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ARTICLE INFO ABSTRACT
Keywords: The aim of this work is to study the effects of utilizing cleaner technologies in district heating networks and assess
Urban building energy modeling their contribution to the energy transition within densely populated urban areas. In this context, this study

Solar thermal collectors
Photovoltaics
District heating

presents a methodology using Urban Building Energy Modeling (UBEM) with a place-based approach to assess
the potential of integrating solar thermal collectors for space heating and hot water production services.
Geographic information system Moreover, it compares their feasibility with photovoltaic panels. The proposed methodology can be applied to
Self-consumption various urban contexts with different climate conditions using an open-source tool and available databases. The
Self-sufficiency methodology adopts a bottom-up approach with a building as the territorial unit, and it takes into account site
specific climate condition, building characteristics, urban features, and local constraints. The key step presented
in this work is a detailed roof segmentation method used to evaluate the available areas on different roof ori-
entations. The results show an increase in self-consumption and self-sufficiency levels when solar production is
utilized for multiple energy services compared to a single service. This increase is three-fold in self-consumption
index when hot water is added to the space heating service (a rise from 10% to 31%), and double for self-
efficiency index, that is, from 12 to 24%. By using energetic, economic and social indicators, this study con-
tributes to defining target indicators and indexes, while considering local constrains, to achieve the overarching
goal of sustainability in energy system. This is aligned with the efforts that are being made to create sustainable
cities through collective actions.

highlights the urgent need for innovative solutions to decarbonize en-

1. Introduction ergy systems, particularly for thermal energy. Within this framework,

cities — due to their diverse end-use sectors — present significant op-

portunities to address this challenge and to integrate more renewable
energy [6].

Among possible technologies, solar collectors/panels have emerged

The increasing demand for energy, which is driven by rapid urban-
ization and industrial growth, presents a major challenge in reducing
energy-related carbon emissions. By 2018, urbanization in the European

Union (EU) had reached 74.5 % and it is expected to reach 83.7 % by as a promising solution due to their installation flexibility, even in dense
urban settings. The photovoltaic market is growing fast, with a com-

pound annual growth rate of 25.88 % by 2032. Meanwhile, the global
solar thermal market grew by 3 % in 2021, becoming the third-largest
energy supplier after wind power and photovoltaics [7]. Italy experi-
enced a remarkable annual growth of 83 % in 2021, sustaining mo-
mentum with a 43 % increase in 2022.

2050, highlighting the need to mitigate the increasing energy demand in
densely populated urban areas. In this context, integrating renewable
energy technologies into urban environments and transitioning to sus-
tainable energy sources have become crucial strategies to respond to
climate change concerns [1].

Following the implementation of ambitious targets and agreements,

the share of renewables in the EU increased from 12.5 % in 2010 to 23 % The building and industrial sectors currently consume about 97 % of
their final energy for heat; 53 % from industrial processes, while 44 % is

used in buildings for space heating and hot water [8]. The heating sector
remains heavily dominated by fossil fuels, with only 11 % of global
heating needs met by renewables in 2021. The contribution of

in 2022 [2]. However, despite policies and targets outlined in docu-
ments, such as the Paris Agreement [3] and the concept of a Circular
Economy [4], fossil fuels still dominate the global energy mix, ac-
counting for 70 % of the EU’s gross available energy [5]. This reliance
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Nomenclature ML Machine Learning
NDVI Normalized Difference Vegetation Index, [-]
C Consumption, kWh OPI Over Production Index, %
CAP Postal Code (Codice di Avviamento Postale, in Italian) P Production, kWh
CDD Cooling Degree Days, °C PR Performance Ratio, %
DHN District Heating Network Qn — Q. Energy Production, kWh
DHW Domestic Hot Water RES Renewable Energy Source
DSM Digital Surface Model RMSE  Root Mean Square Error
DTM Digital Elevation Model SC Self-consumption, kWh
E Electrical energy SCI Self-consumption Index, %
Ep Exergy, kWh SSI Self-sufficiency Index, %
EP Energy Poverty STC Solar thermal collectors
EPI Energy Poverty Index, % T Temperature, K
H Space Heating T Linke turbidity factor
HDD Heating Degree Days, °C UBEM  Urban Building Energy Modeling
LGBM  Light Gradient Boosting Machine

renewables to space heating and cooling reached 22.9 % in Europe in
2021 [5], which is twice the global share, but this production still does
not cover even a quarter of total heat consumption.

Given that heating accounts for most of the final energy consumption
across all the different sectors, solar thermal energy holds great poten-
tial, not only in providing hot water and space heating but also as a
sustainable solution for district heating networks (DHNs) in urban areas
[9]. The scalability of solar thermal for urban district heating (DH)
systems could be a cost-effective path to achieve carbon-neutral DH
systems, aligning with climate targets set by the member states. The “Net
Zero Emissions by 2050 Scenario” [10] presents a promising strategy by
the member states, as it combines clean energy technologies with energy
efficiency measures.

Despite remaining stable in 2022, DH systems continue to supply
around 9 % of the global final heating demand for buildings and industry
[11]. However, since DH is responsible for nearly 4 % of global CO5
emissions, urgent action is needed to reduce its emissions. To meet
climate targets, the CO, intensity of district heat production should
decrease by at least 20 % by 2030 compared to the 2022 levels. How-
ever, fossil fuels still dominate the DH supply market, with renewables
composing only a small share. Some European countries, such as Swe-
den, Denmark, and Austria, lead in renewable integration, with over 50
% of DH systems sourced from renewables.

The building and industry sectors consume roughly equal shares of
the heat generated by DH plants, thereby highlighting the crucial role of
DHN s in decarbonization. Thus, fostering the integration of Renewable
Energy Sources (RES) into existing DHN is essential.

Recent studies have analyzed the integration of Solar Thermal Col-
lectors (STC) into existing DHN demonstrating their potential to meet
significant portions of the total energy demand. For instance, in Latvia,
which had an annual energy consumption of 51,643 and 53,220 MWh in
2019 and 2020, STC contributed by 14.7 % and 20.5 %, respectively. A
further expansion of STC areas could potentially increase this contri-
bution to 50 %, with an optimal energy storage volume of 8000 m® [12].

A recent study examined energy upgrading of a neighborhood in
Yverdon-les-Bains, Switzerland [13]. It assessed the integration of new
buildings with STC into a low-temperature DHN, revealing that the
district was both energy flexible and self-sufficient. The results indicated
that the district functioned as a Zero Energy District for 28.9 % of the
year, emphasizing the importance of dynamic performance assessment
in redevelopment strategies.

Another study examined solar heat injection into DHN in
Switzerland, highlighting its potential as a low-carbon alternative [14].
The authors found that solar heat accounted for approximately 17.7 g
CO2.¢q per kWh of useful heat, with manufacturing components and
operational energy-use being the main environmental impact factors.

Sensitivity analyses showed that parameters such as lifetime, efficiency,
and electricity mix significantly affect greenhouse gas (GHG) emissions.
This study provided valuable insights for promoting sustainable heating
solutions and suggested future research on synergies with other low-
carbon energy carriers and storage solutions for intermittent solar
thermal production [14].

Despite the benefits of integrating STC into existing DHN, challenges
remain. Selvakkumaran et al. not only highlighted the drivers but also
the barriers to integrating solar prosumers into the Swedish DH system
[15], including cost, technical challenges, and policy uncertainties,
thereby hindering the integration of solar heat into DH systems.

These studies have demonstrated the benefits of integrating STC into
DHN and underscored the crucial role of the building sector in decar-
bonizing the existing energy supply systems in cities. The following
sections will present a flexible methodology for analyzing STC produc-
tion at different temperatures to meet the energy demand using the local
DHN. Additionally, a feasibility study is conducted to compare STC with
PV technologies, presenting the energetic, economic, and social impacts.

2. Knowledge gap and the objective of the work

This work focuses on integrating STC into existing DHNs to advance
renewable energy use in dense urban environments and optimize
existing energy systems. There is a need for urban-scale assessment
methodology that accounts for the site-specific characteristics of the
built environment — including physical, regulatory, and legal con-
straints that can limit the installation of solar technologies. In this
context, the work employs a data-driven Urban Building Energy
Modeling (UBEM) approach [16] to analyze integration scenarios of STC
in the DHN of Turin (Italy) and compare these scenarios with those of PV
systems.

The contributions of this work can be defined as follows:

e Urban-scale roof assessment: a detailed roof segmentation analysis is
introduced to calculate the net roof area for each different roof
orientation, excluding the constraints. This allows the analysis and
comparison of the potential production from each roof orientation.
Maximizing self-consumption: the work presents several scenarios to
identify the most effective strategies for maximizing self-
consumption (SC) from STC and PV technologies.
e Economic and social feasibility: besides the energetic indexes, the
work examines the economic and social implications of integrating
solar technologies into existing energy systems.

Overall, this research addresses a critical gap in understanding how
detailed analysis of solar technologies can be effectively deployed in
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[ 1. Input data collection ]

[

3.1 Modeling Solar

3.2 Modeling Energy
irradiation
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= Urban built environment:
DTM, DSM
* Building scale data:
Building shapefile, geometrical and typological data
*  Weather data:
air temperature, solar irradiation, D/G, TL, ...
* User data:
hourly user profiles, number of inhabitants, ...
*  Measured data:
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[ 2. Data pre-processing ]
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* Exergy analysis
»  Cost optimal analysis
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+ For residential buildings with
o Different roof orientations
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Fig. 1. The general methodology for QGIS-based STC and PV analysis.

urban settings to achieve sustainability goals, reduce dependency on
fossil fuels, and integrate more RES into existing energy systems [17].
This evaluation aligns with the European Union’s decarbonization ob-
jectives and provides insights relevant to various urban contexts.

3. Materials and methods

This work has used a place-based methodology to analyze the solar
energy potential in Turin by simulating solar irradiation on all building
rooftops using the open-source tool QGIS (Quantum Geographic Infor-
mation System, version 3.34). QGIS is a GIS platform that supports
spatial analysis, data visualization, and geospatial modeling. For solar
irradiation calculations, QGIS integrates advanced plugins, which uses
3D models of the built environment to simulate solar exposure and
shadowing effects. This capability allows for accurate estimation of solar
potential across urban landscapes. The general methodology for QGIS-
based solar technology analysis is presented in Fig. 1.

The first step is data collection, which shows that this methodology
can be adapted to different urban contexts; using diverse input data,
which may vary across different spatial and temporal scales. Since a 3D
representation of the built environment is needed for the irradiation
simulation, a Digital Surface Model (DSM) was used in this work.
However, if this input data is not available, alternatives, such as 2D
building footprints extruded by their heights, can be employed. This
approach ensures flexibility of the method across diverse datasets and
emphasizes the impact of the accuracy of input data on the final
outcomes.

Step 2 is the most critical step in this methodology, as it involves
creating a geo-database from the pre-processed input data, which forms
the core of the model. This step includes two main analyses:

e Segmenting building roofs, assigning each segment its orientation
and slope, and calculating the available roof area for panel instal-
lation while accounting for physical, cultural, historical, and legal
constraints,

e Pre-processing and cleaning measured consumption data, georefer-
encing them to be associated with the building layer. This step is
essential to train the ML model to predict energy consumption for all
residential buildings in Turin.

The accuracy of the analyses in this step is essential for the final
evaluation of solar technology potential. Therefore, extensive process-
ing and testing are conducted to ensure a high quality of the geo-
databases used in the subsequent steps.

Step 3 applies the modeling of the energy production and con-
sumption for all residential buildings. In this work, solar irradiation
simulations consider the real sun and sky conditions and the
morphology of the city of Turin, with the different monthly and daily
variations.

For energy consumption modeling, a data-driven model is used to
evaluate the space heating and domestic hot water consumption. While
for electricity consumption, typical monthly profiles of residential users
were applied to each dwelling.

Step 4 is the model validation. The results of the space heating and
domestic hot water consumption modeling was compared against real
measured data. The solar simulations were validated by comparing their
results with PVGIS; a free web application for solar radiation and PV
analysis. The validated models ensure that the energy consumption and
production of the buildings would be correctly used in testing future RES
integration scenarios.

Step 5 associates the energy consumption with production data to
evaluate various sustainability indicators and indexes. Considering
different scenarios, it was possible to analyze: PV and STC productions,
self-consumption and self-sufficiency indexes, energy and investment
costs, and energy poverty.

4. Input data
This section provides the input data used in QGIS for this work. At

this point, it is important to stress the importance of input data precision
for model reliability.
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Table 1
Typical days, average solar irradiation (Hgay,avg) and input data for the solar characteristics over the different months.
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Typical day 17 16 16 15 15 11 17 16 15 15 14 10
Haay,avg [kWh/m2] 1.75 2.56 3.90 4.92 5.74 6.45 6.60 5.78 4.45 2.75 1.69 1.41
D/G [-] 0.43 0.42 0.39 0.41 0.42 0.39 0.36 0.37 0.39 0.46 0.50 0.47
Ty [-] 2.58 2.79 3.26 3.77 3.74 3.76 3.51 3.43 3.34 3.25 2.84 2.55

Urban built environment. A Digital Surface Model (DSM), with 1 m
precision, was used for the 3D representation of the city of Turin. This
precision provides a good balance between simulation cost and result
accuracy considering urban scale analysis [18,19]. However, a Digital
Terrian Model (DTM) or extruded building footprints (the height of the
buildings being known) can also be used as alternative data for the urban
environment representation in case a DSM is not available.

Building data. The building characteristics were downloaded from the
BDTRE (Base Dati Territoriale di Riferimento degli Enti piemontesi), the
geoportal database of the Piedmont Region related to the year 2023
[20]. A total of 44,289 buildings (and building blocks) were available for
the city of Turin, with 53 % having been categorized as only residential
buildings. Additionally, the cultural and historical constraints (art. 10 D.
Lgs 42/2004) were downloaded from the regional geoportal [21].

Solar radiation parameters. The used weather data as an input for the
solar irradiation simulations were the average monthly values of diffuse-
to-global solar irradiation (D/G) for 2006-2020 [22]. Another weather-
related data were the monthly average Linke turbidity factors (T.) ob-
tained from Meteonorm (version 8.0) [23]. D/G is an important
parameter in understanding the scattering ratio of solar radiation, and it
can vary according to the atmospheric conditions, such as cloud cover.

Similarly, T;, was used to evaluate the state of the solar radiation
transmittance of the atmosphere in a specific location. Both parameters
are fundamental in solar assessment for the irradiation simulation in the
QGIS environment. Table 1 provides the monthly values of both pa-
rameters, together with the average solar irradiation for a typical day in
each month, selected based on the work of Duffie & Beckman, 1991
[24].

Residential users. The number of inhabitants and families in each
building were calculated using the population data of the census sections
from the Italian National Institute of Statistics (ISTAT) [25].

Energy consumption data. The available measured data covered the
typical consumption of residential families in Turin. The space heating
and domestic hot water consumption data were taken from those
recorded by the local DH company during the 2022-2023 period. The
typical electrical energy consumption (E) of residential users was
derived from ARERA [26].

5. Data pre-processing

The input data provided in the previous section were pre-processed
to assign them to the residential buildings used in this work. This step

: Clip the aspect for . ; i Convert the segmented
galculate the roofs using Use i.Segment _t°°| In QGIS: raster image to polygons
spect | Clip raster by 7| *Input raster: clipped roof aspect =% ysing Polygonize (raster 1
using DSM mask layer tool = Difference threshold: 0.2 to vectors tool ‘
Categorize the segment based on Calculate the area of each Assign the building
area: | segment for each building ID for each segment
Area>6m? -> roof area "1 with the field calculator |~ | using Join by
Area < 6m? -> disturbances ‘ location tool
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The final resulting layer is the available net roof area on each roof segment, eliminating
the physical (A < 6m?) and the other available various constraints.

Fig. 2. Roof segmentation steps used in QGIS to obtain 13 roof orientation categories with the median slope of each orientation (steps in green boxes use aspect layer,

blue boxes use slope layer, and black boxes represent the joined layers).
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ensured compatibility of the results from the analysis performed within
the QGIS environment, which were used to model the energy con-
sumption and production of the buildings in Turin.

Built environment and building data. The DSM was used in QGIS to
obtain a 3D city model and in particular the slope and aspect of building
roofs, which was possible using Raster terrain analysis tool. The aspect is
defined by the solar azimuth: South equals 0°, East —90°, and West
+90°, while the slope is expressed in degrees. The aspect and slope raster
images were used to categorize areas with similar roof segmentation
characteristics.

The building shapefile was also used to calculate the area, the vol-
ume, and the number of inhabitants per building, which were needed
and used for the energy consumption modeling.

Roof segmentation. As mentioned earlier, this study presents a
detailed description of a roof segmentation method implemented with
QGIS. This method significantly enhances the evaluation of STC and PV
potential by quantifying the net available roof area for diverse roof
orientations. The method has been applied to all buildings in Turin,
defining 13 roof categories; 12 categories of roof orientation for inclined
roofs, using 30° angular steps (with south 0°, east —90°, west 90°) plus
one category for flat roofs. Fig. 2 provides the steps followed in QGIS for
roof segmentation.

This method uses i.segment tool in QGIS to identify building roof
segments using the aspect raster file. Converting the aspect raster file to
vector file, using Polygonize tool, allows to dissolve the aspect pixels
having similar values into one roof segment; thus, each building will
have several roof segments based on its roof type. These segments were
then assigned median slope and aspect values to enable roof categori-
zation: the slope is used to define the roof type by inclination, with slope
less than 8° considered flat, and for inclined roofs, the aspect is used to
determine their orientation in 30° intervals. Moreover, checking the
area of each dissolved roof segment allowed to evaluate if the segment is
either a physical constraint like chimney, dormers, etc, or a useful area
for solar panel installation. The threshold of the area for physical con-
straints is set to 6 m?.

Finally, the shapefile related to the cultural, historical, and legal
constraints were overlapped with the final segmented roof shapefile to
analyze the available roof areas by excluding these constraints. This step
was performed using the overlap analysis tool in QGIS to calculate the net
area available for roof-integrated solar technologies.

However, it is important to note that existing solar panels and the
green roofs are not among the constraints considered in this work.
Considering the green roofs, an overlap analysis of the flat roofs with the
Normalized Difference Vegetation Index (NDVI) raster is conducted
using raster image extracted from Google Earth Engine with the preci-
sion of 30 m x 30 m. The resulting overlap percentage of 0.5 shows that
the share of the green roofs over the total available roof area is minimal
in the city of Turin. However, this percentage is still not reliable due to
the precision of the available NDVI raster which is overestimating the
green roofs. Identifying these elements (green roofs and existing panels)
requires advanced image detection techniques [27] using high-
resolution orthophotos, which is not feasible for large-scale assess-
ments, such as the city-scale analysis conducted in this study.

Solar radiation parameters. The solar radiation parameters were

Energy & Buildings 338 (2025) 115661

required as raster images to be used in the QGIS simulations. Thus,
monthly D/G and Ty, data were utilized to generate a total of 24 raster
images: 12 D/G and 12 Ty. This conversion process was conducted with
the raster calculator tool.

Residential users. The number of inhabitants in each single building
was calculated as a function of the buildings’ volume within census
sections, using equation (1). The open-source demographic data are
available in census section scale which is the aggregated information of
the buildings within each census. To down-scale the data, building
volumes are used to assign these demographic data to each single
building [28].

N, 'families.cs* Vbuilding (1 )

Niamitiesp = 5™ Vout
uilding

where:

Niamilies p is the number of families in each building.

Nfamitiescs 1S the number of families in each census section.

Viuilding is the volume of each building.

>~ Viuilding is the sum of building volumes in the census section.

Energy consumption data. Data from 6095 substations and the relative
consumptions by type of service were georeferenced and associated with
the buildings in Turin. The energy data were then subdivided by service
typology: 3943 with heating service for 7 months (H), 374 for heating
and domestic hot water service (H + DHW), and 3 buildings for DHW
service.

6. Solar irradiation simulation and energy production model

Simulations of the daily solar irradiation were performed in QGIS
with the r.sun.insoltime tool. This tool utilizes DSM, aspect, and slope
raster images as input data to represent the built environment. The r.sun.
insoltime tool uses the monthly values of D/G, T, and the albedo for
solar radiation to determine the atmospheric and urban conditions in
solar analysis.

Once the solar irradiation was known, the energy produced by STC
was calculated:

Qh = Ac 'Hsol"']src [kWh] (2)

where:

Qy is the thermal energy production [kWh].

A, is the net area of the collector [m?].

H,, is the incident solar irradiation [kWh/m?].

nsrc is the thermal collector efficiency [-].

The efficiency of the solar thermal collectors was calculated
considering the local climate conditions and the characteristics of the
panels:

AT, 2
Nstc = Mo — @1 7 a I <T> (-] 3

where:
nois the optical efficiency of the solar collector.
ajisthe linear heat loss coefficient [W/(m?K)].

Table 2

The monthly performance ratio of the PV panels for each roof orientation.
Orientation Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
—90° 0.837 0.846 0.840 0.820 0.803 0.785 0.776 0.780 0.800 0.823 0.815 0.817
—60° 0.868 0.858 0.840 0.817 0.801 0.782 0.772 0.778 0.799 0.831 0.841 0.858
—30° 0.878 0.861 0.838 0.814 0.798 0.781 0.771 0.775 0.797 0.832 0.851 0.872
0° 0.882 0.862 0.838 0.812 0.797 0.779 0.768 0.773 0.796 0.833 0.856 0.879
30° 0.876 0.859 0.837 0.814 0.796 0.778 0.768 0.774 0.796 0.831 0.852 0.874
60° 0.866 0.856 0.836 0.814 0.797 0.778 0.768 0.774 0.796 0.829 0.842 0.861
90° 0.835 0.844 0.835 0.815 0.798 0.779 0.770 0.775 0.794 0.821 0.819 0.821
Flat 0.809 0.835 0.838 0.821 0.804 0.786 0.777 0.782 0.800 0.820 0.801 0.785
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ATy, is the mean panel temperature, which is the average of the inlet
and outlet water temperatures [K].

I Ts the solar irradiance [W/m?].

a»is the non-linear heat loss coefficient [W/(m?K?)].

The same methodology was used to calculate the production of
electricity:

Q. = PR-Hy1-S11py [kWh] “

where:

Q. is the electrical energy production [kWh].

PR is the performance ratio of the system [%].

H,, is the incident solar irradiation [kKWh/m?].

S is the active surface of the panel [m?].

npy is the conversion efficiency of the PV panels [-].

The performance ratio (PR) was calculated on monthly basis taking
into account the different performances of the PV compared to the
standard test conditions, at temperature of 25 °C and solar irradiance of
1000 W/m? [29].

Table 2 reports the monthly values of the performance ratio calcu-
lated for the city of Turin which were used to calculate the electricity
that can be produced on each roof orientation. In general, the PR is
higher in winter when outdoor temperature is lower and for south ori-
ented roofs (indicated with 0°).

7. Energy consumption modeling

A data-driven model that incorporated a Machine Learning (ML)
algorithm was utilized to predict the space heating and domestic hot
water consumption of the residential buildings in Turin. A Light
Gradient Boosting Machine (LGBM) was selected to predict the end-user
energy consumption. LGBM is a Machine Learning algorithm that is
based on decision trees. It creates trees sequentially, and it corrects the
errors of previous trees at each level. LGBM is based on leaf-wise growth,
which leads to fast convergence; thus, this model is fast in regression
tasks. The ML algorithm was appropriately tuned to model the energy
consumption by tuning its essential hyperparameters, using the benefits
of the Optuna optimizer machine and the cross-validation technique.
The data obtained from the DH company allowed the model to be
trained and tested for space heating (H) and domestic hot water (DHW).

The electrical energy consumption (E) of each family was calculated
using the average monthly energy consumption per residential user [25]
and the number of families in each building in the city of Turin [26].

8. Self-consumption and self-sufficiency scenarios

Nine scenarios were investigated considering the use of STC, oper-
ating at different inlet—outlet temperatures [30], the use of PV panels for
three different energy services (i.e., H, DHW and E), and considering
both the buildings connected to and those not connected to the DHN.

The simulated scenarios for the buildings connected to the DHN
were:

e Scenario 1: STC at 60 — 105 °C for H service

e Scenario 2: STC at 50 — 90 °C for H service

e Scenario 3: STC at 60 — 70 °C for H service

e Scenario 4: STC at 50 — 60 °C for H service

e Scenario 5: STC at 40 — 50 °C for H service

e Scenario 6: STC at 40 — 50 °C for H + DHW services

The simulated scenarios for the buildings not connected to the DHN
were:

e Scenario 7: STC at 15.3 — 80 °C for H service
e Scenario 8: STC at 15.3 — 40 °C for DHW service.
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Finally, the scenario for the electricity service was:
e Scenario 9: PV panels for electricity (E) service.

The inlet temperature of 15.3 °C adopted in Scenarios 7 and 8 rep-
resents the average outdoor air temperature recorded in Turin during
the 202223 heating period. These two scenarios simulated autonomous
energy systems for H and DHW services that were not connected to the
DHN.

The inlet-outlet water temperatures were considered important to
evaluate the efficiency of the STC required for the calculation of the
energy production in all the scenarios. The incident solar irradiation
data was used to calculate the energy production for STC and PV for each
roof in the city of Turin considering the relative available net area.

The resulting energy production was then used to assess the energy
self-consumption (SC) of each building on daily time step. Self-
consumption is the amount of energy that is self-consumed by a build-
ing from its RES production. Later the self-consumption and self-
sufficiency indexes (SCI and SSI) were calculated on daily, monthly,
and annual timeframes. SCI is the self-consumed energy of a building to
its overall RES production, while SSI is the self-consumed energy of a
building to its overall consumption. The former indicates the share of
RES integration in a building, while the latter defines how much the
building is energy independent.

Moreover, by aggregating buildings’ energy consumption and pro-
duction at different scales, it was possible to evaluate the quantity of
shared energy and the collective self-consumption [31]. This indicator is
useful to measure how the over-production of energy, which can be used
by other users or members of a community, can be exploited instead of
being fed into the grid.

The consumption (C) and production (P) being known, Eq. (5.1) and
Eq. (5.2) were used to calculate the energy indicator and indexes.

Self-Consumption SC = minimum(C, P)

Uncovered Demand (C—P)if (C—P)>0 5.1

Over-Production (P—-C)if (P—C)>0

SC
Self-consumption Index SCI = P

Self-sufficiency Index SSI = % (5.2)

Over-Production Index OPI = %J

Energycosts
E P Ind EPl = ——————
nergy Poverty Index Tncome

9. Exergy analysis

The energy analysis provided previously presented the calculation of
energy produced by solar collectors at different temperatures. However,
energy analysis alone does not indicate how effectively that energy can
be converted into work. To address this, exergy analysis was also eval-
uated to take into account the quality of the energy produced at different
temperatures. Exergy measures the maximum useful work that can be
produced with a theoretical system from a given quantity of thermal
energy at a certain temperature. In literature, the analysis of solar col-
lectors considers the exergy content of the water flow, pertaining to its
temperatures, using factors such as the Carnot factor or the Gouy-
Stodola Theorem [32]. This approach provides a more comprehensive
understanding of the system performance by not only measuring the
total energy produced but also assessing its potential to perform useful
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can be calculated, enabling a direct comparison.

Commercial B Cultural activities
I industrial Religious use
s B Educational Other types of use
r V] | Census sections connected Haalth caa
3km to DHN
Fig. 3. The city of Turin with the DHN area and the different building typologies.
work. Consequently, the energetic indexes for both energy and exergy
t . . .
Colt) = Gt 32, | 30 (Car ) % Ral®)) = Vis(i) |[€ ®

The exergy content of a thermal collector can be measured with:

T,
Eh:Qh~<1—T0

out

) [kWh] (6)

where:
Qp, is the energy produced by STC [kWh].

( - TT—") is the Carnot factor [-].

out

Ty is the reference temperature of the dead state, which is used to
describe the zero-exergy condition; this temperature is 293.15 or 298.15
in the literature for annual analyses or the minimum outside air tem-
perature recorded over a month in monthly analyses [K].

Toue is the outlet temperature of the STC [K].

When energy is measured with the Carnot factor, it is measured from
the dead state of T to the outlet temperature. When exergy is measured
with the Gouy-Stodola Theorem, the exergy content depends on the
temperature gradient between the inlet and outlet water, and the exergy
can be obtained by substituting Ty, in Eq. 6 with the Mean Thermody-
namic Temperature Tp,:

Tnut - Ti
™ = (Tow/ Tin) [K] 7

10. Socio-economic analysis

The global cost of the different scenarios was calculated to evaluate
their economic convenience. The global cost was calculated using Eq. 8
[33] and was normalized for each household considering the number of
families residing in each residential building:

where:

Cj is the initial investment cost [€].

Cq, is the annual cost for year i, related to the component j (operation
and management costs, running costs, substitution costs) [€].

R4(i) is the discount factor for year i [%] (i.e., 3 %).

Vf(j) is the residual value of the component j at time i, [€].

The assumptions on the investment cost for the installation of solar
panels and the energy costs for various services in Italy are reported
hereafter.

Cost of solar technologies:

- Flat-plate solar collector: 800 €/m?

- Vacuum tube solar collector: 1200 €/m?

- Photovoltaic panel (according to the ¢ PV capacity class, PVc): 1000
€/kW if PVc > 20 kWp; 1600 €/kW if 6 kW, < PVe < 20 kW), and
2000 €/kW, if PVc < 6 kW,

Cost of energy:

- Thermal energy cost: Natural Gas 0.133 €/kWh and District Heating
0.10 €/kWh

- Electrical energy cost: withdrawn from the network: 0.252 €/kWh

- Electrical energy revenues: injected into the network for Northern
Italy: 0.101 €/kWh.

Energy poverty (EP) was evaluated considering the average annual
income of the households in the city of Turin to evaluate the social
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Fig. 4. The city of Turin with the quota of connected buildings by neighborhood (in pie charts) and the type of energy service.

impact of the use of solar technologies [34]; this information is available
for each Postal Code zone. Many different indicators can be used to
evaluate EP; in this work, the percentage of energy cost on the income
over 10 % was considered. The scenarios also took into account in-
centives for low-income families, according to the Social Bonus Bills,
2024 (Bonus Sociale Bollette, 2024) [35].

11. Case study

Turin, which is located in the Piedmont region in Italy, hosts the
largest DHN in the country. The DHN covers a significant area, with a
heated volume totaling 101 million cubic meters, which represents 27 %
of the region’s total volume [36].

Turin has a temperate climate classified as Italian climatic zone E,
with 2617 HDD at 20 °C and 84 CDD at 26 °C. The setpoint temperature
within DHN during the heating season has recently been decreased to 19
°C, according to Italian Decree 383 of 6/10/2022, to satisfy the new

Table 3
The main roof orientations in Turin.

energy-saving regulations. Fig. 3 illustrates a general overview of the
city with the different building typologies and the census sections that
contain buildings connected to the DHN. The residential sector com-
prises approximately 80 % of the existing buildings. The ’mixed-use
residential’ term refers to buildings which also incorporate commercial,
production, office, or recreational uses (usually on the first floors). The
number of industrial buildings in the northern and southern parts of the
city presents an encouraging opportunity for the use of solar technolo-
gies. These buildings have large roof areas, thus making them interesting
prosumers for the installation of solar systems.

Fig. 4 represents the type of energy service of the connected build-
ings and the quota of the buildings connected to the DHN in each
neighborhood, defined by black borders. Indeed, by identifying areas
with higher energy demand, it would be possible to prioritize tailored
retrofitting interventions on the buildings to improve the share of re-
newables or to reduce the heat load and the energy costs.
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Table 4
Available net roof areas in Turin obtained from the roof segmentation analysis.
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Roof | '
{Orientation (*) 150 | 1%
|Tot. area with

60 -30 0

+30 +60 +90 +120 | +150 | +180 flat

|disturbances 12,740,729| 780,624 1,080,154 2,005,562| 781,868 1,105,693 2,808,039| 457,636 1,634,045 3,082,150 897 949 976,010 3,393 589

| (md) |
Technical
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L (%) |
Historical and

cultural / o 9 0 5 9
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(%) || e - | e——

iTo!_na! area |
| ()
|Netarea (%) 11% 4% 1 5% 9% 4% 5%
L I t | L 1

12% 2%

19% 3% 2% 7% 9% 18% 6%

10% | 10% 8% 15% % 7% 4%

I 3 1 : B et Rl Rl | | | I
2,034,384 555.942: 960,171 11,520,755| 694,486 | 874,717 2,066,091 396,245 1,4?6.2‘38:2.431.?61! 760,907 | 749,918 3,066,633

8% :14% 4% 4% 17%

South oriented roof area 45% of total available net area

Good solar exposition
(flat, 90° - -90°)

Table 5
Number of buildings for the available roof area categories.
Roof available All
area A orientations
A=0 905
10<A<25 69
25<A <60 3496
60 <A <100 9567
100 < A <200 10,692
200 <A <300 4344
300 <A <600 3569
600 < A <1000 670
1000 < A <5000 241

1699
2494
11,834
7611
6780
1813
1072
196
54

Table 6

Number of buildings considered for the solar production analysis and their roof area.

N. of buildings with predicted consumption

N. of buildings with an available roof area Available roof area [m?]

All residential buildings 33,553
Only residential use 20,714
Residential with mixed use 12,839

32,198 3,137,727
19,781 1,565,647
12,417 1,572,080

12. Results and discussion

This section provides the results of the QGIS-based solar analysis that
employs a detailed roof segmentation technique to assess the potential
of STC and PV technologies in future scenarios for residential buildings
in Turin. The scenarios are evaluated using key energy indexes, i.e., self-
consumption, self-sufficiency, and over-production indexes. Addition-
ally, their economic and social impacts are examined by analyzing the
costs of the interventions, economic savings, and the reduction in energy
poverty.

13. Roof segmentation analysis

The roof segmentation was performed using the i.segment tool fol-
lowed by Polygonize tool in QGIS to categorize building roofs. The slopes
of the pitched roofs in Turin are quite constant with an average value of
29.5°. Twelve categories of roof orientation were then identified every
30°: from 0° South, to —90° East and +90° West.

Table 3 illustrates the main roof orientations in Turin, together with
the number of buildings (and blocks of buildings) according to their
orientation, that is, mainly —60° South — East (SE) and + 30° South —
West (SW). The buildings with a South — East orientation overlook the
Po River and the hilly part of the city.

Table 4 illustrates the categorization of the roofs in more detail and
provides the available areas for solar technologies on each orientation
considering the presence of constraints. These constraints are mainly
from physical sources, e.g., the presence of dormer windows, but are
also cultural, historical, and legal constraints established by local reg-
ulations and laws. For instance, the reason behind the high percentage of
physical disturbances on the —60° orientation is the high presence of
dormer windows for this orientation, which is mainly related to the
views from the hills and along the Po River. This analysis was particu-
larly important as it quantified the impact of constraints on the area of
each roof, thereby influencing the potential energy production with
solar technologies.

Table 5 provides the number of buildings by the category of available
roof areas, considering all the roof orientations, the roofs with a good
solar exposition from West to East (i.e., with azimuth angles from 90° to
—90°), and the flat ones. It is also possible to observe the number of
buildings excluding the hilly area of Turin, as this area cannot be con-
nected to the DHN because of technical constraints, which it is indicated
in italic grey. The buildings with no production indicate the presence of
constraints.

It is possible to observe that most of the buildings in Turin have a
limited available roof area, that is, from 60 to 200 m>. This area is even
lower when excluding the hilly area, which becomes 25 to 200 m?; these
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Table 7
Technical characteristics of the STC and PV.
STC
Flat plate Vacuum Tube
No 0.855 0.70
a; (W/m?/K) 2.41 1.15
ay (W/m?/K?) 0.039 0.011
PV panels
Monocrystalline silicon
n 21.3% 23 %

buildings are mainly condominiums, and there are skylights, dormers,
chimneys and/or other objects on the roofs that hinder the installation of
solar panels.

After segmenting the rooftops and excluding those unsuitable for
installation, the number of buildings considered in this analysis
decreased. Table 6 presents the total number of residential buildings
available in Turin before and after the elimination process, which was
based on physical, historical, and legal constraints. The table also pro-
vides the total available roof areas.

14. Solar irradiation results

Solar irradiation was simulated for each typical day using the r.sun.
insoltime tool in QGIS. The results were compared with the irradiation
data acquired from PVGIS online tool considering the 2006-2020
period. The results of QGIS simulations showed low errors when
compared to PVGIS, if tailored horizon height profiles are provided as an
input data to PVGIS, yielding an average annual error of 14 %, which is

10

reflecting an acceptable value in this work considering the urban scale
analysis performed.

The results of the annual solar irradiation are represented in Fig. 5,
together with the cultural and historical constraints, to facilitate the
understanding of their distribution throughout the city; areas where
panel installation is not allowed are indicated. The historic center of
Turin shows a high density of black outlines, which indicate the pres-
ence of restricted facades and roofs.

15. Energy production with solar technologies

The solar irradiation values of each roof segment were utilized to
calculate the production of STC and PV using Eq. (2), Eq. (3) and Eq. 4. A
flat plate collector and a vacuum tube collector were employed in this
analysis. Detailed specifications, including optical efficiency (ng), the
heat loss coefficient (a;), and the temperature dependence of the heat
loss coefficient (ap) are provided in Table 7. Moreover, two mono-
crystalline PV panels, with different efficiencies, were used for the
electricity production scenarios.

The efficiency of the utilized panels was determined for each roof
orientation on the basis of the irradiation quota of that particular
orientation and the used panel technology. The efficiency was calculated
for the three different energy services, that is, H, H + DHW, and DHW,
using the inlet and outlet temperatures of the defined scenarios. Sub-
sequently, the production was calculated using the daily efficiencies.

Fig. 6 shows the annual production for each roof orientation, with
the south oriented roofs and flat roofs accounting for 70 % of the overall
annual STC production. Calculating the production on different roof
orientations helped to define the most feasible orientations for the
installation of STC. Consequently, for the evaluated future scenarios,
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Fig. 6. Energy production percentages from different users (a) and annual STC production for H service (Scenario 2) using vacuum tube collector with 50-90 °C.
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Fig. 7. Energy consumption modeling (monthly) with LGBM.

only south orientated and flat roofs were considered.

It is necessary to analyze the production quota according to the type
of building to identify the potential end-users that should be included in
the collective consumption scenarios. The table on the left (Fig. 6a)
shows that the highest production was generated from residential use,
which was the main focus of this work.

16. Energy consumption modeling results

LGBM was used to predict the energy consumption of the two service
types, H and DHW, considering all the residential buildings in Turin.
Fig. 7 illustrates the accuracy of the monthly energy consumption pre-
diction, that is, with R? 0.99 and 0.97, RMSE of 2.5 % and 3 % for H and
DHW, respectively. This accuracy in prediction suggests that the results
are sufficiently reliable to conduct further analysis of the STC potential
to satisfy the energy demand of residential buildings.

Fig. 8 shows the importance of each different variable on the energy
consumption modeling. The consumption of both energy services was
generally mainly affected by the sky view factor (SVF), the surface-to-
volume ration (S/V), and by climatic variables.

Finally, the annual consumption for the H, DHW, and E services
considered in the analysis of this work are provided in Table 8 with:

11

o the number of buildings considered for each type of use,
e the annual consumption data related to the 2022-2023 period for H,
DHW and E.

17. Self-consumption and self-sufficiency scenarios with an
exergy analysis

The self-consumption index (SCI) and the self-sufficiency index (SSI)
were computed using Eq. 5.2, focusing on flat and south-oriented roofs.

Table 9 summarizes the energetic results of this analysis by pre-
senting the annual SCI, SSI, and OPI considering the nine scenarios. This
analysis was instrumental in identifying the optimization methods that
could be used to achieve a high energy share while reducing over-
production. Table 9 presents important insights into the influence of
various energy services on the self-consumption levels. The utilization of
all the available south-oriented roof surfaces and flat roofs inherently
enhanced the self-sufficiency index (SSI), but it also led to a decrease in
the self-consumption index (SCI) due to the high OPI. This can be
explained by the negative load correlation between space heating and
solar irradiation; a high space heating demand occurred during the
lowest solar irradiation periods and vice-versa. Low values of self-
consumption and self-sufficiency indexes can be observed in scenarios
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Fig. 8. The importance of the features of the different variables used in the energy consumption modeling.
Table 8

Annual consumption by the type of user.

Number of buildings (and block of buildings) Annual H consumption [GWh] Annual DHW consumption [GWh] Annual E consumption [GWh]

Residential 23,487 1063 504 468

Mixed use residential 12,743 1251 590 532

Commercial 2665 0.5 Not calculated Not calculated

Educational 806 0.21 0.16 Not calculated

Others 3754 Not calculated Not calculated Not calculated

Table 9
Self-consumption scenarios for the different energy services.
Scenario N. Production (GWh) Consumption (GWh) SC (GWh) SCI (%) SSI (%) OPI (%)

Vacuum tube

H (60-105 °C) 1 Energy 2121 2314 181 8.54 % 7.83 % 91.46 %
Exergy 407 592 43 10.45 % 7.19 % 89.55 %

H (50-90 °C) 2 Energy 2347 2314 215 9.16 % 9.29 % 90.84 %
Exergy 383 531 45 11.65 % 8.40 % 88.35 %

H (60-70 °C) 3 Energy 2420 2314 227 9.36 % 9.79 % 90.64 %
Exergy 367 531 45 12.32 % 8.52 % 87.68 %

H (50-60 °C) 4 Energy 2485 2314 248 9.96 % 10.70 % 90.04 %
Exergy 314 531 45 14.28 % 8.44 % 85.72 %

H (40-50 °C) 5 Energy 2654 2314 275 10.37 % 11.90 % 89.63 %
Exergy 264 531 44 16.62 % 8.26 % 83.38 %

H + DHW (40-50 °C) 6 Energy 2654 3408 826 31.12% 24.24 % 68.88 %

H (15.3-80 °C) 7 Energy 2621 2314 271 10.35 % 11.72 % 89.65 %

DHW (15.3-48 °C) 8 Energy 2942 1094 735 24.97 % 67.16 % 75.03 %

Flat plate

H (60-105 °C) 1 Energy 1624 2314 95 5.85 % 4.10 % 94.15 %
Exergy 308 592 23 7.45 % 3.88 % 92.55 %

H (50-90 °C) 2 Energy 2086 2314 141 6.74 % 6.08 % 93.26 %
Exergy 337 531 29 8.64 % 5.48 % 91.36 %

H (60-70 °C) 3 Energy 2145 2314 154 7.16 % 6.64 % 92.84 %
Exergy 322 531 31 9.59 % 5.81 % 90.41 %

H (50-60 °C) 4 Energy 2502 2314 192 7.66 % 8.28 % 92.34 %
Exergy 312 531 35 11.14 % 6.54 % 88.86 %

H (40-50 °C) 5 Energy 2851 2314 236 8.27 % 10.19 % 91.71 %
Exergy 279 531 38 13.75 % 7.13 % 86.43 %

H + DHW (40-50 °C) 6 Energy 2851 3408 784 27.50 % 23 % 72.48 %

H (15.3-80 °C) 7 Energy 2774 2314 226 8.13 % 9.75 % 91.87 %

DHW (15.3-48 °C) 8 Energy 3452 1094 716 20.73 % 65.40 % 79.27 %

PV Scenario N. Production (GWh) Consumption (GWh) SC (GWh) SCI (%) SSI (%) OPI (%)

E (n 21.3 %) 9 814 1000 533 65.58 % 53.37 % 34.42 %

E (n 23 %) 878 1000 555 63.12 % 55.47 % 36.88 %

12
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with only H service (Scenarios 1 and 5); i.e., 4-12 % of SSI. Moreover,
these indexes were obtained by over-sizing the solar systems with a very
high over-production, that is, with an OPI of 89-94 %. A significant
increase in self-consumed energy can be observed in the scenarios with
the DHW service (Scenarios 6 and 8); i.e., from 12 % to 24—67 % of SSI
with the vacuum tube collector.

All these scenarios assumed the full potential installation of STC
across the available roof areas of the buildings, leading to a high annual
OPI; these systems were over-sized, compared to the low energy demand
in summer, and would not be technically or economically feasible
without connection to the DHN. However, it is important to note that
while the current analysis accounts for physical, regulatory, and legal
constraints, it does not consider existing collectors, panels, or green
roofs, as highlighted earlier. While incorporating these factors could
slightly reduce overproduction, their overall impact is expected to be
relatively minimal due to the limited presence of exiting solar technol-
ogies and green roofs in Turin.

The cells with the gray background in Table 9 show the results of the
exergy analysis, in which the energy produced by STC at different
temperatures was taken into account (Scenarios 1-5). Since exergy ac-
counts for the quality of energy and its potential to perform useful work,
this analysis provides deeper insights beyond the total energy produced
and consumed. The correlation of the exergy with the mean thermo-
dynamic temperature, Ty, (Eq. 7) was used for this analysis as it offered
higher accuracy. Similar SSI values can be observed for the different
temperatures when comparing the use of STC for H service, ranging from
4 to 9 %.

PV panels for the electricity service show a higher potential than STC
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considering the self-consumption and self-sufficiency, with about 63 %
and 55 %, respectively. The higher self-sufficiency, lower OPI and the
possibility of injecting/selling energy to the grid suggests that this solar
technology is more feasible than STC. These results are also presented
with monthly SCI and SSI graphs in Fig. 9 for the various scenarios and
solar technologies.

The monthly production and consumption data in Fig. 9 clearly show
the high annual OPI values previously presented in Table 9, particularly
for scenarios involving only the H service. One of the feasible solutions
for these cases involves integrating different service types, such as DHW,
which can utilize the surplus energy produced during summer. The
monthly graphs also highlight that the vacuum tube collectors perform
slightly better than flat plates in winter, and they even achieve a mini-
mal production with the given temperatures in January, whereas flat
plate collectors show almost no production in January and December.

Furthermore, both panels still show high OPI values in summer for
the scenarios involving a mixed use (H + DHW), thus indicating that the
DHW demand for residential buildings remains low because of the high
energy production driven by high solar irradiation. This highlights the
potential for integrating alternative end users, such as swimming pools
or healthcare facilities, to better utilize the excess energy and increase
the energy share.

Electricity consumption remains almost constant throughout the
year, when considering the PV scenarios (Fig. 9 g and h), and this results
in a lower OPI value than those of the STC, due to the higher proportion
of self-consumed energy. As previously noted, the PV technology proved
to be more practical and effective as a solar technology compared to
STC, which is clearly illustrated in the monthly production and
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Fig. 11. Self-sufficiency for H service using vacuum tube collector with 50-90 °C.

consumption graphs.

Fig. 10 visualizes the results of the energy indexes for 6 different roof
coverage percentages, for various energy services with PV and vacuum
tube for STC. According to the results, the energy produced for the H
service with lower outlet temperatures (Fig. 10a) yields a higher SSI for
residential buildings, reaching 12 %, while the behavior of all temper-
ature scenarios is relatively similar for the exergy (Fig. 10b). This is
because the additional energy in the scenarios with lower temperatures
is needed to increase the temperature of the flux that must be injected
into the DHN. For this reason, exergy normalizes the energy to the
maximum useful work that can be produced to make the various services
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comparable.

The high values of the OPI in scenarios with only H service are the
result of a negative correlation between consumption and production.
Since the high share of energy is produced in the summer, when the
heating system is inactive, the produced energy is wasted.

Adding the DHW service to the DHN helps to harvest the wasted heat
in the summer, and the SSI consequently rises from 10 % to nearly 30 %,
moving from the H to the H + DHW services (Fig. 10c). Although the
DHW service helps to increase the feasibility of the STC installation by
increasing the SSI, but since the OPI reaches 70 % when all the available
surfaces of south-oriented roofs are used (100 % roof coverage) for the
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Fig. 12. Cost-optimal analysis of the PV scenarios in which solar panels are integrated for northern (NE_-150° or NW_+120°) orientations of the roof surfaces.
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Fig. 13. The impact of integrating solar technologies in energy poverty.

installations, it is not an optimal solution for RES integration. PV sys-
tems show a more reliable performance, because installing PV makes it
easier to reach a relatively high SSI of nearly 55 %, while the OPI value is
less than 40 % as a maximum (Fig. 10d). This makes PV systems a
powerful solution for roof integrated solar technology.

Fig. 11 illustrates a map of the annual SSI for the H service,
considering the use of vacuum tube collector with 50-90 °C, for both
building and census section scales. Zoomed-in maps provide a clearer
understanding of the SSI variations across different seasons, February
and March in particular, as well as the annual performance. March
demonstrates a scenario in which high energy production occurs for a
low energy demand, where self-sufficiency levels are able to reach 100
%. However, the annual SSI values are significantly lower, with
maximum levels of 45 % and 21 % for the building and census section
scales, respectively. This annual reduction is mainly due to the absence
of production during January and December, combined with a high
energy demand for space heating. Additionally, aggregating results at
the census section scale shows a further decrease in SSI, compared to the
building scale, as not all the buildings within each census section have a
sufficient roof area for panel installation.

18. Energy, economic, and social analysis

This section evaluates scenarios from the economic and social points
of view.

Fig. 12 shows the results of the cost optimal analysis when solar
panels have been added to the North-oriented roof surfaces to enhance
the energy efficiency of the buildings. Only scenario 6 was analyzed with
H + DHW services (with a lower OPI) for STC. It is possible to observe
that the presence of STC on the northern parts of the roofs is not
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convenient. Instead, integrating PV panels on the North-oriented roofs
increases the SSI while the global cost drop, so it is certainly cost-
optimal. Most panels installed on the NW (+120°) orientation are
more effective than the panels on the NE (—150°) orientation of the
roofs. Because there is a high quota of obstacles on the SE oriented roofs,
although the NW surfaces of the roofs assist to a great extent in covering
the energy needs that cannot be produced on the SE surfaces.

According to the Bernard Boardmann definition of energy poverty,
households are in an energy poverty status if over 10 % of their annual
disposable income is spent on energy services. The average annual in-
come of the households in each Codice di Avviamento Postale (CAP)
zone (Postal zone) was extracted from the Corriere website [34] to
evaluate energy poverty at the building scale. This information was then
distributed over the buildings in each zone to conduct a poverty eval-
uation of the buildings. The global cost of installing panels on all the
available south-oriented roof surfaces was calculated using Eq. 8 for
various solar technology scenarios. The calculation of the global cost
was based on the assumptions made for the socioeconomic analysis,
which are mentioned in the Materials and Methods section. The build-
ings that were considered to be at risk of energy poverty were calculated
by comparing the global cost, normalized by the number of families and
10 % of the annual income per family, and the results are visualized in
Figs. 13 and 14.

The energy poverty status of the entire city of Turin is shown in
Fig. 13 a and b for all the scenarios, considering two assumptions:

- First, the analysis was conducted without incentives on the instal-
lation of solar technologies. The only benefit taken into account was
“Social Bonus 2024” on the energy bills for low-income families.
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(b) Energy poverty after installing PV on 50% of the available roofs and STC on 50% of the available roofs
and with a 70% tax deduction incentive

Fig. 14. The energy poverty status in Turin before and after integrating solar technologies.

17



Y. Usta et al.

- Secondly, the analysis considered a tax deduction of 70 % on the cost
of STC.

According to the results, PV panel installation is beneficial in
reducing energy poverty by 10 %; consequently, without dedicating any
incentives to PV panels, they are still economically beneficial for
vulnerable households. On the other hand, STC without incentives has
no effect on reducing energy poverty, although it becomes influential
with 70 % of incentives.

It was found, for the H + DHW scenario, that installing STC on 50 %
of the available surfaces of south-oriented roofs helped to reduce energy
poverty by about 6 %. This was found to be the best ratio to install STC,
since, over this share of STC integration, the energy poverty starts to
increase. Consequently, a good possible scenario to avoid energy
poverty could involve the integration of STC on 50 % of the surfaces on
the south-oriented roofs, while the remaining part could be used for PV
installation. Energy poverty was further examined for CAP zone 10156,
which has the highest EPI, as can be seen in Fig. 13c. It is possible to
observe that Scenario 6 for H + DHW 40-50 °C is convenient for up to
50 % of the roof area, while Scenario 5 for H 40-50 °C is convenient for
up to 15 %.

The maps in Fig. 14 a and b show the status of energy poverty for the
current and after solar technology integration respectively, focusing on
the optimal solution introduced above. According to the maps, the
households in the city center and hills are more energy secure, while a
high share of families living in CAP zones 10156, 10152, and 10,122
suffer from high energy poverty (Fig. 14a). After the installation of solar
technologies (Fig. 14b), the reduction in energy costs helped to reduce
the energy poverty risk in almost every neighborhood in the city, in
particular the highly vulnerable areas mentioned above, but also in
other areas, such as CAP zone 10144, which underwent a reduction of
40 % of the EPI (calculated using Eq. 5.2).

19. Conclusion

The aim of the presented work was to introduce a novel approach to
the integration of solar technologies in dense urban environment. The
primary contribution of this work was the development of an urban-
scale roof assessment methodology, which accounted for physical, reg-
ulatory, and legal constraints, enabling a precise identification of areas
suitable for the installation of solar technologies.

The methodology was applied to analyze the potential integration of
STC in the city of Turin using a place-based approach with Urban
Building Energy Modeling (UBEM) and to compare its potential with the
PV technology. By employing a detailed roof analysis, this work not only
examined the available areas for the installation of STC and PV but also
excluded constraints like dormer windows and historical or cultural
restrictions. The energy performance of STC was evaluated using
different inlet and outlet water temperatures and considering different
indicators and indexes to measure the impact of this technology. The
aim has also been to evaluate the most suitable solution to improve the
share of renewables in the DHN.

The analysis revealed that the use of solar technologies mainly de-
pends on the energy service. The self-sufficiency with STC was found to
be low for space heating (H), and it was influenced to a great extent by
the low solar irradiation in the colder months and thus by the higher
supply temperature that was needed. The self-sufficiency increased for
domestic hot water (DHW) and electricity (E) because of the constant
energy demand over all the seasons, together with the lower operating
temperatures of STC. Twelve percent of SSI can be reached for H when
all the roofs of the residential buildings are used, with an OPI of 91 %,
which is so high and limits the economic convenience of this interven-
tion. It emerged, from the exergy analysis, that the STC with different
temperatures showed similar low SSI. The self-sufficiency reached 24 %
for H + DHW, with an over-production of 69 %; the SSI was about 67 %
for DHW on its own, with an over-production of 79 %. The best results
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were obtained for E with PV, which showed an SSI of 55 % and 37 % of
over-production.

A cost-benefit analysis was then conducted considering solutions
with different roof orientations. However, the findings of the cost
optimal analysis showed that the installation of STC could be a challenge
for DHW and H + DHW services with incentives. They might be bene-
ficial for use at a building scale, but not at the district/urban scale; they
were more feasible for PV panels, and all the solutions were found to be
cost effective.

As far as the social impact of solar technologies is concerned, the
energy poverty index was evaluated after the installation of STC (50 %
for H + DHW) and PV (50 % for E) for the different neighborhoods in
Turin. A reduction of EPI of 20-40 % was observed.

The methodology presented in this study offers valuable insights into
the feasibility of utilizing solar technologies in urban settings. The
presented methodology provides a flexible approach that can be applied
to different urban contexts using available open-source tool, i.e., QGIS,
and available geo-databases. This approach can respond to the needs of
various stakeholders, including policymakers, urban planners, and citi-
zens, to assess the potential of the adoption of renewable energy and to
address environmental constraints in urban environments.
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