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ABSTRACT

In a world increasingly affected by global warming, public and
private entities are confronted with two major challenges: reducing
greenhouse gas emissions and managing energy costs. This thesis
aims to address both issues through the development of tools to
support the calculation of emissions from energy consumption,
assess the potential of renewable self-production, and study the
roles of public administrations and energy communities in achieving
net-zero targets and reducing energy costs. The thesis is organized
into four research areas, each presented in a separate paper,
with a final contribution emerging from the integration of their
findings. The main strength of this work lies in the development of
integrated methodologies that combine emission accounting and
techno-economic evaluation of renewable energy systems, applied
to real case studies. Additionally, all analyses are conducted using
open-source software, and the codes are made publicly available to
promote transparency and reproducibility in other contexts.

The first two papers compare methods for calculating emissions
related to energy consumption in thermal and electrical networks,
and examine the role of using emission factors with high temporal
and geographical resolution to improve the accuracy of emission
assessments and support strategies for demand shifting, where
feasible, to reduce associated emissions. Paper I presents a
methodology for calculating emissions from district heating systems
(DHS) using detailed hourly operational data from a real network
powered by a combined-cycle cogeneration plant. When applied to
the DHS in Turin, the method estimates an average annual emission
factor of 102 gCO2eq/kWht, approximately half that of individual
gas-based heating systems, highlighting the environmental ben-
efits of centralized heat production. Paper II examines different
methodologies for calculating emission factors for the electrical grid.
In Northern Italy, annual emission factors range from 214 to 404
gCO2eq/kWhe, depending on the methodology used. In both studies,
the results reveal significant fluctuations in emission factors within
the day, primarily due to increased fossil fuel use during periods
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of peak demand. Applying hourly emission factors to different
user profiles allowed for the assessment of differences from annual
average estimates.

To explore strategies for reducing emissions and stabilizing
energy costs in local energy systems, rooftop photovoltaic (PV)
systems were examined in greater detail. Since cost and emission
estimates are typically based on PV power production data from
open-source simulation tools, Paper III presents a comparative study
that evaluates several tools and datasets against high-resolution
measured data from PV systems across different locations. The
results show that PV production is often overestimated on cloudy
days and that hourly simulations do not fully capture short-term
fluctuations, although the accuracy of these tools continues to
improve with new versions developments. A correlation factor
identified in Paper III was applied in Paper IV, which presents a
techno-economic analysis of rooftop PV installations on school
buildings, with a particular focus on the role of energy communities.
The results indicate that the optimal PV capacity corresponds to
the maximum available rooftop area. PV installations reduce the
schools’ annual energy expenses by 65%, resulting in savings of up
to 1.5 million euros per year. Furthermore, energy communities
improve financial performance shortening payback periods from 9
to 6 years, and covering up to 96% of a school’s electricity costs,
leading to total savings of approximately 2.2 million euros per year.

Finally, the research shows that rooftop PV installations can
reduce school-related emissions by around 35% under the Scope
3 hourly approach, with reductions reaching up to 66% when
accounting for avoided emissions from exported surplus electricity.
Reaching net-zero emissions depends on the continued decar-
bonization of the electricity grid, a process that is still in progress.
In conclusion, the overall thesis highlights the importance of an
integrated approach that combines data-driven emission accounting,
renewable self-production, and energy communities to support the
decarbonization of local energy systems.

keywords: energy communities, rooftop photovoltaic, emissions
accounting, district heating systems, emission factors, GHG emis-
sions
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INTRODUCTION

1.1 C ONTEXT

The near-linear relationship between greenhouse gas (GHG) emis-
sions and global warming is well-established, with carbon dioxide
and other GHGs recognized as the primary drivers of temperature
increases [1]. Accurate quanti�cation and continuous tracking of
emissions are therefore essential for both understanding the dynam-
ics of global warming and formulating effective mitigation strategies.
GHG emissions are in fact commonly used by various entities, in-
cluding governmental bodies, to measure and reduce environmental
impact. For example, the European Union has set a goal to reach
net-zero emissions by 2050, emphasizing the importance of man-
aging GHG emissions in combating global warming [2]. Similarly,
numerous cities and municipalities are committed to achieving zero
emissions by 2030 or 2050. These commitments are often formalized
through initiatives like the Covenant of Mayors [3], Net Zero Cities
[4], and the EU Mission on Climate-Neutral and Smart Cities [5],
which targets climate neutrality by 2030.

Also public and private entities across Europe are increasingly
taking action to reduce their emissions. At the European level, sus-
tainability reporting is now mandatory for many companies under
the Corporate Sustainability Reporting Directive [6]. For public build-
ings, the Energy Ef�ciency Directive and the Energy Performance
of Buildings Directive establish clear requirements to monitor, re-
port, and improve energy use and emissions performance [7, 8]. In
parallel, organizations are also working to improve their visibility
through international sustainability benchmarks. Various global
rankings, such as the Green Metric World University Ranking for
academic institutions, evaluate performance on criteria such as car-
bon footprint, energy use, and climate strategy [9]. For universities
in particular, taking action on GHG emissions accounting and re-
duction allows them to be an example for society and, through their
concrete actions, to show the path toward decarbonization while
promoting knowledge transfer and public engagement.

Given the urgency of reducing GHG emissions, identifying and
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understanding their sources is an important step toward the imple-
mentation of effective reduction strategies. In Italy, 82% of GHG
emissions originate from the energy system, primarily driven by
electricity generation, thermal energy production, and transport [10].
These sectors are also the main focus of GHG accounting for entities
required to report emissions as part of environmental impact assess-
ments and climate action plans. Among these sectors, electricity
and thermal energy consumption are typically the most directly mea-
surable by individual entities. Moreover, the associated emissions
can often be reduced through the adoption of existing, commercially
available technologies.

To support this process, many organizations follow the GHG
Protocol, a globally recognized standard that provides comprehen-
sive frameworks for measuring and managing GHG emissions [11].
Emissions accounting typically relies on regulated average emission
factors, values that quantify the amount of GHGs produced per unit
of energy consumed or fuel burned. While these average factors
and aggregated consumption values are useful for standardized re-
porting, they often fail to capture the dynamic nature of energy use,
generation, and system performance. Time-varying data can re-
veal patterns and opportunities for intervention that are not evident
in static analyses, which is particularly important for the decar-
bonization of local energy systems [12]. To respond effectively to
these dynamics, local energy planning strategies should be based
on real-world data and take into account time-varying emissions.
Integrating high-resolution, time-sensitive information into planning
processes not only improves technical accuracy but also strength-
ens institutional decision-making and supports the development of
replicable and scalable decarbonization solutions. This approach is
especially relevant for large public actors such as municipalities and
universities.

Another challenge that public and private entities across Europe
are facing is the �nancial pressure caused by rising electricity and
gas costs, and the growing uncertainty about future energy prices
[13]. These challenges became particularly evident during the 2021
energy crisis, which exposed the vulnerability of public institutions to
energy market �uctuations [14]. Although energy prices have become
more stabilized since the peak of the crisis, they have not returned
to pre-crisis levels and now represent a signi�cantly larger share of
both private and public sector budgets. This persistent instability
has direct implications for energy-intensive sectors, particularly
industries, and public institutions such as universities, schools, and
public buildings. Rising energy prices have signi�cantly impacted
public sector budgets across Europe, forcing institutions to reallocate
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funds from essential services to cover growing operational costs.
For example, the European Central Bank has noted that increased
energy expenses have put pressure on public �nances, affecting
the delivery of services such as healthcare, education, and public
administration [15], [16]. These �nancial pressures complicate long-
term planning, showing the urgent need for public entities to adopt
more cost-effective energy solutions [17].

In this context, a safe and strategic choice is to self-produce
energy using sources that provide a stable and predictable Levelized
Cost of Energy (LCOE) over time, ideally lower than �uctuating mar-
ket prices. The LCOE is a particularly useful metric, as it represents
the average cost of producing one unit of electricity over the entire
lifetime of a speci�c technology, taking into account capital, opera-
tional, and maintenance costs. According to the Fraunhofer study
[18], the technologies with the lowest LCOE are renewable energy
sources, in particular utility scale photovoltaic (PV) systems and
onshore wind, followed by agrivoltaics and large scale rooftop PV
systems. Among thermoelectric technologies, the lowest LCOE is as-
sociated with gas-�red combined cycle cogeneration (CC-CHP) plants,
followed by systems powered by solid biomass [18], [19]. However,
the cost-effectiveness of thermoelectric systems is closely tied to fuel
prices, which remain subject to market �uctuations.

Given these considerations, rooftop PV installations represent a
viable solution to address both the economic and environmental chal-
lenges, especially for municipal buildings, schools, and universities,
which often have extensive roof surfaces. To further enhance the
bene�ts of rooftop PV systems, recent regulations have formally in-
troduced the model of energy communities [20]. These are regulated
frameworks designed not only to incentivize the installation of PV
systems, but also to promote the identi�cation of consumers who can
absorb surplus energy production. In addition to self-consumption,
these models allow the share of excess electricity and improve the
actively participation of local entities. This is particularly relevant
for public buildings such as schools and universities, which often
remain closed during extended periods, such as summer holidays,
when solar production is at its peak. In these cases, the energy
community model is particularly valuable not only for reducing emis-
sions, but also for involving a wider range of local actors by allowing
those without roof space to access shared renewable electricity.

Reducing emissions and energy costs from thermal energy con-
sumption is, on the other hand, a parallel and equally important
challenge. Therefore, lowering local gas use has become a priority for
improving energy security, reducing emissions, and addressing price
volatility. At the European level, recommended strategies include
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improving the energy ef�ciency of buildings, electrifying heating
through the use of heat pumps, and shifting to renewable-based
heating solutions such as solar thermal, geothermal, and biomass,
particularly when integrated into ef�cient district heating systems
(DHS) [7, 8]. The European Commission emphasizes the role of
DHSs in reducing gas dependency by supporting the centralized and
�exible integration of renewable sources and waste heat [21].

Local decarbonized DHS could be considered as the development
of local thermal energy communities, inspired by the model of the
energy communities in the electricity sector. These can allow groups
of users to self-produce and share thermal energy locally using
technologies such as biomass boilers, solar thermal systems, and
small-scale distribution networks. These systems could also be
connected to existing DHS infrastructure, supporting the creation of
more resilient, decentralized, and low-carbon heating solutions.

In this context, public administrators play an important role.
Through self-production from renewable sources and the creation
of energy communities, they can lead the way and involve local
people, businesses, and organizations. Universities, in particular,
can act as active hubs for innovation and engagement, using their
infrastructure and institutional capacity to promote sustainable
energy practices. Energy communities provide a practical framework
for local participants to actively engage in the production, use, and
sharing of low-carbon energy based on local resources. By reducing
energy costs and emissions while encouraging cooperation among
citizens and institutions, they help expand community involvement
in sustainable energy practices and support the shift toward a more
inclusive and decentralized energy system.

In light of these environmental, economic, and regulatory chal-
lenges, an accurate, time-sensitive calculation of GHG emissions is
essential to support local energy planning and to effectively monitor
and guide climate strategies. At the same time, adopting strategies
to self-produce energy from local resources and to share it through
coordinated systems allows both public and private institutions to
reduce emissions and manage energy costs. In this context, ther-
mal and electrical energy communities play an important role by
extending the impact beyond individual buildings and supporting the
transition to a more sustainable and resilient local energy system.

1.2 S TATE -OF -THE -ART AND RESEARCH GAPS

This chapter reviews the current state of the art in the following
research areas: GHG emission accounting methodologies for electri-
cal and thermal networks, the comparison between simulation and
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validation of renewable energy source performance, and the role of
public administration in driving the decarbonization process through
techno-economic assessments of renewable energy integration and
energy community development. For each of these areas, the chap-
ter highlights contributions from existing literature and identi�es
speci�c research gaps addressed by the thesis.

Among these research areas, electricity and thermal energy emis-
sions accounting share several methodological challenges. In both
cases, emission factors are often expressed as annual averages,
which do not capture the signi�cant variability that can occur on
daily or hourly timescales [22, 23]. This temporal mismatch limits
the ability to assess the impact of shifting energy consumption to
cleaner periods [24]. Several frameworks such as the GHG Protocol
[11] and ISO 14064 [25] provide general guidelines for reporting,
keeping free the choice of emission factors, temporal resolution, and
system boundaries, which can lead to a high variation in results. For
example, most entities focus on annual average Scope 2 emissions,
which include indirect emissions from purchased electricity, heat,
or steam, while omitting Scope 3 emissions, which also account for
the extraction, transport, and disposal of energy-related goods [11].
These limitations highlight the need for more detailed, data-driven,
time-sensitive, and context-speci�c methods to improve the reliabil-
ity and relevance of emissions accounting across both thermal and
electrical energy carriers.

Focusing on indirect emissions from the thermal energy con-
sumption, fewer works focus on emission factors particularly in the
context of district heating systems (DHS) connected to combined-
cycle heat and power (CC-CHP) plants. The Joint Research Centre
(JRC) [22] and studies by Persson and Werner [23] explore the ef�-
ciency and decarbonization potential of DHS, but typically provide
annual average emission values without considering temporal vari-
ability. In the case of cogeneration-based DHS, emissions must be
allocated between thermal and electrical outputs, yet this process
lacks standardization and introduces uncertainty into emissions
accounting [22, 26]. Furthermore, there is a lack of usable, average
emission factors that can be directly applied by end users consuming
thermal energy from DHS supplied by combined heat and power
(CC-CHP) plants.

Focusing on indirect emissions from electricity consumption,
region-speci�c tools such as those developed by the U.S. Environmen-
tal Protection Agency [27] and the European Environment Agency
[28] aim to standardize accounting practices, yet signi�cant method-
ological differences remain, particularly in applied contexts. Schäfer
et al. (2024) [29] contribute to this discussion by examining how



Introduction Pag. 7

various methodological choices affect the calculation of grid emis-
sion factors in Germany, showing that emissions can vary by over
30% depending on the selected assumptions and highlighting the
importance of methodological clarity. However, the study is based
on national averages, without addressing regional differences, and
does not consider marginal emission factors or apply the methods to
speci�c energy consumption pro�les. Although datasets of hourly
average and marginal emission factors have been published for some
countries, such as Spain [30], they are rarely integrated into analy-
ses that combine emissions accounting with economic evaluations.
This lack of integration is particularly evident in the assessment of
distributed renewable energy systems, such as rooftop PV installa-
tions in public buildings. Without a consistent method that links
how emissions are calculated to actual energy use and costs, insti-
tutions do not have the tools they need to properly understand the
environmental and �nancial impact of investing in local renewable
energy systems.

As institutions explore strategies to reduce both emissions and
energy costs, rooftop PV systems emerge as a promising solution,
particularly for public buildings with large roof surfaces. Planning
such systems often relies on simulation tools to estimate solar en-
ergy production. Several tools are commonly used for this purpose,
including PVGIS [31] and Renewables.ninja [32]. While these tools
are useful for initial assessments, studies have shown that they
tend to overestimate energy output under real-world conditions,
particularly during cloudy or variable sky scenarios [33]. Although
the issue of overestimation is recognized, there is limited research
that speci�cally evaluates the differences between simulated and
measured data from different locations and how such inaccuracies
in�uence the results of techno-economic analyses. This gap is par-
ticularly relevant when assessing �nancial metrics such as payback
period or return on investment, which are sensitive to production
forecasts. Additionally, the availability of open datasets from mea-
sured PV system performance remains limited, making it dif�cult to
systematically compare simulated and actual outputs across diverse
contexts.

For public entities investing in rooftop PV systems, it is increas-
ingly important to assess not only technical performance but also
economic feasibility and potential integration within local energy
sharing frameworks. Numerous studies have examined the �nan-
cial viability of rooftop PV systems [34, 35], and recent research
has turned attention to energy communities as mechanisms for
distributing surplus energy among local actors [36]. However, the
combined evaluation of emissions reduction and �nancial perfor-
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mance, especially in the context of public buildings such as schools
and municipal facilities, remains relatively limited. Furthermore,
the practical aspects of the implementation of energy communities,
including the need to align energy production with consumption
pro�les across participants, are rarely modeled in detail.

In the �eld of rooftop PV systems, optimization models are widely
used for system dimensioning, helping to determine the optimal
size, con�guration, and operation of installations [37]. Among these,
mixed-integer linear programming (MILP) is widely applied due to its
ability to handle both discrete decisions and continuous variables
in complex energy systems. However, most optimization approaches
still focus on parameters such as panel inclination and azimuth
angles [38], often overlooking the �xed structural and spatial con-
straints typical of retro�tting existing buildings. In addition, existing
strategies typically aim to maximize self-consumption at the indi-
vidual building level, with few models explicitly accounting for the
operational dynamics or collective bene�ts of energy communities
[39]. In contrast, this study applies MILP to optimize the composition
of user pro�les within an energy community, aligning demand with
PV generation and exploring how different types of public buildings
can be integrated to improve system performance. This approach is
developed within the framework of Italian regulation on energy com-
munities, offering a practical and policy-relevant tool for evaluating
PV deployment and collective energy strategies in the public sector.

Finally, these gaps highlight the need for an integrated and com-
prehensive framework that combines data-driven, time- and location-
speci�c emission factors with a techno-economic analysis of rooftop
PV systems, using real data and transparent open-source tools.

1.3 T HESIS OBJECTIVE AND RESEARCH QUESTIONS

This thesis aims to address the identi�ed research gaps by
developing a method that integrates emissions accounting for
thermal and electrical consumption, PV production analysis, and
techno-economic evaluation, with a particular focus on the role of
public entities and energy communities. By using open-source tools,
the results aim to support practical decision-making in local energy
planning, with the goal of reducing greenhouse gas emissions and
controlling energy costs.

Based on this objective, the thesis addresses the following main
research question:

How can GHG emissions from thermal and electrical energy
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consumption be measured and estimated, and how can the
integration of local renewable energy, self-production, and
energy communities enable a cost-effective path toward the
climate neutrality of local energy systems?

The work is structured into four research areas linked to speci�c
sub-question, each of which corresponding to a gap identi�ed in the
existing literature.

• RQ1: What is the impact of different emission factor method-
ologies and temporal resolutions on GHG emission calculations
for thermal energy consumption in district heating networks?

The �rst research area aims to compare the impact of different
allocation methodologies on indirect emissions calculation from ther-
mal energy consumption. It develops a method based on real data,
applied to a district heating system powered by a combined-cycle
cogeneration plant. The analysis focuses on how emissions are
allocated between electrical and thermal outputs, how they vary
throughout the day, and how different methodologies affect emis-
sions calculations when applied to real consumption pro�les.

• RQ2: What is the impact of different emission factor method-
ologies and temporal resolutions on GHG emission calculations
for electrical energy consumption within the electrical grid?

The second research area explores how different methodologies for
calculating GHG emissions from grid electricity in�uence the results.
It compares yearly and hourly emission factors, evaluates various cal-
culation approaches, and applies them to real consumption pro�les
to assess the impact of both methodological and temporal choices.

• RQ3: How do different simulation tools perform in estimating
photovoltaic energy production when validated against high-
resolution measured data in diverse locations?

The third research area evaluates the reliability of common renew-
able energy simulation tools by comparing simulated and measured
production data under different conditions and time resolutions,
and assessing the impact of these differences on techno-economic
analyses. It speci�cally addresses the case of PV systems, but the
methodology can be applied to other renewable energy sources.

• RQ4: How can self-production from renewable energy sources
contribute to economic and emissions reduction goals for public
and private entities, and how can energy communities enhance
their overall sustainability and cost-effectiveness?
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The fourth research area focuses on self-production from renew-
able energy sources and the role of energy communities. The case
study presents a techno-economic analysis evaluating the viability
of rooftop PV systems on public buildings, particularly within the
framework of energy communities. It examines whether these sys-
tems can effectively reduce energy costs and whether energy sharing
can improve �nancial returns.

To comprehensively address this question, an additional analysis
was included in the thesis, combining the different emission factors
calculated for the electrical grid with the techno-economic analysis
of rooftop PV systems. This approach allowed an evaluation of the
impact of rooftop PV installations and energy communities on GHG
emission reductions, using various calculation methodologies.

Although each research area was developed as part of an indi-
vidual publication, this thesis highlights and connects the speci�c
contributions from each, adding new results to support a cohesive
and integrated answer to the main research question.

1.4 T HESIS STRUCTURE

To address the research questions described above, this thesis is
based on four articles and is designed to explore and interconnect
the �ndings from each, investigating various aspects of the decar-
bonization of local energy systems. The Methods chapter (Section 2)
outlines the approach used throughout the thesis, explaining how
each of the four papers �ts into the overall study. This section
details the analytical techniques, data sources, and geographical
boundaries used in each article.

Following the Methods section, the thesis is presented through
four main chapters, each based on a different paper. These chap-
ters (Chapters 4 to 6) describe the speci�c methods and results of
each study, focusing on their distinct contributions to the overall
research question. Paper I introduces a novel methodology for allo-
cating GHG emissions in district heating systems when connected
to combined cycle cogeneration plants, applying the results to real
consumption patterns. Paper II examines various methodologies for
calculating GHG emissions from the electrical grid, and apply these
methodologies to real consumption patterns. Paper III investigates
discrepancies between simulated and high resolution measured PV
production. Paper IV conducts a techno-economic analysis of rooftop
PV installations on municipal buildings, studying the impact of
energy communities.

Subsequently, the Emissions from renewable energy communities
chapter (Chapter 7) presents novel outcomes illustrating how the
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�ndings interconnect and complement one another in advancing
emissions accounting and assessing the effectiveness of PV systems
within energy communities. This integration offer a wider and more
cohesive perspective on decarbonization strategies for local energy
systems.

The thesis concludes with a Conclusions chapter (Chapter 8),
which summarizes the main �ndings and answers the research
questions in light of the results. It discusses the implications of
the work and outlines potential directions for future research. This
chapter presents the study within the context of energy planning and
policy, highlighting its relevance for both academic and institutional
applications.

Figure 1.1 provides an overview of the thesis structure, organized
into two main thematic areas: GHG Emissions Allocation and Ac-
counting, and Solar Energy Application. The research is based on
real-world data, which strengthens the relevance and applicability
of the �ndings to actual energy systems. All methods and analy-
ses were developed using open-source tools, ensuring transparency,
accessibility, and reproducibility. Code and selected datasets have
been made available on GitHub to support replication and encourage
collaboration https://github.com/giumonros .

Figure 1.1: Structured overview of the thesis.
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METHODOLOGY

This chapter outlines the methodological framework developed for
the thesis, demonstrating how the individual papers interconnect to
address speci�c research questions and collectively contribute to a
comprehensive understanding of strategies for reducing carbon emis-
sions. Although the thesis is based on four articles, it is structured
to provide a cohesive and integrated perspective. The combined
methods and results are intended to form a uni�ed and independent
contribution that addresses the overall research question.

2.1 T HESIS METHODOLOGY

The thesis is structured with a bottom-up approach, aiming to re�ect
the perspective of entities such as universities, municipalities, and
other public or private organizations seeking to achieve net zero
emissions and reduce energy expenses. Even though the perspective
is at the building level, the research expands to local energy systems,
showing how energy communities and district networks can support
decarbonization of local energy systems. To reach this goal, a paral-
lel approach is required: identifying where emissions originate and
implementing effective strategies to reduce them. As discussed in
the context, rooftop photovoltaic systems and energy communities
represent practical and promising solutions to maximize both envi-
ronmental and economic bene�ts. Therefore the analysis will focus
on this technology within the range of renewable energy options.

To calculate their emissions with the intention of reducing them,
these entities might use simpli�ed traditional methodologies that rely
on average annual emission factors. In the energy sector, emission
factors are numerical values that quantify the amount of CO 2 or
other GHGs emitted per unit of energy consumed or per unit of
fuel used. These factors are typically expressed in terms of carbon
dioxide equivalents per kilowatt-hour (kWh) of energy generated or
per cubic meter of fuel burned, providing a standardized measure
for assessing carbon footprint.

As shown in Figure 2.1, from the point of view of an entity, the
�rst step is to calculate direct emissions, referred to as Scope 1
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Figure 2.1: Overview of the different scopes of GHG emissions
from the energy system, as de�ned by the GHG Protocol, and
the energy �ows related to electrical and thermal energy pro-
duction and consumption.

under the GHG Protocol, which include fuels directly combusted
on site. The next step involves assessing Scope 2 emissions, which
are indirect emissions resulting from the consumption of purchased
electricity and thermal energy from district heating systems. These
emissions are calculated based on the energy mix of the electrical
grid and the DHS. The presence of rooftop PV systems reduces the
amount of electricity withdrawn from the grid and, consequently, the
emissions associated with electricity purchases. Surplus energy can
also be shared through remote self consumption or participation in
energy communities. Electricity that is self-produced from PV does
not generate direct emissions and is therefore considered to have zero
emissions under Scope 2. For a more detailed evaluation, Scope 3
emissions should also be considered. These include all other indirect
emissions, such as those related to the extraction, transport, and
disposal. Scope 3 emissions associated with PV systems should be
included in the analysis of grid emission factors for both renewable
and fossil energy sources.

2.2 I NTEGRATION OF METHODS , DATA SOURCE , GEOGRAPHI -
CAL BOUNDARIES AND CASE STUDIES FOR VALIDATION

This section shows the interactions between the different papers,
data sources and geographical boundaries. The studies rely on mea-
surements and existing records from various locations in Northern
Italy, selected for their comprehensive data availability and the pres-
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ence of one of Europe's largest district heating systems. By centering
the research in this region, the analysis maintains consistency, even
though each paper adapts its geographical scope according to the
speci�cs of its case study and the availability of data. The research
uses real-world data and methodologies validated through detailed
analysis, employing tools developed on open-source platforms to
support replicability in different contexts.

Figure 2.2 illustrates how data sources and methods are inter-
connected across the four papers.

Figure 2.2: Integrated overview of methods, data �ows and
geographical boundaries

Paper I compares methods for calculating emissions from thermal
energy consumption supplied by a DHS, using both standard annual
emission factors and hourly data from an operational network pow-
ered by a combined cycle cogeneration plant. The paper introduces
a new approach for the hourly calculation of CO 2 emission factors in
DHS, offering a more accurate representation of the carbon footprint
and improving the overall emissions accounting framework. This
methodology is applied to real data from the Turin DHS, one of the
largest in Europe. The resulting emission factors are then used
in a case study based on actual thermal demand from university
buildings to assess the impact of different methodologies in overall
emissions calculation. This part of the analysis is represented in the
upper left section of Figure 2.2.

Paper II explores various internationally recognized methodologies
for calculating GHG emissions associated with electricity consump-
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tion from the grid. It reveals signi�cant discrepancies among the
methods and their potential effects on the �nal emission calcula-
tions. The paper emphasizes the importance of temporal resolution,
demonstrating that hourly emission factors can signi�cantly improve
the accuracy of GHG accounting compared to annual averages. A
detailed analysis of the electricity system, including hourly produc-
tion by energy source, the in�uence of demand, electricity price
variations, and marginal technology, allow the calculation of hourly
emission factors for the grid. These include Scope 2 and Scope 3
emissions, consumption-based and production-based boundaries,
and both marginal and average emission factors. The different emis-
sion factors were calculated using data from the energy system and
applied to various consumption pro�les to examine differences in
emission estimations. The data for studying the hourly emission
factors of the grid were taken from the electrical grid using the
boundaries provided by Terna for Northern Italy up to Liguria and
Emilia-Romagna (as shown on the left side of the �gure). Emission
factors calculated using different methodologies were then applied
to representative consumption pro�les that include day-time users
(of�ce and schools), residential users and non-�exible users. The
calculated emission factors are directly combined with the results of
Paper IV to assess the environmental impact of rooftop PV systems.
The analysis covers the years 2019, 2021, and 2023 to observe
temporal changes in emissions.

These two papers provide a better understanding of hourly emis-
sion factors from electrical and thermal network. Rooftop PV was
selected for self-production simulations due to its low emission fac-
tor, affordability, long lifespan, and ease of installation, making it
particularly well-suited for public buildings such as schools, which
often have large roof areas.

Paper III examines the precision of energy production data from
PV systems by comparing simulated and actual measured solar PV
power pro�les. The simulation tools considered were selected for
their accessibility and frequent use in academic and technical stud-
ies. All analyses were made available through GitHub to facilitate
collaboration and encourage the sharing of measured data across
different countries. The analysis was conducted in several locations,
including a detailed case study in Turin. The results from this case
were used to re�ne the productivity estimates from simulation mod-
els in Paper IV. Various datasets and tools (Renewables.ninja, PVGIS,
CorRES) were used to generate hourly solar power pro�les, as shown
in the upper right section of the �gure. These were compared with
high resolution measurements from a rooftop PV system at Politec-
nico di Torino, shown in the upper right section. The comparison
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supported re�nements made to the productivity estimates in Paper
IV.

Paper IV develops a methodology for conducting a detailed techno-
economic analysis of rooftop PV installations and for optimizing the
structure of energy communities. This methodology is applied to
school buildings and to public energy consumers in general. The
study evaluates the economic bene�ts of rooftop PV installations
under three scenarios: individual self-consumption by school build-
ings, remote self-consumption among energy consumers owned by
the same entity, and an optimized energy community designed to
maximize the local use of PV generation.

The study focuses on 208 public buildings (PODs) owned by the
Città Metropolitana di Torino, primarily schools, and is geographi-
cally centered in the Piedmont region. Using typical year electricity
consumption data and incorporating emission factors developed in
Papers I and II, the paper evaluates cost savings, emission reduc-
tions, and optimal PV sizing strategies (bottom right of the �gure).

Finally, Chapter 7 presents novel results from the integration
of emissions data analysis from the electrical grid with the techno-
economic evaluation of rooftop PV systems. It explores the impact
of rooftop PV installations on reducing overall emissions, using
different methodologies for calculating grid emission factors.

The case studies presented in this thesis focus on public buildings
in Northern Italy, primarily schools and universities. These buildings
typically have high energy consumption, are sensitive to energy costs,
and show a strong interest in reducing emissions. Each paper uses
these case studies to apply and validate the proposed methodologies
and models in a real-world public sector context. Papers I, II, and IV
use hourly energy consumption pro�les: in Papers I and II, to analyze
how different methodological choices affect emissions calculations,
and in Paper IV, to support the optimal sizing of energy communities.
By relying on publicly available or generalizable data, the results
remain applicable to similar cases. These case studies reinforce
the practical relevance of the research, demonstrating that targeted
energy strategies can be both cost-effective and effective in reducing
emissions.
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Emissions from District Heating
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This chapter is extensively based on the following publication:
Chiara Monzani, Giulia Montanari, Alberto Poggio and Giulio Cerino
Abdin, (2023). A new approach for the hourly calculation of CO2 emis-
sion factors of the thermal energy production in District Heating Systems ;
https://doi.org/10.52202/069564-0266
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EMISSIONS FROM DISTRICT HEATING SYSTEMS

This chapter explains the contributions of the paper "A new approach
for the hourly calculation of CO 2 emission factors of the thermal energy
production in District Heating Systems" to the thesis, addressing RQ1:
What is the impact of different emission factor methodologies and
temporal resolutions on GHG emission calculations for thermal energy
consumption in district heating networks? This analysis provides both
yearly and hourly data-driven emission factors that can be utilized
to calculate emissions from thermal energy consumption when an
entity is connected to a District Heating System (DHS) powered by
Combined Cycle Heat and Power (CC-CHP) plants. It also supports a
better understanding of how to allocate emissions between electricity
and heat production. The outcomes of this analysis are essential
for assessing whether thermal energy communities could be a viable
solution for reducing emissions.

3.1 M ETHODS

When thermal energy is directly consumed from a local boiler, emis-
sions occur within the facility and are classi�ed as Scope 1. In this
case, emission calculation must consider the emission factor (EF)
of the fuel and the amount of fuel burned or the energy produced
combined with the ef�ciency of the boiler. If the �nal user is con-
nected to a District Heating System (DHS), emissions are generated
externally and fall under Scope 2. The methodology introduced in
this paper aims to re�ne the calculation of hourly emission factors
when thermal energy is supplied by a DHS powered by a CC-CHP
plant and backup boilers.

The case study focuses on the Turin DHS, a large-scale urban
network characterized by two CC-CHP plants, supported by backup
gas boilers used during peak demand periods and daily thermal
energy storage systems. The system provides heat to a wide range
of users, including public buildings, residential complexes, and
institutions such as the Politecnico di Torino. The amount and type
of emissions linked to this thermal energy use depend on the fuels
employed in the heat generation process. In this case, emissions
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originate from both the CC-CHP plants and the gas �red heat only
boilers. For the CC-CHP units, emissions must be allocated between
electricity and heat production. In contrast, emissions from the gas
boilers are calculated based on their ef�ciency and the emission
factor for the stationary combustion of the fuel used, which in this
case is natural gas. The thermal energy storage system, consisting of
hot water tanks, is primarily used to manage peak demand, helping
to limit the use of gas boilers when the CC-CHP units cannot fully
meet the heating load. A schematic of a DHS is shown in Figure 3.1,
illustrating the �ow of energy carriers, from fuels to the �nal thermal
energy delivered to the user.

Figure 3.1: Scheme for a district heating system with combined
cycle heat and power plant and integration heat sources.

In this study, three EF calculation methodologies are applied to
the Turin DHS, and the resulting EFs are used to estimate emissions
from thermal energy consumption for a real user supplied by the
network. This comparison highlights the differences in emission
estimates generated by each method: two of�cial approaches widely
used in regulatory and inventory contexts, and a new methodology
proposed as part of this work. The current methodologies studied
for calculating emissions from cogeneration plants are:

• Method E (Eurostat [40], ISPRA [41], IPCC [42]): This method
uses national average CO 2 emission factors and allocates total
emissions proportionally between electricity and heat genera-
tion based on their respective energy outputs.

• Method U (UNI EN 15316-4-5:2018): This standard methodol-
ogy subtracts the emissions attributed to electricity generation
from the total emissions resulting from fuel combustion, as-
signing the remainder to heat production. In systems with a
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high electrical output, this approach can result in very low, or
in some cases even negative, emission values being allocated to
heat, which may not re�ect the actual physical performance of
the system.

The new methodology proposed in this study is based on a de-
tailed analysis of DHS operation and introduces a more physically
representative approach to emission allocation for CC-CHP systems.
Figure 3.2 shows both a typical operating diagram and a simpli�ed
schematic representation. Emissions are allocated between electric-
ity and heat based on actual fuel use: the portion of fuel additionally
consumed to produce heat is attributed to the thermal output, while
the remaining share is assigned to electricity. This concept is illus-
trated in the diagram, where the additional fuel is represented as
the difference between the amount of fuel FA, actually burned to pro-
duce the electrical output E at point B , and Fb , which is the amount
of fuel that would have been used to produce electricity EB under
reference conditions. Analysis of operational data (left-hand graph)
shows that the slope of the regression lines calculated for different
regulation settings is similar. This indicates that the increase in fuel
consumption between cogeneration mode and full electrical mode
remains nearly constant across varying operating conditions. As a
result, the emission factor (EF) calculated for the CC-CHP can be
considered stable and is used to compute the overall EF of the DHS.

Figure 3.2: CC-CHP operating diagram under partial load con-
ditions. (a) Real operating data: hourly thermal and electrical
energy production with regression lines; (b) Schematic repre-
sentation showing working point P.

The EF for the DHS is calculated using hourly operational data
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from the Turin DHS during the 2010-2011 heating season, which
included two CC CHP plants, backup gas boilers, and one thermal
storage system. The overall EF accounts for the contribution of
each generation unit, incorporates network losses, and includes the
impact of thermal energy storage. Emissions from gas fuelled units,
including the CC-CHP plants and the backup boilers, are calculated
using a direct emission factor for natural gas of 202 CO 2eq/kWh t , as
reported by ISPRA [10]. In addition, for Scope 3 assessments, the
emission factor of natural gas can be extended to 304 CO 2eq/kWh t ,
according to ecoinvent data for Italy[43], to account for upstream
and downstream emissions. This value is based on the ecoinvent 3.8
database [44], which applies the allocation, cut-off by classi�cation
system model, assigning all extraction and processing impacts to the
�rst user and excluding them from recycled or reused materials. The
article focuses primarily on Scope 2 emissions, which refer to indirect
emissions from the consumption of purchased energy. However, for
the purpose of this thesis, Scope 3 emissions are considered to
account emissions associated with fuel supply chains.

For the storage component, two alternative accounting ap-
proaches can be considered: one attributes emissions at the time of
charging (production based), and the other at the time of discharge
(consumption based). In both cases, the total emissions from all gen-
eration sources are summed. In the production based approach, the
overall EF is obtained by dividing total emissions by the total thermal
energy produced. In the consumption based approach, emissions
are divided by the thermal energy delivered to end users. This study
adopts the consumption based method, as it aligns more closely with
the objective of estimating user level emissions and understanding
the direct environmental impact of actual energy consumption. The
complete methodology is presented in Paper I and includes both
hourly EFs and a simpli�ed annual EF for the overall DHS.

After calculating the hourly and annual EFs for the DHS using
both the newly proposed approach and the standard methodologies
(Method E and Method U), these values are then applied to assess the
emissions associated with the thermal energy consumption of a real
user. Speci�cally, the emission factors are used to estimate the GHG
emissions of the main buildings of Politecnico di Torino connected
to the DHS. The hourly thermal energy demand of the campus is
combined with the corresponding emission factors to generate a
detailed, time-sensitive emissions pro�le. These results are then
compared with emissions estimates based on the simpli�ed annual
EF and with those obtained using Method E and Method U, in order
to highlight the differences not only between dynamic and aggregated
approaches, but also between the methodologies themselves. This
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comparison demonstrates the value of using hourly emission data
to understand how user demand patterns in�uence emissions and
underscores the importance of temporal resolution in supporting
local energy planning and institutional carbon accounting.

3.2 R ESULTS

Through the application of method E and U to the case study in
Turin, the �nal EF calculated in this paper is 302 gCO 2eq/kWh t using
Method E, and a negative value using Method U. The �rst value is
higher than the EF of natural gas, which incorrectly implies that
burning gas in a local gas boiler is better than using heat from a
highly ef�cient cogeneration system that simultaneously produces
electricity and heat. On the other hand, obtaining a negative emis-
sion factor using Method U is also incorrect, as it would suggest that
heat production actively reduces emissions, which is not physically
accurate. This highlights the limitations of both approaches and the
need for a more balanced and realistic allocation method.

Figure 3.3 shows the comparison of the emission factors calcu-
lated using the annual Method E and the new methodology, both
in its yearly and hourly forms. In addition to what is presented in
the paper, the �gure also displays the hourly trend of the emission
factors, which is particularly relevant for the purposes of this the-
sis. The hourly pro�le is shown alongside the average annual EF
obtained using Method E to enable a clearer visual comparison. The
emission factor calculated speci�cally for thermal energy produc-
tion from the CC CHP system is 73:7 gCO2eq=kWh t for Scope 2 and
111:3 gCO2eq=kWh t for Scope 3. Based on these values and applying
the consumption-based approach, the overall yearly emission factor
for the DHS, which includes the contributions from all generation
units, network losses, and storage, is 102 gCO2eq=kWh t for Scope 2
and 154 gCO2eq=kWh t for Scope 3.

The table in Figure 3.3 reports the yearly emission factors calcu-
lated for the DHS using the different approaches.

As shown in Figure 3.3, hourly variation in the EF of the DHS
is evident, with higher values occurring during periods of elevated
thermal demand when backup gas boilers are activated to meet peak
loads. EFs range between 77 gCO 2eq/kWh t and 224 gCO 2eq/kWh t .
Although the thermal storage system contributes only 2.4% of the
total thermal energy supplied by the DHS, it plays a meaningful role
in lowering emissions by reducing the reliance on gas boilers during
peak demand. Its contribution to emission reduction is estimated to
range between 2.7% and 3.8%. The lower bound corresponds to a
conservative scenario in which the thermal storage is hypothetically
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Figure 3.3: Comparison of emission factors from Method E and
the new methodology (hourly and annual, Scope 2 and 3), and
resulting emissions for the Politecnico di Torino main campus.

removed and replaced by additional production from the CC CHP
units when they are not yet operating at full capacity and no boilers
are active; for all other hours, the demand normally covered by
storage is assumed to be met by gas boilers. The upper bound
represents a more simpli�ed case, in which the entire contribution
of the thermal storage is replaced by gas boiler production.

A detailed hourly variation in the emission factor illustrates how
it changes throughout the day, particularly in relation to the overall
heat demand of the DHS: heating demand typically peaks in the
morning and drops in the evening, in�uencing the emission factors.
As thermal demand increases, more backup boilers are required,
which leads to an increase in the emission factor. Conversely, when
demand is low and the system operates primarily supplied by the
CC-CHP. This underscores the importance of understanding the
temporal variability in emissions, which can help identify opportu-
nities to reduce emissions by shifting demand or optimizing system
operations.

When hourly EFs are applied to real thermal energy consump-
tion patterns, the resulting emission estimates capture temporal
variations in system operation. In this case, the difference between
the hourly and annual EF approaches is less than 1%, with emis-
sions calculated using the annual method showing a slight increase
compared to the hourly approach. This result can be attributed to
the speci�c thermal energy consumption pattern of the university,
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characterized by heating activation times that differ slightly from the
peak demand periods of the DHS. Figure 3.4 shows the university's
daily thermal consumption pattern compared with the portion of
the DHS emission factor attributed speci�cally to the activation of
the backup gas boilers. It can be observed that the university's
thermal consumption generally occurs earlier than the average net-
work demand that triggers boiler activation, both in the morning and
evening. This temporal shift contributes to the modest reduction
in emissions. These observations highlight the potential for further
emission reductions if heating demand can be actively managed or
shifted to hours with lower emission intensity.

Figure 3.4: Comparison between the hourly variation of aver-
age daily thermal energy consumption (left axis) and the DHS
emission factor (right axis).

3.3 C ONCLUSIONS

In conclusion, the new method provides an emission factor of
102 gCO 2eq/kWh t —nearly one third of the value obtained using
Method E, which reaches 300 gCO 2/kWh t . This signi�cant differ-
ence highlights the importance of using accurate and context-speci�c
methodologies for emissions accounting. The study also con�rms
that the yearly average EF of the DHS is lower than that of individual
gas boilers used locally. These results demonstrate that heating
networks are advantageous not only for improving air quality in
urban areas, by centralizing heat production outside city center [45],
but also in terms of reducing overall total GHG emissions.

The results also highlight the importance of time-sensitive anal-
ysis in the calculation of emissions from DHS. The hourly pattern
of the emission factor is not constant; instead, it increases during
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periods of high thermal demand. This variability emphasizes the
potential role of user behavior in reducing overall emissions. In fact,
in the case study, the hourly analysis revealed slightly lower over-
all emissions compared to the yearly analysis. This reduction was
due to a modest shift in the timing of thermal energy consumption
compared to the hours of highest demand from other users of the
DHS. Given the thermal inertia of buildings, a more pronounced
adjustment in the timing of heat demand could lead to further reduc-
tions in emissions. Future research could quantify this potential by
comparing different heating demand strategies and assessing their
impact on overall emission levels.

Although the calculated EF is low compared to other systems, it
is not zero, which highlights the importance of decarbonizing DHS.
This transition can be supported by the development of fourth gen-
eration district heating networks. These are characterized by lower
operating temperatures and the integration of technologies such
as heat pumps, biomass, solar thermal energy, seasonal thermal
storage, waste heat recovery from data centers and industry, the use
of surplus electricity from the grid, and geothermal energy sources.

In this context, thermal energy storage systems already demon-
strate a meaningful contribution by reducing reliance on backup gas
boilers during peak demand periods. While the storage unit analyzed
in this study accounted for only a small share of the total thermal
energy supplied, it led to measurable emission reductions. As DHS
infrastructures evolve, the increased deployment of thermal storage
units could further reduce emissions by replacing an even larger
share of backup boiler usage.

Moreover, in a more interconnected and �exible energy system,
thermal storage can also support the electricity grid. By absorbing
excess renewable electricity during peak solar or wind generation and
converting it into thermal energy, storage systems can help balance
the grid, reduce renewable curtailment, and enable a higher share of
variable renewable energy sources in the overall energy mix [46, 47].
In an integrated and decarbonized thermal and electrical network,
thermal storage systems play a key role not only in improving the
performance of district heating systems but also in enhancing the
�exibility and sustainability of the broader energy system. Achieving
this goal requires a deeper understanding of the electricity network,
which is addressed in the following chapter.
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Chapter 4

Emissions dynamics of electri-
cal grid

This chapter is extensively based on the following publication:
Giulia Montanari, Nicolas Campion, Chiara Monzani, Giulio Cerino Abdin,
Alberto Poggio, (2025). Comparison of Different Methodologies to Calcu-
late Greenhouse Gases Emissions Related to Grid Electricity Usage ; To be
submitted
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EMISSIONS DYNAMICS OF ELECTRICAL GRID

This chapter presents the contributions of paper "What is the impact
of different emission factor methodologies and temporal resolutions
on GHG emission calculations for electrical energy consumption in
the electrical grid?" which addresses RQ2: How do different method-
ologies and temporal resolutions of emission factors related to the
electrical grid affect the calculation of GHG emissions when applied
to various electricity consumption pro�les? This analysis provides a
comprehensive answer to this question and detailed hourly emission
factors region-speci�c that can be used to assess emissions from
grid electricity consumption.

4.1 M ETHODS

This paper compares several accounting approaches for calculating
greenhouse gas (GHG) emissions from grid electricity consumption
and applies them to different end-user pro�les. Emission factors
(EFs) are sourced from national and international databases. The
analysis highlights how methodological choices and data sources
in�uence emission estimates, demonstrating their impact through
real case studies. The study focuses exclusively on the location-
based method, which re�ects the actual electricity generation mix in
a speci�c area, in this case Northern Italy. The market-based method,
which calculates emissions based on energy contracts or certi�cates,
is not considered, as the focus is on physical grid emissions rather
than energy purchasing strategies.

Figure 4.1 shows a visual summary of the data sources and
methodology adopted in this study. The approach follows three main
steps. First, emission factors for different power generation tech-
nologies are collected from various sources, considering different
system boundaries. In the second step, these values are used to
derive grid-level emission factors using multiple methodological ap-
proaches. Finally, the resulting grid emission factors are applied to
typical electricity load pro�les of different end-user types to estimate
their associated GHG emissions and compare the outcomes.
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Figure 4.1: Methodology overview comparing power-generation
and grid-based emission factors applied to typical end-user
load pro�les.

4.1.1 Emission factors per power generation technologies

The study identi�es EFs for each energy source and power genera-
tion technology, categorized according to the scopes outlined in the
GHG Protocol. The direct emission factors (Scope 1) for stationary
combustion represents the GHG emissions directly obtained from
the energy soyrce combustion. This EFs remain relatively constant
across different times and locations, as they come directly from the
combustion of fuel. Although there may be minor variations due
to differences in chemical composition and combustion processes,
these changes are generally small [11]. The EF used for Scope 1
emissions is sourced from the GHG Protocol's Emission Factors from
Cross-Sector Tools, which provides standardized values for CO 2,
CH4, and N 2O emissions from fuel combustion [48]. For renewable
energy sources (RES), Scope 1 emissions are considered zero, as no
fuel combustion occurs during operation.

Scope 1 + 2 emission factors include emissions from stationary
fuel combustion as well as the ef�ciency of power plants in electricity
production and energy conversion. In this case as well, the emission
factors for RES are zero, since no combustion is involved. Since the
ef�ciency of electricity conversion depends on the characteristics of
the power plants, these emission factors vary according to the types
of plants in operation. As a result, they differ by location and can
change over time, showing greater variability than emissions from
stationary combustion alone. While these EFs can vary geographi-
cally based on the characteristics of these plants, they generally do
not change signi�cantly over time unless there are changes in the
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fossil power plant �eet. A comparison was made between data from
the IPCC [49] and ISPRA [50], the national institute responsible for
environmental protection and research in Italy. Since Scope 1 + 2
EFs are location-dependent and the focus of this study is on Italy,
the values were sourced from ISPRA. If we focus on natural gas,
for example, which represents the majority of electricity production
in Italy, the emission factor should re�ect the composition of the
regional power plant �eet. In Northern Italy, over 96% of the installed
natural gas capacity consists of combined cycle power plants with
high ef�ciencies, and approximately seven of these plants operate
in cogeneration mode. As a result, the emission factor for electricity
generation from natural gas re�ects the characteristics of the North-
ern Italian power generation �eet, which is predominantly composed
of ef�cient combined cycle systems.

When considering Scope 3, signi�cant differences in EFs emerge
between data sources. These variations are in�uenced by multiple
factors, including the geographical location of production, the time
period of data collection, the speci�c technologies assessed, and the
methodological approaches adopted. Differences may arise from the
inclusion or exclusion of certain life cycle stages, such as raw mate-
rial extraction, manufacturing processes, transportation distances,
and end-of-life treatment. As energy systems and technologies evolve,
these underlying parameters also change, leading to �uctuations in
Scope 3 EFs over time.

In this analysis, Scope 3 emission factors were evaluated using
data from both the IPCC [49] and the ecoinvent database [44]. The
IPCC AR5 provides globally representative median life cycle emission
factors, derived from a wide range of LCA studies, and is suitable for
general comparisons across energy technologies. In contrast, ecoin-
vent offers highly detailed, region-speci�c, and technology-speci�c
inventories, enabling more accurate modeling of Scope 3 emissions.
For this study, ecoinvent version 3.8 was used, applying the alloca-
tion, cut-off by classi�cation system model. In this approach, the
emissions and resource use associated with raw material extraction
and processing are fully attributed to the �rst product system that
uses the material. If the material is later recycled or reused, it enters
the system without carrying those upstream emissions. This model-
ing choice simpli�es impact allocation and avoids double counting.
Given its regional speci�city and methodological transparency, ecoin-
vent was selected for the �nal comparison of results, as it includes
emission factors speci�c to the Italian context.

A speci�c analysis was carried out on the emission factors for
photovoltaic (PV) systems, as this is the technology considered in
Paper IV. In particular, Scope 3 EFs for PV systems are highly sensi-
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tive to several factors, including manufacturing processes, material
ef�ciency, and the energy mix used during production. As PV tech-
nology continues to improve and the global electricity grid becomes
increasingly decarbonized, the associated life cycle emissions tend
to decrease over time [51].

For this reason, Ecoinvent was not used for PV emission factors,
as its data was considered outdated for this technology. Instead, an
average Scope 3 emission factor of 27.3 kgCO 2eq/MWh was used,
based on the open source tool [52] based on the Life Cycle Assess-
ment model, called PARASOL_LCA, and described by Besseau et al.
[51]. A more accurate and updated EF was used for new PV systems,
as discussed in Chapter 7.

4.1.2 Emission factors for electrical grid

For the calculation of the overall grid EF, the required data included
the hourly energy mix for Northern Italy, obtained from Terna [53],
and the hourly Scope 2 and Scope 3 grid EFs for countries importing
to and exporting from Northern Italy, sourced from Electricity Maps
[54].

To calculate the hourly emissions of the grid, the EFs associated
with each technology (speci�c to each scope) were multiplied by the
amount of energy produced by that technology in each hour.

To determine the hourly average emission factor, the total emis-
sions were then divided by the total electricity production in the
case of the production-based approach. For the consumption-based
approach, emissions from imported and exported electricity were
also included in the calculation. In this case, the total emissions
(including cross-border �ows) were divided by the load, representing
the electricity actually consumed in the region.

The following equation describes the production-based calcula-
tion.

EFgrid, production-based =
P

i (EF i � Pi )P
i Pi

(4.1)

Where:

• EF grid is the average emission factor of the electricity grid
[kgCO 2eq/MWh]

• EF i is the emission factor of energy source i [kgCO 2eq/MWh]

• Pi is the electricity produced by energy source i [MWh]
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Emissions from storage systems, which in Italy are mainly hydro-
pumped storage, need to be treated differently depending on the
chosen methodology. In the production-based approach, emissions
related to the storage system are addressed during the charging
phase. Speci�cally, during the hours of charging, the emission factor
attributed to the storage system is the weighted average emission
factor of the grid for that hour. This is calculated by summing the
total emissions produced by the different energy sources used in that
hour and dividing by the total electricity produced in the same hour.
Since the available data directly provide the net energy balance,
including both the energy consumed for pumping and the energy
produced from discharge, the discharging phase is not explicitly
considered, as it is already re�ected in the reported production data.
The discharge phase is considered to have zero emissions for Scope
2, while Scope 3 emissions are based on the life cycle assessment of
pumped hydro, as provided by the Ecoinvent database.

In the consumption based approach, emissions from storage are
allocated during the discharging process. During the charging phase,
emissions are not attributed to Scope 2, while Scope 3 emissions
are again based on the life cycle assessment of pumped hydro, as
provided by the Ecoinvent database. To calculate the emissions
associated with the discharging phase, a weighted average emission
factor is applied based on the charging period immediately preceding
the discharge. This method is considered reasonable, as storage
systems typically follow a daily charge and discharge cycle. The
weighted average emission factor for the charging period is calculated
according to the composition of electricity production during that
speci�c timeframe, by summing the total emissions from each source
and dividing by the total electricity produced in that period.

The hourly marginal emission factor was calculated by applying,
for each hour, the speci�c emission intensity of the marginal tech-
nology to the electricity generated during that period. The marginal
technology refers to the power plant that supplies the last unit of elec-
tricity required to meet demand and typically sets the electricity price
for that hour. These EFs are particularly important when assessing
the impact of new or additional loads on the grid, as they re�ect
the emissions from the source most likely to respond to increased
demand.

Data on the marginal technology for each hour was obtained from
GME (Gestore dei Mercati Energetici), the Italian Energy Market
Operator responsible for managing the electricity markets in Italy
[55].

After calculating the hourly EFs using different methodologies,
the yearly weighted average was used to compare the results with
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standard EFs adopted in of�cial estimates. These grid EFs were then
applied to the electricity consumption pro�les of three user groups:
industrial activities with constant load, residential buildings with
higher evening demand, and of�ces or universities with predomi-
nantly daytime usage. This step is essential for understanding how
different consumption patterns in�uence GHG emissions depending
on the chosen methodology.

The methodologies are compared to highlight discrepancies in
emissions estimates.

4.2 R ESULTS

Figure 4.2: Comparison of emission factors for various power
generation technologies, categorized by Scope 1 (stationary
combustion only), Scope 1 + 2 (electrical conversion) , and
Scope 3

Figure 4.2 show the comparison of EFs for different energy tech-
nologies, categorized as: Scope 1 (stationary combustion only), Scope
1 + 2 (electrical conversion), and Scope 3. The results clearly show
that fossil fuels have much higher emission factors than renewable
sources.

The scope 1 emission factors associated with stationary combus-
tion (direct emissions from fuel combustion) are highest for coal and
oil because these fuels release more carbon dioxide when burned
compared to other sources. This is due to their higher carbon content
and lower combustion ef�ciency [56].
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The scope 1 emission factor associated with the electricity conver-
sion takes into account the ef�ciency of power plants. Coal continues
to perform poorly, as coal power plants tend to have low ef�ciency
(around 35% [57]). Oil also performs poorly, with an average ef�-
ciency of around 40% [58], while natural gas bene�ts from more
ef�cient power generation, especially in combined-cycle systems,
which can reach ef�ciencies of up to 60% [59]. Scope 2 emissions in-
clude the external electrical and heat consumption that are typically
minor for power generation plants. Some of the electricity generated
by the plant can also be used directly for the plant operations being
a synonym of a slightly reduced ef�ciency.

For RES Scope 1 and 2 EFs are considered zero because they do
not produce direct emissions during operation and do not rely on
combustion-based power generation.

Scope 3 emission factors show a particularly high impact for oil.
This is mainly due to the complex and energy-intensive processes
involved in its extraction, re�ning, and transport, which contribute
signi�cantly to upstream emissions. Among RES, biomass has the
highest Scope 3 EF, followed by solar and then wind. However, all
values remain signi�cantly lower than those of fossil fuels, high-
lighting that while RES are not entirely emission-free, the life cycle
impact is greater for fossil-based energy sources.

Overall, total emission factors (considering all scopes) are highest
for coal and oil, lower but still signi�cant for natural gas, and very
low for renewable energy sources.

Figure 4.3 illustrates the variability of hourly emission factors
for the grid for consumption-based and production-based. The
energy mix in Northern Italy is dominated by natural gas (over 50%),
followed by hydropower (around 25%) and solar PV (about 8%). Wind
power plays a very minor role, contributing only around 0.5%.

The hourly average emission factor based on production shows
a noticeable decrease during daylight hours, due to increased elec-
tricity generation from PV systems. This trend has become more
pronounced in recent years.

During daylight hours, electricity prices tend to be low due to
increased production, especially from PV systems. At night, prices
remain low mainly due to reduced demand. However, the production-
based emission factors increase signi�cantly during nighttime hours,
as solar energy is no longer available and generation relies more
heavily on gas. Although emission factors are relatively high in the
evening, total emissions are lower because electricity demand is
reduced.

This pattern is less evident in the consumption-based approach.
Overall, the consumption-based method shows lower emission fac-
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Figure 4.3: Hourly emission factors for Scope 2, illustrating
the variation throughout the day.

tors compared to the production-based method, especially during
the night. The �gure illustrates how consumption-based emission
factors are more in�uenced by total demand, with lower values dur-
ing nighttime hours. This is mainly because Northern Italy imports
a signi�cant share of its electricity from countries with low-emission
energy mixes. In particular, 46% of imports come from Switzerland,
where electricity is mainly produced from nuclear and hydropower,
and 37% from France, which relies heavily on nuclear power.

Figure 4.4 particularly demonstrates the effects of using different
methodologies on the hourly EFs. The comparison between Scope
2 and Scope 3 hourly emission factors reveals higher EFs when
considering also Scope 3. Marginal EFs often resemble those of
natural gas since, for many hours in Italy, the marginal technology
is combined cycle cogeneration plants.

When applying the calculated emission factors to three distinct
consumption pro�les—of�ce, residential, and constant load—hourly
emissions calculations generally yield lower estimates than yearly
calculations for all user pro�les. Figure 4.5 illustrates the results in
the speci�c case study of a pro�le that mainly consume during the
day, demonstrating that different methodologies can signi�cantly
in�uence GHG emissions calculations. Notably, there is a differ-
ence of around 50% between Scope 2 and Scope 3 emissions. The
percentage difference between hourly and yearly EF calculations is
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Figure 4.4: Comparative analysis of consumption-based,
production-based, and marginal emission factors.

Figure 4.5: Comparative analysis of overall emissions calcu-
lated using different methodologies for the energy consumption
of an of�ce.

higher when considering a production-based approach rather than a
consumption-based one. This is due to the grid penetration of PV
production that strongly in�uence the EF, and this behavior is ex-
pected to become even more signi�cant with the continued increase
in PV production.
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4.3 C ONCLUSIONS

The results show that energy pricing strategies should more accu-
rately re�ect the emissions of energy production in order to promote
more sustainable consumption patterns. At the same time, the trend
in EFs over the years indicates a gradual reduction in the carbon
intensity of the electricity grid. However, the �ndings also highlight
the challenge of achieving net-zero emissions, as no energy source
currently leads to zero emissions when the entire energy system is
taken into account.

Although Scope 3 emissions from PV panels are not zero, PV
remains one of the most accessible technologies for reducing both
emissions and energy costs in buildings. This study focuses on
commercially available and affordable PV systems but acknowledges
the limitation of not considering alternative technologies, such as
those based on perovskite, which may lead to different results. Fur-
thermore, the Scope 3 EF for PV has been decreasing over time
and depends largely on the conditions under which the panels are
manufactured [51].

The results show that, among fossil fuel technologies, natural
gas shows the lowest EF, particularly when used in combined cy-
cle cogeneration plants, which are the most ef�cient con�guration.
This highlights the relevance of further examining this technology,
especially to understand how emissions should be allocated between
electricity and heat generation as explained in the previous chapter.
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Chapter 5

Simulated vs measured renew-
able energy data

This chapter is extensively based on the following publication:
Nicolas Campion, Giulia Montanari, Alessandro Guzzini, Lennard Visser,
Alfredo Alcayde, (2025). Green hydrogen techno-economic assess-
ments from simulated and measured solar photovoltaic power pro�les ;
https://doi.org/10.1016/j.rser.2024.115044
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SIMULATED VS MEASURED RENEWABLE EN-
ERGY DATA

The purpose of this chapter is to explain the contribution of the
paper "Green hydrogen techno-economic assessments from simulated
and measured solar photovoltaic power pro�les" and, in particular,
the GitHub repository [60] to address RQ3: How do different simula-
tion tools perform in estimating photovoltaic energy production when
validated against high-resolution measured data in diverse locations?
To answer this question the study consider the case study of pho-
tovoltaic systems, but the methodology can be applied also to other
technologies. The paper compares simulation tools commonly used
by end-users with measured PV data from multiple regions and
countries. Ultimately, the goal is to evaluate how the differences
between simulation and measured data impact on techno-economic
analysis.

5.1 M ETHODS

This paper evaluates the accuracy of photovoltaic (PV) simulation
tools by comparing their outputs with high-resolution measured data
collected from four real PV installations located in diverse climatic
regions: Forlì, Turin, Utrecht, and Almería. The simulation tools
considered are Renewables.ninja [61], CorRES [62], and PVGIS [63].
These tools rely on various open-access meteorological datasets,
including MERRA-2, SARAH, SARAH2, and ERA5.

Figure 5.1: Methodology overview.

MERRA-2 (Modern-Era Retrospective Analysis for Research and
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Applications) [61] is a global atmospheric reanalysis dataset that inte-
grates satellite and ground-based observations using advanced data
assimilation techniques and numerical modeling. It offers a spatial
resolution of 0.625 ° by 0.5 °. SARAH and SARAH2 (Surface Solar Ra-
diation Data Set – Heliosat) [64] are satellite-derived datasets based
on observations from the Meteosat geostationary satellites, providing
a higher resolution of 0.05 ° by 0.05 °. ERA5 [65], developed by the
European Centre for Medium-Range Weather Forecasts (ECMWF),
is another global reanalysis product with a spatial resolution of
approximately 31 km.

Both Renewables.ninja and CorRES use the PVLib library to sim-
ulate PV power output from reanalysis data, following methodologies
described in [61]. In contrast, PVGIS employs its own internally
developed algorithm for estimating solar energy production [63].

Hourly PV power time series were retrieved using the public APIs
of PVGIS and Renewables.ninja. To ensure consistency and com-
parability between tools, identical simulation settings were applied
across all platforms. These included site-speci�c parameters such
as tilt, azimuth, GPS coordinates, and system losses, all matched to
those measured on-site. However, certain inputs such as PV module
and inverter speci�cations are prede�ned or restricted within some
tools and could not be modi�ed.

By default, both Renewables.ninja and CorRES assume crys-
talline silicon (c-Si) PV modules. PVGIS provides more �exibility,
offering c-Si as well as Cadmium Telluride (CdTe) and Copper Indium
Gallium Selenide (CIS) technologies. Since c-Si is the most common
technology across the experimental plants and is supported by all
three tools, it was selected for all simulations.

Some modeling features are tool-speci�c. For instance, PVGIS
distinguishes between rooftop and free-standing installations, al-
lowing adjustments for ef�ciency losses due to higher operating
temperatures in building-integrated systems with limited ventilation.
This level of granularity is not available in Renewables.ninja or Cor-
RES. Moreover, none of the tools currently support the simulation of
bifacial PV modules.

To assess the accuracy of the simulation tools, this study employs
a Python-based analysis framework that automates the downloading,
formatting, and alignment of simulation outputs with high-resolution
measured data. The simulated time series were generated using
parameters that match the characteristics of the experimental PV
plants, including system tilt, azimuth, and panel technology. The
comparison is based on three statistical error metrics: Mean Absolute
Error (MAE), Root Mean Square Error (RMSE), and annual capacity
factor difference (CFdiff). These indicators quantify the deviation
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between simulated and measured power output, providing insight
into the strengths and limitations of each tool. The entire analysis
is fully reproducible, and all scripts and processed data are openly
shared on GitHub, enabling other researchers to replicate or extend
the methodology for additional case studies [60].

The original paper covers a broader scope, including the com-
parison of photovoltaic (PV) simulation tools across four different
geographical locations and the application of a techno-economic
analysis. However, for the purpose of this thesis, only the results
related to the PV system located in Turin are presented. All graphs
were generated using the open-source GitHub repository developed
for the original study. It is also important to note that the results in
the published paper were based on the versions of the simulation
tools available at the time. In contrast, all �gures and analyses
presented in this thesis are based on updated simulations using
PVGIS version 5.3, which incorporates the latest SARAH3 and ERA5
datasets.

By comparing the simulated data from widely used tools with
real-world measurements, this methodology helps quantify the accu-
racy of PV production estimates and identify which simulation tools
perform best under different environmental conditions. The analy-
sis also supports better-informed techno-economic assessments by
showing how simulation accuracy can impact system performance
forecasts.

Table 5.1: Set-up of the rooftop PV plant in Turin, Italy.

Parameter Value (Turin, Italy)

Available years 2019–2020
Latitude 45.065
Longitude 7.659
Tilt 26 �

Azimuth 206 �

System loss 10%
Building integration Yes
Installed peak capacity 604.6 kWp
Inverter nominal capacity 635 kW
Inverter model Sunny Tripower
Module manufacturer SunPower
Module model PM096B00
PV cell technology Mono c-Si

A primary focus of this thesis is on the results from Turin, Italy,
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as these will be used in the techno-economic analysis of rooftop
PV systems developed for a case study in the Piedmont region. For
Turin, the measured data comes from a PV plant monitored over
two years, with minute-by-minute power output recordings. This
high-resolution dataset captures both short-term variability due to
cloud cover and stable periods of clear-sky solar production. This
study identi�ed the simulation tool that most accurately re�ects
measured PV data in the area, and this tool is used in the analysis
presented in Paper IV. Table 5.1 summarizes the main technical
characteristics of the experimental PV system located in Turin.

5.2 R ESULTS

All the results presented in this section are obtained
using the GitHub https://github.com/giumonros/
Measured-vs-simulated-PV for the speci�c plant on the rooftop of
Politecnico di Torino.

Figure 5.2: Duration curves comparing measured (PV-MEAS)
with simulated data

Figure 5.2 shows the duration curves of capacity factors for both
simulated and measured data (red line). The �gure highlights that
during clear-sky days, which are characterized by high capacity
factors, all simulation tools tend to underestimate PV production. In
contrast, during cloudy periods with lower capacity factors, the tools
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tend to overestimate production.

Figure 5.3: Comparison of simulated and measured time series
based on high-resolution data in Turin.

Figure 5.3 shows high resolution data for both a clear sky and a
cloudy day, illustrating discrepancies between measured and sim-
ulated PV outputs, particularly under variable weather conditions.
On the cloudy day, the rapid and irregular �uctuations in solar
irradiance are not well captured by the simulation tools, leading to
signi�cant deviations in the estimated hourly capacity factors.

This mismatch is partly due to the way satellite-based data are
processed. As described in the PVGIS documentation, hourly values
are not calculated as averages from multiple observations but are
instead based on a single satellite measurement taken at an unspec-
i�ed time within the hour. If the measurement occurs during a brief
cloudy period, the estimated capacity factor is underestimated. If
it occurs during a short sunny interval, the factor is overestimated,
even if the true hourly average remains low. This effect explains the
spread in estimates across different simulation tools, since each may
rely on a different satellite dataset or time sampling.

Additional error is introduced by inaccuracies in cloud repre-
sentation in the reanalysis datasets. This is particularly the case
for ERA5 and MERRA2, which have been shown to overestimate
irradiance under cloudy conditions. This is consistent with previous
�ndings [66, 67], which report that MERRA2 and ERA-Interim often
misidentify cloudy conditions as clear skies.

On a predominantly clear sky day, the agreement between sim-
ulated and measured values improves considerably. However, the
method of using a single measurement per hour can still introduce
bias. If the satellite observation is recorded early in the hour, the
simulation may overestimate capacity factors in the afternoon and
underestimate them in the morning, as seen in the RN-MERRA2
time series. If the observation is taken later in the hour, the opposite
trend may occur. Although the exact timing of the satellite observa-
tions is not disclosed by the tools assessed, the recurring pattern
across different days and locations suggests a consistent limitation
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in satellite-based PV simulations.

Figure 5.4: Comparison of simulated and measured solar power
outputs in Turin.

Figure 5.4 shows the simulation results for the Turin location
using all tools. Among the con�gurations tested, ERA5 delivered
the lowest annual average capacity factor difference, followed closely
by SARAH3. The comparison also highlights a clear improvement
between PVGIS versions, with version 5.3 outperforming version
5.2. In contrast, as presented in the original publication, the Re-
newables.ninja con�guration based on MERRA2 data showed the
highest annual average difference from measured values. Based on
these �ndings, the combination of ERA5 with PVGIS version 5.3 was
identi�ed as the most reliable con�guration for this case study. As a
result, this simulation setup was selected for the techno-economic
analysis presented in the next chapter. The small difference of only
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0.98% between simulated and measured values con�rms its suit-
ability for accurately representing PV performance in the study area
and supports its use in subsequent analyses.

A closer inspection of the results reveals that the most signi�-
cant overestimations occur during the winter months, particularly
in November, December, January, and February. This seasonal
discrepancy may be related to the increased frequency of cloudy
days, which can raise the uncertainty of satellite-based irradiance
estimates. Another possible factor is the heating season, typically
associated with higher levels of atmospheric emissions. However,
further analysis would be required to evaluate the extent to which
these elements in�uence the observed discrepancies.

5.3 C ONCLUSIONS

The results con�rm that simulation tools have improved over time,
particularly with the release of updated reanalysis datasets, such as
ERA5 and SARAH3. Notably, ERA5 combined with PVGIS version
5.3 yielded the lowest annual average difference from measured data
in Turin, con�rming its reliability for further use in techno-economic
studies.

Despite these improvements, simulation tools still exhibit limi-
tations, especially during periods of low solar irradiance, such as
cloudy winter days. During these conditions, tools tend to over-
estimate PV output, which can lead to signi�cant deviations in
downstream analyses. As demonstrated in the original study, such
overestimations may propagate through techno-economic models,
in�uencing system sizing and cost estimations. For instance, simu-
lation bias has been shown to result in underestimated storage or
generation capacity, ultimately affecting key performance indicators
such as the levelized cost of fuel (LCOF).

These �ndings highlight the importance of validating simulation
tools against high-resolution measured data, particularly when used
to inform system design and policy decisions. While simulated time
series remain a practical and scalable solution, their limitations
should be clearly understood and considered when modeling energy
systems, especially for applications sensitive to variability in solar
resource availability.

To support transparency and reproducibility, all simulation and
validation processes were conducted using an open-source Python
repository developed as part of the original study. This resource
enables further testing of simulation tools and supports the in-
tegration of either measured or simulated PV data into broader
techno-economic assessments.
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Finally, the methodology and results presented in this chapter
provide a validated foundation for the techno-economic analysis of
rooftop PV systems developed in the following chapter. The simu-
lation tool selected for further analysis is PVGIS version 5.3 using
ERA5 as the input dataset, adjusted using the 0.98 correction factor
identi�ed in this analysis. This con�guration is used to generate
realistic production pro�les for the case study in the Piedmont re-
gion, ensuring greater accuracy and reliability in the subsequent
techno-economic analysis.
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Chapter 6

Renewable energy communities

This chapter is extensively based on the following publication:
Giulia Montanari, Xiufeng Liu, Giulio Cerino Abdin, Alberto Poggio, Chiara
Monzani, (2025). Exploring Rooftop Photovoltaic Potential and Optimal
Energy Communities in Public Buildings - A Case Study in Piedmont Region ;
To be submitted
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RENEWABLE ENERGY COMMUNITIES

The objective of this chapter is to address RQ4: How can self-
production from renewable energy sources contribute to economic
and emissions reduction goals for public and private entities, and
how can energy communities enhance their overall sustainability and
cost-effectiveness? To answer this question, the research focuses on
a particular case study involving rooftop PV systems and electrical
energy communities. These are regulated at the European level and
represent an effective tool to decarbonize local energy systems. The
methodology and �ndings of this case are presented in the paper
"Exploring Rooftop Photovoltaic Potential and Optimal Energy Commu-
nities in Public Buildings — A Case Study in the Piedmont Region" .
This study examines the impact of rooftop photovoltaic (PV) technol-
ogy on public buildings and explores how energy communities can
contribute to reducing the payback time for these installations. The
paper analyses the technical and economic feasibility of adopting
PV systems in public infrastructures and assesses their potential
to enhance sustainability and energy ef�ciency within the Piedmont
region.

6.1 M ETHODS

The methodology employed in this study is designed to evaluate
the potential of rooftop PV panels on public buildings, focusing on
their techno-economic feasibility as solutions for reducing energy
costs in local energy systems. This process integrates several steps
that combine technical analysis, economic modeling, and Renewable
Energy Community (REC) formation, as outlined in the methodology
diagram in Figure 6.1.

The �rst step involves the analysis of renewable energy resource
availability, which can be carried out using Geographic Information
System (GIS) tools. In particular, for PV energy systems, GIS data
are fundamental both for estimating productivity and assessing the
maximum potential for PV installation. To achieve this, detailed 3D
models of 86 public buildings were developed, taking into account
structural constraints. Key factors considered in determining this
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Figure 6.1: Overview of the methodology

potential include the building's orientation (azimuth), roof tilt, and
location. Utilizing the latest version available of PVGIS (version 5.3)
and the database that performed best in the study on simulated
vs measured data in the case study area (ERA5), it was possible
to obtain a set of hourly capacity factors over a six-year period.
The selection of a typical year for the period considered through a
statistical analysis led to the choice of the year 2019, from which the
comparison between simulated and measured data was available.
These capacity factors were then adjusted using a correction factor
derived from real-world data comparisons as explained in paper III
[60].

To determine the optimal PV power capacity for each building,
different economical metric were used to considering the hourly
capacity factors for each PV system were used. The economic indica-
tors considered to study the optimal power capacity were: Payback
Time (PBT), Levelized Cost of Electricity (LCOE), and Net Present
Value (NPV). These indicators were calculated for different PV con�g-
urations, and different scenarios: both for individual buildings that
consume their own electricity and for larger RECs setups. These met-
ric were calculated using market prices and Italian RECs regulations.
A discount rate of 4% was assumed for all economic evaluations.
Additionally, an annual cost of 40,000 C was included to represent
the expenses associated with creating and maintaining the energy
community, covering management, legal, and technical services.

Simultaneously, energy consumption data for 208 Points of De-
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livery (PODs) was analyzed using both hourly and monthly records
from several years. A code was developed to clean and process
the hourly energy consumption data, and a methodology to convert
monthly data into hourly values was introduced. These processes
are explained in detail in the paper. After the data cleaning phase,
the next step involved selecting a statistically representative year.

Hourly consumption data and hourly production data, based
on the optimal power capacity, were used to perform an energy
and economic analysis considering three scenarios: Individual Local
Self-Consumption , referring to self-consumption by buildings with
simulated rooftop PV; Individual Remote Self-Consumption , referring
to self-consumption among PODs owned by the same entity and
located within the same electrical substation; and Energy Community ,
a con�guration where excess energy is shared across external PODs
within the same area. These scenarios are represented in �gure 6.2.

Figure 6.2: Overview of the scenarios

To assess the feasibility of RECs, a model was developed that
combines PV energy generation, energy consumption, and relevant
market and regulatory factors. The analysis includes an annual
management cost of 40,000 C, which accounts for administrative,
legal, and technical operations required to establish and operate the
REC.

The energy analysis includes a study of �exibility requirements,
quantifying �uctuations in energy withdrawal over time and evaluat-
ing how PV energy production affects this variability.

Lastly, to determine the optimal number of energy consumers
that can participate in the REC, a Mixed Integer Linear Programming
(MILP) model was employed. This model optimizes the number
of external PODs that can be integrated into the community to
maximize the ef�ciency of energy sharing. The analysis considers
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four standard consumption pro�les with distinct demand patterns:
residential, school, constant load, and of�ce. The residential pro�le
is based on hourly data from ARERA for an average household in
the Piedmont region, reconstructed to align with the year of the
actual consumption data and account for weekends and holidays.
The school pro�le was developed using normalized data from 155
schools, with representative patterns identi�ed through k-means
clustering. The of�ce pro�le re�ects a large of�ce building with
signi�cant cooling demand, particularly in summer months, and is
representative of users such as hospitals or public buildings with
continuous climatization needs. These realistic and differentiated
load pro�les are used in the MILP model to evaluate how the inclusion
of various user types in�uences the share of energy exchanged and
the resulting economic bene�ts.

6.2 R ESULTS

The �rst part of the analysis aimed to determine the optimal size
of each PV installation by examining how key economic parameters
vary with system capacity.

Figure 6.3: Variation of the LCOE for different plant sizes in
different locations considering a 20-year lifetime.

Figure 6.3 illustrates how the LCOE decreases as installed PV
capacity increases. This metric considers the initial investment,
operational and maintenance costs, and the total energy produced
over the system's lifetime. Since it does not account for revenues, it
does not represent a direct comparison between different �nancial
scenarios. A lower LCOE indicates improved cost-effectiveness, as
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it re�ects a reduced cost of generating each unit of electricity over
the system's life. The dashed line indicates the average electricity
price in Northern Italy for 2024, which, when including applicable
excise duties, is higher than the LCOE for all plant sizes considered.
The analysis assumes a 20-year system lifetime, consistent with the
duration of the incentive scheme for RECs.

Figure 6.4: LCOE reduction with the increase of PV lifetime.

Figure 6.4 illustrates the reduction in the LCOE as the opera-
tional lifetime of the PV system increases. The average LCOE for the
systems analyzed across all PV systems was found to be 0.09 C/kWh,
assuming a system lifetime of 20 years. This rate is signi�cantly
lower than the average electricity price in Northern Italy in 2024,
calculated by adding the applicable excise duty of 0.08 C/kWh to
the average market energy price. The resulting benchmark price is
therefore 0.187 C/kWh. Moreover, the LCOE continues to decrease
with increasing system lifetimes, with the largest PV systems reach-
ing values as low as 0.05 C/kWh after 40 years of operation. These
results highlight the long-term economic bene�ts of PV systems,
especially when they are designed to operate for extended periods.

Figure 6.5 show the NPV after 20 years calculated for two sce-
narios: Individual Local Self-Consumption , and Complete Energy
Community . The NPV is shown as a function of PV power capacity
and it increases with the increase of PV power. In general NPV for
energy communities is higher. In case of Individual self-consumption
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