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Abstract

This thesis considers the growing concern over carbon emissions and the European
Union’s commitment to achieving carbon neutrality by 2050 through national climate and
energy plans. These plans have led to a shift away from fossil fuels toward renewable
energy sources, with residential Photovoltaic (PV) systems emerging as a sought-after
solution. These decentralized energy systems offer greater efficiency and eco-friendliness.

However, the adoption of PV systems also presents challenges related to solar resource
availability, energy storage, and energy exchange in decentralized scenarios. This study
explores these challenges and focuses on maximizing the energy consumption to maximize
the benefits of PV systems.

The study’s findings indicate that Energy Communities (EC) with energy storage
perform better in terms of PV consumption compared to individual approaches. ECs
demonstrate a high PV consumption due to surplus PV energy being shared among
houses. Importantly, the study found no adverse effects on transformers, even in a worst-
case scenario, suggesting that decentralized PV systems can be integrated into existing
infrastructure seamlessly.

Additionally, the study demonstrated the distribution transformers in these commu-
nities do not experience any noteworthy adverse effects. Even in the most unfavorable
scenario, where individual PV systems lack storage, the highest observed increase in
transformer demand was merely 16.74 kVA, which falls comfortably within acceptable
thresholds.

In summary, this research underscores the potential of PV systems in achieving carbon
neutrality within the framework of national climate and energy plans. It also provides
valuable insights into the advantages and challenges of decentralized energy systems,
offering a path toward more sustainable and efficient energy consumption.

Keywords: Photovoltaic energy, Energy Communities, Battery systems, Transformer
aging, SSR and SCR

v



Resumo

Esta tese considera a crescente preocupação com as emissões de carbono e o compro-
misso da União Europeia em atingir a neutralidade carbónica até 2050, através dos planos
nacionais de clima e energia. Estes planos conduziram a uma transição longe dos com-
bustíveis fósseis em direção a fontes de energia renovável, com os sistemas residenciais
de PV emergindo como uma solução muito procurada. Estes sistemas descentralizados
de energia oferecem maior eficiência e amigabilidade para o ambiente.

No entanto, a adoção de sistemas de PV também apresenta desafios relacionados com
a disponibilidade de recursos solares, armazenamento de energia e troca de energia em
cenários descentralizados. Este estudo explora esses desafios e concentra-se na otimização
do consumo de energia para maximizar os benefícios dos sistemas de PV.

Os resultados do estudo indicam que as EC com armazenamento de energia têm um
melhor desempenho em termos de consumo de PV em comparação com abordagens
individuais. As ECs demonstram um elevado consumo de energia PV devido à partilha
de energia excedente de PV entre as habitações. Importante ainda, o estudo não encontrou
efeitos adversos nos transformadores, mesmo no pior cenário, sugerindo que os siste-
mas de PV descentralizados podem ser integrados na infraestrutura existente de forma
harmoniosa.

Adicionalmente, o estudo demonstrou que os transformadores de distribuição nestas
comunidades não sofrem quaisquer efeitos adversos significativos. Mesmo no cenário mais
desfavorável, onde os sistemas de PV individuais não têm armazenamento, o aumento
mais elevado observado na procura de transformadores foi apenas de 16,74 kVA, o que se
situa confortavelmente dentro dos limites aceitáveis.

Em resumo, este estudo destaca o potencial dos sistemas de PV para atingir a neu-
tralidade carbónica no âmbito dos planos nacionais de clima e energia. Também fornece
informações valiosos sobre as vantagens e desafios dos sistemas de energia descentrali-
zada, oferecendo um caminho em direção a um consumo de energia mais sustentável e
eficiente.
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Introduction

In the course of time the concern regarding the carbon footprint has been increasing
and several goals have been set. All Member States of the European Union elaborated and
presented a national climate and energy plan, mapping the actions that would take place
between 2021-2030 in effort to reach carbon neutrality by the year 2050 [3]. In scope of the
established plans, most of the Member States have imposed restrictions on the production
and usage of fossil fuels changing the direction of energy solutions towards renewable
energies.

A sought-after solution are residential PV systems. Various approaches have emerged
for the utilization of PV systems, ranging from individual consumers to entire communities.
The usage of PV systems as a decentralized energy system allows for more optimal use of
renewable energy and increases eco-efficiency [4].

When considering a decentralized energy scenario, it is also necessary to consider
the struggles that emerge with such systems. Focusing on PV systems, it is possible to
extrapolate that most difficulties are related to the availability of the natural resource in
question, the solar radiation, the paradigm of energy storage and the exchange of energy.
Therefore, it is necessary to exploit the most out of the energy produced and optimize the
consumption process.

In Portugal, an effort is being made to erase the distinction between production
in ordinary regime and special regime, additionally erasing the need for two distinct
electricity production licensing procedures simplifying the National Electric System (NES)
[3] which alongside government incentives for PV systems, are enabling the demand for
renewable energy systems to increase along with innovation and more effective technology.
With that demand comes the need for system optimization.

1.1 Motivation

In order to achieve the rotary established by the European Ecological Pact and reach
a curtailment of emissions of no less than 55% by 2030, a significant transformation is
needed in the energetic module [3].
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The rapid expansion of PV systems as a key renewable energy source has brought
forth the need to explore critical aspects such as dimensioning, battery integration, and
the emergence of energy communities.

Accordingly to Öko Institute [5], rooftop solar installations, whether PV systems
or solar panels, are a fundamental step in the increase of renewable energies. Ritter,
Bauknecht, and Kaya also state that the solar installations should become standard for
European countries and claim the obligation should be implemented by stages starting as
soon as mid 2023. This statement is backed by a proposal for amending European Union
(EU) Directives regarding the use of renewable energy, energy performance of buildings
and energy efficiency [6], in which Article 9a states that new buildings are obliged to
ensure "solar energy generation" optimization based on their solar irradiation. This action
is ensured to be deployed by 31 of December of 2029 in all residential buildings. While
buildings [7], are responsible for 40% of energy consumption, buildings with PV systems
can generate up to 25% of the EU’s electricity consumption [8].

Figure 1.1 displays which European countries currently have solar mandates. Coun-
tries represented in green have mandates that involve existing buildings, in light green
mandates encompass new and/or renovated buildings, in orange countries have manda-
tory installation of Renewable Energy System (RES) technology and lastly, in red are
countries with no current mandates.

Figure 1.1: Countries where solar mandates are in place, taken from Commission [9].

With the goal of increasing the profitability of PV systems, this study examines four
distinct scenarios of PV installations: (1) PV systems with and without battery systems,
(2) the establishment of an EC and (3) the aggregation of neighbouring ECs so as to make
a multi-EC. These scenarios will be evaluated based on specific parameters including
energy community size and battery system types. To quantitatively assess the disparities
among the different scenarios, multiple performance indicators are taken into account.
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1.2 Problems with the Current State

The transition towards sustainable and renewable energy sources is a key priority for
countries worldwide. However, the variation in solar mandates across European countries
poses significant challenges in policy implementation, enforcement, and the need for
harmonization. Achieving widespread adoption of PV systems requires consideration of
various critical aspects due to their rapid expansion as a renewable energy source.

The integration of batteries with PV systems is a promising approach to store excess
energy and ensure continuous power supply. However, this approach faces challenges
related to high costs, limited battery lifespan and environmental concerns.

ECs represent an innovative approach to decentralized energy generation and dis-
tribution. Legal and regulatory frameworks need to be adapted to accommodate the
characteristics of EC, and technical interoperability must be achieved to enable integration
with existing energy infrastructures. Additionally, developing appropriate market models
and encourage active community involvement are crucial to the long-term viability of EC.

The idea of aggregating neighboring ECs to form multi-ECs offers potential benefits
in terms of increased efficiency and broader impact. However, this approach presents its
own set of challenges. Addressing issues related to scalability and operational challenges
becomes essential to capitalize on the advantages of multi-ECs.

1.3 Objectives

The primary objectives of this dissertation encompass a study and modeling of various
aspects related to battery capacity optimization, energy community size determination,
and scalability analysis.

One of the primary focuses is the assessment of various factors that can influence
the EC effectiveness and find the EC parameters who contribute the most. These factors
include energy demand, scalability, optimal PV integration, households’ orientation,
Willingness To Pay (WTP), and the impact of transformer age. This analysis provided
valuable insights into the design and operation of energy communities, facilitating their
effective and sustainable deployment.

Consequently, in order to determine the appropriate battery capacity for each PV
system scenario, a model was created that ensures the overall feasibility of the system. By
developing appropriate models, this research aims to enhance the lifespan of batteries and
reduce associated costs, making battery integration economically viable for PV systems.
By identifying the optimal battery capacity, it was possible to maximize the efficiency and
longevity of PV systems while ensuring cost-effectiveness.

Furthermore, the scalability of ECs and the potential benefits of aggregating multiple
energy communities were studied, so as to evaluate the feasibility and advantages of
scaling up EC networks. This study takes into account the previous concerns regarding
battery capacity optimization, energy community size, and other relevant factors.
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1.4 Dissertation Structure

The first chapter of this dissertation serves as an introduction to the study, outlining
the problem statement, objectives, and significance of the study.

Chapter 2 discusses the existing literature including up-to-date studies on the topic of
PV rooftop generation and the integration of these systems with energy storage systems
and the the integration and implementation of ECs. Additionally, the subject of the
different P2P markets approaches and their ramifications is discussed along with their
possible equations. Moreover, Chapter 2 provides insight to a model for the dimensioning
of an adequate battery for PV systems. Furthermore, this chapter will also focus on
possible work limitations in the implementation of these systems

The primary aim of the third chapter is to provide a comprehensive explanation
of the methodology employed throughout this dissertation, elaborating on the specific
approaches in the research. Multiple flowcharts are shown in order to better demonstrate
the steps involved in modeling of the ECs and the overall study. Additionally, a timeline
is provided showcasing the subsequent steps involved in this study.

Chapter 4, will take a closer and more comprehensive look at the implementation of
the methodology employed. This chapter will provide a thorough examination of the
step-by-step processes, tools, and techniques utilized to carry out the study.

Moving on to Chapter 5, it will delve into the case study that consolidates the method-
ology. Within this chapter, it will not only describe the chosen case study in detail but
also provide the results obtained throughout the study. This section will shed light on
the practical application and real-world implications of the methodologies and theories
discussed in earlier chapters.

Finally, Chapter 6 will serve as the concluding section of the dissertation. Here, it will
consolidate the key findings, insights, and contributions of the study.
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State of the Art

This literature review provides an insightful analysis of the interconnected elements of
Photovoltaic (PV) generation. By examining dimensioning practices, battery integration,
and the evolving concept of Energy Communities (EC)s, this review aims to shed light on
the transformative potential and future prospects of PV systems in shaping a sustainable
and decentralized energy landscape. Dimensioning plays a pivotal role in optimizing the
performance and cost-effectiveness of PV systems.

In parallel, battery integration has become increasingly crucial for the stability and
flexibility of PV systems. This review explores the challenges and opportunities in
integrating energy storage systems with PV installations, and discusses the impact of
such integration on self-consumption and grid resilience. Lastly, the emergence of ECs,
which promote energy sharing and Peer-to-Peer (P2P) trading within local neighborhoods,
is explored. The review delves into the technological, regulatory, and social aspects of
ECs, highlighting their potential to drive renewable energy adoption and democratize the
energy sector.

2.1 Calculating PV Generation

PV Module Production

The initial stage in establishing a residential PV roof plant where the goal is to increase
self-consumption, involves calculating the energy production necessary to meet maximal
load requirements. Using Rosell and Ibáñez’s equation to calculate the PV generation, it
requires the temperature of the module’s cell [10]. Chapter 3 will delve into the acquisition
of irradiance data.

The expression needed to calculate the PV generation can be described by Equation
2.1,

𝑃𝑜𝑢𝑡 =
𝐺

𝐺𝑆𝑇𝐶
𝑃𝑚𝑎𝑥[1 + Υ(𝑇𝑐𝑒𝑙𝑙 − 𝑇𝑆𝑇𝐶)] (2.1)
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where 𝐺 is the incident irradiation, 𝐺𝑆𝑇𝐶 and 𝑇𝑆𝑇𝐶 refer to the testing conditions of
1000𝑊𝑚−2 and 25°C respectively, 𝑃𝑚𝑎𝑥 is panel’s maximum power, Υ is the module’s
correction value for temperature and 𝑇𝑐𝑒𝑙𝑙 is the cell’s temperature.

The temperature of the module’s cell can be calculated by Zhang et al.’s Equation 2.2
[10],

𝑇𝑐𝑒𝑙𝑙 = 𝑇𝑎𝑚𝑏 + 𝐺 · 𝑁𝑂𝐶𝑇 − 20
800 ·

( 𝜂

𝜏𝛼

)
(2.2)

in which 𝑇𝑎𝑚𝑏 is the ambient temperature, 𝐺 the total irradiance, 𝛼 the absorbance of
the PV module, 𝜏 the transmittance of the PV cell surface and 𝜂 the efficiency of the PV
model.

Wind Speed

However this model does not consider the wind speed action in reducing the cell
temperature, therefore in this dissertation the Sandia model, used by Kratochvil, Boyson,
and King [12], will be considered.

The calculation of the temperature of the PV module can be described by Equation 2.3,

𝑇𝑚𝑜𝑑 = 𝑇𝑎𝑚𝑏 + 𝐺 · 𝑒(𝑎+𝑏·𝑊𝑠𝑝𝑒𝑒𝑑) (2.3)

where 𝑇𝑐𝑒𝑙𝑙 is the module temperature, 𝑎 the coefficient that establishes the upper limit
for the 𝑇𝑚𝑚𝑜𝑑 when the 𝐺 is high and 𝑊𝑠𝑝𝑒𝑒𝑑 is low, 𝑏 is the coefficient that establishes the
rate 𝑇𝑚 as 𝑊𝑠𝑝𝑒𝑒𝑑 increases and 𝑊𝑠𝑝𝑒𝑒𝑑 is the wind speed. Both coefficients can be found
in Table 2.1.

Now it is possible to calculate the temperature of the module’s cells by applying
Equation 2.4,

𝑇𝑐𝑒𝑙𝑙 = 𝑇𝑚𝑜𝑑 +
𝐺

𝐺𝑆𝑇𝐶
· Δ𝑇 (2.4)

where 𝐺 and 𝐺𝑆𝑇𝐶 are the irradiance on the module and the irradiance the module
was tested for, respectively, and Δ𝑇 is the temperature difference between the cell and the
module back surface at the tested irradiance, 𝐺𝑆𝑇𝐶 .

Table 2.1: Empirically calculated coefficients for the calculation of the wind speed, adapted
from Kratochvil, Boyson, and King [12].

Module Type Mount a b 𝛿𝑇(𝐶)
Glass/Cell/Polymer sheet Open rack -3.56 -0.0750 3
Glass/Cell/Polymer sheet Insulated back -2.81 -0.0455 0

Given that wind speed is provided for a height of ten meters, it is necessary to convert
the speed to the height of the various buildings considered. That can be achieved by
Equation 2.5 taken from Tahbaz [13],
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𝑊𝑠𝑝𝑒𝑒𝑑 = 𝑊10 ·
[
ℎ

10

]𝛼
(2.5)

where 𝑊10 is the wind speed at a height of 10 meters and 𝛼 is empirical exponent
which depends on the surface roughness, stability and temperature gradient.

Table 2.2: Values for coefficient 𝛼 in each terrain, adapted from Tahbaz [13].

Terrain Category Description Exponent 𝑎𝑙𝑝ℎ𝑎

1

Large city centres, in which at least 50% of buildings
are higher than 21.3 m, over a distance of at least
0.8 km or 10 times the height of the structure
upwind, whichever is greater

0.33

2

Urban and suburban areas, wooded areas, or other
terrain with numerous closely spaced obstructions
having the size of single-family dwellings or larger,
over a distance of at least 460 m or 10 times the
height of the structure upwind, whichever is greater

0.22

3
Open terrain with scattered obstacles having heights
generally less than 9 m, including flat open country
typical of meteorological station surroundings

0.14

4

Flat, unobstructed areas exposed to wind flowing
over water for at least 1.6 km, over a distance of
460 m or 10 times the height of the structure inland,
whichever is greater

0.10

Inter-Row Spacing

Once the value for the necessary energy production is reached and the PV modules are
selected it is necessary to establish the number of modules that it is possible to install in
the household’s roof. When installing the modules it is necessary to guarantee no shading
is cast upon the modules so as to maximize the power output. Diehl [14] calculates the
distance needed between each row of modules making it as there is no shading during
solar noon using the sun’s path using Equation 2.6,

𝐷
′
=

𝐻

𝑡𝑎𝑛(𝑆) (2.6)

where 𝐷
′ is the inter-row distance when considering the solar elevation angle, 𝐻 is

the height of the PV module relative to the roof and 𝑆 is the solar elevation angle.
After the calculating the distance referring to the solar elevation angle it is necessary

to add the correction concerning the solar azimuth, expressed by Equation 2.7,

𝐷 = 𝐷
′ · 𝑐𝑜𝑠(𝐴) (2.7)

where 𝐷 is the actual inter-row distance and 𝐴 is the solar azimuth correction angle.
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2.2 System Configuration

Aiming to reach the maximum PV generation, Aghamolaei et al. [15] conducted a
study to establish the most effective structural factors to improve solar access of buildings
in a urban context. The study focused on residential neighborhoods in Yazd as the
experimental setting. The findings of the study revealed that building height, site coverage
and street width were the predominant factors influencing solar access. The study also
demonstrated that the implementation of a semi-detached architectural form resulted in
the highest solar gain, thus maximizing PV generation in urban contexts

In the wake of rapid urbanization, cities, many of which boast a substantial proportion
of apartment buildings, have risen to prominence as the foremost contributors to global
energy consumption. This surge in urban energy demands poses a significant challenge
to both energy sustainability and climate resilience. To effectively address this challenge,
it is imperative to develop and implement innovative solutions that harness the potential
of Decentralized Energy Resources (DER)s in urban settings. These solutions must not
only enhance energy efficiency but also foster a more sustainable and resilient urban
energy landscape, thereby contributing to the broader goals of mitigating climate change
and ensuring long-term environmental sustainability, Fleischhacker et al. [16]. When
contrasting apartment buildings with single-family houses, notable divergences emerge.
Firstly, these distinctions encompass the presence of multiple consumers, involving both
owners and tenants within the apartment building setting. Secondly, an important
aspect involves the imperative for these consumers to mutually agree upon an energy
allocation strategy, particularly in the context of sharing communal energy resources. In
this thesis scenario, PV systems are being considered and potentially integrated with
battery storage. Lastly, the analysis requires an examination of individual objectives
and consumer behavior, taking into account the potential for conflicting interests among
different parties involved.

By harnessing autonomous agents, Alam, Ramchurn, and Rogers [17] proposes a
novel approach to model energy exchanges. These agents, acting on behalf of households,
are envisioned to play a pivotal role in coordinating and regulating the exchange of
energy between homes. One notable outcome highlighted in the article is the potential
for a significant reduction in overall battery usage and lower energy losses through the
implementation of cooperative energy exchange systems. By fostering collaboration
among community members, this approach seeks to address the unique energy dynamics
of remote locales, where conventional energy infrastructure may be limited or impractical.

Fan, Papadaskalopoulos, and Strbac [18] propose a modeling framework for decen-
tralized transmission describing a non-cooperative and game-theoretical decision-making
process for each participant, articulated as a bi-level optimization problem. In this context,
a model was created, that depict scenarios in which the consumer, strategically pursue
their interests without engaging in direct collaboration. These models employs mathe-
matical frameworks to assess and foresee the results of interactions, taking into account
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elements such as decision strategies, information imbalances, and possible conflicts of
interest among the involved parties. Specifically, the upper level of this framework is
designed to maximize the profit of each player, while the lower level is focused on the
clearance of the energy market. This is one of the models depicted in Figure 2.1.

Fleischhacker et al. introduces a framework for the collaborative utilization of DER
within an apartment building. Through an examination of various models and scenarios,
this analysis aids in determining the most effective configuration for practical implemen-
tation in real-world scenarios.

Figure 2.1 depicts the relation between the PV plant owner and the consumers along
the models employed.

Figure 2.1: Graphical representation of a PV system in a apartment building taken from
Fleischhacker et al. [16]

Two models are considered in this study as shown in Figure 2.1. Regarding the pricing
of the electricity sold, both discriminatory and uniform price auctions were taken into
account. The first model optimizes the building welfare maximizing the local generation.
It is also considered that the energy produced is either sold to the consumer, stored in the
battery, fed into the national grid or curtailed. The second model focuses on maximizing
the DER owner’s profit. The DER owner establishes the pricing for the generated electricity
and sells to the grid, while consumers had the option to purchase from either the grid or
the DER owner.

Since many consumers are driven by more than just financial goals, a consumer’s
utility function is frequently characterized by a combination of nonlinear and multiple
objectives, costs, emission reduction and degree of DER generation. This function can be
shown by Equation 2.8,
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𝑢𝐶
𝑖 (𝑞, 𝑝) = −𝑐𝑜𝑠𝑡𝑠𝑖(𝑞, 𝑝) − 𝑤𝐸

𝑖 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠𝑖(𝑞) + 𝑤𝐷𝐸𝑅
𝑖 𝑑𝑒𝑟𝑖(𝑞) (2.8)

where 𝑤𝐸
𝑖

and 𝑤𝐷𝐸𝑅
𝑖

are the weight factor each consumer 𝑖 takes for emissions and the
DER respectively.

The individual electricity costs can be calculated by Equation 2.9,

𝑐𝑜𝑠𝑡𝑠𝑖(𝑞, 𝑝) =
∑
𝑡𝜖𝑇

(𝑝𝐺𝑡,𝑖𝑞
𝐺
𝑡,𝑖 + 𝑝𝑂𝑡,𝑖 · (𝑞

𝑃𝑉
𝑡,𝑖 + 𝑞𝐵𝑜𝑢𝑡𝑡,𝑖 )) (2.9)

where 𝑝𝐺
𝑡,𝑖

is the cost of the electricity bought from the grid, 𝑞𝐺
𝑡,𝑖

is the power flow from
the grid to the consumer 𝑖, 𝑞𝑃𝑉

𝑡,𝑖
is the power flow from the solar PV plant to the consumer

𝑖, 𝑝𝑂
𝑡,𝑖

is the cost of the DER generation and 𝑞𝐵𝑜𝑢𝑡
𝑡,𝑖

is the power flow from the battery to the
consumer 𝑖.

The emission reductions can be defined as Equation 2.10,

𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠𝑖(𝑞) =
∑
𝑡𝜖𝑇

𝑒𝐺𝑡 𝑞
𝐺
𝑡,𝑖 (2.10)

where 𝑒𝐺𝑡 are the grids emissions.
Lastly, the DER can be described by Equation 2.11.

𝑑𝑒𝑟𝑖(𝑞) =
∑
𝑡𝜖𝑇

(𝑞𝑃𝑉𝑡,𝑖 + 𝑞𝐵𝑜𝑢𝑡𝑡,𝑖 ) (2.11)

Both models prioritize serving consumers based on their valuation of DER, ensuring
that those who place the highest value are addressed first, followed by others in descending
order of valuation. The outcomes indicate that optimizing building welfare results in
energy allocation akin to the bi-level model with a discriminatory price auction. The
introduction of prices plays a crucial role in determining how the welfare derived from the
DER is shared between consumers and the DER owner. For community-oriented projects
like shared battery and PV plants, where owners may also be consumers, maximizing
building welfare aligns intuitively. On the other hand, the bi-level model becomes more
appealing when an external investor seeks to optimize the investment’s rate of return.

2.3 Peer-to-Peer

2.3.1 Energy Communities

Reĳnders, van der Laan, and Dĳkstra [19] asserts that a novel approach to decentralized
energy, shifting the focus from individual households, lies in ECs where energy generation,
consumption, and sharing occur within a local context. These communities can adopt
either a storage-based or no-storage-based system. This scenario alleviates the necessity
of PV systems in households where installation may be impractical or would require
additional infrastructure, such as rented homes, apartment buildings or shaded roofs.
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Widening the field of study, Fina, Auer, and Friedl [20] examines the profitability and
optimal storage capacity for PV systems within EC in comparison to individual buildings.
To assess the economic viability of PV sharing in ECs, a model was created to ascertain
the highest Net Present Value (NPV) and optimal PV systems. To simulate a realistic
environment, four settlement patterns were considered: apartment buildings, historical,
rural and mixed areas. Buildings structures and heating systems distributions considered
are representative of Austria. Within each settlement pattern, ten buildings were analyzed.
In the individual approach, the optimal PV system size and maximum NPV were deter-
mined by individually optimizing each building. In the EC approach, optimization was
performed considering only buildings within the EC capable of implementing PV systems.
Lastly, the pool approach, established the EC for the entirety of buildings, considering
properties lacking PV systems implemented as additional load.

Figure 2.2: Optimal rooftop PV implementation for the various approaches for an apart-
ment area, taken from Fina, Auer, and Friedl [20]

When examining the results depicted in Figure 2.2 for the apartment building area, it
becomes evident that adopting the EC approach offers the potential to achieve higher PV
generation by excluding areas characterized by low solar irradiation. Additionally, this
approach leads to cost reductions associated with implementation.

Due to the community-based strategy, there are sufficient rooftop spaces with higher
solar irradiation available. Similarly, the conclusions drawn for the apartment area, as
demonstrated in Figure 2.3, hold true for the rural area as well. Notably, the findings
for the mixed area, consisting of both single-family and apartment buildings, show that
the latter dominates. Establishing an EC would yield significant benefits for apartment
buildings, as PV systems could be installed on the rooftops of single family home. With
more loads and greater synergy effects, the cost-saving potential increases. Therefore
when considering apartment buildings the forecast cost savings are considerably higher
as seen in Table 2.3. Across the different approaches, the previous reasoning can be
used; since it is possible to chose the better solar irradiation areas instead of being limited
by individual buildings, it is possible to optimize the production and consequently cost
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Figure 2.3: Optimal rooftop PV implementation for the various approaches for a rural
area, taken from Fina, Auer, and Friedl [20]

reductions.

Table 2.3: Cost reduction taking in account the settlement patterns and approach, adapted
from Fina, Auer, and Friedl [20].

Cost savings in %

Settlement Pattern (i) Building selection -
Individual approach

(ii) Building selection -
EC approach

(iii) Building Pool -
EC approach

Apartment building
area 8.3 9.2 7.4

Rural area 1.9 6.8 5.4
Mixed area 7.7 8.9 8.5

The findings indicate that when comparing individual buildings to EC, the profitability
of optimal PV systems increases within the EC framework. The author highlights the
significance of diverse loads in enhancing the potential for cost savings. Throughout the
study, Fina, Auer, and Friedl considers that "People cannot be obliged to participate in an
EC" [20] resulting in a lower PV generation and trade for the considered scenarios.

As Reĳnders, van der Laan, and Dĳkstra [19] states, ECs run by citizens represent
a viable approach towards achieving decentralized energy solutions. A key distinction
between EC and microgrids lies in their spatial limitations, with microgrids constrained
by distance.

2.3.2 Multi-microgrids

Having Commons-Based Peer Production (CBPP) systems as a base, this is, using
a model that relies on a network of individuals who contribute their skills, resources,
and efforts to collectively create and maintain a shared resource, often referred to as the
"commons", Giotitsas, Pazaitis, and Kostakis [21] proposes a decentralized P2P network.
The P2P network as illustrated in Figure 2.4 is comprised of interconnected microgrids in
close proximity capable of operating without the need for a centralized control. Rather than
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engaging in price negotiations for the traded energy, the network prioritizes the allocation
of the surplus energy where it is needed. This decentralized model, consisting of n
microgrids, exhibits a higher resilience and security since, in the case one of its elements
collapse, the P2P network can rely on other options to ensure continuous functionality.
Open technologies can be employed in the microgrids’ Information and Communication
Technologies (ICT) component as well as, to some extent, to the production itself reducing
costs and enhancing flexibility.

Figure 2.4: Decentralised model for P2P energy trading taken from Giotitsas, Pazaitis, and
Kostakis [21].

In a closely related study, Du et al. [22] adopts a similar conceptual framework as
Giotitsas, Pazaitis, and Kostakis to enhance energy efficiency within multi-microgrids. The
authors employ cooperative game theory to reach what they define as the local optimal
solution, this being each element of the multi-microgrids can benefit from partial cost
savings. To assess the economic efficacy of multi-microgrids, Du et al. utilizes the IEEE
33-bus distribution system depicted in Figure 2.5. Since each microgrid possesses its
unique characteristics, they can achieve their cost savings in different scenarios therefore
enabling the multi-microgrids a greater cost saving. When investigating the impact of
multi-microgrids penetration on a distribution grid it was possible to verify that when
adding multi-microgrids the network, losses would decrease from 4.65% to 4.39%, Du
et al. [22]. Additionally it is demonstrated that the various microgrids can provide reliable
support to distribution system by effectively regulating the system voltage level. During
the simulation period, the majority of the buses experienced voltage increases while
maintaining their feasibility region.

2.3.3 Markets

Adopting P2P energy trading means changing the electricity market. Rather than indi-
vidual households engaging in transactions with energy suppliers, the energy community
functions as a collective entity in managing such transaction as it is shown in Figure 2.6.
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Note: The figure was adapted from [22] to include
only PV.

Figure 2.5: IEEE 33-bus distribution system with 10 microgrid, adapted from Du et al.
[22].

Long et al. [23] proposes three distinct market approaches for the P2P energy community,
Bill Sharing (BS), Mid-Market Rate (MMR), Action-based Pricing Strategy (APS).

Figure 2.6: (a) Conventional and (b) P2P energy trading of a P2P community, taken from
Long et al. [23].

2.3.3.1 BS

In the BS method, the utility meter is placedat the coupling point enabling the electricity
bill to be calculated for the entire energy community rather than individual households.
Subsequently, the total cost is divided among the households, taking in consideration their
respective consumption and energy export. The cost for energy consumption remains the
same for every consumer and prosumer while the price for energy exports can vary.

Subsequently, the energy cost of every households needs to be computed. Firstly,
Equation 2.12 determines the amount of PV each household consumes by finding the
overlapping value between the electricity demand - 𝐿𝑛 - and the on-site PV generation
- 𝑃𝑃𝑉 . Where n represents the specific household for which the calculations are being
performed, [23].
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𝑀𝑛(𝑡) = 𝑚𝑖𝑛
{
𝐿𝑛(𝑡), 𝑃𝑛

𝑃𝑉 (𝑡)
}

(2.12)

Having calculated the portion of the PV generation consumed by each household, it
becomes possible to determine the surplus PV energy that can be exported - 𝑃𝑛

𝑒𝑥 - or the
energy needed to be imported - 𝑃𝑛

𝑖𝑚
, shown by Equation 4.9 Equation 4.9,

𝑃𝑛
𝑖𝑚(𝑡) = 𝐿𝑛(𝑡) − 𝑀𝑛(𝑡) (2.13)

𝑃𝑛
𝑒𝑥(𝑡) = 𝑃𝑛

𝑃𝑉 (𝑡) − 𝑀𝑛(𝑡) (2.14)

Having calculated the amount of energy each household imports or exports, it is
possible to determine the he overall energy import and export for the entire community.
It can be expressed by Equation 2.15 and Equation 2.16 respectively,

𝐸𝑖𝑚−𝑡𝑜𝑡 =
𝑁∑
𝑛=1

·
(

𝑇∑
𝑡=0

𝑃𝑛
𝑖𝑚(𝑡) · 𝑡

)
(2.15)

𝐸𝑒𝑥−𝑡𝑜𝑡 =
𝑁∑
𝑛=1

·
(

𝑇∑
𝑡=0

𝑃𝑛
𝑒𝑥(𝑡) · 𝑡

)
(2.16)

considering 𝐶𝐵𝐹𝐺 as the price of energy bought from the grid and 𝐶𝑆𝑇𝐺 as the price of
energy sold to the grid, it is possible to calculate the cost of overall energy exchanges for
each household 𝑛 [23].

𝐶𝑛 =

(
𝑇∑
𝑡=0

𝑃𝑛
𝑖𝑚(𝑡) · 𝑡

)
· 𝐶𝐵𝐹𝐺 −

(
𝑇∑
𝑡=0

𝑃𝑛
𝑒𝑥(𝑡) · 𝑡

)
· 𝐶𝑆𝑇𝐺 (2.17)

In the context of P2P energy trading, following a similar approach to determining
the PV consumption for individual households, Equation 2.18 -2.22 [23] represent the PV
consumption for individual households for the community, the residual energy demand
and surplus PV and the total energy the community imports or exports.

𝑀𝑛(𝑡)′ = 𝑚𝑖𝑛

{
𝑁∑
𝑛=1

𝐿𝑛(𝑡),
𝑁∑
𝑛=1

𝑃𝑛
𝑃𝑉 (𝑡)

}
(2.18)

𝑃𝐵𝐹𝐺(𝑡) =
𝑁∑
𝑛=1

𝐿𝑛(𝑡) − 𝑀𝑛(𝑡)′ (2.19)

𝑃𝑆𝑇𝐺(𝑡) =
𝑁∑
𝑛=1

𝑃𝑛
𝑃𝑉 (𝑡) − 𝑀𝑛(𝑡)′ (2.20)

𝐸𝐵𝐹𝐺 =

𝑇∑
𝑡=0

𝑃𝐵𝐹𝐺(𝑡) · 𝑡 (2.21)
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𝐸𝑆𝑇𝐺 =

𝑇∑
𝑡=0

𝑃𝑆𝑇𝐺(𝑡) · 𝑡 (2.22)

Where 𝑃𝐵𝐹𝐺(𝑡) and 𝑃𝑆𝑇𝐺(𝑡) are the imported and exported PV generated power, and
𝐸𝐵𝐹𝐺 and 𝐸𝑆𝑇𝐺 are the imported and exported energy, respectively.

Given the diversity of electricity demands, a portion of surplus PV is consumed by the
neighboring households. In such manner 𝐸𝐵𝐹𝐺 will present a smaller value than 𝐸𝑖𝑚−𝑡𝑜𝑡
and 𝐸𝑆𝑇𝐺 will be smaller than 𝐸𝑒𝑥−𝑡𝑜𝑡 . Equation 2.23 and Equation 2.24 describe the cost
of importing and exporting electricity, respectively.

𝐶𝑖𝑚 = 𝐶𝐵𝐹𝐺 · 𝐸𝐵𝐹𝐺

𝐸𝑖𝑚−𝑡𝑜𝑡
(2.23)

𝐶𝑒𝑥 = 𝐶𝑆𝑇𝐺 · 𝐸𝑆𝑇𝐺

𝐸𝑒𝑥−𝑡𝑜𝑡
(2.24)

When using BS the final electricity cost can be determined by Equation 2.25 [23].

𝐶
′
𝑛 =

(
𝑇∑
𝑡=0

𝑃𝑛
𝑖𝑚 · 𝑡

)
· 𝐶𝑖𝑚 −

(
𝑇∑
𝑡=0

𝑃𝑛
𝑒𝑥 · 𝑡

)
· 𝐶𝑒𝑥 (2.25)

2.3.3.2 MMR

The MMR method adopts a pricing approach in which the energy community members
pay a price between between the energy selling price - 𝐶𝐵𝐹𝐺 - and energy buying price -
𝐶𝑆𝑇𝐺 as indicated by Equation 2.26.

𝐶𝑃2𝑃 =
𝐶𝐵𝐹𝐺 + 𝐶𝑆𝑇𝐺

2 (2.26)

PV generation as an uncontrollable energy source, can vary throughout the day and
time. Therefore PV generation can match, exceed or fall short of the energy demand. In
the event that there is insufficient PV generation to meet the demand, the required energy
can be acquired from neighboring generations or from the grid. The {8274546}, however,
considers only the possibility of selling the community surplus PV generation to the grid.

1. PV generation equals demand

While the community PV generation equals the community demand, the cost of
electricity is equal to the cost of buying from neighboring households as shown in
Equation 2.27 and Equation 2.28,

𝐶
′′
𝑖𝑚(𝑡) = 𝐶𝑃2𝑃 (2.27)

𝐶
′′
𝑒𝑥(𝑡) = 𝐶𝑃2𝑃 (2.28)

where 𝐶𝑃2𝑃 is the price of P2P energy trading.
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2. Higher PV generation than demand

In scenarios where there is surplus community PV generation, the cost of buying
electricity remains the same as when the generation matches the load, while the selling
cost, assuming no battery system is present, is as determined in Equation 2.29.

𝐶
′′
𝑒𝑥(𝑡) =

∑𝑁
𝑛=1 𝐿

𝑛(𝑡) · 𝐶𝑃2𝑃 +
(∑𝑁

𝑛=1 𝑃
𝑛
𝑃𝑉

(𝑡) −∑𝑁
𝑛=1 𝐿

𝑛(𝑡)
)
· 𝐶𝑆𝑇𝐺∑𝑁

𝑛=1 𝑃
𝑛
𝑃𝑉

(𝑡)
(2.29)

where 𝐿𝑛(𝑡) is the community load in the time period 𝑡 and 𝑃𝑛
𝑃𝑉

(𝑡) id the community
PV generation.

3. Lower PV generation than demand

In the case where the demand exceeds the generation, the selling cost remains the
same as as when the generation matches the load and the buying cost is determined by
Equation 2.30.

𝐶
′′
𝑒𝑥(𝑡) =

∑𝑁
𝑛=1 𝑃

𝑛
𝑃𝑉

(𝑡) · 𝐶𝑃2𝑃 +
(∑𝑁

𝑛=1 𝐿
𝑛(𝑡) −∑𝑁

𝑛=1 𝑃
𝑛
𝑃𝑉

(𝑡)
)
· 𝐶𝐵𝐹𝐺∑𝑁

𝑛=1 𝐿
𝑛(𝑡)

(2.30)

Lastly, the electricity bill of individual households can be calculated by Equation 2.31.

𝐶
′′
𝑛 =

𝑇∑
𝑡=0

(
𝑃𝑛
𝑖𝑚(𝑡) · 𝑡 · 𝐶

′′
𝑖𝑚(𝑡)

)
−

𝑇∑
𝑡=0

(
𝑃𝑛
𝑒𝑥(𝑡) · 𝑡 · 𝐶

′′
𝑒𝑥(𝑡)

)
(2.31)

2.3.3.3 APS

With APS method, both the demand and generation prices are determined through
auction markets. In this scenario, each household participates in the market by submitting
bids for their PV generation and placing offers for other households’ PV generation. The
offers and bids are managed using pre-defined rules to establish the pricing strategy.

When utilizing APS method, each household begins by declaring a clearing price
based on the bidding or offering proposed, as well as a clearing price for the previous
time using Recursive Least Square (RLS) estimation.

Depending on the relation between their PV generation and demand, the household
role is determined. If the PV generation is smaller than their demand, the household
acts a buyer and submits bids for the energy needed to fulfill their demand, with the
bidding price serving as the estimated clearing price. Conversely, if there is surplus PV
generation, the household becomes a seller and offers their surplus PV generation at the
estimated clearing price. The bids are put into ascending order and the clearing prices are
determined by the real demand and generation of the community.

Thereafter the difference between the clearing price and the buyers biding prices are
calculated and it determines the customer priority to obtain the cheaper prices. The higher
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priorities are designated to the smaller absolute value. This process concludes with the
calculation of the actual buying and selling prices.

The estimation of the clearing price is given by Equation 2.32,

𝐶̂𝑛
𝑔 (𝑡 + 1) = 𝐶̂𝑛

𝑔 (𝑡) + 𝛾𝑛 · (𝐶𝑛
𝑔 (𝑡) − 𝐶̂𝑛

𝑔 (𝑡)) (2.32)

where 𝐶̂𝑛
𝑔 (𝑡) is the estimate of the clearing price for the household 𝑛, 𝐶𝑛

𝑔 (𝑡) is the
clearing price at the time and 𝛾𝑛 the filtering rate.

Similarly to the MMR method, the clearing price is determined by three different
scenarios.

The case study generated by Long et al. show a decrease to 72.1% of the conventional
electricity bill regardless of the method used. With the MMR method, the buying and
selling prices vary with time and the availability, making it more cost-effective to purchase
electricity when the consumption coincides with the local generation.

2.3.4 Effects on a Distribution Transformer

Distribution transformers play a crucial role in the electricity distribution network.
Electricity supplied to clients reliably and effectively is ensured by a transformer in good
condition. Distribution transformers need to undergo routine maintenance and inspection
in order to identify any faults and stop them from evolving. To provide a steady and
dependable supply of energy to consumers, distribution transformer maintenance is
crucial.

One of the consequences of PV generation is the impact on the aging process of a
Distribution Transformer. With the increased load, the core temperature of the transformer
can increase leading to an accelerated aging.

Lopes et al. [24] conducted a case study in Évora, Portugal with the goal of analyzing the
effects Nearly Zero Energy Building (nZEB) have on the aging of a distribution transformer.
The study involved 19 selected buildings and their real load data.

Figure 2.7 illustrates the equations required to compute the hot-spot temperature, 𝜃ℎ ,
of the transformer. This temperature can be obtained by summing the top oil temperature,
𝜃𝑜 with the hot-spot temperature rise above the top oil temperature, Δ𝜃ℎ , using the
ambient temperature and the rated load of the transformer as inputs. Consequently, the
values for both temperatures can be achieved using the parameters of the distribution
transformer module and the real load of the transformer.

To ensure the smooth functioning of the transformer, it is necessary to keep the hot-spot
temperature below 140°C and maintain the load below 1.5 times the rated load limit.

Considering the normal life time of a oxygen free insulation as 20.55 years with a
hot-spot temperature of 110°C, the computation of the life span of the transformer for
different hot-spot temperatures is made possible by Equation 2.33,
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Figure 2.7: Block diagram of heat transfer equations taken from

𝐸𝐴 =

𝑛2∑
𝑛=𝑛1

𝐹𝐴𝐴(𝑛) (2.33)

where 𝑛 is the amount of increments simulated by Equation 2.34,

𝐹𝐴𝐴 = 𝑒
( 15000

110+273 )−
15000

Θℎ (𝑛)+273 (2.34)

where Θℎ(𝑛) is the hot-spot temperature for each time step.

The findings of the case study reveal that significant variations in the load can elicit
either positive or negative effects on the service life of the transformer. If the load changes
result in a decrease in the number of interactions between the transformer and the grid,
it leads to an increase in the life span. However, if a multitude of nZEBs are present, the
transformer may be forced to operate in a manner contrary to its design, which results in
a reduction in its lifespan. With a baseline scenario of an equivalent aging of 7.8 days in
a year when considering up to 10 nZEBs, the equivalent aging reaches the lowest value
of 7.4 days with both 7 and 8 nZEBs. The highest value reached for the equivalent aging
was 2277.8 days in a year corresponding to 19 nZEBs connected to the same transformer.
Additionally, the authors note that the utilization of battery systems can also have an
impact on the aging of the transformer.
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2.3.5 Comparing existing Energy Communities

Yeloha, [25], established a functioning energy community by providing the PV systems
in the clients house in exchange for energy sharing among their peers. As the project
expanded, the community was accessible to anyone who was interested in sharing energy
and not just existing clients.

Those who were unable to install PV systems on their roofs could join the community
by subscribing, allowing to save 5% to 10% on their energy bills. Partners with suitable
roofs could start their subscription with one panel, promising an annual generation of 336
killo-Watt hour (kWh), Young [26]. Yeloha provided its clients with an app that enabled
them to track their energy production and savings. The company would also supply
algorithms capable of allocating solar capacity to the subscribers and manage the billing
processes as seen in Figure 2.8.

Figure 2.8: Yeloha’s business plan.

Sonnenbatterie, a company specialized in battery technology, has established an EC
centered around their battery systems. In this case, the consumers pay a fixed tariff of 25
cent per kWh for the energy they consume, Martin [27]. This value is lower than the feed-in
tariff paid to the owners of Distributed Generation (DG) for feeding surplus power into
the grid making it a preferable option. A software platform is also provided to manage
energy supply and demand, Zhang et al. [28]. Additionally, battery owners can network
their batteries together becoming part of the Sonnen Virtual Power Plant (VPP).

Micro Grid Sandbox [29] is a local microgrid that allows neighbouring participants
to become consumers and/or prosumers. In order to eliminate power companies from
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the energy transaction, the Brooklyn microgrid implemented Blockchain technology into
their platform.

With Vanderbron, contrary to the SonnennCommunity, producers have the autonomy
to set the price energy is sold to the consumers. An agreement is reached between
consumers and producers regarding the amount of energy transacted over a specific
period of time with a monthly fee established, Martin [27]. Vanderbron functions as a
platform that connects independent producers and consumers Vandebron [30].

Reĳnders, van der Laan, and Dĳkstra [19] studied ECs located in close proximity to
one another, all connected to the same coupling point. In this case, the peak shaving is
employed to lower the strain on the grid. In one of the communities, GridFlex Heeten, a
portion of the houses have PV systems and a percentage of them have a battery systems
installed. All members of the community share their smart meter data and PV production
and receive their energy consumption information through an APP [31]. It also provides a
price forecast for the next 24 hours, enabling the community members to shift their energy
usage to different time slots, saving money. The prices are calculated in order to match
the cheapest time slots with the time period where the energy traffic on the transformer is
low.

Similar to Micro Grid Sandbox, T77 & 077, a local energy community in Thailand,
utilizes Blockchain technology to monitor energy generation and transactions within
the community alongside with the possibility of invoicing for settlement of the trading
position. By using the Powerledger software, the community has a renewable energy
penetration of 18% and 2270$ AUD in potential monthly proceeds from P2P transactions,
Energy [32].

Peer Energy Cloud, [33], aims to develop a cloud-based platform capable of acting as
a virtual marketplace and also incorporates recording and forecasting capabilities. Sensor
and actuator technologies are deployed at the end-user level to ensure real-time data
availability for accurate forecasting.

The following energy communities are some of the communities present in the Euro-
pean Union (EU) repository, [34].

Sonnenkraftwerk Henstedt-Ulzburg is an energy community located in Germany that
utilized the roofs of 6 public buildings such as schools to install PV systems. The energy
generated by those systems is then fed into the grid and remunerated according Renewable
Energy Sources Act. One of the buildings alone, Alstergymnasium, was able to supply
renewable energy to more than 13 families for a year based on the energy produced in the
month of May 2015 [35].

The first solar energy community in Galicia is a colaboration between Grupo Vagalume,
the company of the warehouses used, and Biowatio Energia. Grupo Vagalume provides
the PV panels and a monitoring system allowing the creation of Big Data of customer
information. The company of the warehouses manages the finances and Biowatio Energia
operates as a demand aggregator managing the purchase and surplus of energy. This
system allows a 80% reduction of annual costs for the warehouses [36].
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La Citoyenne Solaire is a collective of communities spread across Rilhac-Lastours,
France comprising 19 solar plants. Citizens have the opportunity to rent their roofs to La
Citoyenne Solaire for PV systems installations reducing the costs and gaining an annual
rental fee equivalent of 3% of turnover [37].

The Municipality of Tito, in cooperation with Lucana Energetic Company has imple-
mented three types of PV installations: ground-mounted, multipurpose buildings and
school roofs. The current objective of these installations is to help reduce the consumption
of public buildings and help meet the needs of other members of the community. A future
goal is 100% coverage of energy needed by renewable sources Eroe [38].

Table 2.4 compares the ECs previously referred.

Table 2.4: Comparing existing EC’s

Network Size Customer Value Proposition Plant Type Capacity

Yeloha
(USA) Local

Yeloha subscribers only
Any willing participant
latter

Instalation of solar panel
and cost free managment Residental PV 336 kWh/panel

SonnenCommunity
(Germany) International Costumers with any

Sonnen product

Power supply with the
addition of batteries and
provision of surplus energy

Residental PV -

Microgrid Sandbox
(USA) Local

Local consumers
whether
residental or commercial

Blockchain tecknology Rooftop PV -

Vanderbron
(Netherlands) National Indepentent energy

suplliers
Establishing local clean
energy trading Wind and PV Farms 200,000 households

GridFlex Heeten
(Netherlands) Local Costumers with capability

of power allocation

Multiple energy communities
with the same coupling point
and peak load shaving

Wind and PV Farms 49 households

T77 077
(Thailand) Local Buildings in the T77

and 077 area Blockchain tecknology Residental PV 4.2MWh/daily

PeerEnergyCloud
(Germany) Local Specific case:

Saarlouis
Cloud-based forecasting
and marketplace Residental PV 500 households

Sonnenkraftwerk
Henstedt-Ulzburg
(Germany)

Local - Energy is fed into the
grid and renumerated Public Buildings PV 430-440 MWh/yearly

Santiago Sur Galicia
(Spain) Local Warehouses and

neighbouring houses Big Data Commercial Rooftop PV 650 kWp

La citoyenne solaire
(France) Local - Rental of rooftops for PV

systems instalation Rooftop PV 1,191,693 kWh

Tito’s Renewable
Energy Community
(Italy)

Local Schools and sports
facilities

Future 100% renewable
coverage PV Systems

ground-mounted PV:
1,340 MWh/year
multipurpose building:
26 MWh/year
school buildings:
26 MWh/year

2.4 Battery System

When considering the PV generation of a single household without a battery system,
it is necessary to recognize that any surplus energy produced by the PV system will be
fed into the grid. This assumption is backed by the decision that all systems are connected
to the grid to ensure that all households can meet their electricity demands. However, the
integration of a battery system provides increased flexibility in managing the electricity
load. The presence of a battery system allows the storage of surplus PV generation,
enabling the usage of PV generated energy to power the load in a time period when
solar radiation would be insufficient to meet the demand. This process contributes to a
higher level of PV penetration in household consumption. In sum, the usage of batteries

22



2.4. BATTERY SYSTEM

alongside the PV systems allows for a higher robustness and lower grid dependence when
considering a grid-connected system IRENA [39].

2.4.1 Battery Model

Regarding the battery model for hybrid energy systems, Manwell and McGowan [40]
created a model known as the Kinetic Battery Model (KiBaM). As depicted in Figure 2.9,
the KiBaM divides the total energy stored in the battery into two distinct components:
bound energy and available energy. The available energy refers to the portion of energy
that is accessible and can be utilized, whereas the bound energy represents the energy
that is chemically bound and inaccessible. Prior to converting into electrical energy, the
bound energy has to firstly be converted into available energy.

Figure 2.9: KiBaM, taken from Sandhu and Aeidapu [41].

1. Battery model

Equation 2.36 and Equation 2.37 quantify the charge levels of the available and bound
energy, respectively, given the current energy levels denoted as 𝑄1 and 𝑄2 in Equation
2.35 [41],

𝑄 = 𝑄1 +𝑄2 (2.35)

𝑄
′
1 = 𝑄1 · 𝑒−𝑘·Δ𝑡 +

(𝑄 · 𝑘 · 𝑐 − 𝑃𝑏𝑎𝑡)
(
1 − 𝑒−𝑘·Δ𝑡

)
𝑘

+
𝑐 · 𝑃𝑏𝑎𝑡

(
𝑘 · Δ𝑡 − 1 − 𝑒−𝑘·Δ𝑡

)
𝑘

(2.36)

𝑄
′
2 = 𝑄2 · 𝑒−𝑘·Δ𝑡 +𝑄 (1 − 𝑐)

(
1 − 𝑒−𝑘·Δ𝑡

)
+

𝑃𝑏𝑎𝑡 (𝑐 − 1)
(
𝑘 · Δ𝑡 − 1 − 𝑒−𝑘·Δ𝑡

)
𝑘

(2.37)

where 𝑃𝑏𝑎𝑡 is the power charged or discharged into the battery at a given time frame
(Δ𝑡), 𝑐 the capacity ratio and 𝑘 the rate constant.

The charging and discharging constrains are given by Equation 2.38 and Equation 2.39
respectively [41],

𝑃𝑏𝑎𝑡−𝑐ℎ−𝑚𝑎𝑥 =
𝑘 · 𝑄1 · 𝑒−𝑘·Δ𝑡 +𝑄 · 𝑘 · 𝑐(1 − 𝑒−𝑘·Δ𝑡)
1 − 𝑒−𝑘·Δ𝑡 + 𝑐(𝑘 · Δ𝑡 − 1 + 𝑒−𝑘·Δ𝑡)

(2.38)
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𝑃𝑏𝑎𝑡−𝑑𝑒𝑐ℎ−𝑚𝑎𝑥 =
−𝑘 · 𝑐 · 𝑄𝑚𝑎𝑥 + 𝑘 · 𝑄1 · 𝑒−𝑘·Δ𝑡 +𝑄 · 𝑘 · 𝑐(1 − 𝑒−𝑘·Δ𝑡)

1 − 𝑒−𝑘·Δ𝑡 + 𝑐(𝑘 · Δ𝑡 − 1 + 𝑒−𝑘·Δ𝑡)
(2.39)

where 𝑄𝑚𝑎𝑥 refers to the maximum battery capacity.

2. Fluctuation of power injected into the grid

The fluctuation rate of power injected into the grid can be defined by Equation 2.40,

𝐷𝑔𝑠 =
𝑃𝑚𝑎𝑥 − 𝑃𝑚𝑖𝑛

Δ𝑡
(2.40)

in which 𝑃𝑚𝑎𝑥 and 𝑃𝑚𝑖𝑛 are the maximum and minimum power supplied to the grid
during the time period (Δ𝑡), [41].

3. Constrains for optimization

When considering battery systems it is necessary to ensure various constrains. The
battery’s State Of Charge (SOC) needs to be maintained between the minimum (𝑆𝑂𝐶𝑚𝑖𝑛)
and maximum (𝑆𝑂𝐶𝑚𝑎𝑥) values to assure the battery is never completely charged or
discharged, as represented in Equation2.41 [41].

𝑆𝑂𝐶𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶 ≤ 𝑆𝑂𝐶𝑚𝑎𝑥 (2.41)

Respecting this constrains will lengthen the battery life’s time. The battery’s charge
level needs to be kept within the limits 𝑃𝑏𝑎𝑡−𝑐ℎ−𝑚𝑎𝑥 and 𝑃𝑏𝑎𝑡−𝑑𝑒𝑐ℎ−𝑚𝑎𝑥 to regulate the power
flow to the battery, as shown by Equation 2.42 and Equation 2.43 respectively,

0 ≤ 𝑃𝑏𝑎𝑡−𝑐ℎ ≤ 𝑃𝑏𝑎𝑡−𝑐ℎ−𝑚𝑎𝑥 (2.42)

0 ≤ 𝑃𝑏𝑎𝑡−𝑑𝑒𝑐ℎ ≤ 𝑃𝑏𝑎𝑡−𝑑𝑒𝑐ℎ−𝑚𝑎𝑥 (2.43)

where 𝑃𝑏𝑎𝑡−𝑐ℎ denotes the power intended for charging, while 𝑃𝑏𝑎𝑡−𝑑𝑒𝑐ℎ signifies the
power designated for discharging at any specific moment.

The surplus energy that is available in case of a load increase - operating reserve - is
given by Equation 2.44, [41],

𝑃𝑖𝑛𝑠𝑡 = (1 + 𝜇%) ·
𝑁∑
𝑖=1

𝑃𝐿(𝑡) (2.44)

in which 𝑃𝑖𝑛𝑠𝑡 represents the total installed energy capacity of the system, 𝑃𝐿 is the
load and 𝜇% denotes the operating reserve percentage. When planning for distributed
generation it is usually considered a 𝜇% of 10%.

4. Optimizing system size
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In the context of a grid-connected system, two operating conditions can occur: the
power generated by the PV system is not sufficient to supply the load demand, or the
PV system generates surplus energy. In the first case, represented by Equation 2.45, the
deficit is sourced from the grid, and in the second case, Equation 2.46, the surplus energy
is firstly stored and subsequently sold to the grid, adapted from Sandhu and Aeidapu,

𝑃𝐿(𝑡) = 𝑃𝑝𝑣(𝑡) + 𝑃𝑏𝑎𝑡−𝑐ℎ(𝑡) + 𝑃 𝑓 𝑟𝑜𝑚−𝑔𝑟𝑖𝑑(𝑡) (2.45)

𝑃𝑡𝑜−𝑔𝑟𝑖𝑑(𝑡) = 𝑃𝑝𝑣(𝑡) − 𝑃𝑏𝑎𝑡−𝑐ℎ(𝑡) + 𝑃𝐿(𝑡) (2.46)

where 𝑃𝑝𝑣(𝑡) power output from a PV model and 𝑃 𝑓 𝑟𝑜𝑚−𝑔𝑟𝑖𝑑(𝑡) is the power purchased
form the grid at instance 𝑡 .

2.4.2 Battery System Optimization

Lüth et al. [42] developed a P2P trading model focused on the flexibility of centralized
battery storage versus decentralized as seen in Figure 2.10. To accomplish this, the author
developed two market designs: Pool Hub and Flexi User.

The first market design considers a large battery that is collectively owned by the
entire community. The battery can solely be charged by the prosumers of the community
with their PV generation who will receive appropriate compensation. However, both
prosumers and consumers can discharge the battery.

In contrast, in the Flexi User market the batteries are owned individually by the
prosumers allowing them to charge the batteries using their PV generation.

In both scenarios prosumers and consumers have the opportunity to engage in local
trading using a dynamic P2P price.

In the Pool Hub Market, compensations are provided for charging the community
battery and discharging is available for everyone at a higher rate than charging. In
addition, it assumes that prosumers are unable to feed surplus energy to the distribution
system, which can force curtailment in some occasions. While in the Flexi User market, grid
consumption is reduced by 15% compared to a standard grid consumption. Additionally
in the Pool Hub market, grid consumption in peak time is transferred to early morning or
nighttime hours. In the latter market, throughout the day, the community continuously
discharges small amounts of electricity from the conjoined battery with this discharge rate
slightly increasing during the evening due to the higher emphasis on P2P trade during
daylight hours.

When testing for the different battery characteristics and adjusting the Pool Hub market
battery to match the Flexi User market’s battery, the results showed a 0.3% increase in the
total cost for Pool Hub market, indicating that battery characteristics had an insignificant
impact on the model’s decisions. In opposition, when testing for battery charge and
discharge prices the Flexi User market showed a 10% increase in costs. According to the
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Figure 2.10: Local electricity market designs in different setups: decentralised (a) versus
centralised battery (b), taken from Lüth et al. [42].

findings, end customers can save up to 31% on their electrical bill when combining trade
and decentralized storage flexibility, and 24% when centralised batteries are considered
[42]. The authors demonstrated that a decentralised battery allows flexible utilisation and
a higher grid consumption reduction.

Continuing the discussion on centralized and decentralized storage systems, and
in order to gain some insight on the optimal level of storage aggregation, Barbour et
al. [43] grouped real households into communities of neighbours using real 15 minute
consumption values and simulated their PV generation using real PV generation data. The
demand profiles, whether for individual households or aggregated communities, were
utilized to estimate the optimal level of storage from an economic perspective, using both
individual and community batteries.

Misalignment, defined as the difference as between the PV generation and unconsumed
energy, was analyzed for the set of houses considering the Pecan Street data as seen in
Figure 2.12. Additionally, Figure 2.11 presents the daily load profile for an example home.
Both graphs were computed for April. For the specific location and days examined, only
43% of the electricity produced aligned with the demand. While the information present
in Figure 2.11 and Figure 2.12 are specific for their location, it is possible to extrapolate a
similar behaviour for other locations.

The EC created for this study consist of 4574 households divided into 200 groups.
Among these households, 40% have PV systems installed. Thereafter the authors pro-
ceeded by locating the center of each cluster and selecting the closest node to serve as the
root node for building the community’s network. The road network, made available by
Open Street Maps, is then connected to corresponding addresses based on geo-location.
Lastly, using a method based on the Dĳkstra shortest path algorithm, each community is
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Figure 2.13: (a) daily load and generation profile in April (b) monthly misalignment values
between generation and demand for all homes, taken from Barbour et al. [43].

then grown outwards from the root node along the road network creating the distribution
presented in Figure 2.14.

Figure 2.14: Illustration of the community created alongside with the various community
sizes and distribution of PVs, taken from Barbour et al. [43].

When establishing the EC behaviour, it was assumed that, when considering a battery
for an individual household, surplus energy that isn’t stored by the owner is then used

27



CHAPTER 2. STATE OF THE ART

by the community or fed into the national grid in case neighboring households did not
require additional energy at that time. In the case of a Community Energy Storage (CES),
surplus energy is primarily allocated to neighboring households, and only if there is no
immediate demand, it is stored.

After simulating battery usage for a single community, the following statements were
observed:

The economic analysis demonstrates that the costs associated with very small batteries
outweigh the potential savings. However, as the battery capacity increases, so do the
potential savings. The rate of increase in battery savings gradually diminishes and
eventually intersects with the comparable yearly cost of the battery, resulting in yearly
savings matching the cost. However, storing all surplus PV energy would require over-
dimensioning the battery.

Figure 2.15: Distributions for the optimum battery capacities. (a) For the individual
households with PV. (b) For the communities. (c) Optimum battery capacity against the
fraction of households with PV, taken from Barbour et al. [43].

Using the same approach when simulating for all the communities and all the individ-
ual households and observing Figure 2.15 the following conclusions were drawn.

The study reveals that the total installed storage capacity is higher for individual
households compared to communities. Interestingly, 39% of households do not require
storage capacity due to the P2P aspect, enabling them to utilize surplus energy from
neighboring households. It also is observed that communities with PV penetration below
29% typically do not require battery storage.

Considering the higher costs associated with inverters and maintenance, batteries with
capacities below 4kWh are deemed uneconomical. However, in communities where it is
viable to install a battery system, the capacity increases by approximately 1.7 kWh per
household for a 10% increase in solar adoption.

Furthermore, the adoption of CES leads to a decrease in imports and exports between
communities and the grid. Specifically, community batteries exhibit a 70% reduction in
imports compared to 46% reduction in batteries installed in individual households.

The results show that the optimum storage for community batteries is 65% of the
storage needed for individual households and that community batteries also showed to
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be 64%-94% more effective than individual batteries at reducing energy from the group
to the wider network [43].

2.5 Performance Indicators

2.5.1 NGE

The absolute Net Grid Exchange (NGE) value is the energy exchanged between the
grid and the PV and, when applicable, the battery system and is defined by Equation 2.47,

𝑁𝐺𝐸 = |𝐸𝑔𝑟𝑖𝑑2𝑙𝑜𝑎𝑑 − 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠 | (2.47)

adapted from Liu et al. [44], 𝐸𝑔𝑟𝑖𝑑2𝑙𝑜𝑎𝑑 is the load covered by the grid and 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠 the
surplus energy from PV to the grid.

2.5.2 SCR

The Self Consumption Rate (SCR) is the percentage of energy produced by the local
PV system that is directly consumed, calculated in a year, shown by Equation 2.48,

𝑆𝐶𝑅 =

∑𝑇
𝑡=1 𝑃

PV
𝑡 − 𝑃Grid

𝑡∑𝑇
𝑡=1 𝑃

PV
𝑡

(2.48)

taken from Liu et al. [45], 𝑃PV
𝑡 sum and 𝑃load

𝑡 sum are the energy generated and
consumed respectively.

2.5.3 SSR

The Self Sufficiency Rate (SSR) is the percentage of energy consumed that was produced
by the PV system, calculated by Equation 2.49,

𝑆𝑆𝑅 =

∑𝑇
𝑡=1 𝑃

PV
𝑡 − 𝑃Grid

𝑡∑𝑇
𝑡=1 𝑃

Load
𝑡

(2.49)

taken from Liu et al. [45], 𝑃export
𝑡 sum refers to the exported energy.
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Methodology

Within this chapter, the processes employed for determining the energy potential
of a community are expounded upon. This process encompasses various components,
including those shared across all scenarios and others that are scenario-specific, such
as the complexities associated with battery systems. The discourse within this chapter
encompasses the software designed for computing the PV generation, the collection of
energy consumption data, the algorithms referent to the battery system calculations, and
the topology of P2P energy markets. Figure 3.1 demonstrates the process discussed.

The methodology employed in this study relies on four user-defined inputs within
the software framework. These inputs pertain to the buildings under consideration and
encompass information regarding their location and orientation, the quantity of buildings
to be included, and the approach considered. This is, individual, individual with storage,
EC, EC with storage and multiple ECs.

Additionally, the input involves load charts specific to the roles of consumers and
prosumers. The data associated with building location and orientation will be elaborated
upon in the PV generation section, where it serves as a crucial component for calculating
the PV generation for each household.

Furthermore, information related to the user, specifically the client’s details, will
function as a parameter in the calculations. It is noteworthy that the outcome of the
calculations is dependent upon the chosen approach.

Following the completion of the PV calculations, andconsidering the selectedapproach,
the subsequent step involves initiating the calculation of the performance indicators.
Figure 3.1 illustrates a simplified depiction of this process. Two major factors are taken
into account: the utilization of battery systems and the incorporation of ECs. Additionally,
there exists the potential for these scenarios to overlap. The processes associated with
these options will be elaborated upon in greater detail in the subsequent sections.
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Figure 3.1: Flowchart describing the methodology implemented.

3.1 Client Consumption

Due to the constraints posed by client data privacy, obtaining real consumption data
specific to the selected buildings was not feasible. As an alternative, real data consumption
datasets were gathered from willing participants who provided their consent. This data
collection was made possible through the E-REDES’ Balcão Digital [46], a service that
grants clients access to their electricity data regardless of their energy company.

Among the various services offered by the E-REDES’ Balcão Digital, one of the services
provided is the access to the client’s energetic history. This dataset encompasses the time
period starting from when the consumer adopted a smart meter up until the day the client
accesses the service. The consumption data is sorted by months and is represented in 15
minute intervals.

To capture a broader range of consumption patterns and better reflect real-world
scenarios, load charts from both single family houses and apartment buildings with a
resident count ranging from 1 to 6 were acquired.
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3.2 PV Generation

The platform used to retrieve real irradiance data was Photovoltaic Geographical
Information System (PVGIS) [47]. "Hourly Radiation Data" was selected as the preferred
data type allowing for a more accurate prevision. This data is retrieved by providing the
location of the buildings to be considered for the study, the corresponding azimuth and
the angle the PV modules will be installed.

Since the dataset selected presents the irradiation hourly and the consumption data
is represented in 15 minutes intervals, it is necessary to standardize the datasets for
accurate modeling. In cases the client wishes to sell their surplus energy, the sale is
made considering a 15 minute interval. Therefore a decision was made to adjust the time
intervals of the irradiation dataset by a simple interpolation. This technique ensures that
the irradiation dataset aligns with the time intervals of the consumption data.

In the instance the roof had a slope, a 30° inclination was assumed as per Branco et al.
[48]. The alignment of the PV modules was done in accordance with the roof inclination
to reduce the necessary supporting structure. Installing the modules in this manner
forces the azimuth of the modules to be the same as the roofs. In the cases where the
building’s roof is horizontal, the PV modules were assumed to be at a angle of 35° given
it is the optimal inclination for the chosen location and an azimuth of 0° in order to get
the maximum generation potential.

This data is then used in a software to later calculate the PV generation. The software
user is required to chose from an array of PV modules and once the calculations are
completed a second array of compatible inverters are available for choice. These databases
were taken from California Energy Commission [49].

3.3 Energy Communities

The initial aspect requiring clarification in this section pertains to the definition of an
EC. For the purposes of this study, an EC is characterized as a cluster of nearby households
expressing the intention to collaboratively share their surplus PV energy.

Figure 3.2 demonstrates the methodology for the energy community approach.
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Figure 3.2: Flowchart showing the peer-to-peer market in a energy community.

Block A in Figure 3.2, represents the first step in dimensioning the EC. In order to
enhance operational efficiency, the ECs were formed considering a PV penetration higher
than 30%. This criteria was chosen since it was stated before that when a PV penetration
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lower than 29% is considered, battery systems are not necessary. Firstly the number of
households with PV systems are selected and subsequently the number of households
to be considered as load is calculated. This calculation enables the establishment of the
PV penetration percentage. Subsequently, the generation profiles and load charts, of the
prosumer households, are acquired as a preliminary step towards the next stage.

In block, B depicted in Figure 3.2, the setup of transactions within the EC is illustrated.
During this stage, the decision is reached regarding whether P2P trading or grid exchange
will be implemented.

Block C, shown in Figure 3.2, represents the determination of the P2P energy price. This
decision is based on the MMR module. This allows for a more detailed prevision of costs
as it considers the three possible cases: (1) the community demand equals the community
generation, (2) the community demand is higher than the community generation and (3)
the community demand is lower than the community generation.

Despite the MMR module not considering any battery system, this thesis considers a
appoach where both P2P markets and battery systems was considered. Block D, illustrated
in Figure 3.2, outlines the procedure for situations where energy exchange within the
community is not feasible, either due to community surplus or insufficient PV generation.
In such cases, it explores options for charging or discharging the battery.

Overall, the households withing the community firstly consider the selling of excess
energy and only latter the charging of the battery.

In addition, when considering multi-EC’s, a similar concept to the battery system is
executed. Firstly the PV generation will be sold between prosumers/consumers of the
same EC and the excess sold to a nearing EC.

The flowcharts for the cases where more than one EC is being considered can be
accessed in Annex I.

3.4 Battery Systems

In the case of individual households equipped with battery systems, any surplus
energy generated is stored locally. However, as previously mentioned in the above section,
surplus energy within the EC’s is only stored after each consumer within the EC has been
given the opportunity to purchase energy from the prosumer. In addition, each EC is
equipped with a centralized battery in order to optimize the overall system. Nevertheless,
in situations where an EC involves a larger number of households participating, the
required battery capacity can become exceedingly high. Figure 3.3 shows the process to
determine the price for charging and discharging the community battery.

Throughout the simulations a State of Charge (SoC) between 20% to 80% is considered.
The battery capacity is dimensioned in such a way as to enable daily cycling, aiming to
maximize the utilization of energy from PV generation and energy stored in the battery.
That is, all the energy that is stored in the battery during the production hours is only
used when there is no more production accounting for the load peak that occurs during
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Figure 3.3: Flowchart showing the battery exchanges in an EC

that period. This approach ensures that the battery can be discharged until a SoC of 20%
optimizing its usage and effectively managing the energy flow within the system.

3.5 Performance Indicators

his dissertation investigates key performance indicators employed to gauge PV con-
sumption, specifically focusing on 𝐶𝑜𝑛𝐵𝑎𝑡𝑡 , 𝑆𝑢 𝑓𝐵𝑎𝑡𝑡 , 𝐶𝑜𝑛𝑃2𝑃 , and 𝑆𝑢 𝑓 𝑓𝑃2𝑃 . 𝐶𝑜𝑛𝐵𝑎𝑡𝑡 rep-
resents the performance indicator quantifying the consumption of PV energy channeled
through the battery, elucidating the efficiency and efficacy of energy storage solutions.
𝐶𝑜𝑛𝐵𝑎𝑡𝑡 can be calculated by Equation 3.1

𝐶𝑜𝑛𝑏𝑎𝑡𝑡 =

∑𝑡
𝑡0 𝑃𝑏𝑎𝑡𝑡∑𝑡
𝑡0 𝑃𝑃𝑉

(3.1)

where 𝑃𝑏𝑎𝑡𝑡 is the power the household consumes by discharging the battery and 𝑃𝑃𝑉

the household PV generation.
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𝑆𝑢 𝑓𝐵𝑎𝑡𝑡 , on the other hand, delineates the performance indicator measuring the pro-
portion of the load sustained by PV energy derived from the battery, offering insights into
the system’s ability to fulfill energy demands autonomously. This performance indicator
can be described by Equation 3.2,

𝑆𝑢 𝑓 𝑓𝑏𝑎𝑡𝑡 =

∑𝑡
𝑡0 𝑃𝑏𝑎𝑡𝑡∑
𝑡0 𝑡𝑃𝐿𝑜𝑎𝑑

(3.2)

where 𝑃𝐿𝑜𝑎𝑑 is the household load.
𝐶𝑜𝑛𝑃2𝑃 introduces a novel dimension by assessing the consumption of PV energy

facilitated through P2P transactions, examining the intricate dynamics of decentralized
energy distribution. 𝐶𝑜𝑛𝑃2𝑃 is calculated by Equation 3.3

𝐶𝑜𝑛𝑃2𝑃 =

∑𝑡
𝑡0 𝑃𝑃2𝑃∑𝑡
𝑡0 𝑃𝑃𝑉

(3.3)

where 𝑃𝑃2𝑃 is the household PV consumption.
Lastly, 𝑆𝑢 𝑓 𝑓𝑃2𝑃 provides a metric to gauge the extent to which the energy demands

are met through PV energy in P2P transactions, thereby contributing to a comprehensive
understanding of distributed energy systems. This performance indicator can be described
by Equation 3.4.

𝑆𝑢 𝑓 𝑓𝑃2𝑃 =

∑𝑡
𝑡0 𝑃𝑃2𝑃∑𝑡
𝑡0 𝑃𝐿𝑜𝑎𝑑

(3.4)

When computing for the community, the equations are converted into the equations
denoted as Equation 3.6 - 3.8,

𝐶𝑜𝑛𝑏𝑎𝑡𝑡 =

∑𝑛
𝑛=1

∑𝑡
𝑡0 𝑃𝑏𝑎𝑡𝑡∑𝑛

𝑛=1
∑𝑡

𝑡0 𝑃𝑃𝑉

(3.5)

𝑆𝑢 𝑓 𝑓𝑃2𝑃 =

∑𝑛
𝑛=1

∑𝑡
𝑡0 𝑃𝑃2𝑃∑𝑛

𝑛=1
∑𝑡

𝑡0 𝑃𝐿𝑜𝑎𝑑

(3.6)

𝐶𝑜𝑛𝑃2𝑃 =

∑𝑛
𝑛=1

∑𝑡
𝑡0 𝑃𝑃2𝑃∑𝑛

𝑛=1
∑𝑡

𝑡0 𝑃𝑃𝑉

(3.7)

𝑆𝑢 𝑓 𝑓𝑃2𝑃 =

∑𝑛
𝑛=1

∑𝑡
𝑡0 𝑃𝑃2𝑃∑𝑛

𝑛=1
∑𝑡

𝑡0 𝑃𝐿𝑜𝑎𝑑

(3.8)

where 𝑛 is the number of households considered
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Implementation

4.1 Client Consumption

In the interest of comparing the client consumption with the generated power provided
by the PV system, the client information has to be in the format of a load chart. That
information can be provided to the client by E-REDES in case the house is equipped with a
smart meter. To ensure that the study results are not influenced by specific environmental
conditions during certain months or seasons, it was essential to obtain load charts covering
a one-year time frame.

Despite the widespread adoption of smart meters, a significant proportion of house-
holds either lack these devices or have recently transitioned from traditional meters to
smart meters. Consequently, a number of load charts exhibit missing data for certain
months. With the purpose of completing the load charts that lacked information referring
to certain months, the complete load charts were analyzed to find which months compared
the most to other months.

In the direction of reaching a relation between the existing months, a comparative
analysis of the mean monthly consumption for each month compared to the remaining
months was conducted as depicted in Equation 4.1. The months chosen to represent the
missing months are the ones where 𝑥 is closer to the unitary value. The equivalent month
for each month can be seen in Table 4.1.

The first step in this comparison was finding the consumption’s mean value for each
month. Subsequently, a comparative analysis was conducted on the monthly average
consumption values. This comparison was depicted in Equation 4.1,

𝑥 =
𝜇(𝑚𝑜𝑛𝑡ℎ𝑖)
𝜇(𝑚𝑜𝑛𝑡ℎ 𝑗)

(4.1)

where 𝜇(𝑚𝑜𝑛𝑡ℎ𝑖) and 𝜇(𝑚𝑜𝑛𝑡ℎ 𝑗) represent the mean value of their respective months.
The months exhibiting proximate consumption patterns were those in which the

variable 𝑥 approached unity.
The consumption dataset pertains to the year of 2022. However it is important to note

that the circumstances during this period were atypical given the impact the Coronavirus
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Table 4.1: Equivalent months

Month Equivalent Month
𝐿𝐽𝑎𝑛𝑢𝑎𝑟𝑦 0.97 · 𝐿𝐹𝑒𝑏𝑟𝑢𝑎𝑟𝑦
𝐿𝐹𝑒𝑏𝑟𝑢𝑎𝑟𝑦 1.03 · 𝐿𝐽𝑎𝑛𝑢𝑎𝑟𝑦

𝐿𝑀𝑎𝑟𝑐ℎ 1.02 · 𝐿𝐽𝑢𝑛𝑒

𝐿𝐴𝑝𝑟𝑖𝑙 𝐿𝑆𝑒𝑚𝑝𝑡𝑒𝑚𝑏𝑒𝑟

𝐿𝑀𝑎𝑦 1.01 · 𝐿𝑁𝑜𝑣𝑒𝑚𝑏𝑒𝑟

𝐿𝐽𝑢𝑛𝑒 0.98 · 𝐿𝑀𝑎𝑟𝑐ℎ

𝐿𝐽𝑢𝑙𝑦 0.99 · 𝐿𝐴𝑢𝑔𝑢𝑠𝑡
𝐿𝐴𝑢𝑔𝑢𝑠𝑡 1.01 · 𝐿𝐽𝑢𝑙𝑦

𝐿𝑆𝑒𝑝𝑡𝑒𝑚𝑏𝑒𝑟 𝐿𝐴𝑝𝑟𝑖𝑙

𝐿𝑂𝑐𝑡𝑜𝑏𝑒𝑟 0.92 · 𝐿𝑁𝑜𝑣𝑒𝑚𝑏𝑒𝑟

𝐿𝑁𝑜𝑣𝑒𝑚𝑏𝑒𝑟 0.99 · 𝐿𝑀𝑎𝑦

𝐿𝐷𝑒𝑐𝑒𝑚𝑏𝑒𝑟 1.11 · 𝐿𝐹𝑒𝑣

disease (COVID-19) pandemic which resulted in new factors such as telecommute. Con-
sequently, the consumption sample may not represent a typical year and depict higher
values of consumption during intervals where normally the values would be significantly
lower.

An additional factor to consider when analyzing the months is the rapidly increasing
global temperature, Lindsey and Dahlman [50]. The year of 2022 ranked as the sixth
warmest year since 1880 [51]. which can potentially introduce a discrepancy between
the expected values for the Winter months since utilization of heating devices may have
comparatively reduced in comparison to other years.

For further information regarding the relation of the existing months, one may refer
to Annex II, which presents a comprehensive table encompassing the values for all the
months.

4.2 PV Generation

4.2.1 Building Data

Using Google Engine [52], it is possible to extricate the roof area of the buildings under
consideration. This feature makes it possible to exclude non-usable portions of the roofs.
This information is then transformed into a GeoJson file where the coordinates of each
house are represented in a polygonal format.

As stated before, a distinction between apartment buildings and single family houses
is considered given the inherent disparities. Accordingly, different files were produced
depending on their type: apartment building or single family house.

To automate the process of calculating the PV production, the houses coordinates were
were further categorized into five different files depending on their roofs orientations :
North, South, East, West or Horizontal.
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In addition to the location and azimuth, the buildings height is crucial to adjust the
wind speed in view of calculating the PV generation. To determine the building height
Google Earth’s Three Dimensions (3D) [53] functionality was used.

Lastly, each building will then be given an Identification (ID) number. This ID will be
referent to the entire building dataset and not particular to any EC. This way it will be
possible to identify the buildings selected when doing any calculations.

The final GeoJson file encompasses the roof area coordinates and incorporates 4
essential properties: ID, orientation, type and height.

4.2.2 Dimensioning the PV System

During the dimensioning process of PV system, the primary objective of this study
was to maximize self-sufficiency and self-consumption. This decision was made to align
with the overarching goal of incorporating a greater share of renewable energy into the
total energy consumption. Consequently, a preference for a self-consumption approach
was adopted over an economic one. Therefore to achieve this objective, the number of
modules to be implemented was determined based on covering the "worst-case scenario".
This scenario encompasses the situation where consumption reaches its highest value
coinciding with the lowest irradiation value.

In order to avoid the consideration of unrealistic scenarios, such as experiencing a
peak load during times of negligible irradiation (e.g., between 8-9 am and 4-5 pm), a
precautionary approach is adopted. When evaluating this time frame, the calculated
required number of modules tends to significantly exceed the actual necessity, resulting
in an overestimation. To address this concern while still incorporating a "worst-case
scenario" perspective and guarding against overestimation, a specific threshold has been
defined. This threshold establishes the relationship between the load and the anticipated
PV generation assuming the installation of a single solar module. Through multiple
simulations conducted with a single household, which had previously sought input from
a power company for simulating the required PV modules, an acceptable threshold was
determined. The identified threshold value was set at 30%. This criterion aims to eliminate
extreme scenarios that may not accurately reflect real-world conditions and, instead,
focuses on more realistic scenarios where PV generation can significantly contribute to
fulfilling the energy demand.

The final step into dimensioning the PV system is adapting the optimal number of
modules to the practical case. This step takes into account factors such as the type of
modules selected and the available area on the roof. By applying Equation 4.5, it becomes
possible to accurately calculate the optimal number of PV modules that can be installed
on the given roof area. It is important to consider that in certain situations, the number
of modules required to fully meet the energy demand during the "worst-case" scenario
may exceed the available space on the roof. In such cases, the maximum possible number
of modules that can be accommodated on the roof is chosen. To establish the necessary
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spacing between rows to avoid potential shading, Equation 4.2 serves to compute the
corrected module spacing, D, for a solar panel mounting system. The application of
this equation requires knowledge of the mounting system’s relative height, denoted as
Height. By using the value of Height, the formula for D’ is derived, accounting for the
solar elevation angle. The solar elevation angle is determined through the tangent of the
sun’s angle above the horizon.

𝐷′ =
𝐻𝑒𝑖𝑔ℎ𝑡

𝑡𝑎𝑛(𝑆𝑜𝑙𝑎𝑟𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛) (4.2)

After obtaining D’, a correction factor is applied due to the non-perpendicular align-
ment of sun rays with an imaginary plane aligned with the mounting structure’s orienta-
tion. The final corrected module spacing, D, is achieved by multiplying D’ by the sine of
the azimuth correction angle as seen in Equation 4.3.

𝐷 = 𝐷′ · 𝑠𝑖𝑛(𝐴𝑧𝑖𝑚𝑢𝑡ℎ𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛) (4.3)

It is necessary to compute the panel capacity of a roof in accordance with the calculated
distance, denoted as D. This is shown by Equation 4.4,

𝑛𝑟𝑜𝑜 𝑓 =
𝑎𝑟𝑜𝑜 𝑓

𝐷 · 𝑙𝑚𝑜𝑑𝑢𝑙𝑒
(4.4)

where 𝑙𝑚𝑜𝑑𝑢𝑙𝑒 is the length of the module considered.
Conversely, if the available space is sufficient, the number of modules needed to achieve

self-sufficiency is selected as shown by Equation 4.6.

𝑛𝑟𝑜𝑜 𝑓 =
𝑎𝑟𝑜𝑜 𝑓

𝑎𝑚𝑜𝑑
(4.5)

𝑛𝑚𝑜𝑑 = 𝑚𝑖𝑛(𝑛𝑠𝑠 , 𝑛𝑟𝑜𝑜 𝑓 , 𝑛𝑑𝑖𝑠𝑡) (4.6)

4.2.3 PV Module Production Calculations

To accurately estimate the energy output generated by the PV system, it is essential to
employ a modeling approach that incorporates not only the PV generation itself but also
accounts for the effects of an inverter.

4.2.3.1 PV Modules

Upon the selection of the module and determination of the appropriate quantity of
module, it is necessary to consider the influence of various factors such as wind speed
and the temperature of cells of the module.

A dataframe is created with the necessary factors to calculate the PV generation for
each building: irradiation, wind speed and cell temperature.

Irradiation
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PVGIS provides comprehensive data on beam, diffuse and reflected irradiation for
the designated location. In order to model the system accurately, a decision was made
to incorporate all types of radiation due to their respective contributions to PV power
generation. As previously indicated, the selected irradiation format presents its values
in hourly intervals, necessitating the implementation of an interpolation technique to
convert them into 15 minute intervals.

Considering one of the dissertation’s focus on roof orientation, the irradiation data will
be treated separately based on the azimuth corresponding to each roof’s orientation. This
approach allows for the incorporation of irradiance variations from different orientations,
and enabling more accurate calculations of PV generation.

Cell Temperature

One of the influential factors impacting the energy output of the PV system is the cell
temperature, wherein an elevated value inversely correlates with the module’s efficiency.
Consequently, it becomes necessary to compute the cell temperature for every irradiation
value, corresponding to intervals of 15 minutes.

Equation 4.7, as presented, provides the method to calculate the cell temperature.

𝑇𝑐𝑒𝑙𝑙 = 𝑇𝑎𝑚𝑏 + 𝐺 · 𝑒(−3.56+0.0750·𝑊𝑠𝑝𝑒𝑒𝑑) (4.7)

For the purpose of this dissertation an open rack mounting configuration was consid-
ered and 𝑎 and 𝑏 were replaced by the corresponding values.

Additionally, the ambient temperature referenced in the Equation 4.7 is derived from
PVGIS data and subsequently interpolated to align with 15-minute intervals. Nonetheless,
it remains necessary to adjust the wind speed to suit the specific height of each building.

Wind Speed

Once again, PVGIS provides the wind speed for a height of 10 meters. To account
for the specific height of the buildings under consideration, Equation 4.8 outlines the
requisite calculation to convert the wind speed from 10 meters to the precise height of the
buildings. The necessary building height information can be extracted from the GeoJson
file that contains the building data as referenced in the initial section of this chapter.

𝑊𝑠𝑝𝑒𝑒𝑑 = 𝑊10 ·
[
ℎ

10

]0.22
(4.8)

Since this study focus on residential buildings the variable 𝑎𝑙𝑝ℎ𝑎 was replaced by the
value corresponding to the urban category.

PV Systems Output
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The relationship between the contributing factors and the power output can now be
described by Equation 4.9.

𝑃𝑜𝑢𝑡 =
𝐺

1000 · 𝑃𝑚𝑎𝑥 · [1 + Υ · (𝑇𝑐𝑒𝑙𝑙 − 25)] (4.9)

DC Losses

However it is necessary to take into account the Direct Current (DC) losses. These can
be attributed to cable losses, dust accumulation and various other factors that affect the
module production.

𝜓𝑐𝑎𝑏𝑙𝑒𝑠 = 1% (4.10)

𝜓𝑑𝑢𝑠𝑡 = 5% (4.11)

𝑃𝑃𝑉 = 𝑃𝑜𝑢𝑡 · (1 − (𝜓𝑐𝑎𝑏𝑙𝑒𝑠 + 𝜓𝑑𝑢𝑠𝑡)) (4.12)

𝑃𝑃𝑉 = 𝑃𝑜𝑢𝑡 · (1 − (0.01 + 0.05)) (4.13)

Equation 4.13 can now be used to calculate the DC power to be injected into the
inverter.

4.2.3.2 Inverters

The inverter plays a crucial role in converting the DC electricity produced by the PV
modules into Alternate Current (AC) power. By including the inverter in the modeling
process, the overall performance and efficiency of the PV system can be evaluated, taking
into consideration factors such as inverter efficiency, power losses, and compatibility with
the specific system configuration.

Inverter Selection

A selection of inverters was made from the catalog California Energy Commission
[49], and the designated inverter was chosen from a comprehensive list comprising a total
of 1508 distinct inverters.

In order to select the correct inverter it is necessary to verify the compatibility of the PV
system’s open circuit voltage, short circuit current and maximum power with the inverter.
Given the relatively small scale of the modeled PV systems, the analysis focuses on a
single string of modules. As a result, the consideration of string intake does not emerge
as a relevant parameter.

Furthermore, it is necessary to select the appropriate inverter in accordance with the
specific configuration of the system, whether it is grid-connected or battery-connected.
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With that purpose, the following parameters have to be assured.

𝑃𝑃𝑉 · 0.7 ≤ 𝑃𝑖𝑛 ≤ 𝑃𝑃𝑉 · 1.2 (4.14)

𝐼𝑆𝐶𝑃𝑉 < 𝐼𝑆𝐶𝑖𝑛𝑣 (4.15)

𝑉𝑂𝐶𝑃𝑉 < 𝑀𝐴𝑋𝑉𝑖𝑛𝑣 (4.16)

𝑈𝑚𝑝𝑝𝑃𝑉 < 𝑈𝑚𝑝𝑝[𝑀𝐴𝑋]𝑖𝑛𝑣 (4.17)

𝑈𝑚𝑝𝑝𝑃𝑉 > 𝑈𝑚𝑝𝑝[𝑀𝐼𝑁]𝑖𝑛𝑣 (4.18)

Where 𝑃𝑖𝑛 is the power fed into the inverter, 𝐼𝑆𝐶𝑃𝑉 is the PV model current, 𝐼𝑆𝐶𝑖𝑛𝑣

is the current accepted by the inverter, 𝑉𝑂𝐶𝑃𝑉 is the PV model voltage, 𝑀𝐴𝑋𝑉𝑖𝑛𝑣 is the
maximum voltage accepted by the inverter, 𝑈𝑚𝑝𝑝𝑃𝑉 is the module’s voltage maximum
power point and 𝑈𝑚𝑝𝑝𝑖𝑛𝑣 is the inverters’ voltage maximum power point.

Inverter Efficiency

Inverter efficiency can be evaluated through a weighted efficiency metric commonly
provided in the datasheet. While this metric is generally accurate, it may prove misleading
under sub-optimal conditions, particularly during periods of low irradiance. To address
this, a more comprehensive approach involves assessing the efficiency of a specific inverter
by subjecting it to multiple loads and measuring the efficiency for each load condition. The
California Energy Commission database offers testing results for inverters at various load
levels (10%, 20%, 50%, 75%, and 100% of maximum load) across the minimum, nominal,
and maximum voltage ranges supported by the inverter.

By employing a Python function, it becomes feasible to generate a curve based on the
before mentioned tests, making it possible to later verify the inverter efficiency depending
on the power being injected into the system.

AC Losses

To determine the AC losses attributed to cables, the initial step involves calculating the
cable resistance. The mathematical formulation for these computations, can be illustrated
by Equation 4.19 [54],

𝑅𝑐𝑎𝑏𝑙𝑒𝑠 = 𝜌 · 𝐿
𝐴

(4.19)

where the value of 𝜌 correspond to the specific material properties associated with the
selected cables as it can be seen in Table 4.2, 𝐿 is the cable length and 𝐴 is the conductor
area.
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Copper is a frequently used material for cables and is therefore chosen as the applicable
value making the cable resistance possible to calculate by applying Equation 4.20.

𝑅𝑐𝑎𝑏𝑙𝑒𝑠 = 1.7 · 10−8 · 𝐿
𝐴

(4.20)

Table 4.2: Electrical resistivity for certain materials used in cables, taken from [55]

Material Electrical Resistivity At 20°C
Aluminium 2.8 · 10−8

Copper 1.7 · 10−8

In this dissertation, the AC losses were computed up to the main electrical panel, with
energy transport facilitated by a standard copper cable.By employing such a cable, and
due to its small distance from the inverter to the main switchboard and its wide section
the power factor can be confidently regarded as unity. In this manner, the cable losses can
subsequently be computed using Equation 4.21,

𝑝𝑐𝑎𝑏𝑙𝑒𝑠 = 𝑅𝑐𝑎𝑏𝑙𝑒𝑠 · 𝐼2
𝐷𝐶𝑆𝑦𝑠𝑡𝑒𝑚

(4.21)

where 𝐼𝐷𝐶𝑆𝑦𝑠𝑡𝑒𝑚
is the system current.

Having determined the cable losses, it is now possible to compute the AC power
generated by the inverter shown by Equation 4.22,

𝑃𝐴𝐶𝑆𝑦𝑠𝑡𝑒𝑚
= 𝑃𝐷𝐶𝑆𝑦𝑠𝑡𝑒𝑚

· 𝜂𝑖𝑛𝑣 · (1 − 𝑝𝑐𝑎𝑏𝑙𝑒𝑠) (4.22)

where 𝜂𝑖𝑛𝑣 is the inverter’s efficiency.

4.3 Energy Markets

Energy markets are fundamental to efficient production, distribution, and consumption
of energy. Time bands and energy pricing are crucial concepts in the dimensioning of
energy markets. The selection of an appropriate time band schedule holds the potential
to improve the advantages derived from PV generation.

The time band scheme employed in this study was Portugal’s three-time-band system,
as illustrated in Table 4.3. These time bands are categorized based on the demand
patterns, and their associated energy pricing is determined accordingly, with the highest
prices allocated to the time band characterized by the higher demand. Nevertheless,
this particular time band structure was chosen due to its alignment with the solar path.
The PV generation is maximized during the time bands associated with both higher and
lower energy prices, respectively intermediate and off-peak time bands. Among these,
the off-peak time band stands out as the primary period. Consequently, the intermediate
time band coincides with a decrease in solar irradiation, no longer sufficient to generate
energy from PV sources. However, households can rely on their battery systems during
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this period, thereby avoiding the need to purchase electricity from the grid. Lastly, the
cheapest time band, off-peak, occurs when there is no PV generated energy available
stored. Making this a cost-saving approach.

Table 4.3: Time bands regarding energy sale, taken from ERSE.

Time Bands
Peak Off-Peak Intermediate

Winter
Week Days 00:00 - 07:00

07:00 - 09:30
12:00 - 18:30
21:00 - 24:00

09:30 - 12:00
18:30 - 21:00

Saturday
00:00 - 09:30
13:00 - 18:30
22:00 - 23:00

09:30 - 13:00
18:30 - 22:00 -

Sunday 00:00 - 24:00 - -

Summer
Week Days 00:00 - 07:00 07:00 - 09:15

12:15 - 24:00 09:15 - 12:15

Saturday
00:00 - 09:00
14:00 - 20:00
22:00 - 23:00

09:00 - 14:00
20:00 - 22:00 -

Sunday 00:00 - 24:00 - -

Energy prices for the above mention time bands were taken from Energia [57] and are
described by Equation 4.23 - 4.23.

𝑝𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒(AC/𝑘𝑊ℎ) = 0.1145 (4.23)

𝑝𝑜 𝑓 𝑓−𝑝𝑒𝑎𝑘(AC/𝑘𝑊ℎ) = 0.1261 (4.24)

𝑝𝑝𝑒𝑎𝑘(AC/𝑘𝑊ℎ) = 0.2312 (4.25)

𝑝𝑠𝑢𝑟𝑝𝑙𝑢𝑠(AC/𝑘𝑊ℎ) = 0.07 (4.26)

4.4 Distribution Transformer

The calculation of the aging process in a distribution transformer is unaffected by the
type of PV plant, whether an EC is considered or not. The data required for this calculation
are regarding the transformer itself and the surrounding environmental conditions.

The majority of the required information to calculate the hot-spot temperature can be
obtained from the IEC 60076-7 norm and is presented in Table4.4.
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The IEC 60076-7 norm presents values for the parameters used in distribution trans-
former model previously shown that can used to calculate the hot spot temperature. Table
4.4 shows the values used for these parameters.

Nevertheless, the transformer’s capacity and operating conditions are subject to varia-
tion depending on the specific case. All the methodologies employed in this study share a
consistent feature—the utilization of a standardized time frame for simulating the model.
As discussed in preceding sections of this dissertation, the comprehensive computations
are conducted within a 15-minute time frame. To ensure coherence across the thesis
and facilitate calculations, this temporal parameter is also applied in the assessments of
transformer aging.

Table 4.4: Parameters used in this dissertation and their values, as in the IEC 60076-7
norm.

Parameter Value Unit
Δ𝜃𝑜𝑟 45 K
Δ𝜃ℎ𝑟 35 K
𝜏𝑜 150 min
𝜏𝑤 7 min
𝑥 0.8 –
𝑦 1.3 –
𝑅 8 –
𝑘11 0.5 –
𝑘21 2.0 –
𝑘22 2.0 –
𝐿𝑟 1 kVA

Information regarding distribution transformers can be obtained from ERSE [56]. This
platform allows access to data pertaining to the available distribution transformers and
their respective capacity and the percentage of usage. However, it does not provide
insights into the specific allocation of transformers to individual buildings. Consequently,
it was decided to evenly distribute households across the transformers.

Subsequently, it is necessary to calculate the power output of transformers during each
designated time interval. Given the known transformer capacity and utilization levels, an
initial assumption was made, considering a constant value for power exchange in each
time slot. The next step involves recalculating the power exchange while incorporating PV
generation. Given that the initial value does not account for the PV generation, the entirety
of energy stemming from PV generation has to be subtracted. This revised calculation is
illustrated by Equation 4.27,

𝑃𝑡𝑟𝑎𝑛𝑠 𝑓 𝑜𝑟𝑚𝑒𝑟 = 𝑃𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠−𝑡𝑟𝑎𝑛𝑠 𝑓 𝑜𝑟𝑚𝑒𝑟 − 𝑃𝑃𝑉 (4.27)

where 𝑃𝑃𝑉 is the power originated from the PV generation in the community and
𝑃𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠−𝑡𝑟𝑎𝑛𝑠 𝑓 𝑜𝑟𝑚𝑒𝑟 is before the introduction of PV generation in the community and can
be calculated by Equation4.28,
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𝑃𝑡𝑟𝑎𝑛𝑠 𝑓 𝑜𝑟𝑚𝑒𝑟 = 𝑃𝑡𝑟𝑎𝑛𝑠 𝑓 𝑜𝑟𝑚𝑒𝑟 · 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛(%) (4.28)

where 𝑃𝑡𝑟𝑎𝑛𝑠 𝑓 𝑜𝑟𝑚𝑒𝑟 is the transformer capacity and 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛(%) is the
percentage of the capacity that is being used by the community.

In this context, the energy deducted from the initial transformer input can be catego-
rized into two groups: the energy that the household did not require from the transformer,
as it was supplied by their PV generation, and the surplus PV-generated energy that is
fed back to the transformer. It is presumed in this scenario that the surplus energy flows
through the transformer rather than being directly transferred to another household. This
assumption is made to account for a worst-case scenario.

When considering the individual approach, the PV generated power can be divided
into two different categories as shown by Equation 4.29,

𝑃𝑃𝑉 = 𝑃𝑠𝑒𝑙𝑙 + 𝑃𝐿𝑀 (4.29)

where𝑃𝑠𝑒𝑙𝑙 is the surplus PV generated power the households were not able to consume
and sold to the grid and 𝑃𝐿𝑀 is the PV energy the households consumed directly, the load
match.

In the case of the individual with storage approach, Equation 4.29 can also be applied
taking in consideration the definition applied by Equation 4.30,

𝑃𝑠𝑒𝑙𝑙 = 𝑃𝑠𝑢𝑟𝑝𝑙𝑢𝑠 − 𝑃𝑠𝑡𝑜𝑟𝑒−𝑏𝑎𝑡𝑡 (4.30)

where 𝑃𝑠𝑢𝑟𝑝𝑙𝑢𝑠 is the PV surplus after consumption and 𝑃𝑠𝑡𝑜𝑟𝑒𝑏 𝑎𝑡𝑡 is the PV generated
power stored in the batteries and later consumed by the households.

When any of the three approaches regarding ECs is considered, the power generated
and consumed from the PV and P2P system can be characterized by Equation 4.31,

𝑃𝑃𝑉 = 𝑃𝑠𝑒𝑙𝑙 + 𝑃ℎ𝑜𝑢𝑠𝑒−𝑏𝑢𝑦 + 𝑃𝐿𝑀 (4.31)

where 𝑃ℎ𝑜𝑢𝑠𝑒𝑏𝑢𝑦 is the PV generated power that was exchanged between members of
the community or adjacent communities.

When considering EC with storage, Equation 4.30 can be used once again.
With all the acquired data, it is now possible to calculate the hot-spot temperature

using the block diagram function in MATLAB with the equations presented in the section
pertaining to the transformer aging in the methodology Chapter. This process can be seen
in Figure 4.1.

The above decision diagram was implemented in the Python program. This way, the
hot spot temperature can be calculated at any instance.
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Figure 4.1: Matlab implementation of the block diagram for the hot spot temperature of
the distribution transformer.

4.5 Battery System

The batteries employed in the study were sourced from the same database as the PV
modules and inverters. In order to optimize the consumption of energy generated through
the PV systems, a daily cycling approach was implemented. In the following subsections,
the selection process for the batteries and the parameters taken into account during this
process are shown.

All computations in this section were performed based on a standard day divided into
15-minute time intervals. A mean value was derived for each parameter within every 15-
minute time slot, which was then extrapolated to represent a full day. This methodology
was adopted to align with the daily cycling approach.

4.5.1 Daily Cycling

The adoption of a daily cycling approach allows a higher penetration of PV generated
energy, increasing the utilization of renewable resources. Additionally, itprovides an easier
computation of the battery’s current state, making it easier to assess the level of charge or
discharge. However, it is necessary to incorporate this approach with the monitorization
of the SoC and adhering to the maximum charging and discharging restrictions.

The daily cycling approach was implemented as follows. Throughout the daytime
period, any surplus energy that is not used by the individual household, or in case of
an EC, the collective households, is designated for storage within the battery system. In
instances where there is an insufficient energy supply, such energy is to procured from the
grid. Subsequently, when the solar irradiation reaches a value where energy generation is
no longer viable, the battery will be discharged by the household(s).

In the context of this thesis, it is necessary to distinguish between the individual and
the EC approach. Under the individual approach, a household is responsible for charging
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the battery during surplus periods and discharging it as needed. In contrast, the EC
approach allows one household to charge the community battery, with another household
discharging the battery in subsequent periods. This transaction is subject to taxation,
treating it as if the household that charged the battery is selling surplus energy to the
household that discharged the battery.

This process allows for a daily cycle making sure the battery is dimensioned for each
household needs and diminished the possibility of over dimensioning the battery leading
to a higher cost.

To determine the battery capacity that aligns with the daily cycling approach, a method
was utilized based on the daily SoC value.

With a typical day it becomes feasible to assess the excess PV generated power that can
be directed to the battery. Once more, it is crucial to distinguish between the individual
and EC approach. In the individual approach, the surplus PV is calculated solely with
the household consumption and PV generation, the load match. Conversely in the EC ap-
proach, surplus PV was calculated only after the P2P energy exchanges. Consequently, for
the EC approach, takes into consideration both load matching and P2P energy exchanges.

4.5.2 SoC

The advised SoC range for battery systems can vary depending on the specific battery
technology and manufacturer’s recommendations. However, as a general guideline, it is
often recommended to maintain the SoC within the range of 20% to 80% which shows
significantly improved capacity retention, Jiang et al. [58] . Keeping the SoC above 20%
helps to prevent deep discharge and minimize the risk of damaging the battery. On the
other hand, limiting the SoC to 80% helps to avoid overcharging and extends the overall
lifespan of the battery.

The following equations enable the estimation of SoC at any given moment by consid-
ering the charging and discharging power levels, time intervals, and the battery’s capacity.
The battery’s capacity was calculated through a test battery capacity value. This capacity
value represents the state of charge of the battery in kWh instead of a percentage. This
value is reached by simply adding all the surplus PV energy that would be feed into the
grid in a typical day. The calculation for the test capacity can be seen in Equation 4.32,

𝐶𝑎𝑝𝑑𝑒 𝑓 (Δ𝑡) = 𝐶𝑎𝑝𝑡𝑒𝑠𝑡(Δ𝑡) − 𝑃𝑔𝑟𝑖𝑑(Δ𝑡) (4.32)

where 𝐶𝑎𝑝𝑡𝑒𝑠𝑡(Δ𝑡 − 1) is the previous test SoC value and 𝑃𝑔𝑟𝑖𝑑(Δ𝑡) is the energy that
is being traded with the grid.

To determine the SoC value it is first necessary to understand what is the energy that
is being traded with the grid. Equation 4.33 quantifies the energy transaction 𝑃𝑔𝑟𝑖𝑑/𝑏𝑎𝑡 ,

𝑃𝑔𝑟𝑖𝑑(Δ𝑡) = 𝑃𝑐𝑜𝑛𝑠(Δ𝑡) − 𝑃𝑃𝑉 (Δ𝑡) (4.33)
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where 𝑃𝑐𝑜𝑛𝑠 is the consumption, and 𝑃𝑃𝑉 the PV generation, at each specific moment
Δ𝑡.

With this intermediate value for the test SoC, it is now possible the create constrains
for the theoretical charge of the battery. These constrains are shown in Equation 4.34,{

𝑆𝑜𝐶𝑡𝑒𝑠𝑡(Δ𝑡) = 0, 𝑖 𝑓 𝑆𝑜𝐶𝑑𝑒 𝑓 (Δ𝑡) < 0
𝑆𝑜𝐶𝑡𝑒𝑠𝑡(Δ𝑡) = 𝑆𝑜𝐶𝑑𝑒 𝑓 (Δ𝑡), 𝑖 𝑓 𝑆𝑜𝐶𝑑𝑒 𝑓 (Δ𝑡) > 0

(4.34)

where 𝑆𝑜𝐶𝑡𝑒𝑠𝑡(Δ𝑡) is the SoC value for the various time intervals , Δ𝑡.
The battery capacity can be defined as the maximum 𝑆𝑜𝐶𝑡𝑒𝑠𝑡(Δ𝑡) since this value

is measured in kWh. As stated before, a 15 minute time interval is being considered,
and since the battery capacity is stated in kWh, a correcting factor was applied when
considering the transactions, shown in Equation 4.35,

𝑃𝑏𝑎𝑡 = 𝑚𝑎𝑥(𝑆𝑜𝐶𝑡𝑒𝑠𝑡) · 4 (4.35)

where 𝑚𝑎𝑥(𝑆𝑜𝐶𝑡𝑒𝑠𝑡) is the maximum 𝑆𝑜𝐶𝑡𝑒𝑠𝑡(Δ𝑡).

4.5.3 Battery Capacity Dimensioning

In order to accurately determine the capacity of the battery, it is necessary consider
various factors: the Depth of Discharge (DoD), the household energy consumption and
the losses aggregated with the battery.

Given the decision to utilize SoC between the values of 20% and 80% as a criterion,
the DoD can be replaced by the SoC as the latter consistently assumes lower values. The
capacity of the battery can be calculated by Equation 4.36,

𝐸𝑏𝑎𝑡 =
𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠 · 𝑛𝑑𝑎𝑦𝑠

𝜂𝑏𝑎𝑡 · 𝑆𝑜𝐶𝑡ℎ𝑟
(4.36)

with 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠 representing the household’s average daily surplus energy, 𝜂𝑏𝑎𝑡 denoting
the battery’s efficiency, 𝑆𝑜𝐶𝑡ℎ𝑟 indicating the threshold in which the SoC needs to be
maintained - 20% to 80% - and 𝑛𝑑𝑎𝑦𝑠 being the days of autonomy for which the battery
is dimensioned. Since the daily cycle approach was implemented, the requirement is
limited to a single day of autonomy. Considering that the batteries in this study are of the
lithium-ion type, an efficiency value of 95% will be assumed.

𝐸𝑏𝑎𝑡 =
𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠

0.95 · 0.60 (4.37)

Equation 4.37 represents the theoretical value of the capacity of the battery where
𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠 in this case, can be replaced by the previously calculated 𝑃𝑏𝑎𝑡 .

Differing from the approach implemented for the PV modules, 𝑃𝑏𝑎𝑡 is achieved by
considering the average daily surplus energy. This deviation in approach was due to
the higher cost associated with battery systems, which rendered the application of a
worst-case scenario impractical during the battery sizing process. In the context of battery
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dimensioning, a worst-case scenario would entail low household energy consumption
coupled with high PV generation, resulting in a significant demand for energy storage.
However, such a scenario is more likely to occur during independent cases, such as
vacations, and does not represent the regular household functioning. Hence, it was
deemed more appropriate to base the battery dimensioning calculations on average daily
surplus energy instead of a worst-case scenario.

A method was created determine the optimal capacity value for the battery. By utilizing
a trial and error approach, the algorithm takes the theoretical battery capacity as an input
and iteratively searches for the battery configuration that best adheres to the constraints
the SoC and daily cycling approach. Specifically, the method aims to identify the battery
configuration that completes its cycling with a lower capacity, aiming to reach SoC peak
value closer to the 80% mark while ensuring it remains closer to 20% before the end of the
day. The batteries used for this method were taken from California Energy Commission
[49]. The database also offers the maximum discharge rate, which was subsequently
utilized instead of the calculated value.

4.5.4 Battery’s Energy Transactions

The energy transaction, as determined by the preceding equations, enables the cal-
culation of the current state of charge of the battery, utilizing the battery’s capacity as a
parameter. This is shown by Equation 4.38,

𝑆𝑜𝐶(𝑡)𝑐 = 𝑆𝑜𝐶(𝑡 − Δ𝑡) +
𝑃𝑔𝑟𝑖𝑑(Δ𝑡)

𝑃𝑏𝑎𝑡
(4.38)

where 𝑆𝑜𝐶(𝑡)𝑐 is the calculated state of charge, 𝑃𝑏𝑎𝑡 is the battery’s capacity and
𝑆𝑜𝐶(𝑡 − Δ𝑡) is the previous state of charge.

The final step in defining the SoC is the batteries function at the time specified.
Depending on the task, charging or discharging, and the previous SoC, the current SoC
is calculated differently. In the case that the previous SoC is 0% or 100% no discharging
or charging respectively is possible. When the previous SoC presents a value that allows
charging or discharging, the current SoC is calculated as stated in Equation 4.38. This
process is depicted in Equation 4.39.



𝑆𝑜𝐶(𝑡) = 𝑆𝑜𝐶(𝑡 − Δ𝑡), if 𝑃𝑔𝑟𝑖𝑑(Δ𝑡) > 0 ∩ 𝑆𝑜𝐶(𝑡 − Δ𝑡) = 0%

𝑆𝑜𝐶(𝑡) = 𝑆𝑜𝐶(𝑡 − Δ𝑡), if 𝑃𝑔𝑟𝑖𝑑(Δ𝑡) < 0 ∩ 𝑆𝑜𝐶(𝑡 − Δ𝑡) = 100%

𝑆𝑜𝐶(𝑡) = 𝑆𝑜𝐶(𝑡)𝑐 , if 𝑃𝑔𝑟𝑖𝑑(Δ𝑡) > 0 ∩ 𝑆𝑜𝐶(𝑡 − Δ𝑡) ≠ 0%

𝑆𝑜𝐶(𝑡) = 𝑆𝑜𝐶(𝑡)𝑐 , if 𝑃𝑔𝑟𝑖𝑑(Δ𝑡) < 0 ∩ 𝑆𝑜𝐶(𝑡 − Δ𝑡) ≠ 100%

(4.39)

These equations serve as mathematical representations of the energy transaction,
SoC calculations, and the adjustment of SoC based on energy sourcing, allowing for
a quantitative analysis of the battery system’s behavior within the overall PV system
operation.
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It is important to note that these equations provide a simplified representation of
the SoC calculation and may not consider certain factors such as temperature effects and
self-discharge.

4.6 Dimensioning Energy Communities

In this dissertation, the definition of ECs diverges from that outlined in Portuguese
legislation, particularly in the context of Decreto-Lei n.º 15/2022 dated January 14. The
EC examined in this study consists of individual households located in close proximity
to one another, aiming to collaboratively distribute surplus energy generated from PV
sources among its members, be they consumers or prosumers. Hence, the subsequent
sections are grounded in this specific definition.

To achieve a favorable outcome from the development of an EC, various factors are
essential. These factors include the selection of a appropriate renewable energy and
the corresponding implementation of suitable energy plant. The active engagement and
participation from community members must be ensured. Furthermore, an efficient
distribution infrastructure must be established to facilitate the smooth transmission of
energy within the community, or communities, alongside the establishment of a robust
energy transfer market, complemented by effective pricing mechanisms and regulatory
frameworks, such as the ones defined previously. Lastly, the integration of an energy
storage system can be integrated to enhance the resilience and flexibility of the EC, enabling
utilization of surplus energy.

4.6.1 Modeling Energy Communities

The ECs created for this study rely exclusively on PV generation as the primary
energy source, considering rooftop PV plants. The initial step involved categorizing each
household based on their role within the EC, distinguishing between consumers and
prosumers.

Multiple scenarios were examined, to evaluate the impact on various factors, such as
transformer aging. Consequently, it was determined that all households should be served
by the same distribution transformer. The exception to this rule would be in the case of
multiple EC, where different transformers could be considered. The decision was based
on the proximity of households, as distribution transformers typically serve households
in close proximity to each other. This allows for a lower energy loss.

To establish the ECs grid, the number of participants must first be determined. This
enables the selection of households to join the EC while maintaining the minimum ratio
specified between prosumers and consumers. The initial household is chosen as the node,
and subsequent participants are selected from households located within the radius of
households already served by the transformer connected to the node.
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4.6.2 Markets

As mentioned before, the market model chosen for this dissertation is the MMR method
[23]. As this method allows to determine the value of energy based on the current market
rather than relying on auctions. Therefore it becomes necessary to establish an alternative
allocation method. To minimize energy losses, the decision was made to implement an
energy allocation strategy that takes into account the distance between the prosumer and
consumer. This was made possible by the building’s coordinates presented in the GeoJson.
Additionally, it was also determined that households capable of satisfying the complete
energy requirements of the purchasing household were preferred over those that could
only supply partial if the energy necessary.

The P2P energy price will be calculated by Equation 4.40,

𝑝𝑃2𝑃 =
𝑝𝐵𝐹𝐺 + 𝑝𝑠𝑢𝑟𝑝𝑙𝑢𝑠

2 (4.40)

where, 𝑝𝑃2𝑃 is the P2P energy price, 𝑝𝑠𝑢𝑟𝑝𝑙𝑢𝑠 is the price at which any surplus PV will
be sold, further referenced as 𝑝𝑒𝑥(𝑡) or 𝑝𝑖𝑚 depending on the community’s overall deficit
and, depending on the time band considered, 𝑝𝐵𝐹𝐺 is the energy markets price and can
be substituted by 𝑝𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 , 𝑝𝑜 𝑓 𝑓−𝑝𝑒𝑎𝑘 or 𝑝𝑝𝑒𝑎𝑘 and their respective values were defined
in the energy market section.

In cases where energy demand within the community equals the energy production,
the selling and buying price will be equal to the P2P price, Equation 4.41.

𝑝𝑒𝑥(𝑡) = 𝑝𝑖𝑚(𝑡) = 𝑝𝑃2𝑃 (4.41)

When PV generation is higher than demand, the selling energy price will be calculated
by Equation 4.42.

𝑝𝑒𝑥(𝑡) =

∑𝑁
𝑛=1 𝐿

𝑛(𝑡) · 𝑝𝑃2𝑃 +
(∑𝑁

𝑛=1 𝑃
𝑛
𝑃𝑉

(𝑡) −∑𝑁
𝑛=1 𝐿

𝑛(𝑡)
)
· 𝑝𝑠𝑢𝑟𝑝𝑙𝑢𝑠∑𝑁

𝑛=1 𝑃
𝑛
𝑃𝑉

(𝑡)
(4.42)

In this scenario, when considering an EC equipped with a battery system, each
prosumer who charges the battery receives compensation equal to the value they would
have received if they had sold the energy to another member within the community,
calculated by Equation 4.42. This equation is also valid when considering the energy
transaction between various ECs.

Lastly, considering lower generation than demand, the buying price is given by
Equation 4.43

𝑝𝑒𝑥(𝑡) =

∑𝑁
𝑛=1 𝑃

𝑛
𝑃𝑉

(𝑡) · 𝑝𝑃2𝑃 +
(∑𝑁

𝑛=1 𝐿
𝑛(𝑡) −∑𝑁

𝑛=1 𝑃
𝑛
𝑃𝑉

(𝑡)
)
· 𝑝𝐵𝐹𝐺∑𝑁

𝑛=1 𝐿
𝑛(𝑡)

(4.43)
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When a community member needs to discharge the battery, regardless of whether the
overall community has surplus PV energy or not, Equation 4.43 can also be utilized as the
cost for discharging the battery.

Lastly, the electricity bill for each individual household can be calculated by Equation
4.44.

𝑝𝑛 =

𝑇∑
𝑡=0

(
𝑃𝑛
𝑖𝑚(𝑡) · 𝑡 · 𝑝

′′
𝑖𝑚(𝑡)

)
−

𝑇∑
𝑡=0

(
𝑃𝑛
𝑒𝑥(𝑡) · 𝑡 · 𝑝

′′
𝑒𝑥(𝑡)

)
(4.44)

4.7 Software

This section will explore the software’s development designed for simulating different
scenarios. The software comprises five main components: household generation, battery
capacity dimensioning, P2P market simulation, transformer aging calculation, and perfor-
mance indicator calculation. This section will also discuss the user input requirements
and the necessary parameters for operating this software.

4.7.1 PV Generation

4.7.1.1 Households Information

Given the absence of a standardized format for providing the households necessary
information to the software, a decision was made to use a GeoJSON file. Each household
in the GeoJSON file is divided into 3 sections: ’id’, ’geometry’ and ’properties’.

To calculate the PV generation for each household, it is necessary to obtain the irradia-
tion data specific to the household’s location. As previously mentioned, these locations
are determined using geographical coordinates sourced from Google Earth Engine [52],
and these coordinates are inputted by the user, Figure 4.3. These coordinates are under
’geometry’. These coordinates are also used in order to calculate the rooftops areas using
a polygon function.

As previously mentioned, irradiation data is sourced from PVGIS [47]. To obtain
the irradiation values, it is necessary to specify both the azimuth and tilt angle. This
information can also be extracted from the GeoJSON data, provided in the format of
building orientation. Depending on the orientation indicated, ’Dir’, the azimuth angle is
determined accordingly. As described in Chapter 3, the tilt angle is usually equivalent
to the roof tilt, except in cases where the roof has no angle, ’Horizontal’, in which case
the optimal angle is used. As most households have roofs facing different orientations,
an property is added to the GeoJSON file, ’Building ID’, in order to match rooftops that
belong to the same building.

Furthermore, to calculate the temperature of the PV module cells and to adjust the
wind speed to various heights, the height of the buildings, obtained from Google Earth
[53], is specified within the ’Height’ attribute.
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Finally, it’s important to note that buildings can be categorized as either single family
houses or apartment buildings, and this differentiation is made in the ’Type’ attribute.

1 {"type": "FeatureCollection",

2 "features": [

3 {

4 "geometry": {

5 "coordinates": [ ],

6 "type": "Polygon"

7 },

8 "id": " ",

9 "properties": {

10 "Dir": " ",

11 "Height": " ",

12 "Type": " ",

13 "Building ID": " "

14 },

15 "type": "Feature"

16 } ] }

An attribute that is not presented in the GeoJSON but is inputted by the user is the
type of location, Figure4.2.

Figure 4.2: User’s interface - Type of terrain

4.7.1.2 PVGIS

For the correlation between the software developed and the PVGIS [47] platform, an
API was used.

4.7.1.3 Household consumption

When it comes to household consumption and related information, the user provides
the necessary data in a JSON file, Figure 4.3.
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In the case of apartment buildings, where a single rooftop serves multiple households,
there is a need to establish a connection between the building’s information and the
household data. This linkage is achieved by duplicating the ’Building ID’ attribute from
the building GeoJSON and incorporating it into the households’ JSON.

Depending on the user’s chosen PV approach, it may be necessary to determine
whether a household functions as a prosumer or a consumer. This classification is
indicated by the ’Role’ attribute. Furthermore, if the chosen approach involves ECs, it
is also crucial to specify which houses are affiliated with particular EC, which can be
identified through the ’EC’ attribute, Figure 4.4.

1 { "Households": [

2 {

3 "Household ID": " ",

4 "Building ID": " ",

5 "Load Chart": " ",

6 "Role": " ",

7 "EC": " "

8 } ]

Figure 4.3: User’s interface

Figure 4.4: User’s interface - PV approach
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4.7.1.4 PV modules, inverters and batteries

As mentioned in Chapter 3, the PV modules, inverter and batteries are taken from the
California Energy Commission [49].

The PV module is presented as a selection to the user. Firstly, the user is able to choose
the module brand, Figure 4.5. Secondly, only the power range the chosen brand offers
are present, Figure 4.6, and lastly the modules that respect both previous constrains are
presented to be selected, Figure 4.7.

Figure 4.5: User’s interface - PV modules brands

Figure 4.6: User’s interface - PV power

Figure 4.7: User’s interface - PV module

The selection of the inverter is based on the current and voltage specifications of the
PV module array. Similarly, the choice of batteries aligns with the daily median, with the
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selected battery being the one from the database that most closely matches the calculated
value. A more detailed explanation of these calculations can be found earlier in this
Chapter.

4.7.1.5 Distribution transformers

As mentioned before, the transformer information is taken from E-REDES Open Data
platform [59]. This information can be obtain via a GeoJSON the platform provides
with the transformers information by using the households geographical coordinates as a
parameter. This allows to filter the closest transformer to the household.

Despite the fact that all calculations are performed within the Python software, the
transformer aging calculations are conducted in MATLAB. Using the ’matlab.engine’
package, the Python environment can load the MATLAB module and configure the
simulation parameters. By instantiating a SimulinkPlant object within the Python software,
a connection to MATLAB is established, allowing the simulation to start. Upon completion
of the simulation, the Python software retrieves the output data and subsequently closes
the connection to MATLAB.

4.7.1.6 Output

The software developed gives the performance indicators presented in Chapter 2 and
the transformer aging. These indicators are presented for the community as a whole.

All the calculations within the software were conducted as outlined in earlier in this
Chapter.
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5

Study Case: Oeiras

5.1 Location

Oeiras provides a multitude of buildings with various characteristics. Being mostly
a residential area, households rage from single family houses to seven plus apartment
buildings. In spite of the fact that it is a residential area, a large percentage of the buildings
have a significant distance between each other and the ones that are close together, or are
geminated houses, are the same height making it so the shading a building will cast on
it’s neighbour is minimum. Lastly, Oeiras is a coastal municipality therefore the ambient
temperature will have lower values and stronger winds which will have a positive impact
on the power production of the PV systems. The mentioned characteristics make Oeiras
an ideal location to simulate the various cases presented in this thesis, in residential PV
production.

As mentioned before, a distinction between single family houses and apartment
buildings was made. The locations chosen for apartment buildings and single family
houses are shown in Figure 5.1 and Figure 5.2 respectively.

In the cases where both typologies are used it was considered that the locations were
adjacent making the distance between them minimal.

5.2 Consumption

The consumption charts for each household can be seen in Annex III.

5.3 PV Module

For the purpose of achieving uniform and consistent results, the PV module JKM575M-
7RL4-V from JinkoSolar was selected. It is a mono-crystalline module with 2 series of 78
cells providing a maximum power of 540 Watt peek (Wp). The selected module occupies
an area of 2,48 square meters where the long and short side are 2.206 and 1.122 meters
respectively.
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Figure 5.1: Chosen location for the study case apartment buildings

Table 5.1: PV module characteristics
Manufacturer Model Number Family Efficiency (%) N cell Nameplate Isc (A) Nameplate Voc (V) Nameplate Ipmax (A) Nameplate Vpmax (C) Average NOCT Pmax (%/℃) Isc (%/℃) Voc (%/℃) Mounting Long Side (m)

Jinksolar JKM510M-72HL4-TV Monocrystalline 20.60 72 13.05 48.94 12.32 41.40 45 -0.35 0.048 -0.28 Rack 2.206

5.3.1 Module Shading

As previously stated, in order to mitigate the PV module’s shading, it is necessary
to calculate the appropriate inter-row distancing. The method sun path method offers
a means to calculate the distance considering the worse case scenario, the month of
December. Figure 5.3 shows the sun path for the location of Oeiras alongside the solar
elevation.

Considering that the PVGIS datasets start presenting irradiation values as soon as
8AM, the solar elevation and azimuth were obtained for the corresponding time period,
8AM-4PM.

The value for the azimuth correction can be obtained by Equation 5.1.
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Figure 5.2: Chosen location for the study case single family houses

𝐴 = 180 − 𝐴
′ (5.1)

Given the fact that it is only necessary to calculate the inter-row distance when
considering buildings with horizontal roofs, it was asserted that all modules would
be installed with an inclination of 35º since that is the optimal value for the selected
location, depicted in Figure 5.4.

With Figure 5.2 it is possible to calculate the module height relative it’s inclination,
where 𝛼 is the 35º and ℎ′ is the 2.48 meters mentioned above.

𝑠𝑖𝑛(𝛼) = 𝐻

ℎ′
(5.2)

It is now possible to calculate the inter-row distance applicable in this case by applying
Equation 5.3 and Equation 5.5, with the values present in Table 5.3.

𝐷
′
=

1.383
𝑡𝑎𝑛(7.5) (5.3)

𝐷
′
= 10.5𝑚 (5.4)

𝐷 = 10.5 × 𝑐𝑜𝑠(52.5) (5.5)
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Table 5.2: Individual with Storage approach

Manufacturer Jinksolar
Model Number JKM510M-72HL4-TV

Family Monocrystalline
Efficiency (%) 20.60

N Cell 72
Nameplate Isc (A) 13.05
Nameplate Voc (V) 48.94

Nameplate Ipmax (A) 12.23
Nameplate Vpmax (C) 41.40

Average NOCT 45
Pmax (%/℃) -0.35

Isc (%/℃) 0.048
Voc (%/℃) -0.28
Mounting Rack

Long Side (m) 2.206
Short Side (m) 1.122

Table 5.3: Values for calculation inter-row spacing

Solar Elevation (S) Solar Azimuth (A’) Solar Azimuth Correction (A) Height (H)
7.5º 127.5º 52.5º 1.383 m

𝐷 = 6.39𝑚 (5.6)

After the calculations, the resulting value for the inter-row spacing is approximately
6.39 meters which will be rounded up to 6.40 meters to facilitate the calculations and
possible implementation.

5.3.2 Number of PV Modules

The final number of PV modules simulated for each household, calculated as described
in Chapter 4, can be found in Annex IV.

5.3.3 Communities Dimensioning

According to Lopes et al. [24], the impact on transformers became noticeable at 16
households and pronounced at 19 households. As a result, it was decided to investigate
each scenario within the range of 16 to 20 households.

In the context of scenarios involving multiple energy communities, two distinct commu-
nities were defined. This approach facilitated the representation of transactions between
these communities without depleting the surplus of PV and coming back to a scenario
where the communities did not engage in trade with each other. Additionally, one of the
communities consisted of apartment buildings, while the other comprised single-family
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Figure 5.3: Sun’s path and elevation for the months of June to December in Oeiras

houses, enabling an examination of whether one building type was preferred over the
other.

5.4 Inverter

In scenarios without a battery system, a micro inverter was selected for each individual
PV module to simplify the calculations. However, when a battery system was present, the
software opted for a inverter for the entire system. This choice was motivated by situations
in which a household might require an inverter not found in the selected database. Table
5.4 presents the micro inverter’s characteristics.

Table 5.4: Micro inverter datasheet
Micro Inverter Model APsystems DS3-H
Output Power (VA) 960
Output Current (A) 4.2

Output Voltage Range (V) 184-253
Maximum Input Current (A) 20 x 2
Maximum Input Voltage (V) 60V

Weighted Efficiency (%) 97.3
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Figure 5.4: PV module disposition

5.5 Battery System

Using the software explained in Chapter 4, it was possible to dimension the battery
capacity for each household and for each energy community. As mentioned before, this
dimensioning was based on a daily cycling approach. Table 5.5 and Table 5.6 present the
battery capacity of the battery for each case. In brackets are the calculated values. As
evident, it was not always possible to find the most adequate battery.

If the datasheet did not specify, the depth of charge considered was of 90%.

5.6 Distribution Transformers

As mentioned before, the capacity and usage level of distribution transformers in the
Portuguese grid can be acquired from the E-REDES Balcão Digital platform [46]. In the
area under simulation, two transformers were identified as the most likely ones to serve
the selected buildings. These transformers can be seen in Figure 5.5 and Figure 5.6.

As it is possible to see in Equation 5.7, the usage level is presented as a range. To
simplify calculations, the midpoint of this range was adopted as the constant usage level
throughout the simulation period.

5.7 Results

During the simulations, each household underwent individual simulation. Con-
sequently, performance indicators were computed separately for each household and
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Table 5.5: Battery capacity for each household

Household Battery Capacity (kWh)
1 2.56 (3)
2 2.56 (3)
3 2.56 (3)
4 2.56 (3)
5 3.8 (4)
6 3.8 (4)
7 3.8 (4)
8 5
9 5
10 2.56 (3)
11 2.56 (3)
12 2.56 (3)
13 7.2 (7)
14 7.2 (7)
15 7.2 (7)
16 7.2 (7)
17 15
18 15
19 15
20 15

Table 5.6: Battery capacity for each energy community

Households
16 17 18 19 20

Battery Capacity (kWh) 12 (11) 10 16 24 24(26)

Table 5.7: Transformers and their installed power and usage level

Transformer Capacity (kVA) Usage level (%)
1 500 20-39
2 400 40-59

attribute within every scenario. To obtain a more comprehensive insight, two of the perfor-
mance indicators, SSR and SCR, were further subdivided into more detailed components
based on the simulated approach.

In order to examine the community within each approach, the performance indicators
were also computed by considering the collective sum of households for each scenario.
In other words, these performance indicators were calculated by aggregating the total
PV generation, energy consumption, and energy exchanged with the grid across all
households. These values exclusively pertain to households equipped with PV systems,
or those utilizing energy generated by PV systems, facilitated by ECs. This are the values
presented in the following tables.

The results presented in this section are derived from the methods presented earlier.
The computations for the transformer aging were described in the Transformer Aging
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Figure 5.5: Distribution transformers

section in Chapter 4, while the computations for the remaining performance indicators
were discussed in the Performance Indicators section in Chapter 2.

In Annex V and VI it is possible to see the performance indicators and electrical bill for
each household. As the aim of this thesis is to assess the impact of different methods on
the overall community, the presented results serve as intermediate calculations utilized
for determining the community values.

5.7.1 Individual

In the individual approach, since there are no P2P markets or storage systems, the
performance indicators and transformer aging are only referent to direct PV consumption
and grid exchanges, shown in Table 5.8 and Table 5.9 respectively.

The electricity bill, shown in Table VI.1 both scenarios, without PV implementation and
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Figure 5.6: Distribution transformers

Table 5.8: Performance indicators for the individual approach

Households
16 17 18 19 20

NGE (kWh / year) 94933.8 115796.1 136406.7 157029.1 177634.8
SSR 0.29 0.31 0.32 0.33 0.34
SCR 0.37 0.37 0.36 0.35 0.35

Table 5.9: Transformer aging for the individual approach

Households Minimum Power (kVA) Hot Spot Temperature (°C) Aging (days/year)
16 141.23 47.91 0.02
17 139.27 47.91 0.02
18 137.29 47.91 0.02
19 135.28 47.91 0.02
20 133.26 47.91 0.02

with the individual approach, was determined using the standard energy price specified
in Chapter 4.

Table 5.10: Energy bill for the community for the individual approach

Household No PV (€) Individual (€)
16 10 721.86 4 826.42
17 12 894.44 5 370.20
18 14 957.84 5 823.08
19 17 022.05 6 276.98
20 19 085.30 6 729.58

5.7.2 Individual with Storage

In this approach, since battery systems are present, the SSR and SCR were divided into
the percentage of PV that is directly consumed by the household, 𝑆𝑆𝑅𝐿𝑀 and 𝑆𝐶𝑅𝐿𝑀,
and the the percentage of PV that is consumed by discharging the battery later on, 𝑆𝑢 𝑓 𝑓𝑏𝑎𝑡𝑡

and 𝐶𝑜𝑛𝑏𝑎𝑡𝑡 . 𝑆𝑆𝑅𝑇𝑜𝑡𝑎𝑙 and 𝑆𝐶𝑅𝑇𝑜𝑡𝑎𝑙 are the total percentage of PV consumed by each
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household. These values can be seen in Table 5.11.

Table 5.11: Performance indicators for the individual with storage approach

Households
16 17 18 119 20

NGE (kWh / year) 12829.94 16098.00 19272.42 22437.44 25607.96
SSR LM 0.29 0.31 0.32 0.33 0.34
SCR LM 0.37 0.36 0.36 0.36 0.35
𝑆𝑢 𝑓 𝑓𝑏𝑎𝑡𝑡 0.32 0.35 0.37 0.4 0.41
𝐶𝑜𝑛𝑏𝑎𝑡𝑡 0.39 0.41 0.42 0.43 0.44

SSR Total 0.61 0.66 0.69 0.73 0.75
SCR Total 0.76 0.77 0.78 0.79 0.79

Table 5.12 presents the values used to calculate the transformer aging and the respective
transformer aging for each scenario.

Table 5.12: Transformer aging for the individual with storage approach

Households Minimum Power (kVA) Hot Spot Temperature (°C) Aging (days/year)
16 145.73 47.91 0.02
17 144.67 47.91 0.02
18 143.59 47.91 0.02
19 142.58 47.91 0.02
20 141.56 47.91 0.02

As computed in the earlier approach, the electricity bill was determined using the
standard electricity rate. It was assumed that charging and discharging had no monetary
value, as the battery was considered to be owned by the household. Consequently, only
grid electricity exchanges translated into charges resulting in the electricity bill shown in
Table VI.2.

Table 5.13: Energy bill for the community for the individual with storage approach

Household No PV (€) Individual with Storage (€)
16 10 721.86 3 320.01
17 12 894.44 3 331.45
18 14 957.84 3 227.42
19 17 022.05 3 123.57
20 19 085.30 3 019.13

5.7.3 Energy Community

Similar to the previous approach, the SSR and SCR were subdivided into more detail.
In this instance, 𝑆𝑢 𝑓 𝑓𝑃2𝑃 and 𝐶𝑜𝑛𝑃2𝑃 are referent to the PV generated energy that is
exchanged between households. It’s important to note that while individual households
may exhibit SCR values greater than 1, the community as a whole can never surpass this
threshold in this context. These values are presented in Table ??.
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Table 5.14: Performance indicators for the multiple energy communities approach
Households

16 17 18 19 20
EC 1 EC 2 EC 1 EC 2 EC 1 EC 2 EC 1 EC 2 EC 1 EC 2

NGE (kWh / year) 66395.71 154596.69 77298.8 166095.86 87984.31 171200.42 99872.54 197773.17 111384.94 211521.37
SSR LM 0.16 0.21 0.17 0.20 0.17 0.20 0.20 0.20 0.19 0.21
SCR LM 0.34 0.49 0.38 0.49 0.35 0.50 0.34 0.49 0.36 0.50
𝑆𝑢 𝑓 𝑓𝑃2𝑃 0.16 0.20 0.15 0.09 0.17 0.10 0.16 0.11 0.17 0.09
𝐶𝑜𝑛𝑃2𝑃 0.33 0.20 0.34 0.22 0.35 0.24 0.27 0.29 0.36 0.50

SSR Total 0.32 0.29 0.33 0.29 0.34 0.29 0.36 0.29 0.36 0.30
SCR Total 0.67 0.69 0.72 0.70 0.69 0.74 0.61 0.78 0.69 0.72

In this approach, both transformers were taken into account. Due to their varying
levels of usage, the aging process resulted in different values, which are detailed in Table
5.15.

Table 5.15: Transformer aging for the energy community approach

Minimum Power (KVA) Hot Spot Temperature (°C) Aging (days/year)
Households EC 1 EC 2 EC 1 EC 2 EC 1 EC 2

16 144.72 188.50 47.91 91.07 0.02 0.55
17 144.72 186.63 47.91 91.07 0.02 0.55
18 142.76 186.63 47.91 91.07 0.02 0.55
19 142.76 184.32 47.91 91.07 0.02 0.55
20 140.75 184.32 47.91 91.07 0.02 0.55

In contrast to the two preceding approaches, the electricity cost is not based on the
standard rate but is determined by the community, dependent upon the PV generation
ratio relative to consumption. Because the electricity price is community-specific, EC1
and EC2 feature distinct rates for the same time intervals. The outcomes are presented in
Table VI.5.

Table 5.16: Energy bill for the community for the energy community approach

Household No PV (€) EC (€)
EC1 EC2 EC1 EC2

16 10 721.86 25 472.08 4 164.59 10 371.7
17 12 894.44 27 536.39 4 437.77 11 496.46
18 14 957.84 29 602.42 5 713.90 12 073.93
19 17 022.05 32 538.60 4 609.29 14 804.42
20 19085.30 35 329.02 6 071.66 14 606.11

5.7.4 Energy Community with Storage

This approach integrates the performance indicators discussed in the earlier ap-
proaches, enabling a distinction between three sources of PV utilization: direct con-
sumption within the generating household, PV obtained through P2P transactions, and
PV acquired via battery discharging. As in the previous scenario, individual households
may exhibit SCR values greater than 1, as they draw on PV from multiple sources. These
values are presented in Table 5.17
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Table 5.17: Performance indicators for the energy community with storage approach

Households
16 17 18 119 20

NGE (kWh / year) 38740.35 47967.7 51154.70 48714.63 49182.61657
SSR LM 0.16 0.17 0.17 0.21 0.17
SCR LM 0.34 0.38 0.35 0.36 0.36
𝑆𝑢 𝑓 𝑓𝑃2𝑃 0.11 0.11 0.14 0.13 0.14
𝐶𝑜𝑛𝑃2𝑃 0.23 0.24 0.28 0.23 0.27
𝑆𝑢 𝑓 𝑓𝑏𝑎𝑡𝑡 0.20 0.17 0.18 0.24 0.18
𝐶𝑜𝑛𝑏𝑎𝑡𝑡 0.41 0.38 0.37 0.41 0.30

SSR Total 0.47 0.45 0.49 0.58 0.49
SCR Total 0.98 1 1 1 0.93

As well as in the previous approach, both transformers are considered, independently,
in the aging process. The calculations to define the power exchanged with the transformer
are outlined in Chapter 4 and the results are available in Table 5.18.

Table 5.18: Transformer aging for the energy community with storage approach

Households Minimum Power (kVA) Hot Spot Temperature (°C) Aging (days/year)
16 146.38 47.91 0.02
17 145.47 47.91 0.02
18 144.92 47.91 0.02
19 143.52 47.91 0.02
20 142.24 47.91 0.02

Similarly to the previous approach, the energy price is determined by the communities
and their transactions. In this instance, it is important to note that both the charging and
discharging of the battery are monetized. There is no difference in the pricing for charging
and discharging and are the same as the electricity price in their time interval. The energy
bill can be seen in Table 5.19.

Table 5.19: Energy bill for the community for the energy community with storage approach

Household No PV (€) EC with Storage (€)
16 10 721.86 3 378.37
17 12 894.44 3 605.97
18 14 957.84 3 920.51
19 17 022.05 3 910.46
20 19 085.30 4 531.61

5.7.5 Multiple Energy Communities

Similarly to how it was done in both energy community approaches, the SSR and
SCR are differentiated based on whether the PV is used directly or exchanged through
P2P transactions. It’s worth noting that these indicators do not specify which energy
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Table 5.20: Performance indicators for the multiple energy communities approach
Households

16 17 18 19 20
EC 1 EC 2 EC 1 EC 2 EC 1 EC 2 EC 1 EC 2 EC 1 EC 2

NGE (kWh / year) 66395.71 154596.69 77298.8 166095.86 87984.31 171200.42 99872.54 197773.17 111384.94 211521.37
SSR LM 0.16 0.21 0.17 0.20 0.17 0.20 0.20 0.20 0.19 0.21
SCR LM 0.34 0.49 0.38 0.49 0.35 0.50 0.34 0.49 0.36 0.50
𝑆𝑢 𝑓 𝑓𝑃2𝑃 0.16 0.20 0.15 0.09 0.17 0.10 0.16 0.11 0.17 0.09
𝐶𝑜𝑛𝑃2𝑃 0.33 0.20 0.34 0.22 0.35 0.24 0.27 0.29 0.36 0.50

SSR Total 0.32 0.29 0.33 0.29 0.34 0.29 0.36 0.29 0.36 0.30
SCR Total 0.67 0.69 0.72 0.70 0.69 0.74 0.61 0.78 0.69 0.72

community engaged in the exchanges. However, this information can be inferred from
the indicators in the energy community approach, given that the households considered
are consistent in both cases. These indicators are seen in Table 5.20.

As detailed in Chapter 4, the additional power exchanged by each household with
the transformer is computed based on a scenario where no PV generation occurs. This
approach accounts for both surplus PV power that the transformer must purchase and the
PV generated power that a household does not need to acquire from the transformer. With
exchanges occurring between the communities, it’s important to note that any surplus or
deficit power is allocated to the transformer it would have originally been associated with.
In other words, if a household from EC1 purchases PV-generated energy from a household
in EC2, the power deficit is attributed to the transformer in EC1, as this transformer was
initially responsible for supplying the required power.

Table 5.21: Transformer aging for the multiple energy communities approach

Minimum Power (kVA) Hot Spot Temperature (°C) Aging (days/year)
Households EC 1 EC 2 EC 1 EC 2 EC 1 EC 2

16 142.38 190.84 47.91 91.07 0.02 0.55
17 142.38 188.97 47.91 91.07 0.02 0.55
18 140.52 188.87 47.91 91.07 0.02 0.55
19 140.52 186.56 47.91 91.07 0.02 0.55
20 148.24 183.73 47.91 91.07 0.02 0.55

Lastly, the energy bill was determined by using the electricity prices set by each
community, with the selling community dictating the price. The results can be seen in
Table 5.22.

Table 5.22: Energy bill for the community for the multiple energy communities approach

Household No PV (€) Multiple EC (€)
EC1 EC2 EC1 EC2

16 10 721.86 25 472.08 3 336.19 10 170.64
17 12 894.44 27 536.39 4 247.04 11 574.41
18 14 957.84 29 602.42 4 469.51 12 936.35
19 17 022.05 32 538.60 4 521.42 13 730.32
20 19085.30 35 329.02 6 350.35 14 135.82
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5.8 Discussion

As anticipated, the individual approach yielded the least favorable outcomes con-
cerning SSR and SCR. The absence of supporting systems, such as P2P trading or a
storage system, results in a substantial percentage of unutilized PV generated power. The
introduction of a battery system enables greater savings on the electrical bill, yet this
advantage is offset by the considerable costs associated with the battery. On the other
hand, the energy community with storage approach demonstrates superior performance
indicators and achieves an electrical bill value comparable to that of the individual with
storage approach.

The financial distinction between the EC approach and the EC with storage approach
exhibits minimal variance, as the costs associated with charging and discharging the
battery align with those of P2P trading. Consequently, neither approach emerges as
superior when excluding the initial investment in the community battery. Nevertheless, as
evident in the preceding sections, the requiredbattery capacity foran individualhousehold
far exceeds that needed for a community. This disparity arises from the calculation of the
community’s battery capacity, which took into account the P2P trading dynamics.

Upon examining the multi-EC approaches, it becomes apparent that the maximum
power capacity managed by the EC1 transformer has diminished in contrast to the EC
method, while the maximum power capacity handled by the EC12 has increased. This
shift is attributed to the occurrence of P2P exchanges at low voltage levels. Consequently,
the transformer of the EC2 did not necessitate feeding all of the surplus power back into
the grid.

The instances of repeated values in the EC transformer aging are observed when a
household added from the preceding scenario is classified as a consumer rather than a
prosumer. Given that a consumer household lacks power generation capability, there is no
contribution of power fed back to the transformer. Consequently, the power input to the
transformer remains constant in such cases. This suggests that adopting an EC approach
is more advantageous than an individual one, given that the inclusion of consumer
households positively influences the transformer.

Another crucial aspect not explicitly depicted in the presented results involves the
distinction between the power fed into the grid and the power not drawn from the grid,
in contrast to the no-PV approach. In this dissertation, the incorporation of both power
fed back into the transformer and the power consumed by each household, whether from
their own PV generation or that of their neighbors, is examined as deductions from the
transformer power in the absence of PV. Consequently, the results do not allow for a clear
differentiation between the two. It is noteworthy, however, that the power deducted from
the transformer due to PV consumption cannot fall below zero, while the power fed into
the grid can reach negative values. Hence, a reduction in power in the multi-EC approach
compared to the EC approach does not signify an increase in power fed into the grid due
to the P2P trading. Instead, it denotes a decrease in power drawn from the grid. This
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differentiation serves to underscore the viability of both EC and batteries approaches.
Figure 5.7 and Figure 5.8 show the transformers available in the study case area

and the amount of apartment buildings in each building. The area studied presented 7
transformers and a total of 1616 households. If an average of 230 houses per distribution
transformer is considered, even in the worst-case scenario, it was observed a maximum
load decrease of 16.74 kVA. Extrapolating this behavior to other houses would result in a
maximum cumulative decrease of 193 kVA, which still remains well below the standard
transformer capacity. This deduction is based on the optimal performance range of a
transformer being within 1.5 times its rated power. In the specific instance of the EC1
transformer with a rated power of 500KVA, its critical operational range falls below -
750KVA and above 750KVA. This suggests that ECs can be integrated seamlessly into this
existing power infrastructure without overburdening transformers.

Figure 5.7: Transformer in the study case area

Figure 5.8: Apartment per buildings
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6

Conclusions

In conclusion, the results confirm the expected advantages of ECs with storage in
optimizing PV consumption. The individual approach, although valuable, consistently
yielded lower values in comparison. This outcome underscores the effectiveness of ECs
in harnessing surplus PV energy to benefit the entire community.

The utilization of the median day approach for battery dimensioning, in the indi-
vidual with storage approach, while initially promising, has not yielded the anticipated
results. This approach has the potential to lead to suboptimal battery usage and increased
costs, particularly in the current market scenario where battery prices remain high. In in-
stances where batteries were not optimally dimensioned, the SSR and SCR results, closely
resembled those of the multiple ECs, highlighting the significance of precise battery
dimensioning.

Energy community batteries prove to be a more lucrative option due to their lower
capacity requirements to maintain a 20%-80% SOC and daily cycling, making them a
cost-effective choice. Conversely, individual batteries do not exhibit the expected SCR
levels, as they were initially calculated based on a median day. This deviation could
be rooted in the fact that individual households have distinct daily energy consumption
patterns, rendering the median day approach less effective compared to community
scenarios. In the latter approach, the distinct energy usage patterns among individual
households can sometimes offset each other making P2P trading and battery systems
more viable. However, the individual-with-storage approach stands out by showcasing
minimal fluctuations in the power supplied to the transformer, offering a stable and
reliable solution.

One notable aspect of ECs is their high SCR. This is primarily attributed to houses
without PV generation benefiting from the surplus PV energy generated by others within
the community. This cooperative approach enhances overall energy efficiency.

Moreover, the study revealed that there is no significant negative impact on distribution
transformers within these communities. Figure 5.7 and Figure 5.8 show the transformers
available in the study case area and the amount of apartment buildings in each building.

Additionally, the analysis found that there was no significant difference in PV module
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dimensioning between single family houses and apartment buildings. Both types of
structures were capable of accommodating the necessary PV modules, though single-
family houses typically required more due to their higher energy consumption. However,
this increased investment in PV modules for houses with greater consumption resulted in
more substantial savings on electricity bills. Due to the greater number of PV modules on
single family houses, their influence becomes more pronounced when evaluating multi
EC scenarios.

Comparing various approaches to manage energy costs, it becomes evident that the
EC approach stands out as the most effective in reducing prices while factoring in battery
expenses. Although the individual with storage approach may initially appear to have the
lowest prices, the significant upfront investment required for batteries ultimately raises
the overall cost. On the contrary, the EC approach optimizes battery usage within the
community, spreading the expense more efficiently, resulting in a more cost effective
energy solution for all community members.

In summary, ECs with storage offer an efficient and sustainable approach to optimizing
PV consumption, with a high SCR and minimal impact on infrastructure. Whether in
single family houses or apartment buildings, the benefits of PV adoption within ECs are
evident, contributing to a greener and more cost-effective energy future.
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I

Flowcharts of market behaviour in EC
with and without a battery system
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Figure I.1: Flowchart describing the process of P2P markets in a case with 2 EC’s without a battery system.
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II

Monthly consumption comparison

Table II.1: Relation between all months
Relation (%)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Jan 100 97 117 114 122 119 104 103 114 135 124 88
Feb 103 100 120 117 126 122 107 106 117 139 127 90
Mar 85 83 100 98 104 102 89 88 97 116 106 75
Apr 88 85 102 100 107 104 91 90 100 118 108 77
May 82 80 96 93 100 98 85 84 93 111 101 72
Jun 84 82 98 96 103 100 87 86 95 113 104 74
Jul 96 93 112 109 117 114 100 99 109 130 119 84

Aug 97 94 114 111 119 116 101 100 110 131 120 85
Sep 88 86 103 100 107 105 92 91 100 119 109 77
Oct 74 72 87 84 90 88 77 76 84 100 92 65
Nov 81 79 95 92 99 96 84 83 92 109 100 71
Dec 114 111 133 130 139 136 119 117 130 154 141 100
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III

Yearly Household Consumption

Figure III.1: Yearly consumption for household 1
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ANNEX III . YEARLY HOUSEHOLD CONSUMPTION

Figure III.2: Yearly consumption for household

Figure III.3: Yearly consumption for household 3
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Figure III.4: Yearly consumption for household 2

Figure III.5: Yearly consumption for household 2
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ANNEX III . YEARLY HOUSEHOLD CONSUMPTION

Figure III.6: Yearly consumption for household 2

Figure III.7: Yearly consumption for household 1
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Figure III.8: Yearly consumption for household 1

Figure III.9: Yearly consumption for household 1
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ANNEX III . YEARLY HOUSEHOLD CONSUMPTION

Figure III.10: Yearly consumption for household 1

Figure III.11: Yearly consumption for household 1
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Figure III.12: Yearly consumption for household 1

Figure III.13: Yearly consumption for household 1
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ANNEX III . YEARLY HOUSEHOLD CONSUMPTION

Figure III.14: Yearly consumption for household 1

Figure III.15: Yearly consumption for household 1
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Figure III.16: Yearly consumption for household 1

Figure III.17: Yearly consumption for household 1
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ANNEX III . YEARLY HOUSEHOLD CONSUMPTION

Figure III.18: Yearly consumption for household 1

Figure III.19: Yearly consumption for household 1
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Figure III.20: Yearly consumption for household 1

Figure III.21: Yearly consumption for household 1
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ANNEX III . YEARLY HOUSEHOLD CONSUMPTION

Figure III.22: Yearly consumption for household 1

Figure III.23: Yearly consumption for household 1
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Figure III.24: Yearly consumption for household 1

Figure III.25: Yearly consumption for household 1
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ANNEX III . YEARLY HOUSEHOLD CONSUMPTION

Figure III.26: Yearly consumption for household 1

Figure III.27: Yearly consumption for household 1
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Figure III.28: Yearly consumption for household 1

Figure III.29: Yearly consumption for household 1
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ANNEX III . YEARLY HOUSEHOLD CONSUMPTION

Figure III.30: Yearly consumption for household 1

Figure III.31: Yearly consumption for household 1
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Figure III.32: Yearly consumption for household 1

Figure III.33: Yearly consumption for household 1

101



ANNEX III . YEARLY HOUSEHOLD CONSUMPTION

Figure III.34: Yearly consumption for household 1

Figure III.35: Yearly consumption for household 1

102



Figure III.36: Yearly consumption for household 1

Figure III.37: Yearly consumption for household 1
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ANNEX III . YEARLY HOUSEHOLD CONSUMPTION

Figure III.38: Yearly consumption for household 1

Figure III.39: Yearly consumption for household 1
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IV

Number of Modules Per Household
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ANNEX IV. NUMBER OF MODULES PER HOUSEHOLD

Table IV.1: Number of PV modules per household

Household North Modules South Modules East Modules West Modules
1 - 1 - -
2 - 1 - -
3 - 1 - -
4 - 1 - -
5 - - 1 -
6 - - 1 -
7 - - 1 -
8 - - 2 -
9 - 2 - -
10 - 2 - -
11 - - 2 -
12 - 2 - -
13 - 2 - -
14 - 2 - -
15 - 2 - -
16 - 2 - -
17 - 5 - -
18 - 5 - -
19 - 5 - -
20 - 5 - -
21 - 5 - -
22 - 5 - -
23 - 5 - -
24 - 5 - -
25 - 3 - -
26 - - 3 -
27 - 3 - -
28 - 3 - -
29 - 3 - -
30 - 3 - -
31 - 3 -
32 - 3 - -
33 - 5 - -
34 - - 4 -
35 - - 4 -
36 - - 4 -
37 - - 3 2
38 - - 4 1
39 - - 3 3
40 - - 3 3
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V

Performance indicators for the
individual households

Table V.1: Individual approach

Household SSR (%) SCR (%)
1 0.29 0.44
2 0.29 0.43
3 0.29 0.43
4 0.29 0.43
5 0.32 0.33
6 0.32 0.33
7 0.32 0.33
8 0.36 0.41
9 0.22 0.34
10 0.33 0.50
11 0.33 0.50
12 0.33 0.50
13 0.25 0.28
14 0.25 0.27
15 0.25 0.27
16 0.25 0.27
17 0.39 0.36
18 0.39 0.34
19 0.39 0.34
20 0.39 0.34
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ANNEX V. PERFORMANCE INDICATORS FOR THE INDIVIDUAL
HOUSEHOLDS

Table V.2: Individual with storage approach

LM Batt Total
Household SSR (%) SCR (%) SSR (%) SCR (%) SSR (%) SCR (%)

1 0.29 0.44 0.28 0.43 0.57 0.87
2 0.29 0.43 0.29 0.43 0.58 0.85
3 0.29 0.43 0.29 0.43 0.58 0.85
4 0.29 0.43 0.29 0.43 0.59 0.85
5 0.32 0.33 0.48 0.50 0.79 0.83
6 0.32 0.33 0.48 0.50 0.79 0.83
7 0.32 0.33 0.48 0.50 0.79 0.83
8 0.36 0.41 0.40 0.46 0.76 0.87
9 0.22 0.34 0.21 0.33 0.42 0.67
10 0.33 0.50 0.25 0.38 0.58 0.88
11 0.33 0.50 0.25 0.38 0.58 0.88
12 0.33 0.50 0.25 0.38 0.58 0.88
13 0.25 0.28 0.31 0.33 0.56 0.61
14 0.25 0.27 0.33 0.36 0.59 0.63
15 0.25 0.27 0.33 0.36 0.58 0.63
16 0.25 0.27 0.33 0.36 0.59 0.63
17 0.39 0.36 0.50 0.46 0.89 0.81
18 0.39 0.34 0.55 0.48 0.94 0.82
19 0.39 0.34 0.55 0.48 0.94 0.82
20 0.39 0.34 0.55 0.48 0.94 0.82
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Table V.3: Energy community approach - 16 households

LM P2P Total
Household SSR (%) SCR (%) SSR (%) SCR (%) SSR (%) SCR (%)

1 0.29 0.44 0.10 0.15 0.39 0.59
2 0.00 0.00 0.32 0.00 0.32 0.00
3 0.29 0.43 0.07 0.11 0.37 0.53
4 0.29 0.43 0.05 0.07 0.34 0.50
5 0.00 0.00 0.29 0.00 0.29 0.00
6 0.32 0.33 0.02 0.02 0.34 0.35
7 0.32 0.33 0.02 0.02 0.33 0.35
8 0.00 0.00 0.29 0.00 0.29 0.00
9 0.22 0.34 0.02 0.03 0.24 0.38
10 0.00 0.00 0.26 0.00 0.26 0.00
11 0.00 0.00 0.23 0.00 0.23 0.00
12 0.33 0.50 0.04 0.07 0.38 0.57
13 0.00 0.00 0.11 0.00 0.11 0.00
14 0.25 0.27 0.001 0.002 0.25 0.28
15 0.25 0.27 0.001 0.001 0.25 0.28
16 0.25 0.27 0.0004 0.0005 0.25 0.28
21 0.34 0.49 0.03 0.04 0.37 0.53
22 0.00 0.00 0.25 0.00 0.25 0.00
23 0.34 0.49 0.02 0.02 0.35 0.51
24 0.34 0.49 0.01 0.01 0.35 0.50
25 0.00 0.00 0.24 0.00 0.24 0.00
26 0.37 0.46 0.03 0.03 0.39 0.49
27 0.33 0.58 0.02 0.04 0.35 0.62
28 0.00 0.00 0.20 0.00 0.20 0.00
29 0.36 0.51 0.004 0.006 0.37 0.52
30 0.36 0.51 0.004 0.005 0.37 0.52
31 0.36 0.51 0.003 0.004 0.37 0.51
32 0.36 0.51 0.003 0.004 0.37 0.51
33 0.00 0.00 0.15 0.00 0.15 0.00
34 0.00 0.00 0.15 0.00 0.15 0.00
35 0.38 0.42 0.004 0.004 0.39 0.43
36 0.00 0.00 0.13 0.00 0.13 0.00
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ANNEX V. PERFORMANCE INDICATORS FOR THE INDIVIDUAL
HOUSEHOLDS

Table V.4: Energy community approach - 17 households

LM P2P Total
Household SSR (%) SCR (%) SSR (%) SCR (%) SSR (%) SCR (%)

1 0.00 0.00 0.35 0.00 0.35 0.00
2 0.29 0.43 0.10 0.14 0.39 0.57
3 0.00 0.00 0.34 0.00 0.34 0.00
4 0.29 0.43 0.06 0.09 0.35 0.51
5 0.00 0.00 0.29 0.00 0.29 0.00
6 0.32 0.33 0.03 0.03 0.34 0.36
7 0.00 0.00 0.26 0.00 0.26 0.00
8 0.36 0.41 0.05 0.06 0.42 0.47
9 0.00 0.00 0.14 0.00 0.14 0.00
10 0.33 0.50 0.07 0.10 0.40 0.60
11 0.33 0.50 0.05 0.08 0.39 0.58
12 0.33 0.50 0.04 0.06 0.37 0.56
13 0.00 0.00 0.13 0.00 0.13 0.00
14 0.25 0.27 0.01 0.01 0.26 0.28
15 0.25 0.27 0.004 0.004 0.26 0.28
16 0.25 0.27 0.003 0.003 0.26 0.28
17 0.00 0.00 0.173 0.000 0.17 0.00
21 0.00 0.00 0.25 0.00 0.25 0.00
22 0.34 0.49 0.03 0.04 0.36 0.53
23 0.00 0.00 0.25 0.00 0.25 0.00
24 0.34 0.49 0.01 0.02 0.35 0.51
25 0.00 0.00 0.22 0.00 0.22 0.00
26 0.37 0.46 0.01 0.01 0.38 0.47
27 0.00 0.00 0.18 0.00 0.18 0.00
28 0.33 0.58 0.01 0.02 0.34 0.60
29 0.00 0.00 0.17 0.00 0.17 0.00
30 0.36 0.51 0.002 0.003 0.37 0.51
31 0.36 0.51 0.002 0.003 0.37 0.51
32 0.36 0.51 0.002 0.002 0.37 0.51
33 0.00 0.00 0.13 0.00 0.13 0.00
34 0.35 0.55 0.001 0.002 0.35 0.55
35 0.38 0.42 0.003 0.003 0.38 0.43
36 0.38 0.42 0.002 0.002 0.38 0.42
37 0.00 0.00 0.15 0.00 0.15 0.00
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Table V.5: Energy community approach - 18 households

LM P2P Total
Household SSR (%) SCR (%) SSR (%) SCR (%) SSR (%) SCR (%)

1 0.00 0.00 0.39 0.00 0.39 0.00
2 0.29 0.43 0.11 0.16 0.41 0.59
3 0.00 0.00 0.36 0.00 0.36 0.00
4 0.29 0.43 0.08 0.11 0.37 0.54
5 0.32 0.33 0.05 0.05 0.37 0.38
6 0.00 0.00 0.31 0.00 0.31 0.00
7 0.32 0.33 0.03 0.03 0.34 0.36
8 0.36 0.41 0.08 0.10 0.45 0.51
9 0.00 0.00 0.27 0.00 0.27 0.00
10 0.00 0.00 0.32 0.00 0.32 0.00
11 0.33 0.50 0.07 0.11 0.40 0.61
12 0.00 0.00 0.28 0.00 0.28 0.00
13 0.25 0.28 0.02 0.02 0.27 0.30
14 0.25 0.27 0.01 0.01 0.27 0.29
15 0.00 0.00 0.13 0.00 0.13 0.00
16 0.25 0.27 0.004 0.004 0.26 0.28
17 0.39 0.36 0.01 0.01 0.40 0.37
18 0.00 0.00 0.22 0.00 0.22 0.00
21 0.00 0.00 0.29 0.00 0.29 0.00
22 0.34 0.49 0.03 0.04 0.36 0.53
23 0.00 0.00 0.24 0.00 0.24 0.00
24 0.34 0.49 0.01 0.01 0.35 0.50
25 0.32 0.60 0.04 0.08 0.37 0.69
26 0.00 0.00 0.21 0.00 0.21 0.00
27 0.33 0.58 0.02 0.04 0.35 0.62
28 0.33 0.58 0.02 0.03 0.34 0.61
29 0.00 0.00 0.19 0.00 0.19 0.00
30 0.00 0.00 0.17 0.00 0.17 0.00
31 0.36 0.51 0.003 0.004 0.37 0.51
32 0.00 0.00 0.16 0.00 0.16 0.00
33 0.34 0.57 0.002 0.003 0.34 0.57
34 0.35 0.55 0.001 0.002 0.35 0.55
35 0.00 0.00 0.13 0.00 0.13 0.00
36 0.38 0.42 0.003 0.004 0.39 0.43
37 0.35 0.39 0.01 0.01 0.36 0.40
38 0.00 0.00 0.14 0.00 0.14 0.00

111



ANNEX V. PERFORMANCE INDICATORS FOR THE INDIVIDUAL
HOUSEHOLDS

Table V.6: Energy community approach - 19 households

LM P2P Total
Household SSR (%) SCR (%) SSR (%) SCR (%) SSR (%) SCR (%)

1 0.00 0.00 0.41 0.00 0.41 0.00
2 0.00 0.00 0.41 0.00 0.41 0.00
3 0.29 0.43 0.10 0.14 0.39 0.57
4 0.00 0.00 0.35 0.00 0.35 0.00
5 0.32 0.33 0.07 0.07 0.38 0.40
6 0.32 0.33 0.06 0.06 0.38 0.39
7 0.00 0.00 0.33 0.00 0.33 0.00
8 0.36 0.41 0.08 0.09 0.45 0.51
9 0.22 0.34 0.13 0.20 0.34 0.55
10 0.00 0.00 0.36 0.00 0.36 0.00
11 0.33 0.50 0.09 0.13 0.42 0.63
12 0.33 0.50 0.07 0.10 0.40 0.60
13 0.00 0.00 0.23 0.00 0.23 0.00
14 0.25 0.27 0.03 0.04 0.29 0.31
15 0.25 0.27 0.02 0.02 0.27 0.30
16 0.00 0.00 0.15 0.00 0.15 0.00
17 0.39 0.36 0.01 0.01 0.40 0.37
18 0.39 0.34 0.01 0.01 0.40 0.35
19 0.00 0.00 0.24 0.00 0.24 0.00
21 0.00 0.00 0.28 0.00 0.28 0.00
22 0.00 0.00 0.27 0.00 0.27 0.00
23 0.34 0.49 0.02 0.03 0.36 0.52
24 0.00 0.00 0.23 0.00 0.23 0.00
25 0.32 0.60 0.05 0.09 0.37 0.70
26 0.37 0.46 0.02 0.02 0.38 0.48
27 0.00 0.00 0.21 0.00 0.21 0.00
28 0.33 0.58 0.02 0.04 0.35 0.63
29 0.36 0.51 0.01 0.02 0.38 0.53
30 0.00 0.00 0.19 0.00 0.19 0.00
31 0.36 0.51 0.01 0.01 0.37 0.52
32 0.36 0.51 0.01 0.01 0.37 0.52
33 0.00 0.00 0.15 0.00 0.15 0.00
34 0.35 0.55 0.01 0.01 0.35 0.56
35 0.38 0.42 0.002 0.003 0.38 0.43
36 0.00 0.00 0.14 0.00 0.14 0.00
37 0.35 0.39 0.01 0.01 0.36 0.39
38 0.35 0.39 0.01 0.01 0.35 0.39
39 0.00 0.00 0.11 0.00 0.11 0.00
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Table V.7: Energy community with Storage approach - 16 households

LM P2P Total
Household SSR (%) SCR (%) SSR (%) SCR (%) SSR (%) SCR (%)

1 0.00 0.00 0.41 0.00 0.41 0.00
2 0.00 0.00 0.41 0.00 0.41 0.00
3 0.29 0.43 0.10 0.14 0.39 0.57
4 0.00 0.00 0.35 0.00 0.35 0.00
5 0.32 0.33 0.07 0.07 0.38 0.40
6 0.32 0.33 0.06 0.06 0.38 0.39
7 0.00 0.00 0.33 0.00 0.33 0.00
8 0.36 0.41 0.08 0.09 0.45 0.51
9 0.22 0.34 0.13 0.20 0.34 0.55
10 0.00 0.00 0.36 0.00 0.36 0.00
11 0.33 0.50 0.09 0.13 0.42 0.63
12 0.33 0.50 0.07 0.10 0.40 0.60
13 0.00 0.00 0.23 0.00 0.23 0.00
14 0.25 0.27 0.03 0.04 0.29 0.31
15 0.25 0.27 0.02 0.02 0.27 0.30
16 0.00 0.00 0.15 0.00 0.15 0.00
17 0.39 0.36 0.01 0.01 0.40 0.37
18 0.39 0.34 0.01 0.01 0.40 0.35
19 0.00 0.00 0.24 0.00 0.24 0.00
20 0.00 0.00 0.23 0.00 0.23 0.00
21 0.00 0.00 0.29 0.00 0.29 0.00
22 0.00 0.00 0.03 0.00 0.03 0.00
23 0.34 0.49 0.26 0.38 0.60 0.87
24 0.00 0.00 0.02 0.00 0.02 0.00
25 0.39 0.41 0.05 0.05 0.44 0.46
26 0.33 0.58 0.23 0.40 0.55 0.98
27 0.00 0.00 0.02 0.00 0.02 0.00
28 0.33 0.58 0.02 0.03 0.35 0.62
29 0.36 0.51 0.20 0.28 0.56 0.79
30 0.00 0.00 0.01 0.00 0.01 0.00
31 0.36 0.51 0.01 0.01 0.37 0.52
32 0.36 0.51 0.18 0.25 0.54 0.76
33 0.00 0.00 0.01 0.00 0.01 0.00
34 0.38 0.48 0.004 0.005 0.38 0.48
35 0.35 0.55 0.16 0.25 0.50 0.79
36 0.00 0.00 0.00 0.00 0.00 0.00
37 0.33 0.46 0.01 0.02 0.35 0.48
38 0.35 0.39 0.16 0.18 0.51 0.57
39 0.36 0.47 0.003 0.004 0.36 0.47
40 0.00 0.00 0.12 0.00 0.12 0.00
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ANNEX V. PERFORMANCE INDICATORS FOR THE INDIVIDUAL
HOUSEHOLDS

Table V.8: Energy community with Storage approach - 16 households

LM P2P Batt Total
Household SSR (%) SCR (%) SSR (%) SCR (%) SSR (%) SCR (%) SSR (%) SCR (%)

1 0.29 0.44 0.10 0.15 0.17 0.26 0.56 0.85
2 0.00 0.00 0.32 0.00 0.20 0.00 0.51 0.00
3 0.29 0.43 0.07 0.11 0.19 0.27 0.56 0.81
4 0.29 0.43 0.05 0.07 0.20 0.00 0.55 0.50
5 0.00 0.00 0.29 0.00 0.21 0.31 0.50 0.31
6 0.32 0.33 0.02 0.02 0.21 0.00 0.55 0.35
7 0.32 0.33 0.02 0.02 0.21 0.22 0.54 0.56
8 0.00 0.00 0.29 0.00 0.20 0.46 0.49 0.46
9 0.22 0.34 0.02 0.03 0.13 0.00 0.37 0.38
10 0.00 0.00 0.26 0.00 0.26 0.39 0.51 0.39
11 0.00 0.00 0.23 0.00 0.28 0.00 0.51 0.00
12 0.33 0.50 0.04 0.07 0.23 0.35 0.61 0.92
13 0.00 0.00 0.11 0.00 0.22 0.00 0.33 0.00
14 0.25 0.27 0.001 0.002 0.15 0.17 0.41 0.44
15 0.25 0.27 0.001 0.001 0.15 0.16 0.40 0.44
16 0.25 0.27 0.0004 0.0005 0.15 0.16 0.40 0.43

Table V.9: Energy community with Storage approach - 17 households

LM LM P2P Batt Total
Household SSR (%) SCR (%) SSR (%) SCR (%) SSR (%) SCR (%) SSR (%) SCR (%)

1 0.00 0.00 0.35 0.00 0.19 0.27 0.54 0.27
2 0.29 0.43 0.10 0.14 0.20 0.00 0.58 0.57
3 0.00 0.00 0.34 0.00 0.20 0.29 0.54 0.29
4 0.29 0.43 0.06 0.09 0.21 0.00 0.56 0.51
5 0.00 0.00 0.29 0.00 0.22 0.34 0.51 0.34
6 0.32 0.33 0.03 0.03 0.22 0.00 0.56 0.36
7 0.00 0.00 0.26 0.00 0.22 0.24 0.48 0.24
8 0.36 0.41 0.05 0.06 0.21 0.47 0.63 0.94
9 0.00 0.00 0.14 0.00 0.13 0.00 0.27 0.00
10 0.33 0.50 0.07 0.10 0.27 0.39 0.67 0.99
11 0.33 0.50 0.05 0.08 0.28 0.00 0.67 0.58
12 0.33 0.50 0.04 0.06 0.24 0.37 0.61 0.93
13 0.00 0.00 0.13 0.00 0.23 0.00 0.36 0.00
14 0.25 0.27 0.01 0.01 0.15 0.17 0.41 0.45
15 0.25 0.27 0.004 0.004 0.15 0.16 0.41 0.44
16 0.25 0.27 0.003 0.003 0.15 0.16 0.40 0.44
17 0.00 0.00 0.173 0.000 0.160 0.180 0.33 0.18
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Table V.10: Energy community with Storage approach - 18 households

LM P2P Batt Total
Household SSR (%) SCR (%) SSR (%) SCR (%) SSR (%) SCR (%) SSR (%) SCR (%)

1 0.00 0.00 0.39 0.00 0.15 0.00 0.54 0.00
2 0.29 0.43 0.11 0.16 0.14 0.21 0.55 0.80
3 0.00 0.00 0.36 0.00 0.16 0.00 0.52 0.00
4 0.29 0.43 0.08 0.11 0.16 0.24 0.53 0.77
5 0.32 0.33 0.05 0.05 0.16 0.17 0.53 0.55
6 0.00 0.00 0.31 0.00 0.18 0.00 0.49 0.00
7 0.32 0.33 0.03 0.03 0.17 0.17 0.51 0.53
8 0.36 0.41 0.08 0.10 0.16 0.19 0.61 0.69
9 0.00 0.00 0.27 0.00 0.12 0.00 0.39 0.00
10 0.00 0.00 0.32 0.00 0.21 0.00 0.53 0.00
11 0.33 0.50 0.07 0.11 0.20 0.30 0.60 0.91
12 0.00 0.00 0.28 0.00 0.24 0.00 0.51 0.00
13 0.25 0.28 0.02 0.02 0.14 0.15 0.41 0.45
14 0.25 0.27 0.01 0.01 0.15 0.16 0.42 0.45
15 0.00 0.00 0.13 0.00 0.20 0.00 0.33 0.00
16 0.25 0.27 0.004 0.004 0.143 0.155 0.40 0.43
17 0.39 0.36 0.01 0.01 0.20 0.18 0.60 0.55
18 0.00 0.00 0.22 0.00 0.25 0.00 0.47 0.00

Table V.11: Energy community with Storage approach - 19 households

LM P2P Batt Total
Household SSR (%) SCR (%) SSR (%) SCR (%) SSR (%) SCR (%) SSR (%) SCR (%)

1 0.00 0.00 0.41 0.00 0.19 0.00 0.60 0.00
2 0.00 0.00 0.41 0.00 0.20 0.00 0.60 0.00
3 0.29 0.43 0.10 0.14 0.21 0.30 0.60 0.87
4 0.00 0.00 0.35 0.00 0.22 0.00 0.58 0.00
5 0.32 0.33 0.07 0.07 0.21 0.22 0.60 0.62
6 0.32 0.33 0.06 0.06 0.22 0.23 0.59 0.62
7 0.00 0.00 0.33 0.00 0.24 0.00 0.56 0.00
8 0.36 0.41 0.08 0.09 0.21 0.24 0.66 0.75
9 0.22 0.34 0.13 0.20 0.14 0.23 0.49 0.77
10 0.00 0.00 0.36 0.00 0.25 0.00 0.61 0.00
11 0.33 0.50 0.09 0.13 0.25 0.37 0.66 1.00
12 0.33 0.50 0.07 0.10 0.26 0.39 0.65 0.99
13 0.00 0.00 0.23 0.00 0.21 0.00 0.43 0.00
14 0.25 0.27 0.03 0.04 0.20 0.21 0.48 0.53
15 0.25 0.27 0.02 0.02 0.20 0.22 0.47 0.51
16 0.00 0.00 0.15 0.00 0.26 0.00 0.41 0.00
17 0.39 0.36 0.01 0.01 0.26 0.23 0.66 0.60
18 0.39 0.34 0.01 0.01 0.26 0.23 0.66 0.57
19 0.00 0.00 0.24 0.00 0.31 0.00 0.55 0.00
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Table V.12: Energy community with Storage approach - 20 households

LM P2P Batt Total
Household SSR (%) SCR (%) SSR (%) SCR (%) SSR (%) SCR (%) SSR (%) SCR (%)

1 0.00 0.00 0.41 0.00 0.12 0.00 0.53 0.00
2 0.00 0.00 0.41 0.00 0.13 0.00 0.53 0.00
3 0.29 0.43 0.10 0.14 0.13 0.19 0.52 0.76
4 0.00 0.00 0.35 0.00 0.14 0.00 0.49 0.00
5 0.32 0.33 0.07 0.07 0.13 0.13 0.51 0.53
6 0.32 0.33 0.06 0.06 0.13 0.14 0.51 0.53
7 0.00 0.00 0.33 0.00 0.15 0.00 0.48 0.00
8 0.36 0.41 0.08 0.09 0.16 0.18 0.60 0.68
9 0.22 0.34 0.13 0.20 0.10 0.16 0.44 0.71
10 0.00 0.00 0.36 0.00 0.18 0.00 0.54 0.00
11 0.33 0.50 0.09 0.13 0.19 0.29 0.61 0.92
12 0.33 0.50 0.07 0.10 0.20 0.31 0.60 0.91
13 0.00 0.00 0.23 0.00 0.16 0.00 0.38 0.00
14 0.25 0.27 0.03 0.04 0.16 0.17 0.45 0.48
15 0.25 0.27 0.02 0.02 0.16 0.17 0.43 0.47
16 0.00 0.00 0.15 0.00 0.21 0.00 0.36 0.00
17 0.39 0.36 0.01 0.01 0.19 0.17 0.59 0.54
18 0.39 0.34 0.01 0.01 0.20 0.17 0.60 0.52
19 0.00 0.00 0.24 0.00 0.20 0.30 0.44 0.30
20 0.00 0.00 0.23 0.00 0.24 0.00 0.47 0.00
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Table V.13: Multiple energy communities approach - 16 households

LM P2P Total
Household SSR SCR SSR SCR SSR SCR

1 0.29 0.44 0.13 0.19 0.41 0.63
2 0.00 0.00 0.38 0.00 0.38 0.00
3 0.29 0.43 0.11 0.15 0.40 0.58
4 0.29 0.43 0.09 0.13 0.38 0.56
5 0.00 0.00 0.35 0.00 0.35 0.00
6 0.32 0.33 0.06 0.06 0.38 0.39
7 0.32 0.33 0.06 0.06 0.38 0.39
8 0.00 0.00 0.36 0.00 0.36 0.00
9 0.22 0.34 0.06 0.10 0.28 0.44
10 0.00 0.00 0.35 0.00 0.35 0.00
11 0.00 0.00 0.31 0.00 0.31 0.00
12 0.33 0.50 0.07 0.10 0.40 0.61
13 0.00 0.00 0.18 0.00 0.18 0.00
14 0.25 0.27 0.03 0.04 0.29 0.31
15 0.25 0.27 0.03 0.03 0.28 0.31
16 0.25 0.27 0.02 0.03 0.28 0.30
21 0.34 0.49 0.03 0.04 0.37 0.53
22 0.00 0.00 0.23 0.00 0.23 0.00
23 0.34 0.49 0.02 0.02 0.35 0.51
24 0.34 0.49 0.01 0.02 0.35 0.51
25 0.00 0.00 0.22 0.00 0.22 0.00
26 0.37 0.46 0.03 0.04 0.40 0.49
27 0.33 0.58 0.03 0.05 0.35 0.63
28 0.00 0.00 0.20 0.00 0.20 0.00
29 0.36 0.51 0.01 0.01 0.37 0.52
30 0.36 0.51 0.01 0.01 0.37 0.52
31 0.36 0.51 0.01 0.01 0.37 0.52
32 0.36 0.51 0.01 0.01 0.37 0.52
33 0.00 0.00 0.15 0.00 0.15 0.00
34 0.00 0.00 0.16 0.00 0.16 0.00
35 0.38 0.42 0.01 0.01 0.39 0.43
36 0.00 0.00 0.14 0.00 0.14 0.00
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Table V.14: Multiple energy communities approach - 17 households

LM P2P Total
Household SSR SCR SSR SCR SSR SCR

1 0.00 0.00 0.39 0.00 0.39 0.00
2 0.29 0.43 0.12 0.18 0.42 0.61
3 0.00 0.00 0.39 0.00 0.39 0.00
4 0.29 0.43 0.10 0.14 0.39 0.57
5 0.00 0.00 0.35 0.00 0.35 0.00
6 0.32 0.33 0.07 0.07 0.39 0.40
7 0.00 0.00 0.34 0.00 0.34 0.00
8 0.36 0.41 0.08 0.09 0.44 0.50
9 0.00 0.00 0.20 0.00 0.20 0.00
10 0.33 0.50 0.10 0.14 0.43 0.65
11 0.33 0.50 0.08 0.13 0.41 0.63
12 0.33 0.50 0.07 0.11 0.40 0.61
13 0.00 0.00 0.20 0.00 0.20 0.00
14 0.25 0.27 0.04 0.04 0.29 0.32
15 0.25 0.27 0.03 0.03 0.29 0.31
16 0.25 0.27 0.03 0.03 0.28 0.30
17 0.00 0.00 0.25 0.00 0.25 0.00
21 0.00 0.00 0.25 0.00 0.25 0.00
22 0.34 0.49 0.02 0.03 0.36 0.52
23 0.00 0.00 0.21 0.00 0.21 0.00
24 0.34 0.49 0.01 0.01 0.35 0.50
25 0.00 0.00 0.20 0.00 0.20 0.00
26 0.37 0.46 0.02 0.03 0.39 0.49
27 0.00 0.00 0.18 0.00 0.18 0.00
28 0.33 0.58 0.01 0.03 0.34 0.61
29 0.00 0.00 0.18 0.00 0.18 0.00
30 0.36 0.51 0.00 0.00 0.37 0.52
31 0.36 0.51 0.00 0.00 0.37 0.51
32 0.36 0.51 0.00 0.00 0.37 0.51
33 0.00 0.00 0.13 0.00 0.13 0.00
34 0.35 0.55 0.00 0.00 0.35 0.55
35 0.38 0.42 0.01 0.01 0.39 0.43
36 0.38 0.42 0.00 0.01 0.39 0.43
37 0.00 0.00 0.14 0.00 0.14 0.00
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Table V.15: Multiple energy communities approach - 18 households

LM P2P Total
Household SSR SCR SSR SCR SSR SCR

1 0.00 0.00 0.42 0.00 0.42 0.00
2 0.29 0.43 0.14 0.20 0.43 0.63
3 0.00 0.00 0.40 0.00 0.40 0.00
4 0.29 0.43 0.11 0.15 0.40 0.58
5 0.32 0.33 0.08 0.09 0.40 0.42
6 0.00 0.00 0.36 0.00 0.36 0.00
7 0.32 0.33 0.07 0.08 0.39 0.41
8 0.36 0.41 0.10 0.11 0.46 0.52
9 0.00 0.00 0.26 0.00 0.26 0.00
10 0.00 0.00 0.38 0.00 0.38 0.00
11 0.33 0.50 0.10 0.15 0.43 0.65
12 0.00 0.00 0.35 0.00 0.35 0.00
13 0.25 0.28 0.09 0.09 0.34 0.37
14 0.25 0.27 0.05 0.06 0.31 0.33
15 0.00 0.00 0.19 0.00 0.19 0.00
16 0.25 0.27 0.03 0.03 0.29 0.31
17 0.39 0.36 0.01 0.01 0.40 0.37
18 0.00 0.00 0.27 0.00 0.27 0.00
21 0.00 0.00 0.25 0.00 0.25 0.00
22 0.34 0.49 0.02 0.03 0.36 0.52
23 0.00 0.00 0.23 0.00 0.23 0.00
24 0.34 0.49 0.01 0.02 0.35 0.51
25 0.32 0.60 0.05 0.09 0.37 0.70
26 0.00 0.00 0.22 0.00 0.22 0.00
27 0.33 0.58 0.03 0.06 0.36 0.64
28 0.33 0.58 0.03 0.05 0.36 0.63
29 0.00 0.00 0.21 0.00 0.21 0.00
30 0.00 0.00 0.20 0.00 0.20 0.00
31 0.36 0.51 0.01 0.01 0.37 0.52
32 0.00 0.00 0.18 0.00 0.18 0.00
33 0.34 0.57 0.01 0.01 0.35 0.58
34 0.35 0.55 0.01 0.01 0.35 0.56
35 0.00 0.00 0.15 0.00 0.15 0.00
36 0.38 0.42 0.01 0.01 0.39 0.43
37 0.35 0.39 0.02 0.02 0.36 0.40
38 0.00 0.00 0.15 0.00 0.15 0.00
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Table V.16: Multiple energy communities approach - 19 households

LM P2P Total
Household SSR SCR SSR SCR SSR SCR

1 0.00 0.00 0.42 0.00 0.42 0.00
2 0.00 0.00 0.42 0.00 0.42 0.00
3 0.29 0.43 0.13 0.19 0.42 0.61
4 0.00 0.00 0.39 0.00 0.39 0.00
5 0.32 0.33 0.10 0.10 0.41 0.43
6 0.32 0.33 0.09 0.09 0.41 0.42
7 0.00 0.00 0.37 0.00 0.37 0.00
8 0.24 0.28 0.10 0.11 0.34 0.39
9 0.32 0.51 0.11 0.17 0.43 0.68
10 0.00 0.00 0.40 0.00 0.40 0.00
11 0.33 0.50 0.10 0.16 0.44 0.66
12 0.21 0.32 0.10 0.15 0.31 0.47
13 0.00 0.00 0.27 0.00 0.27 0.00
14 0.25 0.27 0.09 0.10 0.35 0.38
15 0.25 0.27 0.07 0.08 0.32 0.35
16 0.00 0.00 0.20 0.00 0.20 0.00
17 0.37 0.34 0.02 0.02 0.39 0.35
18 0.39 0.34 0.01 0.01 0.40 0.35
19 0.00 0.00 0.28 0.00 0.28 0.00
21 0.00 0.00 0.28 0.00 0.28 0.00
22 0.00 0.00 0.26 0.00 0.26 0.00
23 0.34 0.49 0.02 0.03 0.36 0.52
24 0.00 0.00 0.24 0.00 0.24 0.00
25 0.31 0.58 0.06 0.12 0.38 0.70
26 0.37 0.46 0.04 0.04 0.40 0.50
27 0.00 0.00 0.25 0.00 0.25 0.00
28 0.29 0.51 0.04 0.07 0.33 0.58
29 0.36 0.51 0.03 0.04 0.39 0.55
30 0.00 0.00 0.22 0.00 0.22 0.00
31 0.36 0.51 0.02 0.03 0.38 0.54
32 0.52 0.74 0.02 0.02 0.54 0.76
33 0.00 0.00 0.18 0.00 0.18 0.00
34 0.35 0.55 0.01 0.02 0.36 0.57
35 0.38 0.42 0.01 0.01 0.39 0.43
36 0.00 0.00 0.18 0.00 0.18 0.00
37 0.35 0.39 0.01 0.01 0.36 0.40
38 0.45 0.50 0.01 0.01 0.46 0.51
39 0.00 0.00 0.14 0.00 0.14 0.00
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Table V.17: Multiple energy communities approach - 20 households

LM P2P Total
Household SSR SCR SSR SCR SSR SCR

1 0.00 0.00 0.43 0.00 0.43 0.00
2 0.00 0.00 0.42 0.00 0.42 0.00
3 0.29 0.43 0.12 0.18 0.42 0.61
4 0.00 0.00 0.39 0.00 0.39 0.00
5 0.32 0.33 0.09 0.10 0.41 0.43
6 0.32 0.33 0.09 0.09 0.40 0.42
7 0.00 0.00 0.37 0.00 0.37 0.00
8 0.36 0.41 0.10 0.11 0.46 0.52
9 0.22 0.34 0.12 0.18 0.33 0.53
10 0.00 0.00 0.40 0.00 0.40 0.00
11 0.33 0.50 0.10 0.16 0.44 0.66
12 0.33 0.50 0.10 0.14 0.43 0.65
13 0.00 0.00 0.27 0.00 0.27 0.00
14 0.25 0.27 0.09 0.09 0.34 0.37
15 0.25 0.27 0.06 0.07 0.32 0.34
16 0.00 0.00 0.20 0.00 0.20 0.00
17 0.39 0.36 0.02 0.02 0.41 0.37
18 0.39 0.34 0.01 0.01 0.40 0.35
19 0.00 0.00 0.29 0.00 0.29 0.00
20 0.00 0.00 0.28 0.00 0.28 0.00
21 0.00 0.00 0.25 0.00 0.25 0.00
22 0.34 0.49 0.02 0.03 0.36 0.52
23 0.00 0.00 0.24 0.00 0.24 0.00
24 0.34 0.49 0.02 0.02 0.35 0.51
25 0.32 0.60 0.06 0.11 0.38 0.71
26 0.00 0.00 0.25 0.00 0.25 0.00
27 0.33 0.58 0.04 0.07 0.37 0.66
28 0.33 0.58 0.03 0.06 0.36 0.64
29 0.00 0.00 0.22 0.00 0.22 0.00
30 0.36 0.51 0.02 0.02 0.38 0.54
31 0.36 0.51 0.02 0.02 0.38 0.53
32 0.00 0.00 0.20 0.00 0.20 0.00
33 0.34 0.57 0.01 0.02 0.35 0.59
34 0.35 0.55 0.01 0.02 0.36 0.57
35 0.00 0.00 0.17 0.00 0.17 0.00
36 0.38 0.42 0.01 0.01 0.39 0.43
37 0.35 0.39 0.01 0.02 0.36 0.40
38 0.00 0.00 0.17 0.00 0.17 0.00
39 0.36 0.47 0.01 0.01 0.37 0.48
40 0.00 0.00 0.13 0.00 0.13 0.00
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VI

Electricity bill for the individual
households

Table VI.1: Energy bill for the individual approach

Household No PV (€) Individual (€)
1 504,30 298.39
2 443.42 239.49
3 412.47 208.69
4 472.79 268.89
5 512.55 246.49
6 532.86 266.84
7 517.50 251.34
8 901.47 337.27
9 953.69 608.79
10 855.80 426.76
11 897.51 468.46
12 846.90 417.83
13 807.72 296.77
14 937.72 428.51
15 859.68 348.79
16 758.87 378.08
17 2072.58 543.78
18 1963.40 452.88
19 1564.21 523.90
20 1863.25 507.61
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Table VI.2: Energy bill for the individual with storage approach

Household No PV (€) Individual with Storage (€)
1 504,30 173.01
2 443.42 154.51
3 412.47 163.80
4 472.79 167.93
5 512.55 60.07
6 532.86 60.28
7 517.50 59.86
8 901.47 164.06
9 953.69 433.60
10 855.80 326.87
11 897.51 332.66
12 846.90 324.80
13 807.72 228.65
14 937.72 264.53
15 859.68 235.09
16 758.87 214.30
17 2072.58 11.44
18 1963.40 132.03
19 1564.21 103.85
20 1863.25 114.44

Table VI.3: Energy bill for the multiple energy community approach
No PV (€) Energy Community (€)

Household EC 1 EC 2 EC 1 EC 2 EC 1 EC 2 EC 1 EC 2 EC 1 EC 2 EC 1 EC 2
1 21 504.30 2060.31 160.74 721.17 242.31 1315.77 254.83 1308.26 249.63 2655.53 250.09 1325.23
2 22 443.42 1114.90 281.69 828.45 92.27 592.33 193.27 593.81 226.95 613.10 250.29 603.33
3 23 412.47 1966.03 88.47 277.17 254.24 1344.35 254.16 1345.06 123.26 1352.40 98.80 1351.90
4 24 472.79 1883.55 142.54 829.71 87.46 545.06 195.55 541.77 368.21 485.89 258.37 533.42
5 25 512.55 2014.33 295.95 658.43 257.91 902.50 235.49 457.73 149.88 203.31 141.48 460.03
6 26 532.86 1448.09 126.28 230.56 44.45 262.14 260.58 880.13 191.48 899.88 224.38 895.24
7 27 517.55 1394.74 251.75 630.49 261.27 900.84 222.24 441.06 618.99 441.01 260.37 435.26
8 28 901.47 1354.60 296.73 785.93 77.85 482.91 149.40 470.28 144.64 238.56 151.88 467.79
9 29 953.69 1110.99 273.13 203.56 340.88 754.05 360.73 741.73 168.95 736.53 144.73 736.03
10 30 855.80 1069.35 503.65 196.83 185.59 247.73 507.05 744.86 310.16 265.53 502.66 242.72
11 31 897.51 1160.99 390.97 436.24 189.79 245.74 206.20 270.65 390.45 278.23 190.08 241.93
12 32 846.90 1071.73 346.42 387.29 187.67 284.26 525.50 751.09 183.69 1393.52 187.23 739.74
13 33 807.72 2132.14 245.75 1308.44 489.90 1414.70 448.29 718.49 307.70 478.12 468.92 707.21
14 34 937.72 1681.58 149.36 845.31 83.35 487.91 346.16 525.13 232.70 159.66 156.92 524.34
15 35 859.68 1451.58 74.93 476.48 95.57 172.97 533.48 1101.31 254.82 1111.53 57.383 1088.31
16 36 758.87 1506.58 142.49 907.48 85.95 251.57 169.93 190.69 174.48 262.80 534.857 175.974
17 37 2072.58 1864.31 - - 1270.56 1369.60 260.64 288.29 1296.09 279.83 252.569 280.869
18 38 1561.21 2066.03 - - - - 1286.25 1388.06 1047.66 1874.89 127.02 1384.89
19 39 1564.21 2363.18 - - - - - 1287.15 1289.30 1295.93 628.79
20 40 1863.25 2490.42 - - - - - - - 1328.38 1794.88
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Table VI.4: Energy bill for the energy community approach

Household No PV (€) Energy Community (€)
1 504.30 89.59 222.10 225.40 208.33 314.66
2 443.42 207.46 91.18 86.10 202.59 230.26
3 412.47 90.15 225.22 220.73 79.45 94.57
4 472.79 91.94 99.67 95.09 205.64 227.48
5 512.55 215.26 231.03 144.79 131.00 140.09
6 532.86 47.62 149.08 227.12 132.48 29.63
7 517.55 46.06 233.25 144.95 209.95 232.01
8 901.47 404.07 94.48 89.53 71.47 62.06
9 953.69 195.06 440.59 45.82 181.41 189.15
10 855.80 411.38 186.11 437.57 399.12 430.32
11 897.51 423.95 193.49 180.74 159.48 167.95
12 846.90 254.85 195.42 448.53 158.63 168.50
13 807.72 417.53 505.25 121.09 444.27 459.25
14 937.72 154.67 148.29 139.27 112.96 74.40
15 859.68 156.97 150.98 523.90 122.33 85.654
16 758.87 157.92 152.23 150.90 489.46 511.649
17 2072.58 1087.59 319.03 157.64 24.932
18 1561.21 1058.02 106.02 109.96
19 1564.21 963.17 377.97
20 1863.25 1063.54

Table VI.5: Energy bill for the energy community approach
No PV (€) Energy Community (€)

Household EC 1 EC 2 EC 1 EC 2 EC 1 EC 2 EC 1 EC 2 EC 1 EC 2 EC 1 EC 2
1 21 504.30 2060.31 160.74 721.17 242.31 1315.77 254.83 1308.26 249.63 2655.53 250.09 1325.23
2 22 443.42 1114.90 281.69 828.45 92.27 592.33 193.27 593.81 226.95 613.10 250.29 603.33
3 23 412.47 1966.03 88.47 277.17 254.24 1344.35 254.16 1345.06 123.26 1352.40 98.80 1351.90
4 24 472.79 1883.55 142.54 829.71 87.46 545.06 195.55 541.77 368.21 485.89 258.37 533.42
5 25 512.55 2014.33 295.95 658.43 257.91 902.50 235.49 457.73 149.88 203.31 41.48 460.03
6 26 532.86 1448.09 126.28 230.56 44.45 262.14 260.58 880.13 191.48 899.88 24.38 895.24
7 27 517.55 1394.74 251.75 630.49 261.27 900.84 222.24 441.06 618.99 441.01 260.37 435.26
8 28 901.47 1354.60 296.73 785.93 77.85 482.91 149.40 470.28 144.64 238.56 51.88 467.79
9 29 953.69 1110.99 273.13 203.56 340.88 754.05 360.73 741.73 168.95 736.53 84.73 736.03
10 30 855.80 1069.35 503.65 196.83 185.59 247.73 507.05 744.86 310.16 265.53 502.66 242.72
11 31 897.51 1160.99 390.97 436.24 189.79 245.74 206.20 270.65 390.45 278.23 190.08 241.93
12 32 846.90 1071.73 346.42 387.29 187.67 284.26 525.50 751.09 183.69 1393.52 187.23 739.74
13 33 807.72 2132.14 245.75 1308.44 489.90 1414.70 448.29 718.49 307.70 478.12 468.92 707.21
14 34 937.72 1681.58 149.36 845.31 83.35 487.91 346.16 525.13 232.70 159.66 56.92 524.34
15 35 859.68 1451.58 74.93 476.48 95.57 172.97 533.48 1101.31 254.82 1111.53 57.383 1088.31
16 36 758.87 1506.58 142.49 907.48 85.95 251.57 169.93 190.69 174.48 262.80 534.857 175.974
17 37 2072.58 1864.31 - - 1270.56 1369.60 260.64 288.29 1296.09 279.83 52.569 280.869
18 38 1561.21 2066.03 - - - - 1286.25 1388.06 1047.66 1874.89 127.02 1384.89
19 39 1564.21 2363.18 - - - - - 1287.15 1289.30 1295.93 628.79
20 40 1863.25 2490.42 - - - - - - - 1328.38 1794.88
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ANNEX VII. DATASHEET

Figure VII.1: Micro inverter datasheet 1
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Figure VII.2: Micro inverter datasheet 2
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ANNEX VII. DATASHEET

Figure VII.3: PV module datasheet 1

128



Figure VII.4: PV module datasheet 2
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ANNEX VII. DATASHEET

Figure VII.5: 10kWh / 15kWh Battery datasheet 1
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Figure VII.6: 10kWh / 15kWh Battery datasheet 2
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ANNEX VII. DATASHEET

Figure VII.7: 3.8kWh Battery datasheet 1
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Figure VII.8: 3.8kWh Battery datasheet 2
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