decree 2015/06/26).  

The roofs albedo in the district analyzed varies between 

0.15 and 0.26 (for few buildings, mainly industrial, the albedo 

is 0.33) [42]. After retrofit measures with green roofs, the roof 

albedo criterion is respected due to the installation of passive 

summer air conditioning technology (i).  

Regarding ST collectors’ installation, the following 

criterion has been verified (ii): at least the 50% of the annual 

domestic hot water consumption must be covered by the ST 

production; in this analysis the 53% have been covered for the 

three scenarios.  

The third criterion, that has been verified, concerns the 

production of electricity from PV panels (iii). The installed 

electric power (in kW) must be greater than or equal to P, 

where P is (1/50)·S and S is the footprint area of the building 

(m2). The criterion was verified for the three scenarios. 

According to the installed power and the annual utilization 

hours of use, which for the Piedmont region are 1,130 hours 

[43], the electricity produced from PV panels was assessed. 

Therefore, knowing that a typical Turin family needs 2,049 

kWh/year for electricity supply and, in the district analysed, 

the number of families is equal to 10,638 (ISTAT data), in the 

first scenario 91% of the annual residential electrical 

consumption have be covered, and the 100% for the other two 

scenarios has been reached.  

 

 

4. CONCLUSIONS 

 

The energy efficiency policies and low-carbon strategies on 
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new buildings are not enough to significantly decrease the 

energy consumptions of a district or neighborhood, and it is 

necessary include the renovation of existing building stocks 

that have a significant impact on the energy savings and UHI 

mitigation of a city. There is no one solution, but different low-

carbon strategies and smart green technologies should be used 

depending on the constraints, regulations, buildings and urban 

morphology. 

The place-based assessment presented in this work can 

evaluate the available solar irradiation on the building’s roofs, 

existing and potential green roofs with the relative energy 

savings, and the relationship between the climate and the new 

vegetated areas in the urban environment. In addition, the 

monthly engineering model –used to estimate the thermal 

energy consumption of buildings– have been implemented 

considering the attics inhabited and therefore heated; this 

upgrade consented to correct the heated volumes and the 

dispersing surfaces of the buildings according to the presence 

of disturbing elements of the rooftop. 

Further developments on this topic will be investigated, and 

other effective green and renewable technologies will be 

identified. The goal is to provide a platform, such as an energy 

atlas, to help stakeholders, citizens, urban planners and policy 

makers to plan sustainable cities and smart energy systems, 

and to obtain information, at different scales, about energy 

consumptions, production, emissions and thermal comfort 

conditions. 
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