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Abstract 

This thesis aims to explore Renewable Energy Communities (RECs) from multiple 

perspectives, including technical, regulatory, economic, and performance aspects. The main 

objective is to develop an accurate simulation model that reflects how RECs function within 

the Italian context, particularly focusing on the integration of renewable energy technologies 

and their potential in different regions. To achieve this, the study is divided into different key 

sections: 

1. Energy Production Profiles: Using simulation tools like PVsyst, PVGIS, and GWA, 

the thesis generates detailed hourly energy production profiles for three major 

renewable sources, solar photovoltaic (PV), wind, and hydroelectric power. These 

profiles are based on varying geographic conditions in Italy's North, Central, South, 

and Island regions. 

2. Consumption Data Analysis: The analysis incorporates real consumption data, 

especially from energy-intensive industrial entities (Piccole Medie Imprese), provided 

by Altea Green Power SpA. These consumption profiles will be examined as part of 

case studies, where industrial users may participate as either energy prosumers or 

consumers within RECs. 

3. Economic and Performance Evaluation: The data collected is processed through a 

custom-built Excel model, meticulously designed to evaluate RECs’ energy 

performance and economic viability. This model calculates both virtual and actual 

self-consumption percentages and simulates scenarios where various configurations 

of renewable technologies and industrial users are tested. Key metrics include shared 

energy levels, the payback period (PBT) for investments in renewable energy, and the 

potential for industrial PMIs to benefit from RECs. 

Finally, the thesis provides a comparative analysis of the economic and geographic factors 

that influence the success of RECs in Italy, identifying both the strengths and limitations of 

this emerging energy-sharing model. The study offers valuable insights for decision-makers 

and stakeholders, aiming to demonstrate how renewable energy communities can 

significantly contribute to Italy's energy transition while addressing economic concerns and 

regulatory compliance. 
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1. Introduction  

The current global energy landscape is marked by unprecedented challenges, not only due 

to the depletion of fossil fuels but also because of increasing geopolitical instability and the 

urgent need to mitigate the effects of climate change. In this critical context, the necessity of 

an energy transition toward more sustainable and decentralized models has never been 

more apparent. 

The decision to dedicate this master thesis to the topic of renewable energy communities 

stems from the recognition that they offer a tangible and innovative solution to address global 

energy challenges. Energy communities enable a more democratic and shared management 

of energy, promoting local renewable energy production and consumption. This approach not 

only reduces dependence on fossil fuels but also fosters greater involvement of individuals 

and local communities in the energy transition. 

In the current moment, characterized by energy crises, market instability, and an increasingly 

urgent environmental imperative, renewable energy communities represent a strategic 

opportunity to enhance the resilience of energy systems and reduce the environmental 

impact of human activities. This research aims to contribute to a deeper understanding of this 

model and demonstrate how energy communities can play a pivotal role in shaping a more 

sustainable, equitable, and resilient energy future. 

A review of the existing literature, including scientific articles, reveals that much of the 

research to date has been primarily centered around understanding the concept of 

renewable energy communities and exploring how they can be implemented to foster a more 

sustainable energy system. Until the early months of 2024, energy communities were not 

fully realized in Italy, and as a result, many studies have focused on their potential benefits, 

often from a theoretical perspective. Case studies have typically concentrated on specific 

regions, such as Italy's islands or rural areas, where isolated energy grids could benefit from 

local energy production. These analyses have also explored how energy communities could 

improve daily energy usage for private citizens, promoting energy autonomy and efficiency at 

the household level. 

While these insights have been valuable in laying the groundwork for the concept of energy 

communities, they have often neglected several key dimensions that are crucial for a 

comprehensive understanding of the topic. One of the main gaps in the existing research is 

the lack of focus on the technologies currently available in the Italian market. Technological 

advancements play a pivotal role in the success and scalability of energy communities, and 

understanding the range, versatility, and potential of these technologies within the context of 

Italy's unique energy landscape is essential. Italy’s diverse geography, from its densely 
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populated urban centers to its remote rural areas, requires a nuanced approach to 

technology adoption, with solutions tailored to meet the specific energy needs of different 

regions. 

Furthermore, most past studies have primarily examined the role of residential energy 

consumers, placing emphasis on the benefits that private citizens might gain from 

participating in energy communities. While this is an important consideration, it overlooks a 

critical aspect of the energy equation: the industrial and commercial sectors. Globally, the 

industrial sector is by far the largest consumer of energy, significantly outpacing residential 

consumption. In Italy, there is the same situation; the country's vibrant industrial base is a key 

driver of energy demand. Despite this, the potential for energy communities to integrate 

industrial players, improve energy efficiency in production processes, and reduce overall 

emissions in the sector has received relatively little attention in academic and policy 

discussions. 

By failing to fully account for the role of the industrial sector, much of the current research 

risks missing an opportunity to address one of the most energy-intensive areas of the 

economy. The industrial sector not only consumes a vast amount of energy but also holds 

significant potential for innovation in renewable energy adoption. The integration of energy 

communities into industrial processes could lead to substantial environmental and economic 

benefits, fostering a transition to more sustainable production methods while enhancing 

energy security. 

This thesis, therefore, seeks to fill these gaps by not only examining the concept of 

renewable energy communities from a technological standpoint but also by analyzing how 

these communities can be expanded to include industrial players, thereby maximizing their 

impact on the energy transition.  

The aim of this thesis, therefore, is to develop a highly accurate calculation model designed 

to simulate the performance of an energy community within the Italian context. This is 

achieved using Excel software, meticulously programmed to manage such a model in 

compliance with current regulations on the subject. In collaboration with Altea Green Power 

S.p.A, the need arose not only for an accurate performance model but also for one that could 

address the economic concerns of clients interested in participating in this opportunity. The 

goal is to provide them with a concrete evaluation of the economic value of their potential 

investment. 

Once the model is created, its validity and usability will be tested by simulating the 

performance of various energy communities, varying both the technology employed and the 

specific region of Italy where the community is established. This will enable the creation of a 
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database of performance data, useful for quickly assessing opportunities across different 

scenarios. This analysis is developed on two main fronts: first, a performance assessment of 

three renewable technologies available on the market: solar photovoltaics, wind, and 

hydroelectric power, using precise simulation software to estimate the hourly energy 

production over an entire year in four distinct regions of Italy, which have been simplified into 

North, Center, South, and Islands. 

The initial section of the thesis will explore the underlying motivations for the creation of 

energy communities, particularly as a response to the global energy crisis. It will also include 

an analysis of the current Italian regulations, as well as the ongoing shift from a centralized to 

a more decentralized energy system, highlighting the key concepts driving this transition. 

Subsequent chapters will delve into the performance of the three renewable technologies, 

examining their presence in Italy, supported by national data provided by Terna. In addition, 

the thesis will provide a broader perspective on industrial consumers, analyzing seven real-

world case studies encountered while working in Altea Green Power S.p.A. 

The final chapters form the core of this thesis: a detailed explanation of the model’s structure 

and preparation according to the guidelines established by the current regulatory framework, 

followed by a thorough economic analysis developed in collaboration with industry experts. 

The thesis will conclude with the simulation of the model’s performance and a 

comprehensive analysis of the results. 

The ultimate objective is to test the model and produce key insights into the performance, 

economic viability, and geographic potential of energy communities in Italy, offering valuable 

tools for decision-makers and stakeholders in the renewable energy sector. 
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2. Renewable Energy Communities 

2.1. Global energy overview and Energy transition 

The global energy landscape has undergone significant transformations over the last few 

decades, shaped by an intricate web of economic growth, technological advancements, 

geopolitical shifts, and mounting environmental concerns. As the world continues to 

develop, the demand for energy has seen an unprecedented rise. According to the 

International Energy Agency (IEA) [1], global energy consumption increased by nearly 

25% between 2000 and 2020, driven largely by population growth, rapid urbanization, 

and the industrialization of emerging economies such as China, India, and Brazil. This 

surge in energy demand has placed immense pressure on existing energy resources and 

has highlighted the need for sustainable and efficient energy systems to meet the needs 

of an ever-growing global population. 

 

Historically, fossil fuels—namely coal, oil, and natural gas—have been the cornerstone of 

global energy supply. Throughout the 20th century and well into the 21st, these resources 

have fueled industrial growth, powered transportation systems, and heated homes. As of 

2020, fossil fuels still constituted approximately 80% of the world’s primary energy 

consumption, underscoring their dominant role in the global energy mix. However, the 

environmental implications of fossil fuel combustion have become increasingly apparent. 

The burning of these fuels is the largest contributor to greenhouse gas emissions, leading 

to global warming, climate change, and a host of other environmental issues such as air 

pollution, acid rain, and biodiversity loss. 

Figure 1 - Global energy consumption IEA [1] 
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The 1970s marked a turning point in the global energy narrative. The oil crises of 1973 

and 1979, triggered by geopolitical tensions in the Middle East, exposed the 

vulnerabilities of relying heavily on a single energy source. These crises led to soaring oil 

prices, economic recessions, and a renewed focus on energy security. Western nations, 

particularly the United States and European countries, began to diversify their energy 

portfolios by investing in alternative energy sources. This period saw the initial 

development of nuclear energy, increased use of natural gas, and early research into 

renewable energy technologies. 

Despite these efforts, the transition away from fossil fuels was slow, largely due to the 

entrenched infrastructure, significant capital investments, and the relatively low cost of 

fossil fuels. However, the growing recognition of the environmental and social costs of 

fossil fuel dependence spurred further innovation and policy initiatives aimed at 

promoting cleaner energy sources. The 1990s and early 2000s saw the advent of more 

aggressive climate policies, such as the Kyoto Protocol, which sought to curb global 

greenhouse gas emissions and foster international cooperation on climate action. 

 

 

 

Figure 2 - Shares of Primary Energy Sources (1900-2040, %) [2] 

Figure 3 - Share or electricity production by source [3] 
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In recent years, the global energy landscape has been increasingly shaped by the 

transition to renewable energy sources. Renewables, including solar, wind, hydro, and 

biomass, have emerged as vital components of the world’s energy systems, offering a 

sustainable alternative to fossil fuels. The technological advancements in these sectors 

have been remarkable. The cost of solar photovoltaic (PV) modules, for example, has 

plummeted by more than 80% since 2010, while the efficiency of wind turbines has 

continued to improve, making renewable energy more competitive with traditional energy 

sources. The IEA reports that in 2021, renewable energy accounted for nearly 29% of 

global electricity generation, with expectations that this share will continue to grow as 

countries pursue more ambitious climate targets. [4] 

 

The growth of renewable energy has been particularly pronounced in regions with strong 

policy frameworks and favorable natural conditions. Europe has been at the forefront of 

the renewable energy transition, with countries like Germany, Denmark, and Spain 

leading the way in wind and solar energy adoption. The European Union’s Green Deal, 

introduced in 2019, aims to make Europe the first climate-neutral continent by 2050, with 

renewable energy playing a central role in achieving this goal. Similarly, China has 

become the world’s largest producer of renewable energy, driven by its need to reduce 

air pollution and its commitment to international climate agreements. China’s investments 

in solar and wind energy have not only helped reduce its carbon footprint but have also 

positioned it as a global leader in renewable energy technology. 

 

Figure 4 - Annual capacity additions of solar PV, wind and other renewables 2020-2026 IEA [4] 
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Directly quoting from the Treccani Encyclopedia: “Energy transition refers to a process of 

transforming the framework for meeting energy needs towards solutions characterized by 

a reduced environmental impact (with particular reference to greenhouse gases) and, 

more generally, greater sustainability. Fundamental characteristics of this process are the 

transition towards a portfolio of energy sources predominantly based on the use of 

renewable resources, the widespread adoption of efficiency solutions in all energy uses, 

and, finally, the availability of carbon dioxide (CO2) capture and sequestration solutions 

that enable the sustainable use of fossil fuels.” [5] 

Hence, energy transition refers to the process of shifting from a reliance on traditional, 

often non-renewable energy sources (like fossil fuels—coal, oil, and natural gas) to more 

sustainable and environmentally friendly sources of energy (such as solar, wind, hydro, 

and geothermal power). This transition aims to address the environmental and economic 

challenges associated with fossil fuel use, such as greenhouse gas emissions, air 

pollution, and resource depletion. 

The global energy system is facing urgent challenges that threaten both environmental 

sustainability and human health. The transition to renewable energy sources is a crucial 

response to these pressing issues. Here are three of the most important problems that 

the energy transition aims to solve: 

Climate Change: By reducing greenhouse gas emissions through the adoption of 

renewable energy sources, the energy transition helps mitigate global warming and its 

associated impacts on the environment. 

Air Pollution: Shifting away from fossil fuels decreases the emission of harmful pollutants, 

leading to improved air quality and better public health. 

Resource Depletion: Moving towards renewable energy reduces dependence on finite 

fossil fuels, helping to conserve non-renewable resources and ensure a more sustainable 

energy future. 

In figure 5 there are some milestones indicated by IEA to achieve the complete energy 

transition by 2050: [6] 
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Figure 5 - IEA milestones for 2050 goal [6] 

To ensure that the climate clock [7], shown in Figure 6, does not continue to advance 

unchecked, it is essential that all the milestones analyzed by the International Energy 

Agency (IEA) are met and successfully implemented. The IEA's milestones provide a 

comprehensive roadmap for reducing greenhouse gas emissions, advancing renewable 

energy adoption, and improving energy efficiency. Achieving these targets is crucial for 

slowing the pace of climate change and avoiding the worst impacts of global warming. 

Without adhering to and succeeding in these critical milestones, the climate clock will 

keep ticking, pushing us further towards irreversible environmental consequences. 

Therefore, committed and effective action on these fronts is vital for mitigating climate 

change and safeguarding the future of our planet. 

 

 

 

 

Figure 6 - Climate clock in September 2024 [7] 
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2.2.  Italy energy situation   

According to the Renewable Energy report by ES and PoliMI [8], Italy is at a critical juncture 

in its energy transition journey, grappling with both significant achievements and notable 

challenges as it seeks to meet its 2030 decarbonization targets. The country's efforts in 

renewable energy development have been marked by a mix of rapid growth in certain areas 

and stagnation in others, shaped by a complex interplay of policy, market dynamics, and 

technological advancements. 

In recent years, Italy has seen a remarkable increase in its renewable energy capacity, 

particularly in 2023, where the country added a record 5.7 GW of new capacity. This surge 

was primarily driven by small-scale photovoltaic installations, which accounted for the vast 

majority of the new capacity. This trend reflects a broader shift towards decentralized energy 

production, empowering individual households and small businesses to contribute to the 

national energy mix. However, this focus on small-scale installations has not been matched 

by progress in large-scale renewable projects, particularly in the wind energy sector. 

Figure 8 -Evolution of renewable generation capacity in Italy from 2008 onwards. [8] 

Figure 7 - New plants and mean power plants [8] 
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The development of large-scale renewable energy projects in Italy has been hampered by a 

range of challenges, including regulatory hurdles, bureaucratic delays, and local opposition. 

Legislative measures, such as restrictions on photovoltaic installations on agricultural land 

and regional moratoria on renewable developments, have slowed the momentum of the 

energy transition. These obstacles have created a bottleneck in the deployment of large-

scale projects, which are crucial for meeting the ambitious targets set by the National 

Integrated Energy and Climate Plan (PNIEC). 

Looking forward, Italy faces the risk of a slowdown in renewable energy installations in the 

coming years. Projections suggest that annual additions could drop significantly in 2025-

2026, potentially falling far short of 

the levels needed to stay on track 

with 2030 targets. This anticipated 

slowdown is largely due to delays 

in regulatory approvals and the 

slow rollout of necessary enabling 

measures. Additionally, the 

impending end of certain incentive 

schemes, such as the Scambio Sul 

Posto (SSP) for medium and small-

scale photovoltaic projects, could 

further dampen the sector's growth. 

Italy's energy policies, as 

discussed in the 2024 Renewable 

Energy Report (RER), reflect the 

country's efforts to transition to a more sustainable and decarbonized energy system, in line 

with European Union targets and the National Integrated Energy and Climate Plan (PNIEC).  

Technological advancements and innovations will play a crucial role in overcoming these 

challenges. The development of more efficient renewable energy technologies, coupled with 

improvements in energy storage and grid infrastructure, could help mitigate some of the risks 

associated with high LCOE and regulatory delays. Moreover, Italy's continued investment in 

research and development will be essential for maintaining its competitive edge in the global 

renewable energy market. 

 

Figure 9 - Italian energy policies overview [8] 
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In analyzing the future scenario for Italy two different scenarios are considered. The 

Business-As-Usual (BAU) scenario assumes that Italy continues with current policies and 

trends without major interventions: 

• Slow Renewable Growth: Renewable energy development progresses at a modest 

pace, hindered by regulatory delays and local opposition. 

• Installed Capacity: Italy only reaches around 70 GW of renewable capacity by 2030, 

well below the targets needed for decarbonization. 

In contrast, the Renewable Energy (REN) scenario envisions more aggressive policy actions: 

• Accelerated Growth: Enhanced policies and streamlined regulations lead to a faster 

rollout of renewable energy projects. 

• Installed Capacity: Italy successfully reaches around 95-100 GW of renewable 

capacity by 2030, aligning with its decarbonization and climate goals. 

 

To achieve its 2030 decarbonization goals, Italy must address the current barriers to large-

scale renewable energy development and enhance the effectiveness of its policy framework. 

Streamlining regulatory processes, improving access to financing, and ensuring that 

incentive schemes are aligned with market realities will be key to accelerating the 

deployment of renewable energy. Additionally, fostering greater public support through 

education and transparent communication about the benefits of renewable energy can help 

mitigate opposition to new projects. 

Figure 10 - BAU scenario for future situation in Italy [8] Figure 11 - REN scenario for future situation in Italy [8] 



 

22 
 

In conclusion, while Italy has made notable progress in expanding its renewable energy 

capacity, significant challenges remain. The country's ability to meet its 2030 targets will 

depend on overcoming regulatory and market obstacles, advancing technological 

innovations, and ensuring that the energy transition is socially and environmentally 

sustainable. As Italy navigates this complex landscape, strategic planning and strong political 

will be essential to securing a clean and resilient energy future, the Renewable Energy 

Community Decree could be an answer to these problems. 

 

2.3. Definitions of RECs and differences with other similar concepts 

Directly quoting from the GSE portal for RECs: “A Renewable Energy Community (REC) is a 

group of citizens, small and medium-sized enterprises, territorial entities, and local 

authorities, including municipal administrations, cooperatives, research institutions, religious 

organizations, third-sector entities, and environmental protection organizations, who share 

renewable electricity produced by plants managed by one or more members of the 

community.” [9] 

In an REC, renewable electricity can be shared among the various producers and consumers 

located within the same geographic area, thanks to the use of the national electricity 

distribution network, which enables the virtual sharing of this energy.  

Hence, Renewable Energy Communities (RECs) are an innovative concept designed to 

empower local communities by allowing them to produce, consume, share, and manage 

renewable energy. These communities are formed by a group of individuals, businesses, or 

local authorities who come together to collaboratively generate and use renewable energy, 

such as solar, wind, or biomass. The primary goal of RECs is to enhance local energy 

independence, promote environmental sustainability, and reduce energy costs for community 

members. By collectively managing energy resources, these communities can ensure that 

the benefits of renewable energy, such as lower electricity bills and reduced carbon 

emissions, are distributed equitably among all participants. 

In Italy, the concept of Renewable Energy Communities has gained significant traction, 

particularly as part of the country's broader efforts to transition to a low-carbon economy. The 

evolution of renewable generation capacity in Italy from 2008 onwards has been marked by a 

substantial increase in community-driven projects, reflecting a growing recognition of the 

social and economic advantages of localized energy production. These communities are 

supported by European Union directives and national policies that encourage decentralized 

energy systems, aiming to make the energy transition more inclusive and resilient. Through 



 

23 
 

the establishment of RECs, Italy is not only advancing its renewable energy capacity but also 

fostering greater community involvement and ownership in the energy transition process. 

This localized approach is critical for meeting national and EU climate goals while ensuring 

that the shift to renewable energy also delivers tangible benefits at the community level. 

2.3.1. RECs differences with CECs 

In EU it has always been important to make a distinction between Renewable Energy 

Communities (RECs) and Citizen Energy Communities (CECs). Even if they both represent 

local and community-based approaches to energy management, they focus on different 

aspects and operate under distinct frameworks. RECs are primarily concerned with 

generating and utilizing renewable energy at a community level. These initiatives aim to 

harness local renewable resources such as solar, wind, or biomass to enhance sustainability 

and energy resilience within the community. They often involve stakeholders like residents, 

businesses, and local governments, working together to install and manage renewable 

energy systems and sometimes sell excess energy to the grid. RECs are typically regulated 

by specific national or regional laws that incentivize renewable energy production and 

consumption. 

In contrast, CECs encompass a broader range of activities and focus on empowering citizens 

and local entities to participate in various aspects of energy management. While CECs do 

engage in renewable energy projects, they are not limited to them; their activities can also 

include energy efficiency measures, energy storage solutions, and innovative energy 

services. The goal of CECs is to democratize energy decision-making and ensure that local 

communities have control over how energy is produced, consumed, and managed. They are 

often regulated under comprehensive frameworks, such as the European Union’s Clean 

Energy for All Europeans package, which provides guidelines for community involvement and 

governance in energy systems. Thus, while RECs have a narrower focus on renewable 

energy, CECs provide a more inclusive approach to energy management, encompassing a 

wider array of energy-related activities and emphasizing citizen participation and local 

control. [10] 

1. Focus: 

o RECs: Primarily focused on the production and use of renewable energy. 

o CECs: Broader focus on collective energy activities, including renewable and 

non-renewable energy, with an emphasis on citizen involvement and local 

control. 

 



 

24 
 

2. Regulatory Framework: 

o RECs: Governed by national or regional regulations specific to renewable 

energy. 

o CECs: Governed by broader frameworks that promote community involvement 

in energy systems, such as EU regulations. 

3. Activities: 

o RECs: Typically involve generating and using renewable energy. 

o CECs: Can encompass a wider range of energy-related activities, including 

renewable energy, energy efficiency, and energy storage. 

Both concepts aim to enhance local control over energy resources and promote sustainable 

energy practices, but they differ in their scope and regulatory contexts. 

2.3.2. RECs differences with AUCs 

In the evolving landscape of renewable energy and collective energy management in Italy, 

it's crucial to distinguish between Renewable Energy Communities (RECs) and Aggregated 

Utility Companies (AUCs). While both concepts aim to enhance energy efficiency and 

sustainability, they operate under different frameworks and serve distinct purposes. 

Renewable Energy Communities (RECs) are collaborative networks where a diverse group 

of participants—including individuals, businesses, and local authorities—come together to 

generate and share renewable energy. These communities focus on harnessing local 

renewable resources to achieve broader environmental, economic, and social benefits. The 

primary goals of RECs include reducing carbon emissions, lowering energy costs for 

members, and fostering community engagement and resilience. They represent a holistic 

approach to energy management that emphasizes collective participation and the equitable 

distribution of benefits. 

In contrast, Aggregated Utility Companies (AUCs) are typically organized within the confines 

of a single building or complex, where residents or businesses aggregate their energy 

consumption to optimize procurement and management. AUCs aim to leverage the collective 

energy demand to negotiate better rates or enhance operational efficiencies. Their focus is 

primarily on achieving cost savings and improving energy management within a specific 

structure or set of properties. [11] 
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2.4. New conception of the electrical generation system and decentralization 

Historically, the electric power system has been built on a centralized model, characterized 

by large-scale power plants generating electricity and distributing it through an extensive 

network of transmission and distribution lines to end-users. This traditional approach, as 

shown in figure 12, involves a few major facilities—such as coal, natural gas, nuclear, or 

large hydroelectric plants—supplying electricity to a broad geographic area. While this model 

has enabled significant economies of scale and reliable energy supply, it also presents 

several drawbacks. Centralized systems often lead to inefficiencies and high transmission 

losses due to the long distances electricity must travel. Additionally, they are vulnerable to 

single points of failure; any disruption at a major power plant or along the transmission 

network can lead to widespread outages. Environmental impacts are also a concern, as 

large-scale plants, particularly those burning fossil fuels, contribute significantly to air 

pollution and greenhouse gas emissions. Furthermore, this model can limit local energy 

autonomy and innovation, as energy production and consumption are managed remotely, 

reducing opportunities for communities to engage in and benefit from sustainable energy 

practices. [12] 

 

 

 

 

 

 

 

 

 

The shift from traditional centralized electric power systems to modern smart grids signifies a 

profound transformation in how electricity is generated, managed, and consumed. In the 

traditional model, power is produced in large, centralized plants—often fueled by coal, 

natural gas, nuclear energy, or large-scale hydroelectric projects—and transmitted over long 

distances to end-users. This setup benefits from economies of scale, but it also has notable 

drawbacks.  

Figure 12 - Traditional centralized power system [12] 
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In contrast, smart grids, shown in figure 13, represent a revolutionary shift towards a more 

decentralized and intelligent energy system. They incorporate a wide range of distributed 

energy resources, such as residential solar panels, wind turbines, and battery storage 

systems, alongside traditional power sources. This decentralized approach allows for 

electricity to be generated closer to where it is used, which can significantly reduce 

transmission losses and increase overall energy efficiency. Smart grids utilize advanced 

technologies including real-time monitoring, automated controls, and two-way communication 

to enhance the reliability and responsiveness of the grid. For instance, real-time data helps 

quickly identify and address outages or inefficiencies, while automated systems can 

dynamically adjust energy flows to optimize performance and integrate diverse energy 

sources seamlessly. 

One of the key advantages of smart grids is their capacity to integrate renewable energy 

sources more effectively. By accommodating intermittent sources like wind and solar, which 

may vary in output, smart grids help reduce dependence on fossil fuels and decrease carbon 

emissions. They also empower consumers through smart meters and home energy 

management systems, giving individuals greater control over their energy usage and 

fostering energy conservation and cost savings. This increased transparency and control can 

lead to more informed decision-making and encourage sustainable energy practices. 

 

 

 

 

 

 

 

 

 

However, the transition to smart grids is not without challenges. The initial capital investment 

required for upgrading infrastructure and implementing advanced technologies can be 

substantial, posing financial hurdles for utilities and consumers alike. Additionally, the 

increased connectivity of smart grids introduces potential cybersecurity risks, as more data 

and control systems become vulnerable to cyberattacks. The complexity of managing a wide 

Figure 13 - Future smart grids power systems [12] 
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array of energy sources, data streams, and system interactions also requires robust 

maintenance and ongoing adaptation to ensure optimal performance and security. 

Despite these challenges, smart grids offer a compelling vision for the future of energy. They 

promise enhanced resilience and efficiency, better integration of renewable resources, and 

greater consumer engagement. As the technology continues to evolve and the necessary 

investments are made, smart grids have the potential to create a more sustainable, reliable, 

and adaptive energy system that meets the needs of a rapidly changing world. 

In a decentralized production system, which underpins Renewable Energy Communities and 

smart grids, the members involved can be classified as follows: 

1. Consumer: This is the end user of energy, or the customer who utilizes the electricity 

produced by the power grid. Consumers can be residential, commercial, or industrial 

users who purchase energy for their daily needs. 

2. Producer: This refers to the entity that generates energy, which may include 

operators of renewable energy generation facilities such as solar panels, wind 

turbines, cogeneration plants, or even traditional power plants. These producers sell 

the energy they generate to the power grid for distribution to consumers. 

3. Prosumer: This term denotes individuals or entities that are both producers and 

consumers of energy. A prosumer might have a renewable energy generation system 

installed in their building (such as solar panels) and use the produced energy to meet 

part or all of their energy needs. Any excess energy can be sold back to the grid or 

used to offset periods of low production. 

The presence of prosumers, particularly those who transition from being mere consumers to 

also becoming producers, is crucial within a decentralized energy system. It allows for 

greater flexibility in the electrical system, enabling more efficient management of the energy 

produced and consumed. In the following chapters, it will be explained how the regulations 

governing RECs are designed to encourage the emergence of this new role by supporting 

the installation of photovoltaic systems intended to provide renewable electricity to adjacent 

communities of consumers. 

In the concept of a decentralized electrical system, as seen in RECs and smart grids, the 

goal is to create a more sustainable and livable city for its inhabitants. This approach aims to 

ensure that the entire community benefits from energy and economic advantages while 

minimizing investment costs for members through the use of existing infrastructure. [13] 
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2.5. User energy system configurations 

The decentralization of the energy system and the imperative to decarbonize drive a complex 

transition from a centralized model, characterized by "one-to-many" or "one-to-one" 

configurations, to a "many-to-many" architecture. 

The "one-to-many" structure involves a single point of generation supplying electricity to 

multiple points of consumption. This generation point could be an energy production facility 

like a power plant, typically powered by fossil fuels or a hydroelectric plant, while the points 

of consumption could include homes, offices, industries, or other establishments. 

A "one-to-one" electrical grid refers to a system where a single generation point delivers 

electricity to a single point of use. For instance, a residential solar panel system may 

generate electricity that is directly consumed by a single household. 

In a "many-to-many" network, multiple energy sources can simultaneously supply multiple 

loads. This configuration eliminates a fixed hierarchy between energy sources and loads, 

instead establishing a direct connection between them. This means each energy source can 

be connected to multiple loads and vice versa, allowing for increased flexibility in energy 

distribution. Such an organizational structure is particularly suited for generation systems 

based on intermittent renewable sources, where energy flexibility is crucial. This type of 

architecture is foundational to renewable energy communities, whose members can be 

energy consumers, small-scale energy producers, or both, acting as prosumers. 

In a many-to-many structure, not only must different generation technologies producing 

various energy carriers be integrated, but a significant shift in social practices, economic 

relationships, and the regulatory framework must also occur. The shift towards a 

decentralized system focused on the electrification of end-uses, where energy demand is 

met by non-fossil sources, introduces other challenges, such as the current power grid's 

inadequacy to support a distributed, renewables-based system. A "flexible" energy system 

provides a viable alternative to traditional electrification. The decentralization of energy 

production and the distribution network involves the interconnection of socially and 

geographically diverse entities, which are both autonomous and self-sufficient but also 

capable of interacting with neighboring communities. As a result, a bottom-up regional 

reorganization of the energy system is essential. Renewable energy communities are 

founded on the principle of maximizing self-sufficiency by optimizing the amount of energy 

produced and consumed within their boundaries, thus increasing the share of self-consumed 

energy and the savings from reduced reliance on the public grid. The growth of systems 

based on the self-consumption of locally produced energy will lead to a profound 

transformation of the grid's structure, evolving it into a system of interconnected subsystems 
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with nested levels of dense connectivity. This transformation can be achieved through a 

significant increase in the number of prosumers who choose to "form communities and 

exchange energy among themselves" at the neighborhood and city levels, on a peer-to-peer 

basis, as shown in figure 14. [14] 

 

 

 

 

 

 

 

 

Peer-to-peer (P2P) energy trading is a transformative concept that redefines how energy is 

distributed and consumed, marking a significant departure from traditional centralized utility 

models. In a P2P energy system, individuals or entities can directly buy, sell, or share energy 

with one another within a decentralized network, bypassing the need for a central authority or 

large utility companies. This is particularly relevant in communities where prosumers—who 

both produce and consume energy—are prevalent. Prosumers often generate surplus 

energy through renewable sources such as solar panels, wind turbines, or small-scale 

biomass systems. Instead of selling this excess energy back to the grid at a lower price, P2P 

trading allows these prosumers to directly sell their energy to neighbors or other local 

consumers at mutually agreed-upon rates, creating a more dynamic and localized energy 

market. 

The implementation of P2P energy trading is facilitated by advanced digital technologies 

such as blockchain, smart contracts, and Internet of Things (IoT) devices.  

One of the most significant advantages of P2P energy trading is its ability to empower 

consumers, giving them greater control over their energy usage, sources, and costs. 

Consumers can choose to buy energy from local, renewable sources, supporting sustainable 

practices and reducing their carbon footprint. This localized energy production and 

consumption also enhances the resilience of the energy system by reducing dependence on 

distant, centralized power plants and minimizing transmission losses. By decentralizing 

Figure 14 - Graphic explanation of peer-to-grid and peer-to-peer [15] 
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energy production and distribution, P2P energy trading helps to create a more flexible and 

adaptive energy system, capable of responding more effectively to fluctuations in supply and 

demand. 

Moreover, P2P energy trading can drive significant economic benefits. By cutting out the 

middleman, both producers and consumers can benefit from better pricing. Prosumers can 

earn a higher return on their surplus energy, while consumers may find more competitive 

rates than those offered by traditional utilities. This decentralized approach can also stimulate 

local economies by encouraging investment in renewable energy technologies and 

infrastructure, creating jobs, and fostering innovation in energy management. 

Environmentally, P2P energy trading promotes the wider adoption of renewable energy 

sources. As more individuals and communities participate in decentralized energy 

production, reliance on fossil fuels decreases, leading to a reduction in greenhouse gas 

emissions and contributing to the fight against climate change. The localized nature of P2P 

trading also supports energy independence, as communities become more self-sufficient and 

less reliant on external energy supplies. 

However, the widespread adoption of P2P energy trading also presents challenges. 

Regulatory frameworks must evolve to accommodate these new models, ensuring that they 

integrate smoothly with existing grid infrastructure and market operations. Additionally, the 

initial cost of implementing the necessary technologies and platforms for P2P trading can be 

a barrier, particularly in regions where digital infrastructure is underdeveloped. 

Despite these challenges, P2P energy trading represents a significant step forward in the 

transition to a more decentralized, sustainable, and consumer-centric energy system. It 

aligns with the broader trends of energy democratization and decarbonization, empowering 

individuals and communities to take an active role in their energy future. As this concept 

continues to gain traction, it has the potential to reshape the energy landscape, driving 

innovation and sustainability while enhancing energy security and resilience at the local level. 

[16] 

 

2.6. Network monitoring 

Electric smart meters are advanced devices that play a crucial role in modern energy 

systems, particularly for prosumers—those who both produce and consume energy. Unlike 

traditional meters, which only measure energy consumption, smart meters provide a 

comprehensive, real-time view of both energy usage and production. For prosumers, this 

dual functionality is essential as it allows for the seamless integration of their renewable 
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energy generation systems, such as solar panels, with the broader electrical grid. Smart 

meters continuously monitor the flow of electricity into and out of a property, distinguishing 

between energy drawn from the grid and energy generated on-site. This data is transmitted 

in real-time to both the prosumer and the utility company, enabling precise billing and energy 

management. 

The smart meter operates through a combination of digital technology and communication 

systems. It records energy usage in intervals as short as every 15 minutes, allowing for a 

detailed analysis of consumption patterns. For prosumers, this means they can track when 

their energy production is highest—typically during daylight hours if using solar power—and 

align their consumption to maximize the use of their own renewable energy. Additionally, 

when production exceeds consumption, the smart meter records the excess energy that is 

exported back to the grid. This exported energy can be credited to the prosumer’s account, 

often through net metering arrangements, where the excess energy offsets future electricity 

bills. Beyond just measuring energy flow, smart meters provide actionable insights that 

empower prosumers to optimize their energy use. By accessing data through online portals 

or apps, prosumers can monitor their real-time energy balance, identify periods of high 

consumption, and make informed decisions about when to use or store energy. For instance, 

a prosumer might choose to run high-energy appliances during peak production times to take 

full advantage of the energy being generated on-site. Some smart meters are also integrated 

with home energy management systems, which can automatically adjust appliance usage 

based on energy production levels, further enhancing efficiency and reducing costs. 

Moreover, smart meters facilitate demand response programs, where prosumers can 

contribute to grid stability by adjusting their energy consumption during peak demand 

periods. In some cases, prosumers may receive financial incentives for participating in these 

programs, which further enhances the economic benefits of being both a producer and 

consumer of energy. 

The communication capabilities of smart meters also extend to the utility providers, enabling 

more efficient grid management. Utilities can receive instantaneous data on energy flows, 

which helps in balancing supply and demand across the network, integrating distributed 

renewable energy sources more effectively, and reducing the likelihood of outages. This real-

time data exchange supports the development of smart grids, where electricity distribution 

becomes more adaptive and responsive to changing conditions. [17] 

As seen in figure 15, the difference between 1G (first-generation) and 2G (second-

generation) smart meters lies in their capabilities, communication technologies, and the level 

of control and information they provide to both consumers and utilities. Understanding these 
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differences is crucial, especially when considering their role in energy communities, where 

managing local energy production, consumption, and distribution efficiently is essential. 

1G meters, often referred to as Advanced Metering Infrastructure (AMI) meters, represent the 

first wave of smart meters. These devices primarily focus on providing remote, automated 

readings of energy consumption to utilities, eliminating the need for manual meter readings. 

They communicate usage data to the utility company, typically via a one-way communication 

system. This enables utilities to generate accurate bills based on real-time consumption data 

and detect outages more quickly. 

 

However, 1G meters have limitations. They offer limited real-time data to consumers and 

generally do not support two-way communication. This means consumers have less visibility 

and control over their energy usage, and the integration of these meters with home energy 

management systems or renewable energy sources is less sophisticated. For energy 

communities, which require a high level of interaction between energy producers and 

consumers, these meters may not be fully adequate. 

2G meters, also known as smart meters or advanced smart meters, are more sophisticated 

and provide two-way communication between the meter and both the utility and the 

consumer. These meters offer real-time data on energy consumption and production, and 

they can interact with other smart devices within a home or community. This enables 

consumers to monitor their energy use in real time, adjust their consumption based on 

pricing signals or energy availability, and manage energy resources more efficiently. 

Figure 15 - Differences 1G and 2G meters [18] 
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For energy communities, 2G meters are particularly valuable. They support the dynamic 

management of local energy resources, such as solar panels or wind turbines, by providing 

detailed data on when and how much energy is being produced and consumed. This allows 

energy communities to maximize self-consumption, optimize energy storage, and even 

participate in peer-to-peer energy trading. The ability to interact with other smart grid 

technologies also means that 2G meters can help balance supply and demand within the 

community, reducing reliance on external energy sources and enhancing grid stability. 

Moreover, 2G meters enable better integration of renewable energy sources by facilitating 

demand response and load shifting. For instance, during times of high renewable energy 

generation, consumers can be incentivized to increase their consumption or store excess 

energy, ensuring that locally produced energy is used effectively. This is particularly important 

in energy communities, where the goal is often to achieve greater energy independence and 

sustainability. 

Basically, 2G meters are essential in such a smart grid as Energy Communities for: 

• Enhanced Data and Control: 2G meters provide detailed, real-time data that is crucial 

for managing energy production and consumption within the community. This allows 

for more efficient energy use and better integration of renewable resources. 

• Two-Way Communication: The ability to send and receive data in real time is critical 

for the dynamic operation of energy communities, where energy flows are often more 

complex and need to be managed locally. 

• Support for Renewable Integration: 2G meters are better equipped to handle the 

variability of renewable energy sources, providing the necessary data and control to 

balance production and consumption. 

• Enabling Peer-to-Peer Trading: 2G meters facilitate direct energy exchanges between 

community members, supporting the economic and social goals of energy 

communities. 

Despite these advantages, the implementation of smart meters is not without challenges. 

Privacy concerns arise from the detailed data collected, which could potentially be used to 

infer personal habits. Additionally, the initial cost of installing smart meters and integrating 

them with existing infrastructure can be significant. However, these challenges are 

outweighed by the benefits, especially for prosumers looking to maximize the efficiency, 

sustainability, and economic returns of their energy systems. 
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In summary, smart meters are a key technology for prosumers, offering detailed monitoring, 

real-time data, and the ability to optimize both energy consumption and production. They not 

only facilitate the integration of renewable energy into the grid but also empower prosumers 

to actively participate in energy markets, contributing to a more decentralized, resilient, and 

efficient energy system. [19] 

 

2.7. Regulation Model: Virtual vs. Physical 

Currently in Italy, self-consumption can be conducted under the "one-to-one" model, where a 

Production Unit (PU) serves a Consumption Unit (CU), such as common utilities in a 

condominium setting. In transitioning to a "one-to-many" collective self-consumption model 

(one PU serving multiple CUs), two different configurations can be conceptually considered 

[20]: 

• Physical self-consumption scheme, which involves a direct private connection 

between generation installations and domestic/common utilities, with a single access 

point (POD – Point Of Delivery) to the public grid (Figure 17). 

• Virtual self-consumption scheme (also known as "commercial" or "extended 

perimeter"), which utilizes the public grid for the exchange of energy between 

generation and consumption units (Figure 16).  

 

Figure 17 - Physical consumption configuration [20] Figure 16 - Virtual consumption configuration [20] 
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In the physical self-consumption scheme (Figure 17), there is only one POD (Point Of 

Delivery) for exchange with the grid, and the energy produced and consumed remains 

effectively within the private network of the building, thus avoiding the application of the 

variable portion of network and system charges.  

The main features of this configuration are: 

• A private internal condominium network with a single connection to the public grid 

through one fiscal meter. 

• A single electricity supply contract serving the common and domestic utilities of the 

condominium. 

• A non-fiscal measurement infrastructure for recording the consumption of the utilities. 

In the virtual self-consumption scheme (Figure 16), each user is typically connected to the 

public grid through their own POD (Point Of Delivery), allowing each individual to choose 

their own energy supplier or exit the scheme at any time. Physical energy exchanges 

continue to occur over varying portions of the public grid, which might be limited to the BT 

(low voltage) busbar of the condominium if electricity meters are centralized in a dedicated 

room.  

The main features of the virtual scheme are: 

• Unchanged network configuration: The public grid ends at the POD of each individual 

user (where a fiscal meter is installed). 

• Measurement service by the electricity distributor: The distributor is responsible for 

measuring energy consumption. 

• Freedom of choice: Each end customer can select their own energy supplier and can 

opt out of the scheme at any time. 

 

2.8. On-site exchange and dedicated withdrawal 

In the realm of electricity generation and usage, on-site exchange and dedicated withdrawal 

are two distinct methods related to energy management and distribution. 

On-Site Exchange, also referred to as "self-consumption with on-site exchange" or 

"compensated self-consumption," enables energy producers, such as those with solar panel 

installations, to use the electricity they generate for their own needs and to transfer any 

excess to the national grid. When the output from the energy system surpasses the user's 
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consumption, the surplus is delivered to the grid, and the producer receives compensation 

for the energy contributed. 

This system relies on a bidirectional measurement setup, where the user-producer has a 

meter that tracks both the energy drawn from and the energy supplied to the grid. At the end 

of the billing period, the amount of energy consumed from the grid and the energy sent to it 

are compared to establish the energy balance. If there is a positive balance, the producer is 

granted compensation or energy credits for the surplus energy provided. This approach 

supports both residential and commercial users, as well as communities with renewable 

energy systems like solar or wind installations. It promotes self-consumption and the growth 

of renewable energy by providing financial benefits for producing clean energy. [21] 

Dedicated Withdrawal, alternatively, involves a "dedicated withdrawal contract" or "energy 

sale contract," which is a commercial agreement between an electricity producer and a third 

party, such as a utility company or grid operator. Unlike on-site exchange, in dedicated 

withdrawal, producers do not use the energy directly but transfer it entirely to the GSE 

(Gestore dei Servizi Energetici). Rather than negotiating sales through bilateral agreements 

or selling on the wholesale market, producers receive guaranteed minimum prices, or for 

larger facilities, the average monthly price of their zonal wholesale market. Terms and 

conditions for the sale of energy are set out in the dedicated withdrawal contract. 

This approach is commonly used by large-scale power plants, such as those fueled by coal, 

gas, or nuclear energy, which produce significant quantities of electricity for market 

distribution. However, it is also applicable to large renewable energy installations, like solar 

farms or wind farms, where the energy generated is sold to a single buyer, such as an 

electricity distribution company, through a long-term contract. [22] 

In conclusion, on-site exchange and dedicated withdrawal offer two different strategies for 

energy producers to monetize their output. On-site exchange supports the use of self-

generated energy with the option to trade excess energy with the grid, while dedicated 

withdrawal involves selling generated energy to a specific buyer through a contractual 

arrangement. Both methods play a role in advancing the use of renewable energy and 

supporting the transition toward a more sustainable energy system. 

Renewable Energy Communities (RECs) can access the economic contributions available by 

applying for the distributed self-consumption service with the GSE (Gestore dei Servizi 

Energetici). Additionally, producers can monetize all the energy fed into the grid by either 

selling it on the market or requesting its withdrawal from the GSE through the Dedicated 

Withdrawal Service (RID). 
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2.9. Normative framework of Renewable Energy Communities  

Up to the present, the EU has regularly issued directives, funding, and planning documents 

related to energy policies. This emphasis on the energy sector is somewhat unique and a key 

focus of the EU Commission, both to meet the obligations set by global organizations to 

promote sustainable development and to lessen dependence on third-party countries for 

energy (especially fossil fuels) in order to avoid situations of energy instability. Figure 18 

illustrates the legislative and regulatory process for Renewable Energy Communities in Italy. 

The key points and updates introduced by each regulation are analyzed below. 

 

2.9.1. European Directive 

The EU Directive 2018/2001, also known by the acronym RED II (Renewable Energy 

Directive II), is part of the Clean Energy for All Europeans Package. This package comprises 

a set of legislative proposals and policy initiatives aimed at promoting the transition towards 

cleaner and more sustainable energy in Europe. The primary goal is to achieve the ambitious 

targets of the European Union concerning clean energy and the reduction of CO2 emissions. 

The overarching objective of the Clean Energy Package is to ensure a transition to a clean, 

secure, and efficient energy sector in Europe by reducing greenhouse gas emissions, 

increasing the use of renewable energy sources, and promoting energy efficiency. It also 

Figure 18 - process of the regulatory framework for RECs in Italy [23] 
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specifies several social principles, such as the inclusion of citizens and communities in 

national climate planning strategies, the principle of a just and fair transition for all, with 

particular attention to the most vulnerable groups, and the principle of capacity-building at the 

local authority level to acquire skills at the local level to continue supporting community 

energy projects. 

RED II, an integral part of this package, specifically focuses on promoting the use of 

renewable energy sources within the European Union. The regulation sets a series of binding 

targets for the share of renewables in the transport sector, provides support mechanisms and 

incentives for the production and consumption of advanced biofuels, promotes sustainable 

biomass production, and introduces measures to ensure that energy production from 

biomass is sustainable and meets certain environmental criteria. Among the various 

directives that make up the Clean Energy for All Europeans Package, RED II, which 

concerns the promotion of energy from renewable sources, amends Directives 2009/125/EC 

and 2010/30/EU, and is of fundamental importance because it introduced and defined 

Renewable Energy Communities for the first time. The directive provides for the 

establishment of such communities with the aim of facilitating active citizen participation in 

the energy transition. A renewable energy community can consist of one or more participants 

who decide to cooperate to manage and share energy produced from renewable sources. 

The directive also sets out the necessary conditions for local renewable energy production 

and the promotion of self-consumption at the community level. In this context, renewable 

energy communities can also provide energy services to national electricity grids, thus 

contributing to a more efficient and flexible use of energy. Other important aspects of the 

directive include the simplification of procedures for the installation of renewable energy 

production plants and the increase of national renewable energy production targets by 2030. 

The directive aims to promote broader adoption of renewable technologies, with particular 

attention to the decentralization of the energy system and active citizen participation. 

RED II was followed by a second European regulation, IEM 2019/944, published in June 

2019, also aimed at promoting the creation of renewable energy communities. This directive 

aims to establish a regulatory framework enabling end-users to produce, consume, store, 

and share renewable energy within local communities.  

With the National Integrated Energy and Climate Plan (PNIEC), submitted to the European 

Community in December 2019, the Italian Government outlined its contributions and the 

related measures to help achieve the EU's 2030 energy and climate goals. In this context, 

significant importance is given to self-consumption, including collective self-consumption and 

renewable energy communities. [23] 
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2.9.2. Implementation in Italy 

Directive 2018/2001 was implemented in Italy on December 30, 2019, by Decree-Law 

162/19, also known as the Milleproroghe Decree. Although it was followed by additional 

regulations that clarify and define it more comprehensively, it introduces Renewable Energy 

Communities (RECs) in Chapter 42-bis, specifying that 'shareholders or members are 

individuals, small and medium-sized enterprises, territorial entities or local authorities, 

including municipal administrations, and participation in the renewable energy community 

cannot constitute the main commercial and industrial activity.' It is also specified that 'the 

primary goal of the association is to provide environmental, economic, or social benefits to its 

shareholders or members or to the local areas where the community operates, rather than 

financial profits,' and that 'participation in renewable energy communities must be open to all 

final customers, especially domestic customers, located within the specified perimeter, 

including those from low-income or vulnerable households.' 

The maximum capacity of a renewable energy production plant serving members of the REC 

is 200 kW, and the produced energy is shared through the existing public distribution network 

and self-consumed according to well-defined methods described below, or it can be stored 

using storage systems. It is also specified that the commissioning date of such plants must 

be after the effective date of the conversion law of Decree-Law 162/19, that is, from March 1, 

2020. The perimeter, or the territorial limit within which a member is part of the same energy 

community, is defined 'by the points of withdrawal of consumers and the points of injection of 

production plants, which are located on low-voltage electrical networks connected, as of the 

creation of the association, to the same medium-voltage/low-voltage transformation cabin.' 

This is the main characteristic that differentiates a REC from a group of renewable energy 

self-consumers acting collectively, as the latter are part of the same building or condominium. 

Each member of the community retains their rights and obligations (including billing) as a 

final customer and regulates their relationships with the same configuration through a private 

law contract that governs the possibility of withdrawal and the parties responsible for the 

configuration. 

The following article also specifies 'that self-consumed electricity be quantified on an hourly 

basis' and that there be 'coincidence between the concepts of "shared energy," "self-

consumed electricity," and "incentivized electricity for self-consumption,"' defining shared 

electricity as 'the minimum, in each hourly period, between the electricity produced and 

injected into the grid by renewable energy plants and the electricity withdrawn by the group 

of associated final customers.' Within the amount of shared electricity for instantaneous self-

consumption, any energy stored in accumulators may be considered. [24] 
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2.10. The RECs Decree  

The decree that encourages the establishment and development of Renewable Energy 

Communities and widespread self-consumption in Italy has been published on the website of 

the Ministry of Environment and Energy Security on the 23rd of January 2024. As of January 

24th, the decree will officially come into force, following its registration by the Court of Auditors 

and the prior approval of the European Commission. 

As stipulated by the decree, within the next thirty days, the Ministry will approve the 

operational rules that will govern the methods and timing for recognizing incentives, after 

verification by ARERA and based on a proposal by the Energy Services Manager (GSE). The 

GSE, which is responsible for managing the measure, will activate the portals through which 

applications can be submitted within 45 days of the approval of the rules. [25][26] 

2.10.1. Purpose 

Support for the construction of plants for the production of renewable energy and the 

expansion of existing ones with a capacity of up to 1 MW. 

Renewable energy is intended as the energy derived from non-fossil renewable sources, 

namely wind, solar, thermal, photovoltaic, and geothermal energy, ambient energy, tidal 

energy, wave energy, and other forms of marine energy, as well as hydraulic energy, 

biomass, landfill gas, sewage treatment gas, and biogas. 

2.10.2. Eligible interventions/expenses 

There are 2 types of incentives provided: 

Incentives for energy sharing 

Renewable energy plants, including upgrades, within CACER configurations with the 

following requirements: 

• The maximum nominal capacity of each plant, or the upgrade intervention, must not 

exceed 1 MW. 

• Renewable Energy Communities must be properly established at the time of 

application submission. 
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• The production plants and withdrawal points within the CACER are connected to the 

distribution network through connection points within the area served by the same 

primary substation. 

• The plants must meet the performance and environmental protection requirements 

necessary to comply with the DNSH principle and the construction requirements 

outlined in the operational rules. 

• The CACER must ensure, through explicit statutory provisions, private agreements, 

or, in the case of individual self-consumption, a self-declared statement: 

o That any excess premium tariff amount, relative to the threshold value of the 

shared energy quota, is allocated only to non-business consumers and/or 

used for social purposes that benefit the territories where the sharing plants 

are located. 

o Complete, adequate, and prior information to all final consumers about the 

benefits they derive from access to the tariff. 

o An annual report on the benefits resulting from the application of the premium 

tariff, optionally in advance with the GSE if the project may be eligible for the 

incentive. 

 

Incentive tariff (fixed part + variable part) is fixed for 20 years, starting from the date of 

commercial operation of the plant, and is recognized on the share of electricity shared within 

the CACER. 

• The fixed part varies based on the size of the plant, while the variable part depends 

on the market price of energy (Pz). 

• The incentive tariff increases as the power of the plants decreases and as the market 

price of energy (Pz) decreases. 

• An additional tariff increase is also provided for plants located in the Central and 

Northern Regions of Italy. 
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Table 1 - Incentive tariff fixed part + variable part 

Plant Power Incentive tariff 

P < 200 kW 80 €/MWh + 0/40 €/MWh 

200 kW < P < 600 kW 70 €/MWh + 0/40 €/MWh 

P > 600 kW 60 €/MWh + 0/40 €/MWh 

 

Table 2 -Geographic tariff increase 

Geographic zone Tariff increase 

South regions - 

Centre regions + 4 €/MWh  

North regions + 10 €/MWh 

 

Granting of PNRR benefits 

Non-repayable grant on investments up to 40% of eligible costs on renewable energy plants, 

including upgrades, within REC configurations and collective self-consumption systems from 

renewable sources located in municipalities with a population of less than 5,000 inhabitants, 

with the following requirements: 

• The maximum nominal capacity of each plant, or the upgrade intervention, must not 

exceed 1 MW. 

• Renewable Energy Communities must be properly established at the time of 

application submission. 

• The production plants and withdrawal points within the CACER are connected to the 

distribution network through connection points within the area served by the same 

primary substation. 

• The plants must meet the performance and environmental protection requirements 

necessary to comply with the DNSH principle and the construction requirements 

outlined in the operational rules. 
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• The CACER must ensure, through explicit statutory provisions, private agreements, 

or, in the case of individual self-consumption, a self-declared statement: 

o That any excess premium tariff amount, relative to the threshold value of the 

shared energy quota, is allocated only to non-business consumers and/or 

used for social purposes that benefit the territories where the sharing plants 

are located. 

o Complete, adequate, and prior information to all final consumers about the 

benefits they derive from access to the tariff. 

o An annual report on the benefits resulting from the application of the premium 

tariff, optionally in advance with the GSE if the project may be eligible for the 

incentive. 

• The start of works must be after the application submission date. 

• Possession of the authorization for the construction and operation of the plant, where 

required. 

• Possession of the definitive accepted connection offer to the electrical grid, where 

required. 

• Entry into operation within 18 months from the date of approval of the contribution 

and in any case no later than June 30, 2026. 

 

Eligible expenses are within the limit of the maximum reference investment cost equal to: 

 

Plant Power Admissible expense 

P < 20 kW 1500 €/kW 

20 kW < P < 200 kW 1200 €/kW 

200 kW < P < 600 kW 1100 €/kW 

P > 600 kW 1050 €/kW 

 

Table 3 - Maximum expense for PNRR benefits 
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2.10.3. Allocation 

€ 5,700,000,000 allocated as follows: 

• Incentive tariff: € 3,500,000,000 

• PNRR non-repayable grants: € 2,200,000,000 

 

2.10.4. Beneficiaries 

The Renewable Energy Community (REC) can be established by: 

• SMEs (Small and Medium-sized Enterprises) 

• Citizens 

• Local authorities 

• Associations 

• Condominiums 

• Third sector organizations 

• Cooperatives 

• Religious entities 

Figure 19 - Map of primary substations GSE [27] 
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2.11. Benefits of RECs 

[28] Renewable Energy Communities offer a multitude of benefits that span environmental, 

economic, social, and resilience aspects. Here’s a comprehensive look at these advantages: 

1. Environmental Benefits: 

• Reduction in Carbon Emissions: RECs contribute significantly to lowering 

greenhouse gas emissions by replacing fossil fuels with clean, renewable 

energy sources such as wind, solar, and hydro power. 

• Promotion of Clean Energy: By prioritizing the use of renewable energy, RECs 

foster a shift away from non-renewable energy sources, thereby supporting 

efforts to combat climate change and reduce environmental pollution. 

• Conservation of Resources: Renewable energy sources are inherently more 

sustainable and have a lower environmental impact compared to traditional 

energy sources, aiding in the conservation of natural resources. 

2. Social Benefits: 

• Strengthened Community Ties: RECs foster a sense of community by bringing 

together local citizens, businesses, and organizations to work collaboratively 

towards common energy goals, thereby enhancing social cohesion. 

• Empowerment and Ownership: By participating in RECs, community members 

gain a sense of ownership and control over their energy resources, which can 

enhance their overall sense of empowerment and engagement. 

• Equitable Distribution of Benefits: RECs ensure that the advantages of 

renewable energy, such as cost savings and environmental improvements, 

are distributed fairly among all members, promoting social equity. 
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3. Economic Benefits (figure 20): 

• Lower Energy Costs: Members of RECs can benefit from reduced electricity 

bills through self-consumption of locally generated renewable energy, which 

often leads to substantial savings. 

• Job Creation: The establishment and maintenance of renewable energy 

projects within RECs create various job opportunities, ranging from installation 

and maintenance to project management and administration. 

• Local Investment: RECs can stimulate local economies by attracting 

investments in renewable energy infrastructure and technology, which can 

lead to further economic development and growth. 

4. Energy Resilience Benefits: 

• Decentralization of Energy Production: By decentralizing energy generation, 

RECs reduce reliance on large, centralized power grids, which can make 

communities less vulnerable to disruptions and outages. 

• Enhanced Energy Security: The local production of renewable energy can 

improve a community's energy security, providing a more reliable and stable 

energy supply that is less susceptible to external shocks. 

 

Figure 20 - Economic benefits on produced energy 
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5. Overall Sustainable Development: 

• Promotion of Sustainable Practices: RECs support the broader goal of 

sustainable development by integrating renewable energy into daily life and 

encouraging environmentally responsible behaviors and practices. 

• Long-Term Environmental Impact: By advancing renewable energy adoption, 

RECs contribute to long-term environmental health and sustainability, 

benefiting future generations. 

• Model for Other Communities: Successful RECs can serve as models for 

other communities, demonstrating the feasibility and benefits of renewable 

energy initiatives and encouraging widespread adoption. 
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3. Electricity Production from Renewable Sources 

The global energy landscape is undergoing a profound transformation, driven by the pressing 

need to mitigate climate change and reduce dependency on fossil fuels. Central to this 

transformation is the shift towards renewable energy sources, which offer sustainable, low-

carbon alternatives to conventional energy generation. Among these renewable sources, 

solar photovoltaics (PV), wind, and hydroelectric power stand out as the most significant 

contributors to electricity production. 

Solar energy, harnessed through photovoltaic (PV) systems, has emerged as one of the 

fastest-growing sources of electricity worldwide. The advancement in PV technology, coupled 

with a substantial decrease in the cost of solar panels, has led to widespread adoption. Solar 

PV systems convert sunlight directly into electricity, providing a clean, abundant, and 

inexhaustible energy source. Their scalability—from small rooftop installations to large utility-

scale solar farms—makes them a versatile option for diverse energy needs. Moreover, the 

ability of PV systems to be integrated into existing infrastructure, such as buildings and 

transportation networks, further enhances their appeal in urban and rural settings alike. 

Wind energy, another cornerstone of renewable electricity production, has seen remarkable 

growth over the past few decades. Wind turbines convert the kinetic energy of wind into 

electrical power, offering a highly efficient and increasingly cost-effective means of electricity 

generation. The expansion of wind farms, both onshore and offshore, has been a key driver 

in the renewable energy sector, contributing significantly to the decarbonization of the energy 

grid. Offshore wind, in particular, is poised for exponential growth, benefiting from stronger 

and more consistent wind resources compared to onshore locations. The development of 

larger and more efficient turbines continues to enhance the viability of wind energy, 

positioning it as a critical component of a sustainable energy future. 

Hydropower, the oldest and most established form of renewable energy, remains a major 

contributor to global electricity production. Utilizing the energy of flowing water, hydroelectric 

plants generate electricity in a reliable and controllable manner. Unlike solar and wind, which 

are variable by nature, hydropower provides a stable and continuous power supply, often 

serving as a backbone for many national grids. Furthermore, hydropower plants can offer 

significant flexibility in electricity production, capable of rapidly adjusting output to meet 

demand fluctuations. In addition to conventional large-scale dams, the development of small-

scale hydro projects and pumped storage systems is expanding the role of hydropower in 

modern energy systems, enabling greater integration with other renewable sources. 
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As the world transitions towards a more sustainable energy system, the integration of solar, 

wind, and hydro power into the electricity grid presents both opportunities and challenges. 

These technologies, while inherently renewable, are also intermittent and weather-

dependent, necessitating advancements in energy storage, grid management, and regulatory 

frameworks to ensure a stable and reliable energy supply. The synergy between these 

renewable sources and emerging technologies, such as smart grids and energy storage 

systems, will be crucial in overcoming these challenges and realizing the full potential of a 

renewable-powered future. 

This chapter delves deeper into the mechanisms behind electricity production from solar PV, 

wind, and hydroelectric power, offering an examination of how these technologies function. 

We will explore the principles of each technology, shedding light on their unique advantages 

and challenges. Additionally, this chapter outlines the methodologies used to collect and 

analyze the data that form the basis of the findings presented later in this thesis. By 

understanding the technical foundations and the analytical approaches employed, we aim to 

provide a clear context for the subsequent discussions and conclusions drawn in the 

following chapters. 

 

3.1. Photovoltaic Energy 

The increasing urgency to address climate change and reduce greenhouse gas emissions 

has driven significant advancements in renewable energy technologies. Among these, 

photovoltaic (PV) energy has emerged as a pivotal player in the global shift towards 

sustainable energy sources. As societies worldwide strive to transition from fossil fuels to 

cleaner alternatives, the integration of photovoltaic systems into Renewable Energy 

Communities (RECs) offers a promising pathway to achieving both environmental and 

economic sustainability. 

Photovoltaic energy production harnesses the power of sunlight, converting it directly into 

electricity through the use of solar cells, the process can be represented by this equation: 

𝐸 = 𝐺 ×  𝐴 ×  𝜂 × 𝐻    (1) 

Where: 

E = Energy produced [kWh] 

G = Solar irradiance [kW/m2] 

A = Area of the photovoltaic panels [m²] 
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η = Efficiency of the photovoltaic panels (in decimal form) 

H = Hours of efficient operation [h] 

 

These cells, typically made of semiconductor materials like silicon, operate on the principle of 

the photovoltaic effect, where sunlight induces the generation of electrical current within the 

material, as illustrated in figure 21. PV systems can be deployed at various scales, from 

small rooftop installations on individual homes to large solar farms that feed electricity into 

the grid. Their versatility and relatively low maintenance make them an attractive option for 

decentralized energy production, particularly in the context of RECs. Photovoltaic energy is 

particularly well-suited for these communities due to its scalability, modularity, and the 

declining cost of solar technology.  

 

 

 

 

 

 

 

 

 

 

However, while the benefits of photovoltaic energy are substantial, it is also important to 

consider the challenges and limitations associated with this technology. One of the primary 

advantages of PV energy is its ability to generate electricity without emitting greenhouse 

gases, making it a crucial tool in the fight against climate change. Additionally, the declining 

cost of solar panels and improvements in efficiency have made PV systems more accessible 

and economically viable for a broader range of consumers. 

On the other hand, photovoltaic energy production is not without its disadvantages. The 

intermittent nature of solar energy—dependent on weather conditions and daylight hours—

poses a significant challenge for consistent energy supply. This variability necessitates the 

Figure 21 - Inside a photovoltaic cell [29] 
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integration of energy storage systems or complementary energy sources to ensure a reliable 

power supply. Furthermore, the production of solar panels involves the use of raw materials 

and energy, which raises concerns about the environmental impact of manufacturing and 

disposal processes. 

In this chapter, we will delve into a comprehensive analysis of photovoltaic energy, focusing 

on both its technical and practical aspects. First, we will explore one of the most powerful 

software tools available for PV simulation, providing insights into how it can be utilized to 

model and optimize solar energy systems. Following this, we will analyze national data 

sourced from annual reports to gain a clearer understanding of the current landscape of 

photovoltaic energy in Italy. This analysis will help us assess the penetration and utilization of 

PV technology across the country. Finally, we will describe the specific data sets that will be 

incorporated into our model, setting the stage for a detailed examination of photovoltaic 

energy's role within Renewable Energy Communities. This approach will not only highlight 

the practical applications of PV technology but also underscore its significance in the broader 

context of Italy's renewable energy strategy. [30] 

 

3.1.1. PVsyst software for photovoltaic simulation 

PVsyst is one of the leading software tools designed specifically for the simulation, sizing, 

and analysis of photovoltaic (PV) systems. Developed by André Mermoud at the University of 

Geneva, PVsyst is widely used by engineers, researchers, and professionals in the solar 

energy industry to design and optimize PV installations, ranging from small residential setups 

to large-scale solar farms. 

Figure 22 - Main menu of PVsyst software 
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PVsyst operates as a comprehensive tool for the simulation, sizing, and analysis of 

photovoltaic systems, guiding users through the entire process of PV project development, 

from initial feasibility studies to detailed design and performance evaluation. 

The process begins with project setup (figure 23), where users define the specific location of 

the PV installation. This step is crucial, as the geographical location (figure 25) significantly 

impacts the system's performance due to varying solar irradiance and weather conditions. 

PVsyst provides access to an extensive database of meteorological data (figure 24), which 

includes parameters such as global horizontal irradiance (GHI), temperature, and wind 

speed—key factors that influence the accuracy of the simulation and energy production 

estimates. 

 

 

 

 

 

 

 

Figure 23 -Project setup window 
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Figure 24 - List of sources for accurate weather data by PVsyst 

 

Once the location is set, users proceed to configure the PV system. PVsyst allows for the 

specification of various components, including PV modules, inverters, and other essential 

system elements. The software supports a variety of system topologies, catering to grid-

connected, stand-alone, and hybrid systems. This flexibility ensures that the design can be 

tailored to the specific needs and constraints of the project.  

The next stage involves the detailed design and sizing of the PV system. Users can design 

the array layout by selecting the orientation and tilt angle of the modules, as well as the 

Figure 25 - New geographic site setup window 
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spacing between them. PVsyst includes advanced tools for shading analysis, enabling users 

to optimize the placement of panels to minimize energy losses due to shading from nearby 

objects or terrain features. The software also assists in sizing the system components, 

ensuring compatibility and optimal performance of inverters, cables, and any storage 

systems involved. 

 

 

 

 

 

 

 

 

 

 

 

The parameters I considered for the analysis include a tilt angle of 10° and an azimuth of 

65°, simulating less-than-ideal conditions for a photovoltaic system. This approach reflects 

the reality that, in actual installations, it is rare to achieve perfect construction conditions for 

optimal system performance. Therefore, it seemed more appropriate to conduct simulations 

that closely resemble real-world scenarios rather than idealized ones. Additionally, PVsyst 

offers the capability to select from a vast database of technologies. Currently, at AGP SpA, 

we frequently utilize Longi Solar technology, with module power outputs ranging from 440W 

to 660W, and HUAWEI or SOLAREDGE inverter technologies, which are among the best 

available. For this analysis, I selected Longi 440 modules, which are particularly well-suited 

for rooftop installations, and a HUAWEI 100 kW inverter. All other settings, such as the 

optimal number of modules in series and parallel, the number of Maximum Power Point 

Trackers (MPPTs), and the optimal number of inverters, are automatically calculated by 

PVsyst. 

 

 

Figure 26 - Orientation and inclination of new PV plant 



 

55 
 

The next step involves analyzing the detailed losses of the photovoltaic system to simulate 

its performance with high accuracy. Among the most critical factors to adjust are: 

• Module quality section 

o Module efficiency loss = -0.8% 

o LID (Light Induced Deegradation) = 2% 

o Module mismatch losses = 2 % 

o Power Losses at MPP = 0.1 % 

• Thermal parameters  

o Uc (constant loss factor) = 29 𝑊

𝑚2𝐾
 

o Uv (wind loss factor) = 0  

 

• Soling losses (reduction in energy output caused by the accumulation of dirt, dust, 

pollen, leaves, bird droppings, and other debris on the surface of solar panels) 

Table 4 - Soiling losses values 

Location Soiling value (%) 
Regular rain regions 2 

Heavy agricultural regions 4 

Desert regions 5 

Regions with significant bird populations 5 

Desert regions with sandstorms 7 

Figure 27 - Selection of PV panels and inverter characteristics 
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• Unavailabilty (the percentage of time that the system is not operational or unable to 

produce electricity) = 1% 

All the values are taken from instructions by engineers on this field. 

With the system configuration in place, PVsyst runs simulations to estimate energy 

production over a specified period, typically a year. The simulation engine in PVsyst uses 

sophisticated algorithms to model how the PV system will perform under various conditions, 

considering factors such as irradiance, temperature fluctuations, shading effects, and system 

losses like inverter efficiency and wiring resistance. The result is a detailed report that 

includes key performance indicators such as the Performance Ratio (PR), specific yield 

(kWh/kWp), and capacity factor, all of which are essential for evaluating the system's 

efficiency and viability. 

 

Finally, PVsyst generates detailed reports and visualizations. These reports can be 

customized and exported in various formats, making them useful for project proposals, 

regulatory submissions, and client presentations. 

Figure 28 - Selection of output parameters 
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The data necessary for this analysis report, to be exported in Excel sheets, includes: 

• Global Incident Irradiance: The amount of solar radiation received on the surface of 

the photovoltaic panels, measured in kilowatt-hours per square meter (kWh/m²). 

• Actual Global Irradiance: The effective solar irradiance that reaches the photovoltaic 

panels after accounting for atmospheric conditions, shading, and other factors. 

• Actual Energy Output from the PV Array: The total energy generated by the 

photovoltaic system, measured in kilowatt-hours (kWh), reflecting the system’s real 

performance. 

• Energy Fed into the Grid: The amount of energy produced by the PV system that is 

transferred to the electrical grid, measured in kilowatt-hours (kWh). 

• Performance Ratio (PR): A key performance indicator that represents the ratio of the 

actual energy output of the PV system to the theoretical maximum possible output, 

taking into account losses due to inefficiencies and other factors. 

 

 

 

 

Figure 29 - Basic results summary window 
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As illustrated in Figure 30, we have values for each day of the year and each hour of the day, 

which are precisely the data needed for input into the model. These values will form the 

foundation of our analysis, providing detailed temporal granularity necessary for accurate 

simulations. 

Subsequent to data collection, the output values will require processing and extraction. This 

step involves aggregating, analyzing, and interpreting the raw data to derive meaningful 

insights and performance metrics. The processed data will be used to evaluate the system's 

efficiency, reliability, and overall performance. 

In the following chapter, we will delve into the methodologies for data processing, including 

techniques for aggregating hourly and daily figures into actionable insights. By understanding 

and applying these data extraction techniques, we can ensure a comprehensive and 

accurate assessment of the photovoltaic system's performance. 

 

 

Figure 30 - Excel output example 
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3.1.2. Italian database analysis 

In this chapter, and in general for all three technologies I am analyzing, data from the 

"Rapporto Statistico GSE - FER 2021" [31] are used to provide an in-depth analysis of Italy's 

renewable energy landscape. This comprehensive report, published by GSE, offers valuable 

insights into the performance of various renewable energy sources, including solar, wind, 

hydroelectric, and bioenergy, during the year 2021. By leveraging this data, I aim to assess 

the contribution of these energy sources to Italy's overall energy production, with a focus on 

their role in meeting sustainability targets. The accuracy and detail provided by the GSE 

report make it an indispensable resource for understanding the current state and potential of 

renewable energy in Italy. 

The initial data extracted from the database for photovoltaic energy in Italy pertain to the 

number of installations and the installed capacity for each region, as shown in figure … 

These data are of crucial importance for all three technologies under consideration, as they 

provide insights into the presence and distribution of various types of installations across the 

territory. This understanding underscores three key factors: 

1. The existence of high-quality energy resources in specific regions; 

2. The suitability of local environments and terrain for particular energy technologies; 

3. The strategic significance of these investments, possibly driven by substantial 

regional incentives or targeted funding programs. 

 

Figure 31 presents a detailed analysis of photovoltaic energy distribution across various 

regions of Italy, emphasizing significant regional disparities. In Northern Italy, regions such as 

Lombardy and Veneto demonstrate a high concentration of PV plants and installed capacity, 

primarily driven by advanced economic development and substantial government incentives. 

Although solar conditions are less optimal, the region’s industrial capacity and available land 

have enabled extensive installations. 
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Conversely, Southern Italy and the Islands, despite having fewer installations, exhibit higher 

installed capacity attributed to superior solar irradiance. Regions like Puglia and Sicily 

capitalize on abundant sunlight, making them prime locations for high-capacity photovoltaic 

systems. The figures for Central Italy suggest a balanced scenario, where economic factors 

and geographical conditions both contribute to PV deployment. 

These observed differences are underpinned by a complex interplay of solar irradiance 

levels, economic policies, and geographical constraints, all of which are crucial in shaping 

the photovoltaic energy landscape across Italy. This analysis underscores the importance of 

region-specific strategies in optimizing PV energy deployment across the nation. 

Additionally, the total energy production of the installations across various regions was 

extracted and used to calculate the average kWh production per region for a 1 MW 

photovoltaic plant installation. 

Figure 31 - Excel representation of Terna data analysis 
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As illustrated in Figure 33, energy production is predominantly concentrated in Northern Italy, 

with significant outputs from regions like Lombardia, Veneto, and Emilia-Romagna. An 

important analytical aspect is the calculation of regional average production by dividing the 

total energy output by the installed capacity (MW). The resulting average is lower in Northern 

regions, as expected, due to their reduced solar irradiance caused by their greater distance 

from the equator. This correlation highlights the geographic influence on photovoltaic 

efficiency and energy yield. 

 

 

 

 

 

 

 

 

 

Figure 32 - Yearly production analysis by Terna data 

Figure 33 - Photovoltaic power percentage distribution in Italy 
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3.1.3. Photovoltaic simulation and data analysis 

This chapter presents the results of the data analysis on photovoltaic energy, obtained by 

following the comprehensive procedure outlined in the previous chapter. Utilizing PVsyst and 

adhering to the parameters and methodologies specified earlier, I conducted simulations to 

generate the data for this analysis. This section provides a detailed display of the outcomes 

derived from these simulations, showcasing the performance and efficiency metrics of the 

photovoltaic systems studied. 

In figure 34 an example of extracted and organized data is shown. 

 

 

The data will be subsequently integrated into the REC analysis model. The following are 

representative graphs illustrating the production trends across various zones, comparing the 

four zones during a typical day in both a winter and a summer month.  

Figure 34 - Organized PV production data 
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As illustrated in Figures 35 and 36, during the summer season, the islands and the southern 

region are prominent in terms of energy production. Specifically, the islands lead in maximum 

production, reaching up to 700 kWh in an hour, while the southern region stands out for the 

breadth of the production window observed. 

Figure 35 - Daily production of PV plant in a summer day 

Figure 36 - Daily production of PV plant in a winter day 
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In the winter months, the production trends exhibit a similar pattern but with a reduced 

production curve. This reduction aligns with the lower solar irradiation hours available during 

this period. The decreased production levels in winter are expected due to the shorter 

daylight hours and less intense solar radiation, which naturally limits the energy output 

compared to the summer season. 

The data underscores the significant seasonal variability in photovoltaic energy production, 

highlighting how geographical factors and seasonal changes influence overall performance. 

This analysis provides critical insights into optimizing energy production strategies across 

different times of the year. 

 

3.2. Wind Energy 

Wind energy has emerged as a vital component in the quest for sustainable and clean 

energy solutions. As concerns over climate change intensify and the need for reducing 

carbon emissions becomes more pressing, wind power offers a promising alternative to 

traditional fossil fuels. This chapter explores the intricacies of wind energy technology, its 

benefits, and the challenges it faces, providing a comprehensive understanding of its role in 

the contemporary energy landscape. 

Wind energy harnesses the power of the wind to generate electricity through a series of 

sophisticated processes and components. At the heart of this technology is the wind turbine, 

which converts the kinetic energy of wind into mechanical energy.  

𝐸 =
1

2
 ×  𝜌 × 𝐴 × 𝑣3  ×  𝜂 × 𝑡   (2)  

Where:  

E = Energy produced [kWh] 

ρ = Air density [kg/m³] 

A = Rotor swept area [m²] 

v = Wind speed [m/s] 

η = Efficiency of the wind turbine (dimensionless, typically as a fraction) 

t = Time period [h] 
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As shown in figure 37, wind turbines typically consist of large blades mounted on a rotor. As 

wind flows over these blades, it generates lift and drag forces that cause the rotor to spin. 

This rotational motion is transferred to a gearbox located within the nacelle, which is the 

housing at the top of the turbine tower. The gearbox increases the rotational speed of the 

shaft connected to the generator. The generator then converts this mechanical energy into 

electrical energy. The electricity produced is transmitted via cables to a substation, where it is 

stepped up in voltage for distribution across the power grid. 

Wind energy offers several significant advantages that make it an attractive option for 

sustainable power generation. One of its most notable benefits is its minimal environmental 

impact. Unlike fossil fuel-based power generation, wind turbines produce electricity without 

emitting greenhouse gases, thereby contributing to a reduction in the overall carbon footprint. 

Additionally, wind is a renewable resource, meaning it is abundant and can be harnessed 

continuously without depleting natural resources. Economically, wind energy has become 

increasingly cost-effective. Technological advancements and economies of scale have 

dramatically reduced the cost of wind power, making it one of the most competitive sources 

of new electricity generation. This reduction in cost is complemented by the job creation 

opportunities within the wind energy sector, which spans manufacturing, installation, 

maintenance, and operation, thereby stimulating local economies and promoting economic 

growth. Wind energy also enhances energy security by diversifying the energy mix and 

reducing reliance on imported fossil fuels. The ability to generate power locally, particularly in 

rural or remote areas, minimizes transmission losses and contributes to a more resilient and 

self-sufficient energy system. Moreover, wind energy is scalable and versatile. It can be 

Figure 37 - Main components of a wind turbine [32] 



 

66 
 

deployed across various scales, from small residential turbines to large offshore wind farms, 

allowing for adaptation to different energy needs and geographic conditions. 

Despite its many advantages, wind energy faces several challenges that must be addressed 

to maximize its potential. One of the primary issues is the intermittency and variability of wind 

resources. Wind speeds fluctuate throughout the day and across seasons, leading to 

variability in energy production. This intermittency requires effective integration with the 

power grid and the development of energy storage solutions to ensure a stable and reliable 

power supply. Another challenge is the impact of wind turbines on wildlife. Birds and bats can 

collide with turbine blades, leading to mortality. Efforts to mitigate these impacts include 

careful site selection, technological improvements in turbine design, and ongoing research to 

understand and minimize these effects. The visual and noise impacts of wind turbines can 

also be a concern. Some communities may find the presence of turbines visually intrusive, 

and operational noise can be bothersome to nearby residents. Addressing these concerns 

involves thoughtful siting, community engagement, and advancements in turbine design to 

reduce noise levels. Additionally, the land use requirements for wind farms can be significant. 

Large-scale wind installations require considerable land area, which can affect agricultural or 

other land uses. However, it is often possible to use the land between turbines for agricultural 

or grazing activities, thereby mitigating land use conflicts. Finally, the infrastructure and 

maintenance requirements for wind farms, particularly those located offshore or in remote 

areas, can pose logistical and cost challenges. Developing and maintaining such 

infrastructure requires careful planning and investment. [33] 

 

3.2.1. Online softwares for wind simulation 

Wind resource assessment tools play a critical role in the planning, development, and 

optimization of wind energy projects. These tools provide essential data that helps 

developers, policymakers, and engineers understand the wind potential of specific locations, 

ensuring that wind farms are both technically and economically viable. 

Wind resource assessment tools, like the Global Wind Atlas and Atlante Eolico Italiano, are 

designed to offer detailed insights into wind patterns and energy potential across different 

regions. By leveraging advanced meteorological data and computational models, these 

platforms provide high-resolution maps and data that allow users to evaluate the wind energy 

potential with great precision. This data is crucial for various stages of wind project 

development, from initial site selection to detailed energy yield assessments. 
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The Global Wind Atlas (GWA) is an advanced online platform that offers detailed wind 

resource data for regions around the world. Developed by the Technical University of 

Denmark (DTU) in collaboration with the World Bank, this tool is designed to aid in the 

assessment and development of wind energy projects by providing high-resolution wind data. 

The GWA stands out for its ability to deliver comprehensive wind resource information at a 

high spatial resolution, typically down to 250 meters. This allows users to conduct precise 

evaluations of wind potential at specific locations, enhancing the accuracy of energy yield 

predictions. The platform covers nearly all global regions, making it a crucial resource for 

wind energy planning on an international scale. 

Its interactive maps and data visualization tools enable users to explore various wind 

parameters, including wind speeds and directions, across different heights. This capability is 

instrumental for assessing wind energy potential at typical turbine hub heights. The atlas also 

offers historical and predictive wind data, providing insights into both past wind patterns and 

future trends. Accessibility is another key feature, as the Global Wind Atlas is available 

online, allowing users from around the world to easily access and utilize its resources. [34] 

Figure 38 - Basic window of GWA [34] 
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The Atlante Eolico Italiano (AEI), or Italian Wind Atlas, is a specialized tool that provides 

detailed wind resource data specifically for Italy. Developed by the Italian National Agency for 

New Technologies, Energy, and Sustainable Economic Development (ENEA), this atlas 

offers localized wind information essential for evaluating wind energy potential across the 

Italian territory. 

The AEI delivers high-resolution wind data similar to the GWA, but with a focus on the unique 

climatic and geographic conditions of Italy. It allows users to access interactive wind maps 

and tools tailored to Italian regions, facilitating detailed assessments of wind resources at 

specific sites. This localized approach ensures that the data is highly relevant for 

stakeholders involved in wind energy projects within Italy. 

Integration with local meteorological data enhances the accuracy of the wind resource 

information provided. The atlas supports wind energy planning by offering precise data and 

analysis tools that are crucial for decision-making. Its online availability ensures that users 

throughout Italy can easily access and navigate the platform, making it a valuable resource 

for policymakers, developers, and researchers engaged in the development of wind energy 

projects. [35] 

Figure 39 - Basic window of AEI online [35] 
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The data extracted from these simulators for this analysis primarily focused on the annual 

energy production of a 1 MW wind turbine in four different regions of Italy, along with the 

corresponding wind distributions.  

By simulating the performance of a 1 MW wind turbine in these distinct regions, I was able to 

evaluate the differences in energy output, which are largely influenced by local wind patterns 

and topographical features. Each region's wind distribution was carefully analyzed to assess 

its suitability for wind energy generation. The simulations provided valuable insights into how 

these variables affect the turbine's performance over a year, allowing for a detailed 

comparison of potential energy yields across the selected sites. 

This analysis not only highlights the regional disparities in wind energy potential within Italy 

but also underscores the importance of site-specific assessments when planning and 

developing wind energy projects.  

 

3.2.2. Italian database analysis 

As for photovoltaic energy, in this section, I will conduct an in-depth analysis using data from 

TERNA to thoroughly examine the influence of wind energy in Italy. The objective is to 

assess the current landscape of wind energy production, with a particular emphasis on 

distinguishing the production capacities across different Italian regions. By utilizing TERNA's 

data [31], I aim to provide a detailed understanding of wind energy's contribution to the 

national energy mix, highlighting regional variations in both potential and actual production. 

This approach will offer a refined perspective on the geographical distribution and efficiency 

of wind energy utilization in Italy. 

The initial data extracted from the database pertain to the number of installations and the 

installed capacity for each region, as shown in figure 40. 
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Figure 40 presents an analysis of wind energy distribution across Italy, revealing notable 

regional disparities in both the number of wind plants and installed capacity. In Southern Italy 

and the Islands, regions such as Puglia, Basilicata, and Sicily dominate with a significant 

share of both installations and capacity. These areas benefit from favorable wind conditions 

and supportive policies, making them ideal for large-scale wind farms. Central Italy shows 

moderate development, with Lazio and Tuscany having a notable presence. In contrast, 

Northern Italy, with regions like Liguria and Emilia-Romagna, has a relatively modest 

contribution to the nation's wind energy capacity, likely due to less favorable wind resources 

and geographical constraints. 

These regional differences can be attributed to a combination of environmental factors, such 

as wind speed and consistency, as well as the availability of suitable land and regional policy 

incentives. The concentration of wind energy infrastructure in the South and Islands 

highlights the strategic importance of these areas in Italy's overall renewable energy strategy, 

leveraging their natural advantages to maximize wind energy production. 

Figure 40 - Excel representation of Terna data 
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 Additionally, the total energy production of the installations across various regions was 

extracted and used to calculate the average kWh production per region for a 1 MW 

installation. 

 

 

The analysis of national data reveals that the highest concentration of facilities, and 

consequently the greatest production, is located in southern Italy and the islands. An 

intriguing finding is the average productivity across different regions, which shows minimal 

variation. This contrasts with what will be observed from simulator data, where productivity 

differences between northern and southern Italy are more pronounced. 

This discrepancy arises because the limited number of facilities in northern Italy are 

strategically placed in optimal locations, leading to high production values that are 

comparable to those in southern Italy. However, southern Italy benefits from a greater 

number of facilities, resulting in more frequent high production values. 

Therefore, for the purpose of this analysis, simulator data, which represents more 

"representative" zones across entire regions, is considered more reliable. This approach 

ensures a more accurate reflection of regional productivity potential and addresses the 

variability in facility distribution. 

Figure 41 - Analysed data for wind production in Italy 
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3.2.3. Simulated data analysis 

After a thorough analysis of the national average data, we proceed with defining the hourly 

productivity for a 1 MW wind turbine. Annual productivity data are extrapolated from online 

atlases, which indicate a significant difference in productivity between northern and southern 

regions, as expected. 

 

 

 

 

 

 

 

Figure 42 - Regional distribution of wind energy production [31] 

Figure 43 - Summary producibility wind energy 
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This difference is further highlighted by Figures 44, 45, 46, and 47, which use varying shades 

of color—blue and green in northern regions, progressively transitioning to red towards the 

south and the islands. 

 

From the annual productivity data, the analysis needs to be extended to a monthly and daily 

level. Distribution data have been extracted from the European Union database [36], as 

shown in figure 48 and 49, wind energy production has peaks in winter months, as well as 

peaks during night hours. This aspect is of crucial importance due to the complementary 

nature of wind energy with solar energy. 

 

 

 

 

 

Figure 44 - Santa Teresa zoom GWA [34] Figure 45 - Fasano zoom GWA [34] 

Figure 46 - Tarquinia zoom GWA [34] Figure 47 - Rivoli zoom GWA [34] 

Figure 48 - Production distribution in months from Excel 
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The results of the wind production analysis are presented in Figure 50. The data reveal 

similar overall patterns across regions; however, the islands demonstrate an hourly 

production exceeding 1000 kWh, whereas northern Italy shows significantly lower 

performance, with hourly production not exceeding 150 kWh. These findings indicate that 

wind energy may not be a highly effective solution for northern Italy, while it could prove more 

advantageous in other regions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 49 - Hourly distribution of energy production 

Figure 50 - Summary diagram for wind energy production 
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3.3. Hydroelectric Energy 

Hydropower, or hydroelectric power, is a renewable energy technology that converts the 

kinetic energy of flowing or falling water into electricity. This process involves transforming 

the potential energy stored in elevated water into mechanical energy as the water descends, 

which is then converted into electrical energy by turbines connected to generators.  

The core principle of hydropower is to harness the potential energy of water at a height and 

convert it into kinetic energy as it flows downward. This kinetic energy drives turbines that 

generate mechanical energy, which is subsequently transformed into electrical energy. The 

efficiency of this conversion depends on factors such as the height of the water drop (head) 

and the water flow rate, as shown in equation: 

𝐸 =  𝜂 ×  𝜌 × 𝑔 × 𝐻 × 𝑄  × 𝑡   (3) 

Where: 

E = Energy produced [kWh] 

η = Efficiency of the hydroelectric system (dimensionless, typically as a fraction) 

ρ = Water density (1000 kg/m³ for freshwater) 

g = Acceleration due to gravity (approximately 9.81 m/s²) 

h = Height of the water head [m] 

Q = Flow rate of water [m³/s] 

t = Time period [h] 

Among various types of hydropower plants are: 

• Run-of-River Plants: These plants utilize the natural flow of rivers without significant 

water storage. They are typically smaller in scale and dependent on river flow 

variability. 

• Reservoir (Storage) Plants: These facilities create large reservoirs through dam 

construction to store water. The stored water can be released as needed to generate 

electricity, allowing for a more consistent and controlled power supply. 

• Pumped Storage Plants: These systems store energy by pumping water from a lower 

reservoir to an upper one during periods of low electricity demand. The stored water 

is then released to generate electricity during peak demand periods. 
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A hydropower plant is composed of several key components that work together to generate 

electricity. The process begins with a dam, which creates a reservoir to store water at a 

higher elevation. Water from this reservoir is then channeled through a penstock, a pipeline 

that directs the flow of water to the turbines. The turbines convert the kinetic energy of the 

flowing water into mechanical energy. This mechanical energy is subsequently transformed 

into electrical energy by a generator. Finally, a transformer increases the voltage of the 

generated electricity to facilitate its transmission over power lines. 

  

 

 

 

 

 

 

 

 

 

Hydropower offers several notable advantages as a renewable energy source. It is inherently 

renewable because it relies on the natural water cycle, which is continuously replenished by 

precipitation. This method of energy generation produces minimal greenhouse gas emissions 

compared to fossil fuels, making it a cleaner alternative for power production. Additionally, 

hydropower plants provide a reliable and controllable power supply, as they can generate 

electricity consistently and adjust output according to demand. 

However, hydropower also presents some challenges. The construction of dams and 

reservoirs can have significant environmental impacts, including the disruption of local 

ecosystems and the displacement of communities. Moreover, the initial costs for building 

hydropower infrastructure are substantial, requiring significant investment. Despite these 

challenges, hydropower remains a crucial and sustainable component of the global 

renewable energy mix, balancing its benefits with its environmental and economic 

considerations. 

Figure 51 - Hydropower plant components [37] 
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Natural factors play a significant role in determining the producibility of hydropower. The 

water flow rate is fundamental, as the volume of water available in rivers or reservoirs varies 

due to rainfall, snowmelt, and seasonal changes, directly impacting energy generation. The 

head, or the vertical distance between the water source and the turbine, is also crucial; a 

greater head translates into more potential energy. Additionally, precipitation patterns, 

including rainfall and snowfall, influence flow rates and reservoir levels, affecting overall 

production. In regions with heavy snowfall, the timing and volume of snowmelt can further 

impact water flow. Due to these factors, only certain regions in Italy are ideally suited for 

hydropower plants, with many areas lacking the necessary conditions to support such 

infrastructure effectively. [38] 

 

3.3.1. Italian database analysis 

As for previous chapters, in this section, I will conduct an in-depth analysis using data from 

TERNA [31] to thoroughly examine the presence of hydropower energy in Italy. The objective 

is to assess the current landscape of this type of energy production, with a particular 

emphasis on distinguishing the production capacities across different Italian regions.  

Figure 52 provides a detailed breakdown of hydropower generation across Italy, highlighting 

significant regional variations in both the number of plants and the installed capacity (MW). In 

Northern Italy, regions like Lombardy, Veneto, and Trentino-Alto Adige dominate in terms of 

both the number of plants and installed capacity, reflecting the region's advantageous 

topography and abundant water resources. In contrast, Central and Southern Italy, as well as 

the Islands, show markedly lower values in both plant numbers and capacity, leading to less 

hydropower production. This is largely due to less favorable geographical conditions, such as 

fewer mountainous areas and less consistent water flow, which limits hydropower potential in 

these regions. 

 

 

 

 

 

 

 



 

78 
 

 

The average production across different regions, in this case, is not significantly different, 

indicating that when conditions are favorable, a hydropower plant performs similarly across 

various areas. However, it is crucial to consider the substantial number of existing plants in 

northern Italy, which underscores the challenge of establishing new facilities in other regions. 

 

 

 

 

 

 

 

 

  

 

Figure 52 - Analysed data for hydro production and presence in Italy 

Figure 53 -Regional distribution of hydropower energy production [31] 
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3.3.2. Simulated data analysis 

The objective of this chapter is to analyze simulated data for the relevant technology and 

derive hourly production figures for integration into the subsequently described model. In the 

case of hydropower, there are no available free simulators for plant performance. Indeed, the 

principle is that if the conditions for installing a hydropower plant are met, its production will 

be relatively consistent across different regions. 

Nevertheless, as noted in the introductory chapter, hydropower systems are substantially 

influenced by precipitation. Therefore, a more precise analysis that incorporates this factor is 

essential. As depicted in figure 54, the European Drought Observatory [39] provides data to 

estimate average precipitation for each region, which can vary monthly throughout the year 

based on historical averages. This tool has facilitated the development of an annual 

precipitation profile, shown in figure 55, which is used to determine monthly production 

distribution in relation to the proportion of total annual precipitation occurring each month. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 54 - EDO precipitation analysis [39] 
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As observed in Figure 55, northern Italy exhibits the highest levels of precipitation, 

maintaining very high rainfall values compared to southern Italy and the islands, which show 

lower levels. The central region achieves precipitation values comparable to those of the 

north. This precipitation profile not only aids in defining the distribution but also helps to 

corroborate the data previously presented. 

 The next step in defining average production profiles for Italy is to analyze the equivalent 

hours from recent years. As shown in figure 56, the average is approximately 3,294 

equivalent hours. 

Figure 55 - Precipitation profile of different regions 

Figure 56 - Equivalent hours distribution for hydro plants [31] 
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This data is of fundamental importance because the production found in the previous points 

can be distributed as follows: since 3,294 hours represent approximately 38% of the annual 

hours, this translates to 9 hours out of a total of 24 hours in a day. Consequently, as 

hydroelectric power is usually modulated to cover periods of higher consumption, I have 

chosen to distribute the daily production from 9 AM to 6 PM throughout the year. 

Considering all the previous steps, to define the most accurate simulation possible, I took the 

production data by zone, divided it throughout the year according to the more or less rainy 

months (with distribution varying according to the zones), and finally distributed it over 9 

hours of the day. 

The result for a typical region is shown as follows: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 59, we can thus see the distribution of production across the various months of a 
typical day. 

 

 

 

 

 

 

Figure 57 - Hydropower simulation example 
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Instead, in Figure 58, we can see the difference between the various regions of Italy, with the 
North clearly prevailing, the South and the Center aligned, and the islands evidently less 
suitable for this type of technology. 

Figure 59 - Daily production distribution among months in Northern Italy 

Figure 58 - Daily production comparison among zones 
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Electricity Consumption 

 

Electricity consumers represent a pivotal component of the energy landscape, encompassing 

a broad spectrum of entities ranging from individual households and small businesses to 

large-scale industrial facilities and institutional organizations. Each category of consumer 

exhibits unique patterns of electricity usage, influenced by factors such as operational 

requirements, lifestyle preferences, and economic considerations. 

Residential consumers, for instance, typically exhibit consumption patterns driven by daily 

routines, seasonal variations, and energy efficiency practices within their homes. Their 

energy usage is often characterized by peak demands during specific times of the day, such 

as evenings when lighting and appliances are in use. In contrast, commercial consumers, 

including offices, retail establishments, and service providers, experience fluctuations in 

consumption based on business hours, operational schedules, and the nature of their 

services. Their energy needs are often linked to lighting, heating, cooling, and electronic 

equipment. 

Industrial consumers, on the other hand, have energy consumption profiles that are largely 

determined by production processes, machinery operation, and facility size. Their demand 

can be substantial and continuous, with variations depending on production cycles and 

operational efficiency. Institutional consumers, such as educational institutions and 

healthcare facilities, also have specific energy needs influenced by their operational 

demands and the necessity for 24/7 services. 

Understanding the behavior and consumption patterns of these diverse consumer groups is 

crucial for several reasons. It informs the development of targeted energy policies, enhances 

grid management by predicting and accommodating demand fluctuations, and supports the 

design of energy efficiency programs tailored to different consumer needs.  

This section will focus exclusively on industrial consumers, as they represent a particularly 

significant aspect of energy consumption due to their high demand and operational 

characteristics. Industrial consumers are of particular interest in the context of developing an 

energy community model because their substantial and often continuous energy needs offer 

valuable insights into managing and optimizing large-scale energy use. By examining their 

consumption patterns, operational influences, and energy demands, this analysis aims to 

provide a detailed understanding of how industrial sectors interact with the energy grid. This 

focus will help in developing strategies for efficient energy distribution, optimizing 

consumption, and enhancing the overall effectiveness of energy community models. 
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3.4. Industrial consumers categorization 

Industrial consumers can be categorized based on various factors, including the nature of 

their production processes, the scale of their operations, and their specific energy 

requirements. This categorization helps in understanding their unique energy consumption 

patterns and optimizing energy management strategies.  

The ATECO code, or "ATtività ECOnomiche" code, is a classification system used in Italy to 

categorize economic activities. It consists of a hierarchical numeric system that includes 

sections, divisions, groups, and classes, allowing for detailed classification of various 

sectors. The ATECO code is essential for business registration, tax reporting, and regulatory 

compliance. It helps streamline administrative processes and provides a standardized 

method for identifying and analyzing economic activities across different industries in Italy. 

[40] 

The primary categories of industrial consumers include: 

Heavy Industry: this type of consumers typically operates large-scale facilities that require 

substantial amounts of energy for their production processes. These industries are 

characterized by high energy consumption due to the intensive nature of their operations and 

machinery. Examples include: 

• Steel Manufacturing (ATECO 24): Requires significant energy for melting and 

processing metal. 

• Chemical Production (ATECO 20): Involves energy-intensive processes such as 

reactions, separations, and heating. 

• Cement Production (ATECO 23.51): Needs large amounts of energy for grinding raw 

materials and heating kilns. 

Light Industry: these consumers operate facilities that use less energy compared to heavy 

industries, focusing on the production of goods that do not require intensive processes. 

These industries typically involve smaller-scale production and often rely on less energy-

intensive machinery. Examples include: 

• Textile Manufacturing (ATECO 13.20): Involves energy for machines used in spinning, 

weaving, and dyeing. 

• Electronics Assembly (ATECO 26): Requires energy for manufacturing and 

assembling electronic components. 
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• Food and Beverage Processing (ATECO 56): Includes energy use for cooking, 

packaging, and refrigeration. 

Process Industry are involved in the continuous or batch processing of materials, where 

energy is crucial for maintaining specific process conditions and ensuring product quality. 

Examples include: 

• Pharmaceutical Production (ATECO 21.10): Requires precise temperature and 

pressure control for drug manufacturing. 

• Paper Production (ATECO 17.12): Involves energy for pulping, bleaching, and drying 

processes. 

• Petroleum Refining (ATECO 19.20): Uses energy for distillation, cracking, and 

chemical treatments. 

Manufacturing Industry consumers instead focus on the production of goods through 

various processes that involve energy for machinery, equipment, and operational activities. 

This category includes: 

• Automobile Manufacturing (ATECO 29.10): Energy is used for assembly lines, 

machining, and paint processes. 

• Machinery and Equipment Manufacturing (ATECO 28): Involves energy for fabricating 

and assembling industrial machines. 

• Furniture Production (ATECO 31.09): Includes energy for woodworking, finishing, and 

assembly processes. 

 

3.5. Consumers analysis 

For the purposes of this thesis, the analysis we need to conduct concerns the consumption 

of potential consumers, categorized by their respective time slots. 

In Italy, electricity consumption is categorized into three time slots: F1, F2, and F3, as shown 

in figure 57. These slots determine the varying rates applied to consumers and are designed 

to help manage energy demand more effectively, encouraging a balanced use of electricity 

throughout the day.  

F1, or peak hours, typically runs from 8:00 AM to 7:00 PM on weekdays. This period sees the 

highest demand for electricity, as it coincides with standard working hours and the most 

active part of the day. As a result, the rates during F1 are higher, reflecting the increased 

strain on the energy grid during these times. 
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F2 represents the intermediate hours, generally from 7:00 AM to 8:00 AM and from 7:00 PM 

to 11:00 PM on weekdays, and throughout the day on weekends and public holidays. During 

this slot, the demand is moderate, leading to rates that are lower than those in F1 but still 

higher than in the off-peak hours. F2 includes early morning and evening periods, as well as 

the entirety of the weekend when people are more likely to be at home, leading to a varied 

yet steady consumption pattern. 

F3, or off-peak hours, covers the time from 11:00 PM to 7:00 AM on weekdays and all day on 

weekends and public holidays. This period is characterized by the lowest energy 

consumption, such as during the night when most households and businesses are inactive. 

Consequently, the rates during F3 are the lowest, encouraging consumers to shift some of 

their energy usage to these less demanding times. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Altea Green Power Spa’s clients provide their electricity bills from the past year to allow us to 

analyze the actual benefits and proper sizing of the photovoltaic system based on their 

consumption. These bills are recorded and categorized according to different time slots, as 

Figure 60 - Distribution of consumption time slots 
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shown in Figure 60. I have selected seven sample companies located across Italy, each 

operating in different sectors according to their ATECO code, to provide a comprehensive 

overview of the landscape of Italian PMIs. 

Each total value from the bills has been divided according to the actual hours of consumption 

for the year 2024, as shown in Figure 62. 

 

The same operation illustrated in the example in Figure 61 has been applied to the following 

companies, which I have numbered for simplicity in the subsequent steps, as shown in 

Figure 63. 

 

Figure 62 - Distribution of different time slots in 2024 

Figure 61 - Example of consumption analysis on a company 
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I have included three main types of consumers: 

• Number 1, 2, and 3 are classified as supermarkets, each with different sizes but 

sharing similar sources of consumption: refrigeration, lighting, and air conditioning. 

• Number 4, 5, and 6 are typical manufacturing industries across various sectors, with 

significantly higher consumption. Among these is a foundry, which is one of the 

ATECO codes with the highest consumption levels in Italy. 

• Number 7 is a warehouse for a construction company, where materials are stored. Its 

only consumption is from lighting. I included this example because it represents a 

practical case AGP is analyzing of a company interested in an installation solely for 

network sale purposes, perfectly suitable for REC use. 

Once the energy community is operational, the GSE will provide the hourly data on energy 

input and consumption. However, for completeness, I have included the consumption data in 

quarter-hourly intervals as in figure 64, as the GSE requires this type of data to perform 

simulations. 

 

 

 

 

 

 

 

 

Figure 63 - List of analyzed PMI 

Figure 64 - Summary of energy consumption in 15 min 
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These data reflect only the working days, which constitute the majority. They must, however, 

be segmented in the Excel file according to the specific days and time slots to accurately 

determine the hourly consumption of each consumer. 

 

 

 

 

 

 

 

  

Figure 65 - Comparison of hourly consumption profiles 
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4. Analysis of REC Configurations 

In the preceding chapters, the current regulations for this decree were thoroughly analyzed, 

with particular emphasis on the decree's target audience, the various forms and technical 

aspects of energy production and consumption, the production technologies, and a detailed 

analysis of the relevant data, as well as the consumers involved. 

In this chapter, I will present the development of the model used to analyze in a very 

accurate level of details the performances of different RECs in Italy. The model needed to 

accurately assess the hourly energy production and consumption of all participants within the 

energy community, allowing for precise simulation values. These values are crucial as they 

mirror the parameters considered by the GSE when calculating the incentives to be awarded 

to the community. It is important to precise that this level of accuracy in simulating RECs 

performances has been reached in response to the market requests. 

To achieve this, Excel was employed as the primary tool, allowing for the programming of 

cells with equations capable of adjusting to various production and consumption scenarios. 

This approach enabled the calculation of necessary data, visualizing hour-by-hour, 

throughout the year, the percentage of energy shared within the community, and identifying 

specific areas for improvement on a case-by-case basis. 

The entire process was designed and executed based on the requirements provided by 

clients of Altea Green Power SpA, who sought concrete simulations of performance for 

actual energy communities to be established across the country.  

In response to the requests from PMIs operating within the national territory, there arose a 

need to establish an economic analysis framework. This framework would evaluate all 

aspects of investment and the return on investment for acquiring renewable energy 

production plants. The analysis was grounded in economic models already in use by most 

energy communities across the country, validated by banks and state institutions.  

This comprehensive approach ensures that the model not only meets the technical demands 

of energy performance simulation but also aligns with the economic viability criteria essential 

for the widespread adoption of renewable energy solutions. 
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4.1. The Excel model 

4.1.1. Performance analysis 

As mentioned in the introduction to this chapter, the core of this thesis is embodied in the 

Excel model developed to analyze the hourly performance of an energy community. This 

analysis was conducted with a single prosumer, represented by a PMI that wants to invest in 

a 1 MW solar power system. This system is partially used for self-consumption and partially 

for energy sales. The consumption data, on the other hand, is represented by various PMIs, 

either individually or in groups, that do not have their own photovoltaic systems but are 

located within the area covered by the same primary substation as the prosumer. 

Below is figure 66, representing a few hours of a day in July, inside the model sheet, which 

will be used to explain each component in detail. 

In the first four columns, the month, day, hour, and quarter-hour time slots are shown, 

corresponding to the data format provided by the GSE when the primary substation data is 

released. 

The "RES PRODUCTION" column displays the hourly production from the renewable energy 

sources analyzed in Chapter 3. 

The next two columns represent the prosumer's consumption data, shown first in quarter-

hour intervals as provided by the distributor, and then aggregated into hourly data. Similarly, 

there is a column for the consumption of the consumer or consumers, also presented initially 

in quarter-hour intervals and then aggregated into hourly totals. 

 

 

Figure 66 - Abstract of Excel model 
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The last five columns are as follows: 

• Percentage of Self-Consumed Energy: This column indicates the percentage of the 

produced energy that is consumed directly by the prosumer without being fed into the 

grid. 

 

𝑆𝑒𝑙𝑓𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 % =  
𝑃𝑟𝑜𝑠𝑢𝑚𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 [𝑘𝑊ℎ]

𝑅𝐸𝑆 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [𝑘𝑊ℎ]
 (4) 

 

• Percentage of Shared Energy: This column shows the percentage of the produced 

energy that is shared within the energy community, reflecting the portion of energy 

that is not consumed by the prosumer but is utilized by other members of the 

community. 

 

𝑆ℎ𝑎𝑟𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 % =  
𝐼𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑖𝑧𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 [𝑘𝑊ℎ]

𝑅𝐸𝑆 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [𝑘𝑊ℎ]
 (5) 

 

• Energy Savings of the Prosumer: This column calculates the savings achieved by 

the prosumer through self-consumption, resulting in an economic benefit derived from 

reducing energy purchases from the grid. 

 

 

 

With:  

PC = prosumer consumption [kWh] 

RESP = Renewable Energy Source production [kWh] 

• Incentivized energy: This column represents the amount of energy sold by the 

prosumer that is simultaneously consumed by the consumer(s) within the same time 

frame, facilitating direct energy transactions within the community. 
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With:  

PC = prosumer consumption [kWh] 

RESP = Renewable Energy Source production [kWh] 

CC = consumer consumption [kWh] 

 

• Energy Sold on the Market: This column captures the amount of excess energy 

produced by the prosumer that is not self-consumed and is therefore sold on the 

open energy market. It could be higher than incentivized one, as not all the energy 

sold into the grid could be simultaneously consumed. 

 

 

 

With:  

PC = prosumer consumption [kWh] 

RESP = Renewable Energy Source production [kWh] 

 

Additionally, at the end of each month, a summary is provided, which aggregates the data 

using the appropriate summation formulas. This monthly summary consolidates the key 

metrics such as total energy production, self-consumption, shared energy, energy savings, 

and energy sold, offering a comprehensive overview of the community's performance for that 

period: 

 

 

Given the extensive number of rows—over 35,000—required by this model to analyze an 

entire year, a summarized version of the yearly data is provided in figure 68. This summary 

offers a more immediate and accessible overview of the annual performance, allowing for a 

quicker and more efficient evaluation of the key metrics across the entire year. 

Figure 67 - Example of a month summary 
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In this summary, the same categories from the complete table are presented on a month-by-

month basis, along with several key data points of interest. These include the annual totals, 

the difference between the target sharing percentage and the actual achieved sharing 

percentage, as well as the average annual sharing rate. This condensed format allows for a 

clear comparison and assessment of the community's performance throughout the year, 

highlighting areas where the actual performance deviated from the expected targets. 

The variables to be modified within the model to specifically analyze the performance of the 

energy community are: 

• RES Production: Depending on the type and location, using accurate simulators and 

pasting the data every 4 rows to ensure that the single hourly production row aligns 

with the four rows of quarter-hourly consumption data provided by the distributor. To 

achieve this, Excel has to be programmed, by using Microsoft Visual Basics, to 

perform this task correctly, allowing to input hourly production columns into the model. 

 

Figure 68 - Analysis results summary table 

Figure 69 - Excel programming window example 
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• Prosumer Consumption: This could vary from being energy-intensive, to preferring 

to sell most of the produced energy. AGP SpA request all their clients a summary bill 

of the last 12 months of consumption to understand their energy usage patterns. 

• Consumer Consumption: This can vary depending on the individual consumer and 

may also represent a sum of multiple consumers in cases where there are several 

users. This is based on the provided bills, or simulated to understand how much 

energy consumption is needed to reach the sharing target. 

 

As shown in figure 70, the values for the three consumption bands F1, F2 and F3 are 

summarized in the same Excel sheet. Since the values are already divided in the different 

days of the year, the "Find and Replace" command can be used to substitute the values for 

each consumer or prosumer across the three different bands. Each time just replace the 

values with the data corresponding to another consumer or prosumer. 

 

 

 

 

 

 

 

4.1.2. Economic analysis 

Regarding the economic analysis, the model is divided into three Excel sheets: 

• Generic Incentive Analysis Sheet: This sheet provides a broad overview of the 

incentive structure, calculation of tariffs and distribution of inflows. 

• Detailed Analysis for the Prosumer Sheet: This sheet contains a detailed economic 

analysis specifically for the prosumer who makes the investment. 

• Analysis for the Prosumer Outside a CER Sheet: This sheet presents a similar 

analysis for the prosumer but this time not taking part in a REC. 

Figure 70 - Consumer consumption bands summary 

Figure 71 - Find and Replace window to use for consumers 
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All calculations are performed in accordance with the regulations specified in the REC 

Decree [25] regarding incentive calculations, incorporating both fixed and variable tariffs and 

considering correction factors. The incentive percentages to be allocated among members 

are derived from existing REC models validated by national authorities. 

 

The input values (in yellow) are: 

• The number of inhabitants in the municipality where the prosumer is located: 
this determines whether the prosumer is eligible for the PNRR (National Recovery 

and Resilience Plan) contribution. 

• The region of Italy: this is used to define the irradiation correction factor based on 

the geographical location. 

• Updated energy market values [41][42]: these reflect the current market conditions 

and are used for accurate calculations. 

On the right side of the sheet, values specified by the decree for calculating the fixed tariff 

and those for calculating the variable tariff. 

All other values are derived from equations that use conditional statements (IF functions) to 

select the appropriate values for each region and power range.  

 

 

Figure 72 - Generic economic analysis sheet 
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Below, indicative values extracted from the Decree: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

With:  

ZP = zonal price 

 

With the automatically calculated incentivizing tariff and the summary of performance values 

calculated in the previous chapter, the community's revenues are calculated under the 

section CER INFLOWS.  

 

 

Table 5 - REC Decree tariffs 

Plant Power Incentive tariff 

P < 200 kW 80 €/MWh + 0/40 €/MWh 

200 kW < P < 600 kW 70 €/MWh + 0/40 €/MWh 

P > 600 kW 60 €/MWh + 0/40 €/MWh 

Table 6 - Tariff increase based on italian zones 

Geographic zone Tariff increase 

South regions - 

Centre regions + 4 €/MWh  

North regions + 10 €/MWh 
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This amount in euros must then be distributed among the various participants in the 

community according to the most popular model in Italy in current period [43]: 

 

As illustrated in Figure 73, all revenue from the incentives and the sale of energy flows 

through the association specifically established to manage the REC. These funds are then 

distributed among the users, with 10% retained for management with the GSE. 

The remaining 90% is allocated as follows: 

• 55% to the prosumer; 

• 27% to the consumers; 

• 8% for social initiatives in the area where the REC is located. 

 

The calculated values are subsequently utilized in the following sheets to perform a 

comprehensive economic analysis tailored for prosumers considering an investment in 

renewable energy installations. This detailed evaluation helps potential investors assess the 

financial viability and returns of such projects.  

 

 

Figure 73 - Incentive users distribution  
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By entering the values into the yellow-highlighted cells, the economic analysis is set up to 

calculate the necessary financial metrics. 

Figure 74 - Summary of factors used for economic analysis 

Figure 75 - Full economic analysis 
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In the following section, the formulas used to calculate all the necessary economic factors 

are detailed. These formulas are essential for determining the amortization of the investment, 

the revenues generated from the incentives and energy sales, and the overall financial 

performance of the project. It is important to note that this analysis does not include taxes, as 

banks typically require a "cleaner" perspective for this type of investment. 

 

 

 

 

𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑠 [€] = 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 + 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡𝑠 + 𝑎𝑑𝑚𝑖𝑛𝑖𝑠𝑡𝑟𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑠𝑡𝑠 (11) 

 

𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 (9%) =
27% 𝑜𝑓 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

11 𝑦𝑒𝑎𝑟𝑠
 [€](12) 

 

𝑆𝑎𝑣𝑖𝑛𝑔 [€] = 𝑧𝑜𝑛𝑎𝑙 𝑝𝑟𝑖𝑐𝑒 [
€

𝑘𝑊ℎ
] ∙ 𝑠𝑒𝑙𝑓𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦[𝑘𝑊ℎ] (13)  

 

𝑆𝑎𝑙𝑒𝑠 𝑝𝑟𝑜𝑓𝑖𝑡𝑠 [€] = 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑎𝑙𝑒 𝑝𝑟𝑖𝑐𝑒 [
€

𝑘𝑊ℎ
] ∙ 𝑠𝑜𝑙𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 [𝑘𝑊ℎ] (14)   

 

𝐼𝑛𝑓𝑙𝑜𝑤𝑠 [€] = 𝑑𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 +  𝑠𝑎𝑣𝑖𝑛𝑔 + 𝑠𝑎𝑙𝑒𝑠 (15) 

 

𝐶𝑎𝑠ℎ𝑓𝑙𝑜𝑤 [€] = 𝐼𝑛𝑓𝑙𝑜𝑤𝑠 − 𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑠 (16)  

 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝐶𝑎𝑠ℎ𝑓𝑙𝑜𝑤 [€] =  𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑐𝑎𝑠ℎ𝑓𝑙𝑜𝑤 (𝑝𝑟𝑒𝑐𝑒𝑛𝑑𝑒𝑛𝑡 𝑦𝑒𝑎𝑟) + 𝐶𝑎𝑠ℎ𝑓𝑙𝑜𝑤 (𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑦𝑒𝑎𝑟)(17) 

 

An essential requirement from clients for presenting this analysis to the reference bank is the 

discounted valuation of the investment, considering the discount rate. To ensure accuracy 

and relevance, it is imperative that all previously calculated figures be adjusted using the 

prescribed formula. This adjustment is necessary to account for inflation and the consequent 

erosion of the value of money over time.  

𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 =   
1

(1 + 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒)𝑦𝑒𝑎𝑟
 (18) 
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The most important factors in this type of economic analysis are the PayBack Time and the 

Internal Rate of Return (IRR), which respectively represent the time it will take for the 

investment to start generating net profit and the annual average rate of return that the 

investment will produce. 

The PBT indicates how long it will take to recover the invested capital through positive cash 

flows generated by the project. The IRR on the other hand, represents the annual compound 

rate of return that makes the net present value (NPV) of the investment equal to zero. Both 

factors provide crucial insights into the profitability and effectiveness of the investment. 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑡𝑖𝑚𝑒 [𝑦𝑒𝑎𝑟𝑠] =   𝑇 + |
𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑐𝑎𝑠ℎ 𝑓𝑙𝑜𝑤 (𝑎𝑡 𝑇)

𝑐𝑎𝑠ℎ𝑓𝑙𝑜𝑤 (𝑎𝑡 𝑇 + 1)
| (19) 

Where T is the year where we can find the last negative value of cumulated cashflow. 

 

𝑁𝑃𝑉 =   ∑
𝐶𝐹

(1 + 𝐼𝑅𝑅)𝑡

𝑛

𝑡=0

= 0 (20) 

Where: 

• NPV is the net present value. 

• CFt represents the cash flow at time t. 

• IRR is the internal rate of return. 

• t is the time period (e.g., year). 

• n is the total number of periods. 

 

Figure 76 - Full economic analysis with PBT and IRR analysis 
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As we can see in Figure 76, the model provides a PBT analysis that allows for a precise and 

automatic value, without the need to manually search for the last negative value of the 

cumulative cash flow each time. 

The final crucial aspect of the economic analysis is the graphical representation of the 

investment. In this case, it can be illustrated through the trend of cumulative cash flow over 

the years. This visual depiction provides a clear and immediate understanding of how the 

investment's cash flow evolves over time, highlighting key phases such as the point at which 

the investment starts to generate net positive returns. 

 

The same economic analysis is conducted in the final economic worksheet of the model; 

however, in this case, the incentive column contains null values, and the investment will not 

benefit from the 40% reduction of PNRR. This additional analysis is intended to highlight the 

advantages of participating in an energy community compared to making an investment 

solely for personal benefit. These advantages are not only economic but also social, as 

previously discussed in an earlier chapter. By illustrating the impact of the grant and the 

benefits of community involvement, this analysis underscores the broader value of collective 

engagement beyond individual investments. 

 

 

Figure 77 - Cashflow chart highlighting positive negative difference 
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In conclusion, this economic analysis serves two main objectives: 

• To clearly illustrate to both the client and the reference bank the investment's 

performance over time. 

• To provide the Payback Period (PBT) and the Internal Rate of Return (IRR) as 

outputs, enabling the comparison of various scenarios. 

By achieving these goals, the analysis facilitates a comprehensive understanding of the 

investment's trajectory and financial viability, allowing for informed decision-making and 

effective evaluation of different investment options. 

 

 

 

 

 

 

 

 

 

 

 

Figure 78 - Economic analysis without REC 
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4.2. Cases analysis 

In this chapter, the results of the analysis will be presented, with a focus on the performance 

of the energy community model. By adjusting key variables such as RES Production, 

Prosumer Consumption, and Consumer Consumption, the aim is to evaluate how different 

configurations and scenarios impact the overall efficiency and sustainability. These variables 

are crucial in determining the balance between energy production, consumption, and sharing 

within the community, making it essential to explore how variations in these parameters 

influence the outcome. 

The first parameter, RES Production, is central to the operation of the energy community. It 

represents the renewable energy generated by various sources and is adjusted to reflect 

different production levels depending on the location and type of energy sources. Precise 

simulators and historical data were used to ensure an accurate alignment between 

production and consumption data. Since the distributor provides consumption data in 

quarter-hourly intervals, while production data is typically available on an hourly basis, Excel 

was programmed to adjust the hourly production input, ensuring seamless integration with 

the consumption data. The objective of adjusting the production is to determine which type of 

technology is most suitable for this model. 

The second variable, Prosumer Consumption, refers to the energy use of prosumers, 

community members who both consume and produce energy. By varying this parameter, 

different prosumer behaviors are examined, ranging from high energy consumption to a 

preference for selling surplus energy. This data is informed by a summary of the last 12 

months of consumption requested by AGP SpA, providing valuable insight into typical energy 

usage patterns. This flexibility allows the model to adapt to different types of prosumers, each 

with unique energy needs and contributions to the community. 

Finally, Consumer Consumption represents the energy demand of non-prosumer members 

within the community. This can range from individual consumers to a collective group of 

multiple users. This variable is informed by historical billing data or, when necessary, 

simulated consumption levels to explore how energy consumption impacts the community’s 

ability to reach its energy-sharing targets. By modifying this parameter, the aim is to assess 

the energy requirements needed to optimize resource sharing and meet sustainability goals. 

The following analysis will explore how these three key variables influence the energy 

community’s performance, providing insight into the best strategies for achieving energy 

balance, maximizing efficiency, and meeting sharing objectives. Through this exploration, 

actionable insights will be provided for the optimal operation of energy communities under 

different conditions.  
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It is important to specify that all the scenarios analyze a 1 MW system for all three 

technologies, across all the regions of Italy that were examined. The same power, with 

different technologies and different regions of Italy, is expected to produce varying amounts 

of energy. The main differences, aside from the energy produced, are expected to be in 

CAPEX and OPEX, as in table 7, which can even make a technology highly 

disadvantageous.  

 

As shown in Table 7, the least expensive technology is photovoltaics, while wind power costs 

twice as much and hydroelectricity even four times more. At first glance, it may seem that the 

latter two technologies cannot compete with the first, but the results will also depend on how 

much energy is produced and subsequently consumed. 

In the subsequent sections, the key values to be analyzed will pertain to both performance 

and economic factors, previously discussed. Among these, particular attention will be given 

to the sharing percentage and the payback period, together with a new parameter, called 

DIFF for simplicity, which represents the mean difference between the payback time within a 

REC and without the participation in a REC. All analysis conducted will be presented, 

followed by a detailed examination. 

 

4.2.1. Photovoltaic prosumer 

In figure 79 it is shown an example of the analysis conducted on all the different scenarios. 

As can be seen, four distinct prosumers were chosen from the set of consumers initially 

considered. Prosumer 5 represents the highest energy consumer, Prosumer 7 is a user with 

no consumption who intends to sell all generated energy, Prosumer 1 is a typical 

supermarket in Italy, and finally, Prosumer 4 is a medium-sized energy-intensive company. 

Table 7 - CAPEX and OPEX values of different technologies for 1 MW plant 
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With regard to consumers, analyzed various scenarios were analyzed. In addition to pairing 

the same four previously mentioned prosumers, other cases were also considered. Among 

these is Consumer 6, another energy-intensive company with lower consumption during the 

F3 period, the combination of three supermarkets to represent a hypermarket, and finally, an 

examination of how the situation would change if the most energy-intensive consumer had 

zero consumption during the F3 period, in order to understand the impact of this factor. 

 

From this initial analysis, which has been confirmed across all other scenarios, two key 

results emerge both in terms of performance and economic outcomes. 

From a performance perspective, the most interesting prosumer is the one with the lowest 

self-consumption, as it generates significantly more energy to share, as evidenced by the 

predominance of green in Figure 79. Among the consumers, as expected, the highest 

percentage of energy consumed within the Energy Community (REC) is associated with 

Consumer 5, the most energy-intensive user. These findings further validate the reliability of 

the model. 

Other noteworthy results include the least efficient prosumer, which is Prosumer 5, again due 

to self-consumption reasons, and the least efficient consumer across all scenarios, 

Consumer 7, as might be anticipated. The remaining consumers and prosumers display 

Figure 79 - Example of results summary photovoltaic 
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similar percentages, yielding the expected results: the combination of lower self-consumption 

and higher consumption by the consumer leads to better REC performance outcomes. 

The actual results shift when we analyze the economic factor, where it becomes evident that 

prosumers with higher self-consumption experience the shortest payback periods, primarily 

due to the substantial influence of savings. However, this is not a significant discovery 

regarding energy communities, which are better assessed by looking at the average 

difference in payback periods between scenarios without the REC (no incentives or grants) 

and those with the REC. In this case, the best outcome is observed for prosumers with lower 

self-consumption, particularly Prosumer 7, which demonstrates a difference of over three 

years, effectively showing that the most advantageous situations for implementing a REC are 

those with low self-consumption and high energy sales. 

It is also worth noting that the overall average difference in payback periods exceeds two 

years, further proving that participating in an Energy Community is a sound investment in any 

case. 

In general, it is notable that, despite the prosumers with lower self-consumption presents the 

best performance results, the most interesting results are obtained by most consuming 

prosumers, as they take advantage of saving money to buy energy, therefore lowering the 

payback time of the investment independently from the REC configuration. On the other 

hand, the aim of this research is to analyze RECs effects on different users, so it is important 

to look to both configurations. 

In the following sections, all the scenarios for the various regions and technologies will be 

presented and later analyzed in detail. This aspect is crucial to identify the most 

advantageous region of Italy to create and participate in a REC. 

Figure 80 provides a summary of the scenarios across various regions of Italy for 

photovoltaic systems, with particular focus on the sharing percentage and payback time. 
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In this case, the best REC performance results are observed in Northern Italy, both in terms 

of average and maximum values, surpassing the other regions by at least six percentage 

points. The remaining three zones show very similar results, with the lowest figures recorded 

in the Islands. 

From an economic standpoint, however, the best scenario is found in the Islands, with 

average payback times significantly lower than those in the worst-performing region, the 

North. 

A noteworthy observation concerns the energy produced by the plants in the various regions: 

while the North does indeed exhibit higher performance, its energy generation is 

considerably lower than in the other regions. As the same consumers are present in all 

Figure 80 - Summary for photovoltaic REC cases 
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areas, the percentage of shared energy will naturally be higher in the North. The fact that the 

regions with higher energy production are more economically advantageous demonstrates 

once again that, with the same consumers, the zones with greater energy generation are the 

most suitable for an investment of this type. 

Analyzing the DIFF values, it becomes apparent that the North exhibits a wider gap 

compared to other regions, highlighting the fact that higher performance of the energy 

community correlates with greater economic improvements. This outcome positions Northern 

Italy as the region where the establishment of an energy community would be most effective. 

Overall, photovoltaic systems present excellent economic values, benefiting from the cost-

effectiveness of the investment. On the performance side, the average values are relatively 

low across Italy, with peaks exceeding 70% only in cases of minimal self-consumption and 

higher consumer demand, thus in the optimized REC configuration, as previously discussed. 

 

 

4.2.2. Eolic prosumer 

The same analysis performed for photovoltaics has been extended to wind power. However, 

due to the significantly higher energy output from wind turbines, as will be shown in the 

subsequent sections, an additional consumer profile with double the consumption of 

Consumer 5 has been introduced. This adjustment aims to optimize the utilization of the 

surplus energy generated by wind power and better align consumption with production, 

thereby enhancing the overall efficiency of the system. 

As shown in Figure 81, once again, the best performance of the energy community is 

observed where there is the lowest level of self-consumption and the highest consumption by 

the consumer. However, these results do not translate into an economic advantage, as 

prosumers with the highest self-consumption rates experience significantly shorter payback 

periods compared to the average. 
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Thus, it is reaffirmed that participation in an energy community is generally advantageous 

and more effective in scenarios with low self-consumption. However, having a high level of 

self-consumption consistently proves to be more beneficial, demonstrating that monetary 

savings outweigh the earnings from incentives. 

It is also crucial to notice that for this type of investment the DIFF values shown are lower, 

practically highlighting the fact that wind energy investments could stand alone, even out of a 

REC. 

Figure 82 provides a summary of the scenarios across various regions of Italy for Eolic 

systems. 

 

 

 

Figure 81 - Example of results summary for eolic 
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In this case, the best REC performance results are observed in Northern Italy, both in terms 

of average and maximum values, surpassing the other regions by up to ten percentage 

points. The remaining three zones show very similar results, with the lowest figures recorded 

in the Islands. 

From an economic standpoint, however, the best scenario is found in the Islands, with 

average payback times abundantly lower than those in the worst-performing region, the 

North, underlining that this type of investment is not to be considered in Northern Italy, due to 

its lack of wind resource.  

 

 

Figure 82 - Summary for eolic REC cases 



 

112 
 

 

 

Once again, it is demonstrated that the performance of the energy community does not 

reflect the actual advantages of such an investment, which is recommended to be 

reconsidered in the regions of Northern Italy. 

Analyzing the DIFF values, it becomes apparent that the North exhibits a significant wider 

gap compared to other regions, highlighting the fact that higher performance of the energy 

community correlates with greater economic improvements. This outcome positions Northern 

Italy as the region where the establishment of an energy community would be most effective, 

but in terms of investment still not viable, in contrast with the rest of Italy, where this type of 

technology demonstrates excellent results. 

Overall, Eolic systems present better economic values with respect to photovoltaic ones, 

benefiting from the richness of the resource in particular regions of Italy. On the performance 

side, the average values are relatively low across Italy, but presenting a 100% sharing 

percentage only in the case of minimal self-consumption and higher consumer demand, 

combined with a significantly reduced energy production. 

 

 

 

4.2.3. Hydroelectric prosumer 

The same analysis performed for previous two has been extended to the last technology. 

However, due to the significant difference in the CAPEX and OPEX prices and the high 

energy output from hydro turbines, as will be shown in the subsequent sections, an additional 

consumer profile with triple the consumption of Consumer 5 has been introduced. This 

adjustment aims to maximize the consumption of energy produced and therefore the 

performances, in order to lower the payback time. 
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Figure 83 - Example of results summary for hydropower 

As shown in Figure 83, once again, the best performance of the energy community is 

observed where there is the lowest level of self-consumption and the highest consumption by 

the consumer. As previously seen, performance results does not directly translate in 

economic benefits, as prosumers with the highest self-consumption rates experience 

significantly shorter payback periods compared to the average. 

It is important to immediately highlight that the average payback periods for this technology 

are significantly higher compared to the first two technologies. In fact, acceptable payback 

times can only be achieved in scenarios with exceptionally high consumption levels. It should 

also be noted that the useful lifespan of this type of installation is generally longer than that of 

the other two technologies, so these timelines must be evaluated while considering this 

aspect. 
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Figure 84 - Summary for hydro REC cases 

 

Figure 84 provides a summary of the scenarios across various regions of Italy for 

hydropower systems. In this case, the best REC performance results are observed in 

Islands, despite in other regions values are quite aligned.  

From an economic perspective, the best scenario is in Northern Italy, where the average 

payback period is significantly reduced compared to the worst scenario in the islands. This 

aspect confirms expectations regarding the lack of water and water basins, as well as the 

absence of significant elevation changes in these regions.  

Once again, it is demonstrated that the performance of the energy community does not 

reflect the actual advantages of such an investment, which is recommended to be 

reconsidered in general, except form Northern Italy. 

Analyzing the value of the difference, it becomes apparent that in each region the values are 

similar, but compared to other technologies, they are significantly higher. This highlights the 

effectiveness of participating in a REC when dealing with high investment levels of this 

nature. 
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Overall, hydropower systems demonstrate high performance values, comparable to those of 

other technologies. However, these performance levels do not translate into economic 

benefits, as the scale of the investment makes this technology less suitable for producing 

energy at this capacity and for such a limited number of users. 

 

 

4.3. Results commentary 

In the subsequent sections, a comprehensive analysis of the results from the application of 

the proposed model will be conducted, delving into three critical dimensions. The first 

dimension addresses the performance aspect, focusing primarily on the model's ability to 

optimize the percentage of shared energy. This will allow for an in-depth assessment of the 

efficiency and effectiveness of energy distribution within the system. 

The second dimension is the economic aspect, where a thorough evaluation of the Payback 

Time (PBT) will be undertaken. This analysis will not only examine the overall economic 

viability of the model but also highlight the differences in PBT within a Citizen Energy 

Community compared to scenarios without such a community. By exploring these financial 

variations, the aim is to provide insight into how the model influences economic outcomes in 

both collaborative and non-collaborative energy settings. 

Finally, the third dimension focuses on the geographical evaluation, supported by data 

provided by Terna [31]. These data highlight the current distribution of energy plants across 

the Italian territory, enabling an assessment of the regions where different energy 

technologies are most effectively implemented. This spatial analysis will underline which 

areas are more favorable for specific types of energy production, offering insights into the 

regional strengths and potential optimizations for energy technology deployment. 

Taken together, these three aspects, performance, economics, and geography, offer a holistic 

view of the model's implications, providing valuable insights into its potential real-world 

applications and broader significance. 
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4.3.1. Performance results 

This section focuses on the analysis of the model's performance, with particular emphasis on 

the percentage of shared energy within the system. The evaluation will consider how 

effectively the model facilitates energy sharing among participants, measuring its capacity to 

optimize energy distribution. By examining the share of locally generated and consumed 

energy, this performance analysis aims to assess both the efficiency and the overall 

effectiveness of the model. In doing so, it will provide insights into the potential benefits and 

limitations of the energy-sharing mechanism, shedding light on the model’s ability to enhance 

energy autonomy and reduce reliance on external energy sources. 

 

 

 

 

 

 

 

 

 

 

  

  

   

   

   

   

   

   

   

                             

Figure 85 - Performance results summary 

Figure 86 - Mean shared energy summary 

SHARING % PBT PROSUMER DIFF SHARING %PBT PROSUMER DIFF SHARING %PBT PROSUMER DIFF SHARING %PBT PROSUMER DIFF

% years years % years years % years years % years years

30% 4,14 2,65 28% 3,49 2,08 28% 3,61 2,18 28% 3,45 2,05

82% 3,9 74% 2,9 75% 3,1 73% 2,8

2,51 1,50 2,18 1,20 2,23 1,20 2,13 1,20

34% 9,97 6,18 31% 2,91 1,73 27% 2,33 1,28 24% 1,94 1,05

100% 7 97% 2,3 89% 1,6 81% 1,3
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Figure 85 and Figure 86 presents a detailed breakdown of energy production and sharing 

percentages across various technologies, Photovoltaic, Eolic and Hydropower, across four 

key regions: North, Centre, South, and the Islands. Among the technologies, wind power 

stands out as the most productive, particularly in the Islands, where wind farms generate an 

impressive 4,453,546 kWh of energy. This highlights the Islands as the most favorable region 

for wind power generation, far exceeding the production levels in the North, Centre, and 

South, where wind energy is still significant but much lower in comparison. 

When examining Photovoltaic (solar) energy production, the Islands again prove to be a 

leading region, with a total production of 1,326,195 kWh, underscoring its strong potential for 

solar energy generation. In contrast, the North and Centre regions produce slightly lower 

amounts, although they still maintain consistent levels of energy generation through 

photovoltaic systems. As for Hydropower, the North is the dominant region, producing 

1,661,605 kWh, significantly outperforming other regions such as the Centre, South, and 

Islands, where hydropower output is much less pronounced. 

In terms of energy sharing efficiency, which measures the percentage of locally produced 

energy that is shared within the system, the results vary by both technology and region. 

Hydropower in the Islands achieves the highest sharing percentage at 37%, making it the 

most effective in terms of distributing shared energy across the community. For Eolic 

technology, the North leads with a sharing percentage of 34%, indicating a robust ability to 

share wind energy locally in this region. Meanwhile, Photovoltaic energy in the South 

reaches the highest sharing rate for solar power, with 28% of the energy being shared. 

Notably, we observe that regions with lower overall energy production, such as the South for 

photovoltaic energy or the North for eolic energy, tend to have higher sharing percentages. 

This phenomenon can be explained by the fact that in regions with lower production, a 

greater percentage of the energy generated is consumed locally by the same number of 

consumers, thereby increasing the share of locally consumed energy relative to total 

production. Moreover, Hydropower demonstrates superior performance not only in terms of 

production but also in its ability to optimize energy sharing. One key factor contributing to this 

is that hydropower plants primarily generate energy during the day when demand is highest, 

aligning production with consumption patterns more effectively. Additionally, hydropower 

systems have the unique ability to modulate and adjust energy output, making it easier to 

balance supply with demand and optimize the use of shared energy. This flexibility, combined 

with its high daytime production, helps hydropower achieve both high production and efficient 

energy sharing, particularly in the Islands, where its performance is strongest. 



 

118 
 

Overall, the data reveals important insights into the regional performance of different energy 

technologies. The Islands emerge as the strongest region for both Eolic and Photovoltaic 

energy production, while the North excels in Hydropower generation. When it comes to 

energy sharing, the Islands also show strength, particularly for Hydropower, while the North 

and South regions demonstrate effective sharing mechanisms for Eolic and Photovoltaic 

technologies, respectively. 

 

4.3.2. Economic results 

This section analyzes the economic effectiveness of the Renewable Energy Community 

(REC) model by focusing on the payback time (PBT) values associated with different 

renewable energy technologies. The aim is to identify the lowest PBT, which indicates the 

most financially viable option for prosumers. Additionally, a new parameter, the Diff values, is 

introduced, representing the difference in payback time between prosumers participating in a 

REC and those operating independently. By examining these values, insights can be gained 

into the advantages of REC participation and its impact on the financial outcomes for 

prosumers across various technologies and regions. The analysis will highlight the potential 

benefits of community engagement in renewable energy production and its role in enhancing 

economic returns. 

Figure 87 - Economic results summary 

SHARING % PBT PROSUMER DIFF SHARING % PBT PROSUMER DIFF SHARING % PBT PROSUMER DIFF SHARING % PBT PROSUMER DIFF
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The table provides insights into the payback times (PBT) and the differences (Diff) in 

payback periods for prosumers participating in a Renewable Energy Community versus 

those who do not. Among the three technologies analysed, Eolic energy in the Islands stands 

out with the lowest mean PBT of 1,94 years, making it the most financially attractive option 

also looking at the minimum value of only 1,3 years, followed closely by the South, where 

wind power has a slightly longer mean PBT of 2,33 years. These values reflect the overall 

efficiency of wind energy in these regions, where the natural conditions favor quick returns on 

investment. For Photovoltaic energy, the Islands also perform well, with a mean PBT of 3.45 

years, while the North shows a slightly higher PBT of 4,14 years, indicating a slower return 

on solar investments, likely due to less solar exposure compared to southern regions. The 

 

 

 

 

 

 

 

 

 

  
 
 
 

                  

Figure 88 - Minimum payback time summary 

Figure 89 - Maximum diff value summary 
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Centre displays even longer payback periods for photovoltaic systems, making it less 

financially attractive compared to wind power. In the case of Hydropower, the North 

demonstrates the best performance, with a minimum PBT of 7.15 years, which is significantly 

lower than the mean value of 11.94 years, but still longer compared to wind and solar due to 

the higher initial infrastructure costs and lower energy-sharing percentages. Hydropower 

generally has a slower return on investment, though its stability and consistent production 

make it a valuable energy source over the long term. 

When focusing on the Diff values, which indicate the number of years by which REC 

participation shortens the payback period, Hydropower in the centre stands out with the 

largest reduction, where participating in a community energy system decreases the PBT by 

6,8 years. This significant difference suggests that hydropower in the centre benefits greatly 

from collective energy sharing, as it helps optimize production and consumption, particularly 

during peak demand hours, thus enhancing financial returns. The north on the other hand 

shows a noteworthy Diff values for Eolic, with a mean reduction of 6,18 years, indicating that 

community participation in wind energy yields high benefits in this region. While the Islands 

have the lowest overall PBT for wind energy, they present a smaller Diff value of 1 year, likely 

because the high efficiency of wind power already results in fast payback times, leaving less 

room for REC participation to improve the financial return. 

For Photovoltaic systems, the North demonstrates the largest mean Diff with a reduction of 

2,65 years in payback time due to REC participation, underscoring the significant role 

community involvement plays in enhancing the economic viability of solar investments in 

regions with lower solar efficiency. The Islands, due to their favorable solar conditions, exhibit 

a smaller mean Diff of 2,05 years, indicating that while REC participation is beneficial, the 

strong solar production levels already make payback times attractive, thus limiting the impact 

of community energy sharing, as seen for Eolic. 

The highest Diff values are attributed to the substantial benefits associated with participation 

in a REC, including a 40% reduction in investment costs and the incentives derived from 

shared energy. These benefits are particularly effective in regions where the payback times 

are higher without REC participation, further demonstrating that involvement in a REC is a 

significant advantage for prosumers. The larger Diff values observed in these regions 

highlight the importance of community energy sharing in making renewable investments 

more financially viable. 
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4.3.3. Geographical results 

This section synthesizes values from Chapter 3, specifically focusing on the database 

analysis, to identify the regions in Italy where specific renewable energy technologies—

namely, Photovoltaic, Eolic, and Hydropower—are most prevalent. This analysis examines 

both the number of plants and the total installed capacity in megawatts (MW) for each 

technology across different regions. By correlating these findings with the performance and 

economic results previously analyzed, this section aims to validate whether the existing 

distribution of renewable energy infrastructure supports the observed performance and 

financial outcomes. Understanding the geographical distribution of these technologies will 

provide critical insights into how the actual deployment of renewable energy systems aligns 

with their theoretical and empirical benefits, thus enhancing the overall comprehension of the 

REC model's effectiveness in the Italian context. 

 

From Figure 87 it can be noted that photovoltaic systems have the highest number of 

installed plants in Italy, with over 1 million installations, compared to only a few thousand 

installations for other technologies. This prevalence supports the notion that photovoltaic 

energy is functional throughout the country, particularly in the North, where favorable fiscal 

incentives are more readily available. However, this predominance is not reflected in the total 

installed capacity in megawatts (MW), where photovoltaic systems account for only twice the 

capacity of their counterparts. This discrepancy arises because wind and hydropower 

installations typically feature higher total capacities within single plants. 

Figure 90 - Geographical census data from Terna summary 

PLANTS tot plants MW tot MW PLANTS tot plants MW tot MW PLANTS tot plants MW tot MW

Piemonte 70.400 1.792 18 19 1.018 2.779

Valle d'Aosta 2.759 26 5 3 200 1.025

Lombardia 160.757 2.711 12 0 721 5.190

Liguria 10.846 127 36 87 92 92

Veneto 147.687 2.204 15 13 402 1.187

Trentino-Alto Adige 28.620 475 10 0 867 3.409

Friuli Venezia Giulia 39.698 591 5 0 257 523

Emilia-Romagna 105.938 2.270 72 45 217 356

Toscana 52.723 908 117 143 223 376

Umbria 22.144 513 25 3 49 540

Marche 33.262 1.150 50 20 189 251

Lazio 67.889 1.496 69 73 102 419

Abruzzo 24.200 774 43 268 75 1.023

Molise 4.726 181 78 376 37 88

Campania 40.293 924 625 1.771 61 343

Puglia 58.914 2.948 1.209 2.759 10 4

Basilicata 9.456 388 1.429 1.428 19 134

Calabria 29.476 573 426 1.175 60 788

Sicilia 64.464 1.542 887 2.013 29 151

Sardegna 41.831 1.001 600 1.093 18 466

TOT 19.144,201.016.083 22.594,00 5.731 11.288,40 4.646

3.810 7.776

1.487 3.106

EOLIC HYDRO
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Regarding regional prevalence, photovoltaic energy shows the greatest concentration in 

Northern Italy, primarily due to the previously mentioned fiscal incentives, while similar values 

are observed across other regions. Conversely, wind energy demonstrates a clear 

predominance in Southern Italy and the Islands, corroborating the findings from previous 

sections regarding the excellent performance of this technology in these regions. 

For hydropower, a similar, yet opposite, distribution pattern with eolic power is evident, as 

more than 90% of installed plants and capacity are located in the North. The presence of 

hydropower installations in other parts of Italy is minimal, which aligns with the results 

obtained from the model, reflecting the limited availability of precipitation and elevation 

differences in other regions of the country. 

 

 

 

 

 

 

 

 

 

 

Overall, the census data from Terna completely validate the results derived from the model, 

demonstrating that the established presence of various types of renewable energy 

installations across the Italian territory corresponds perfectly with the performance and 

economic data generated from the various scenarios analyzed in this project. This aspect is 

crucial for affirming the actual validity of the conducted study. 

 

 

 

 

 

Figure 91 - Installed MW summary 
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5. Conclusion 

This thesis emerges in response to the growing need to simulate Renewable Energy 

Communities (RECs) to better assess their effectiveness in energy sharing and investment 

outcomes, particularly within the context of Italy’s transition toward sustainable energy 

systems. It was driven by the recognition that RECs—where local communities generate, 

share, and consume renewable energy—offer a promising solution to reduce dependency on 

fossil fuels and enhance energy autonomy. However, a critical gap existed in accurately 

simulating these communities to assess both their energy performance and economic 

viability. The primary objective of this work was to develop a simulation model capable of 

evaluating REC effectiveness, considering the integration of various renewable energy 

technologies and the unique regional conditions across Italy. 

The first part of the thesis involved a comprehensive review of the regulatory framework 

surrounding RECs, particularly how these communities are structured within the Italian 

legislative landscape. This review provided the foundation for understanding the 

opportunities and constraints that shape the development of RECs, particularly the financial 

incentives and regulatory support mechanisms available. From there, the focus shifted to 

building a detailed simulation model designed to estimate the performance of different 

renewable energy technologies, such as Photovoltaic, Eolic and Hydropower, within the 

framework of an REC. The model accounted for regional differences in solar irradiance, wind 

availability, and water resources to simulate realistic energy production profiles in four distinct 

Italian regions: North, Centre, South, and the Islands. 

The model developed in this thesis was based on real consumption data, primarily provided 

by Altea Green Power S.p.A., a partner company involved in the study. This data was crucial 

in reflecting the actual energy use of industrial consumers who are potential participants in 

Renewable Energy Communities (RECs). Altea Green Power’s clients, particularly industrial 

users, required an accurate simulation of how RECs would perform both in terms of energy 

production and economic returns. The goal was to provide them with concrete insights into 

the viability of joining an REC, helping them make informed decisions about whether to 

invest in renewable energy systems. By simulating real-world scenarios, the model allowed 

these companies to evaluate the potential financial benefits of reduced energy costs and the 

incentives associated with participating in a community-based energy-sharing system. 

The simulation model itself was designed to assess both performance and economic aspects 

of RECs. It took several inputs, including hourly energy production profiles for Photovoltaic 
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(PV), Eolic (wind), and Hydropower technologies, as well as the actual consumption profiles 

of participating users. The outputs of the model included key performance metrics such as 

self-consumption percentages, shared energy among community members, and most 

importantly, the payback time (PBT), which measures the time required to recoup the initial 

investment in renewable energy systems. In addition to the PBT, the model introduced a new 

parameter called DIFF values, which measure the reduction in payback time when 

prosumers participate in a REC compared to acting independently. This allowed for a 

thorough evaluation of the economic benefits of community energy sharing, providing 

stakeholders with a clear understanding of the potential return on investment when joining an 

REC. To validate the model’s results, these outputs were compared with geographical data 

from Terna census data, which provided insights into the distribution and installed capacity of 

renewable energy plants across Italy. This comparison ensured that the model’s findings 

were grounded in the actual geographic distribution of renewable energy technologies, 

further reinforcing the accuracy and relevance of the results. 

The simulation yielded important results. The first crucial aspect of this analysis with the 

model is that the optimization of the REC configuration can be viewed from two perspectives. 

From a technical performance standpoint, all results show that the highest values of shared 

energy, and consequently the highest sharing percentages, are achieved in cases where the 

prosumer has very low self-consumption values, thus being able to feed much more energy 

into the grid. This aspect is reflected in an increase in the DIFF value, effectively leading to a 

reduction in payback time. The second, quite opposite, aspect concerns the fact that 

prosumers with higher self-consumption values experience significantly shorter payback 

times than others, regardless of the presence of a REC, proving that self-consuming energy 

is always more advantageous. However, in both cases, being part of a REC consistently 

demonstrates a reduction in payback time, making participation in a REC beneficial. 

As a second interesting point emerging from this analysis, it was found that the output values 

of the model reflect the geographical presence of certain types of plants in specific areas of 

Italy. Photovoltaic systems RECs perform well across the country, especially in Southern 

Italy, with shorter payback times, although most installations are concentrated in the North, 

where fiscal incentives are more favorable. Despite the high number of PV systems installed 

in Italy, their total power output is lower than other technologies due to smaller individual 

plant capacities, but their lower CAPEX allows them to be very market competitive. Wind 

energy showed high performance in Southern Italy and the Islands, where abundant natural 

wind resources result in strong energy output, reflected in high energy sharing, and shorter 

payback times, confirming wind as an efficient technology in these regions, and the best in 

terms of RECs performances. Hydropower, on the contrary, demonstrated strong 
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performance in the North, where over 90% of installations are located due to suitable 

environmental conditions like water flow and elevation, but nothing comparable with the other 

technologies in terms of payback time values, practically excluding this configuration from the 

decision-making factors. As depicted in Figure 92 the most energy producing regions are 

also the ones where most of MW are installed, according to Terna. These findings validate 

the model's accuracy and provide practical insights for making renewable energy investment 

decisions based on geographical realities. 

 

The economic analysis, too, provided crucial insights into the financial advantages of REC 

participation. The DIFF values emerged as a key indicator of the financial benefit associated 

with RECs, particularly in regions where payback times without REC involvement were 

naturally longer. The model showed that participation in a REC leads to significant reductions 

in payback time due to the combined effects of a 40% reduction in investment costs—

enabled by REC incentives—and the financial benefits derived from shared energy 

production. This is especially evident for Hydropower, where the largest DIFF values were 

recorded. The reduction in payback time highlights the crucial role of RECs in making 

renewable energy investments more financially viable, especially for technologies like 

hydropower, which require higher initial investments. Figure 93 clearly illustrates that while 

hydropower is the least efficient technology, it demonstrates the greatest potential when 

integrated into a REC. Photovoltaic and wind energy exhibit comparable performance, with 

the exception of wind energy in Northern Italy, where it shows a slight variation mainly due to 

lack of resource. 

 

 

 

Figure 92 - Energy production and MW installed summary 
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The highest DIFF values were found in regions and technologies where payback times are 

longer without REC participation. This confirms that RECs offer the most significant financial 

advantages in areas where the initial economic barriers to renewable energy investments are 

higher. The combination of investment cost reduction and incentives proves particularly 

effective in these regions, underscoring the importance of community participation in making 

renewable energy projects more accessible and economically attractive. These findings 

validate the thesis’ core hypothesis that RECs not only enhance energy autonomy and 

sustainability but also offer tangible economic benefits to participants. 

In summary, the results of this thesis provide a clear demonstration of how RECs can 

optimize both energy performance and financial returns across different technologies and 

regions in Italy. Photovoltaic energy proved to be widely applicable across the country, wind 

energy showed exceptional performance in the South and Islands, and hydropower was 

dominant in the North, although not comparable with the others. The economic analysis 

highlighted the significant reductions in payback time made possible by REC participation, 

with the largest benefits seen in regions where individual investments in renewable energy 

face higher economic barriers. Another crucial result involves the optimization of 

prosumer/consumer configurations, which allowed for an understanding of how a REC can 

either maximize energy sharing percentages, thus increasing the associated incentives, or 

minimize payback time, depending on the configuration of participants. These findings not 

only validate the effectiveness of the simulation model developed in this thesis but also 

underscore the broader relevance of RECs in promoting a more sustainable and 

economically viable energy transition in Italy.  

This research offers critical insights for decision-makers, stakeholders, and policymakers, 

providing them with a practical tool to evaluate the feasibility and success of RECs in 

different contexts. Ultimately, the thesis demonstrates that RECs are a powerful model for 

fostering sustainable energy practices, delivering economic benefits, and supporting Italy’s 

energy transition in a way that is both technically and financially sound. 

Figure 93 - Economic results summary 
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