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1 Introduction

1.1 Overall Context

“Right here, right now is where we draw the line. The world is waking up. And change is

coming whether you like it or not.” quoting Greta Thunberg [BBC, 2019]. The young climate

activist has understood the severe consequences of climate change, and is asking each and

every one of us, to take action today to give our children a better world tomorrow.

Among all the aspects of our daily lives that need to be redesigned and sustainability im-

proved so as to respect the boundaries of the planet, the energy system is one of the most

prominent. As of today, transportation and energy sectors are the two major contributors

of carbon dioxide emissions in Europe [IEEP, 2021]. Alongside the fact that the energy

generation is polluting, the energy transport leads to large losses as energy is consumed far

from where it is produced, while the demand is increasing due to demographic and economic

growth [EPA, 2020]. It goes without saying that an energy transition is necessary to ensure

access to affordable, reliable and sustainable energy, and the importance of this structural

change is highlighted by the Sustainable Development Goal 7 “Affordable and Clean Energy”

[United Nations, 2020].

The expansion of Renewable Energy Sources such as wind turbines and solar panels is lead-

ing to a decentralisation of energy generation, and thus marking a turning point in the

energy system [Guille et al., 2017]. The integration of these Distributed Energy Resources

thereby fosters the emergence of Renewable Energy Communities (RECs) that empower

their members to produce and consume Renewable Energy locally. The participants of these

communities become prosumers since they are active in the consumption and generation of

energy, but also in the decision-making regarding the management of the community. These

communities are value-driven, therefore the objective is to generate benefits that are shared

fairly among all members rather than maximising profits [Caramizaru and Uihlein, 2020].

The integration of ICTs in these energy communities ensures the optimisation of RE manage-

ment by counterbalancing energy consumption, storage and exchanges with the main grid. As

a matter of fact, the bi-directional communication flow enables the system to have access to

the consumption data of the members, but also to inform them of the dynamic pricing in real

time. The digitalisation of the network therefore leads to the emergence of demand response,

whereby the consumers shift their electricity demand according to the financial incentives,

in order to adapt it to the supply [Kathan et al., 2007]. These innovative Smart Grids have

the advantage of being sustainable, efficient and reliable, while allowing the members to save

energy and reduce their electricity bills.
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Therefore, local energy communities implement the principle of energy democracy as all

members are empowered to optimise energy management by balancing supply and demand.

Besides, these organisational structures are in line with four of the main principles of the

regenerative economy, notably “Innovative, Adaptive, Responsive”, “Empowered Participa-

tion”, “Robust Circulatory Flow”, and “Seeks Balance” [Fullerton, 2015]. As RECs are part

of a regenerative approach, allowing each element to contribute to the health of the whole

ecosystem in a sustainable way, it is interesting to explore their functioning further, so as to

enhance their development.

Thesis Research Objective

The aim of this master thesis is therefore to analyse the ”Grid management and model-

ing of local balancing in Renewable Energy Communities”.

1.2 Contribution

The aim of this thesis is to analyse and then modelize the functioning of communities, with

a view to define to what extent they can meet the energy needs of their members, while

reducing the carbon footprint and energy poverty. The ultimate goal of this project would

be to enhance the expansion of these local energy communities by providing opportunities

for improvement.

1.3 Motivation

It is true that we have been concerned about the impact of climate change for a while, and this

is why we are doing our best to reduce our carbon footprint along with our energy and water

consumption. Besides, our interest in energy management and renewable sources comes from

the Research and Development course given by professor H. Jeanmart, as well as from the

Business Game given by Luminus at the LSM Cup 2020. In addition, the lockdown imposed

by the Belgian government due to the global pandemic has made us more aware of the local

dynamics and the impact that strong local communities can have. As a result, these factors

have sparked a growing interest in the management of Renewable Energy Communities, which

address contemporary global challenges.

1.4 Structure

The thesis follows a structure that reflects the main steps taken to conduct this research. In

order to approach the topic of energy communities and Smart Grids, the research was first

concerned with Distributed Energy Resources, their attractiveness, penetration and as well

as their key enablers in the electricity market. Afterwards, an extensive analysis of the litera-
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ture review was conducted to gain a clear understanding of Renewable Energy Communities,

their main activities, organizational structures and the regulatory environment in which they

evolve.

The main social, economic and environmental benefits of Renewable Energy Communities

were then analysed. Following this, the research was focused on the enablers of flexibility

and the concept of demand response within energy communities. Furthermore, the challenges

and drivers for the implementation of the RECs were discussed, with a focus on national and

European regulations. Thereafter, the Smart Grids and their main components were devel-

oped, before analysing a practical example with the case of Simris, Sweden.

With a view to testing the outcomes of the literature, a simulation model of an Renew-

able Energy Community has been built. The results of the model were analyzed in detail

before comparing them with the theoretical highlights in the discussion section.

To conclude, it seemed appropriate to first provide the main managerial recommendations

arising from this research, then the similarities between the findings and the literature, be-

fore formulating the critiques of the model. Finally, some improvement for future work were

suggested.

1.5 Limitations

Inevitably, some intrinsic limitations have been placed on this academic research. As indi-

cated in the structure, a literature review was conducted followed by the REC modeling based

on collectively-owned generation assets structure. Given our limited skills and knowledge of

the Gurobi software, we limited ourselves to this specific case, whereas it would have been

also interesting to model the self-consumption and individual-owning of generation assets.

Furthermore, it would have been valuable to analyze and modelize the Citizen Energy Com-

munities, as they are also part of energy communities. This study would have been interesting

to investigate on the differences with the RECs, especially on the geographical and sustain-

able aspects. When it comes to the Renewable Energy Sources, this research focused on

the most widespread installations, i.e. solar panels and wind turbines, without taking into

account other technologies such as biomass and hydro-power.

Finally, another important limitation is that this research remained mainly theoretical. It

could have been interesting to interview members and managers of such an energy commu-

nities, as well as local, national and European regulators. Through interviews with actors

actively involved in energy communities, it would have been possible to get more practical

insights on the benefits, incentives and daily challenges within RECs.
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2 Distributed Energy Resources
Distributed Generation (DG) is generally defined as a source of electrical energy having a

limited capacity, directly connected to the distribution network of the power system where

it is consumed by end-users [Akorede et al., 2010].

Furthermore, Distributed Energy Resources (DER) refers to any small scale electricity gen-

eration device that is located near the consumer at the distribution level. Some specificities

might been added, such as limiting of their capacity to 30MW, and stating that they must be

located at the consumer’s home or in the vicinity so as to meet the local need. These sources

are divided into two groups: thermal energy sources such as natural gas or biogas generators,

and renewable production sources including wind turbines and solar [de Villena Millan, 2021].

In this thesis the main focus is set on wind turbines and solar panels. These technologies

are deployed by consumers whom therefore become active consumers, or by small companies

connected to the main distribution network [Gopstein et al., 2021].

The DER are nowadays perceived as a way to efficiently provide a growing energy demand.

As Renewable Energy Sources provide an intermittent generation and are divided in mul-

tiple small to medium units, it can be complex to rely on one production unit. Therefore,

researchers propose an approach where multiple DER installations are aggregated to form a

virtual power plant. A virtual power plant interconnects the production units and centralizes

the generated energy in order to redistribute it to the consumers. The objective of a virtual

plant organization is to provide an enhanced visibility, and control on DER generation at

large scale [Lopes et al., 2007].

2.1 Wind Turbine Generation

A wind turbine is a device that converts the kinetic energy of the wind into mechanical

energy, which is then turned into electrical energy. There are several main factors that can

affect the quantity of electrical energy produced, which are the size and shape of the blades

of the wind turbine, but also the wind speed and the air temperature. A distinction must

be made between wind turbines that are erected on land, called onshore wind turbines, and

those that are located on the sea, called offshore wind turbines. Offshore wind turbines can

produce up to twice as much electricity as onshore wind turbines because they are subject

to a stronger and more constant wind [Komusanac et al., 2021].

Onshore wind energy is at the heart of the local energy transition. Wind energy has signifi-

cant advantages such as the fact that it is clean, unlimited, locally available and affordable.

Moreover, wind energy does not produce greenhouse gases, and each kWh produced avoids

the emission of 500 to 600g of CO2.
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Although wind energy varies significantly over time, it is nevertheless predictable as it is

following a specific pattern over the year (Appendix 15.1). In fact, there is more wind and

therefore more electricity produced in winter when the demand for electricity is higher, es-

pecially between the months of January and March, while it is lowest in summer when the

pressure is higher [Engie, 2020]. During the month of February, wind power generates more

than 55 GW per hour 90% of the time in Europe, which roughly equals the electricity demand

per hour in Germany [Komusanac et al., 2021]. The wind forecasts are also becoming more

and more accurate through technological breakthroughs.

The growing wind capacity in Europe reaches 220 GW in 2020, of which only 11% is gen-

erated by offshore wind turbines, if considering the 27 countries of the European Union as

well as the United Kingdom (Figure 1). Therefore, wind power generation provided 16% of

the electricity consumed in Europe. The leading countries in terms of wind power generation

capacity are Germany with 63 GW, Spain with 27 GW, the UK with 24 GW, France with

18 GW, and Italy having 11 GW [Komusanac et al., 2021]. Furthermore, to honour the

commitments within the Paris Agreement, the wind turbines capacity will be increased by

105 GW over the next 5 years [United Nations, 2015].

Figure 1: Wind capacity evolution in Europe [Komusanac et al., 2021]
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To show the real output that wind turbine can provide, it is important to take into account

the capacity factor of the wind turbine, which is the ratio between the measured wind power

generation and the maximal electricity output over the same period. Thus for onshore wind

turbines, the average capacity factor is 25%, but this ratio can reach 30 to 35% for new wind

turbines. As for offshore wind turbines, the average capacity factor is 42%, but new turbines

can reach a significantly higher ratio of 55%.

Investments in wind energy has increased considerably in the last few years as it provides

the investor with a stable, long-term and sustainable income. The Levelized Cost of Energy

(LCOE) measures the overall cost of generating one MWh of electricity. The LCOE can

therefore be calculated by taking the net present value of the construction, operation and

maintenance costs of the power generation asset, and dividing it by the amount of electricity

generated over the same time period [Corporate Finance Institute, 2021]. Therefore, the

LCOE for onshore wind turbines equals 59€/MWh, and 84€/MWh for offshore, which is

much lower than that of coal and natural gas with respectively 90€/MWh and 95€/MWh

(Appendix 15.2).

However, approximately 70% of the production cost of wind power comes from the initial

investment, while operation and maintenance costs are relatively low compared to fossil fuel

technologies. The approximated investment for an onshore wind turbine is between 1 and 1,7

million €/MW and the annual maintenance costs are around 40.000€/MW [Combe, 2020].

The generation of electricity from wind is therefore highly cost-competitive as technolo-

gies are becoming increasingly efficient, while allowing for a reduction in balance-of-plant,

operations and maintenance expenses as well as greater bargaining power with suppliers

[BloombergNEF, 2020]. The lifespan of wind turbines is about 25 years, but given the global

expansion of this technology, recycling them is becoming a considerable challenge.

2.2 Photovoltaic Generation

In the late 30s, it became technologically possible to convert solar energy into consumable

electricity through the use of photovoltaic systems, more commonly known as solar panels.

The photovoltaic technology is one of the fastest growing renewable energy technology in

the world as it is considered clean and sustainable for meeting the demand of a growing

world’s population. A solar panel is composed of multiple interconnected cells which ensure

the conversion function between light sun radiation and electricity. This technology can be

used for self-consumption in a stand-alone way, in an aggregated way in a photovoltaic farm

setting, but it can also be connected to the main grid.

As for the drivers that favour the replacement of fossil energy sources by Renewable En-

ergy Sources, it should be noted that investments in research and innovation play a major
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role in reducing the manufacturing costs of these sustainable technologies.

Furthermore, as part of the Clean Energy for all Europeans package, Member States of the

European Union have implemented specific support measures for Renewable Energy. These

measures incentivize a long term commitment in encouraging investments and improving grid

access for Renewable Energy. The best-known incentive mechanisms for Renewable Energy

production are feed-in-tariffs. These tariffs are a cost compensation that guarantee a fixed

price for green producers, allowing them to break even with their investments and other vari-

able costs. Due to the feed-in-tarrifs the investments are eased, hence the costs of production

are lower, resulting in lower prices for Renewable Energy [Couture and Gagnon, 2010].

The European solar power sector has proven a strong resilience during the Covid-19 crisis,

and still increases notably. Indeed, European Union members have implemented 18,2GW in

2020, which is a 11% increase with regards to the 16,2 GW installed in 2019, leading to a total

capacity of 137,2 GW in Europe [Schmela, 2020]. The prospects for the 2020-2024 period

are highly positive, with a growth medium scenario of 23% for 2021 where new 22,4GW will

be added to the cumulative capacity. Moreover, a total of 115,5GW will be added over the

period, achieving a capacity of 252,9GW by the end of 2024 (Figure 2).

Figure 2: Annual growth of added solar capacity in Europe [Schmela, 2020]

Due to the increasingly important place that solar energy occupies in the energy mix, it is

possible to measure its economic sustainability by using the Levelized Cost of Electricity,

which measures the overall cost of generating one kWh of electricity [Schmela, 2020]. In
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2020, solar power can be generated at a LCOE of 5c€/kWh in Northern European countries

and at 3c€/kWh in Southern European countries, while these costs are expected to decrease

respectively down to 2c€/kWh and 1c€/kWh by 2050 [Schmela, 2020]. As a result, it would

therefore be possible for the solar power systems to outcompete industrial and wholesale

prices everywhere in Europe.

2.3 Drivers of DER Integration

The emerging adoption of DER such as PV and wind turbines technologies are mainly due

to commercial and regulatory drivers.

Commercial Drivers

The main commercial driver is the fact that the DER integration comprises the uncertainty

of electricity market. It goes without saying that an important capital is required when

building a new power plant, and there are high risks associated with these investments.

Therefore, smaller capacity generation projects such as DER represent a lower investment

and a decreased financial risk. Moreover, since the implementation of these solar and wind

technologies, there has been a significant decrease in the generation costs as mentioned within

the LCOE analysis, mainly due to technological progress (Sections 2.2 and 2.3).

Secondly, when the implementation of DER is as close as possible to the load, there is an

increased enhancement of the power and supply quality. In addition, when the DG is allowed

to be in full island mode, the outages are prevented which further improves the reliability of

supply. It is why, DER are considered as a very efficient way to enhance quality and security

of energy supply.

Regulatory Drivers

The regulatory drivers for DER integration are mainly European policy packages.

The first drivers are the targets and policies issued by the European Union within the Clean

Energy for all Europeans package. This package sets as target that 20% of energy generation

in Europe should come from RES by 2020 [European Commission, 2016]. The directives

in this package focus on diversifying the energy sources and enhancing the energy security

of supply. Indeed, Distributed Generation is one of the most reliable alternatives since it

is situated close to the consumers, there would be a limited impact on the whole network

in case of an outage. In addition, by diversifying the energy sources and generating energy

locally, the national regulators obtain an enhanced control on the overall energy generation.

This is an substantial matter, as fossil-based fuel is mostly supplied from remote areas where
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the politic situations are unpredictable, representing a risk for secure energy supply.

The last driver is the support for competition policy. Regulators in favor of a reform of the

electricity supply sector are fully supporting the creation of a playing field and the increase of

the number of competitors in the electricity market. As a consequence, the customer’s choice

will evolve, the prices will decrease and the quality of the service will improve. Through DG

integration, clear competition rules, economic benefits and subsidies, there will be multiple

new small generators that will be able to trade on this new electricity market. These policies

will encourage the emerge of Renewable Energy technologies and lead to a decarbonization

of the electricity markets [Lopes et al., 2007].

2.4 Challenges of DER Integration

On the one hand, the revolution within the generation technologies, in alliance with European

policies have encouraged an increasing integration of DER. This integration now constitutes

one of the main tools for moving towards a decarbonized energy generation while escaping a

fossil dependent scheme.

On the other hand, the regulatory framework must be further improved to foster the inte-

gration of DER. Worldwide energy regulation frameworks define the way that the electricity

sector is behaving, and provide the rules which specify how distributed generation should be

integrated. However, these regulation structures are focused on centralised energy genera-

tion and have to be adapted to accommodate these new technologies. These challenges may

evolve from the fact that the network tariffs are inadequately designed, and the metering

technologies must be updated to integrate the DERs and allow the development of energy

communities. Therefore, there is an increasing necessity to establish basic rules regarding the

energy exchanges between DER owners and the distribution network, on this new electricity

market where prosumers are able to resell their production (Section 6.1).

Besides, there are some downsides to the DER integration, as an increased decentraliza-

tion of energy generation may also come with technical challenges. The technical issues can

be unbalances, over and under voltages which can prevent the smooth functioning of the

distribution network. In fact, the main electricity grids have been designed many decades

ago on a one direction flow of electricity base, and was therefore not designed to take-in and

redirect an important amount of Distributed Energy (Section 6.2) [de Villena Millan, 2021].

2.5 New Electricity Market

The large integration of DER has encouraged the creation of frameworks for trading electricity

in a decentralized fashion, resulting in a true empowerment of the customers. Nonetheless,
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the rules by which the customers interact with the main grid must be further defined and

adapted within national regulations. Hence, this implies that DER owners are limited in

their ability to use their facilities. Namely, from a regulatory point of view, they only have

the possibility of using as much as possible of the produced energy and selling the surplus on

the main grid. Therefore, new regulations are foreseen and expected to foster the exchanges

between customers, including DER owners and simple users on the main grid, with the

common goal of maximizing the use of the energy generated at local scale [de Villena Millan,

2021].

3 Renewable Energy Communities
The emergence of energy communities stems from the desire to find alternative ways of gov-

erning and organising energy systems in order to achieve sustainability [Van Der Schoor et al.,

2016]. The Clean Energy for all Europeans Package acknowledges the fundamental role of

consumers in the energy transition [European Commission, 2016]. The new directives give

consumers the opportunity to actively participate in the European energy market in order

to achieve its full potential. This made it possible to define the role of prosumers, who are

active consumers. In fact, they can generate their own energy, store it, share it, consume it or

sell it back to the market, as well as providing flexibility services through demand-response

and storage. Active consumers can refer to individuals, groups of individuals, households,

small businesses or local authorities who may act autonomously or within organisations.

Therefore, energy communities enable the current system to be restructured by organising

collective energy initiatives based on open participation and democratic governance while

offering benefits to community members. The primary objective of these non-commercial

entities is hence to provide environmental, social and economic benefits to the community

rather than to make a profit [Caramizaru and Uihlein, 2020].

The Clean Energy Package established two distinct definitions of energy communities, namely

Citizen Energy Community (CEC) which is included in the Electricity Market Directive [Eu-

ropean Parliament and Council, 2019], and Renewable Energy Community (REC) defined in

the Renewable Energy Directive [European Parliament and Council, 2018].

3.1 Citizen and Renewable Energy Communities

Both types of energy communities have a number of similarities in their governance, owner-

ship, control and purpose. Indeed, REC and CEC require a legal entity whose membership

structure must be based on the open and voluntary participation of members. Access must

be open, and all participants have also the right to leave the community at any time. The
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effective control and ownership of these communities must be given to participants by taking

joint action. Finally, these communities should be value-driven for their members rather than

focusing on making financial profit [Frieden et al., 2019a].

The two types of community energy also present some differences in terms of geographi-

cal scope, activities and membership structure [Frieden et al., 2019b]. Renewable Energy

Communities are local communities with a requirement for proximity so that the members

who actually own and effectively control the project are in its vicinity. In contrast, Citi-

zen Energy Communities do not require the generation and consumption of electricity to be

located in the same area. Furthermore, while CEC are technology-neutral and therefore oper-

ate with renewable as well as fossil-fuel based energy, REC rely solely on Renewable Energy.

Finally, the CEC allow households, local authorities, small, medium and large enterprises

to join the community as long as the energy sector is not their main economic activity and

they do not participate for commercial purposes. As for the REC, they have more restricted

membership rules as they do not allow large companies to be shareholders or members of the

local community.

REC and CEC are therefore two types of energy community that have quite similar character-

istics, with the difference that REC are local communities that operate only with Renewable

Energy and exclude access to large companies as members (Figure 3). The emphasis of this

thesis is placed on local communities, and thus on Renewable Energy Communities.

Figure 3: REC and CEC comparison [Frieden et al., 2019a]
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3.2 Energy Democracy

Renewable Energy Communities (REC) are therefore decentralised and renewable-based en-

ergy projects that promote sustainable electricity production and consumption. In contrast

to traditional energy grids where consumers are passive, local communities have sparked

a real change in consumer behaviour through customer-empowerment practices, leading to

community-driven initiatives.

These local communities are therefore in line with the concept of energy democracy, which is

the transfer of power associated with all aspects of the energy sector to consumers [Gancheva

et al., 2018]. This energy community therefore allows the members to be an intrinsic part of

the production and management of electricity in order to achieve the sustainable development

objectives set by the European Union. The energy democracy concept highlights that fossil-

fuel based energy networks and profit-maximising energy multinationals have largely con-

tributed to increased inequities, vulnerabilities and inequalities among consumers [Stephens,

2019]. The impact of the energy system on the cultural, economic and political aspects of

society shows that moving from fossil-fuel to renewables is not just a technology change, it

is an opportunity to shift power leading to a societal change.

The concept of energy democracy is therefore supported by several complementary prin-

ciples [Energy Democracy, 2021]. Firstly, it enables universal access and social justice so

that everyone can benefit from clean and affordable energy, which can also lead to local eco-

nomic growth. Furthermore, it involves the use of renewable, sustainable and local energy

to create thriving communities independent of fossil fuels. People using energy must have

ownership and be actively involved in the decision-making process of projects so that they

meet their needs. This can be done through collaborations between local authorities and

consumer groups which can be organised as cooperatives. Therefore, democratic control of

local communities requires the fullest transparency and accountability. Ultimately, this must

lead to a just transition that creates fairly remunerated and unionised jobs.

3.3 Activities

The Local Energy Communities aim to balance the production and consumption of Renew-

able Energy by maximising the benefits for the members. Most of these sustainable initiatives

are involved in the generation of clean electricity, but they are also becoming energy and en-

ergy service providers. It is therefore interesting to analyse the range of activities that local

energy communities can undertake.

The first activity is the generation and thus the production of energy from Renewable Energy

Sources (RES) such as photovoltaic panels, onshore wind turbines, micro-hydro or biomass.

The participants can therefore collectively use or own the energy generation assets (Section 2).
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Then, members can consume the electricity produced, and they can also share locally the elec-

tricity from the community-owned facilities with other members of the community [Caramizaru

and Uihlein, 2020]. The Renewable Energy Directive distinguishes between individual and

collective renewables self-consumption. On the one hand, renewables self-consumers are mem-

bers of the local community who generate renewable electricity for their own consumption

and who can then store or resell it as long as it is not their main commercial activity. On the

other hand, collective self-consumers of jointly acting renewables self-consumers are a group

of at least two members who are located in the same area, and who generate electricity and

then store or sell it for non-business reasons [Frieden et al., 2019a]. The concept of collective

self-consumption has been recognised in some national legal frameworks such as in France

and Austria, and is therefore contributing to the emergence of a sharing economy [Council

of European Energy Regulators, 2019b].

In addition, the micro-generation allows the sale of electricity to other community mem-

bers. Thus, Peer-to-Peer (P2P) trading involves the sale of energy between participants,

including automatic execution and settlement of the transaction [Anisie and Boshell, 2020].

This can be done directly between the participants, or indirectly via a certified third party

such as an aggregator. The latter aims to combine customer loads or generated electricity for

sale, purchase or auction in the electricity market. P2P trading can take place between mem-

bers of a local community, but also on a larger scale. The Brooklyn micro grid is an energy

community that interconnects households via a low-voltage network so that members can sell

and buy energy via smart contracts using blockchains. The power flow is controlled with a bi-

directional metering system and Information and Communication Technologies (Section 7.3).

A number of local energy communities also manage and own the power distribution sys-

tem. As these cooperatives are small, they are exempt from the EU unbundling rule which

requires that energy suppliers and generators be separated from the operators of the en-

ergy distribution networks [Gancheva et al., 2018]. This would be because a company that

manages both the production and distribution of energy would have an incentive to prevent

competitors from accessing the network, leading to higher prices for consumers. This rule is

intended to ensure fair competition [European Parliament and Council, 2009].

Finally, local energy communities can also provide a range of ancillary energy services to

their members. This may include services concerning energy storage, energy savings, advice

on energy efficiency measures, financial services as well as energy monitoring and manage-

ment via the integration of Smart Grids [Caramizaru and Uihlein, 2020]. For instance, the

Belgian cooperative Ecopower aims to invest in Renewable Energy, to supply 100% green en-

ergy to its members, and to promote a rational and conscious use of energy [Rescoop, 2021].

Therefore, the cooperative enables its 60,000 members to control their energy consumption.
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Indeed, they have access to an online tool called Energie ID which allows them to moni-

tor their consumption in real time and to compare it with their consumption history. The

cooperative can then identify energy efficiency needs and advise members through a social

media platform. Local communities are constantly striving to improve their energy services

offering by exploring new technologies such as virtual power plants and energy storage as well

as the use of blockchain for P2P trading. In addition, the storage that can be provided by

Electric Vehicles (EV) thus increases the flexibility by maximising the local use of the energy

produced [Gancheva et al., 2018]. The Vehicle-to-Grid principle enables excess energy to be

stored so that cheaper energy can be consumed at peak consumption times (Section 5.1).

3.4 Structural Organisation

The organisational structure of local energy communities can vary by taking different forms of

legal entity. Although their primary objective is to maximise benefits to the members, these

legal entities may include cooperatives, partnerships, community trusts and foundations,

limited liability companies, non-profit customer-owned enterprises, housing associations and

municipal ownership [Gancheva et al., 2018]. Besides, these local energy ownership models

are regulated according to three key identical processes, namely remunicipalisation, devolu-

tion and participative governance.

Firstly, remunicipalisation consists of increasing municipal control over local energy man-

agement. Therefore, local authorities have an operational role and participate in economic

decisions instead of the energy companies. Secondly, devolution involves increasing the strate-

gic and political role of local authorities in energy policy. Hence, the government transfers

its power to the local authority in relation to the regulation and implementation of energy

networks. Finally, participative governance refers to the process of increasing energy democ-

racy and member involvement in energy management [Gancheva et al., 2018]. This would

help to align the energy network with local needs, while also increasing the transparency and

accountability of management. As a result, local communities and citizens are motivated by

a willingness to manage energy networks locally and to overcome corporate and government

stranglehold on energy services.

The most common and fastest growing organisational structure for local energy commu-

nities is undoubtedly the cooperative. Local residents jointly own and manage these energy

projects which include both Renewable Energy Sources and energy efficiency systems [Yildiz

et al., 2015]. This democratic structure allows members to invest in electricity generation

projects by buying shares in the project, and generally to consume and share the electricity

produced [Walker, 2008]. This type of legal entity is especially prevalent in countries with a

strong community tradition, such as Germany, but also where renewables are more advanced.
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The functioning of cooperatives is defined by internally agreed key principles. Firstly, these

members-led initiatives are open and voluntary. As with any local energy community, this

means that there are no barriers to becoming a member as long as these local members are

committed and accept their new responsibilities. For buildings where the landlords also co-

own the RE installations, the tenants can either decide to participate in the energy sharing

agreement, or to be supplied independently [Council of European Energy Regulators, 2019b].

Secondly, cooperatives are based on democratic governance as decisions are taken on the

principle of ”one member, one vote”. As a result, each member has an equal vote and can

participate in decision-making and energy policies, although day-to-day operations are man-

aged by elected representatives. Thirdly, members can buy shares in the project providing

access to energy and other benefits, but this contribution must be equitable among members

allowing democratic capital control. Profit distribution is regulated and limited in the form

of capped dividends as maximising return on capital is not the primary objective of these

legal entities. Apart from these restricted compensations, the surplus is reinvested to support

the main objectives of the members and the community. The fourth principle specifies that

cooperatives must remain independent and autonomous, and therefore cannot be controlled

by private companies nor by public authorities. The following principle specifies that coop-

eratives provide education and training to members and employees so that they can fully

assume their role, as well as to external people so as to communicate the benefits of such an

organisation. Finally, the last two principles state that cooperatives should collaborate with

other cooperatives at local, regional and national levels and that they should above all priori-

tise the needs of their members by ensuring the sustainable development of the community

[Gancheva et al., 2018].

After cooperatives, the partnership is the most common organisational structure for local

energy communities. The particularity of partnerships is that the voting and ownership

rights are proportional to the capital invested by each participant, which differs from the

”one member, one vote” principle inherent in cooperatives [Caramizaru and Uihlein, 2020].

In addition, the governance of these projects is often assigned to the management board. The

first type of partnership is the ”joint and several” limited partnership with the specificity

that each member is liable. The second type is the ”limited” partnership including a sepa-

rate company so as to limit the liability of individual investors regarding the project’s debt

[Gancheva et al., 2018]. Therefore, partnerships are particularly convenient for large-scale

projects requiring significant investments, such as collectively owned wind farms.
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3.5 Regulatory Environment

Given the specific characteristics of local energy communities, it is essential to adapt the

regulatory framework to support their proper functioning and thus the achievement of their

sustainable objectives.

At the European level, there are four policies that have a major impact on the regulation of

local energy communities. The Renewable Energy Directive (RED) and the Energy Efficiency

Directive (EED) are respectively intended to ensure the development of Renewable Energy

and energy efficiency [European Parliament and Council, 2018] [European Parliament and

Council, 2012]. These two directives also set out the support mechanisms that the Mem-

ber States (MS) can put in place to foster the development of these sustainable initiatives.

Furthermore, the Internal Energy Market (IEM) Directives governs the operation of the elec-

tricity market and may therefore adapt the requirements to access the distribution network

and become a supplier, in order to further integrate the RECs [European Parliament and

Council, 2019]. Finally, the State Aid Rules establish incentives for prosumers that are in

line with the electricity market, such as feed-in tariffs or financial compensations.

At national level, Member States can transpose or supplement European policies on the

regulation of Renewable Energy Communities according to their national context, challenges

and objectives. Therefore, the key regulatory frameworks vary widely between countries,

leading to disparities in the promotion of local collaborative initiatives. When comparing

the measures taken by the countries, the majority of countries have not provided relevant

definitions in the field of energy legislation such as for ”Local Energy Community” or ”energy

cooperative” with the exception of Greece and Poland.

It is also notable that all countries provide support mechanisms for Renewable Energy instal-

lations, ranging from feed-in tariffs, feed-in premiums to quota obligations depending on the

country. Most, but by no means all countries also offer tax incentives for renewables, which

is the case for Spain and Germany for example. Only a minority of countries offer priority

access to the network for RE installations, but often at a cost for the prosumers. When it

comes to the simplification of procedures for RE assets, some countries provide this but often

only for one type of installation having a small and limited capacity [Gancheva et al., 2018].

Considering the case of Belgium, the Walloon region has legally defined the concept of ”self-

producer”, while the Flemish region has defined the concept of ”prosumer tariff”. The country

of over 11 million inhabitants has established support mechanisms for RE installations, in-

cluding tax incentives. Priority access is also provided for these sustainable facilities, but

the connection is charged at a fixed fee. Finally, Belgium authorises a simplification of the

procedures for PV installations only [Gancheva et al., 2018].
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4 Sustainable Benefits
The development of Renewable Energy Communities brings a series of benefits to the project

members, but also to the end-users of the main network. These benefits have social, economic

and environmental dimensions and ensure the sustainability of these local initiatives.

4.1 Benefits for the REC

4.1.1 Social

The first social benefit of these energy communities is the empowerment of consumers. In-

deed, consumers become co-owners of the renewable installations, but above all they become

an integral part of the management and control of the energy system. The principle of ”one

member, one vote” promotes joint and democratic decision-making in cooperatives, leading

to energy democracy [Caramizaru and Uihlein, 2020]. This social innovation allows all mem-

bers to give their opinion and contribute equally to the development of the project. This

prosumerhip energy model also allows members to become active consumers by generating

their own energy and managing their consumption efficiently, according to dynamic prices.

The recognition of consumers as having a fundamental role in local communities underpins

all the environmental benefits and economic advantages associated with these energy models.

The concept of energy democracy supports another social benefit which is citizenship energy.

Indeed, these initiatives educate participants and raise their awareness of current climate

issues by encouraging them to participate in responsible collective actions [Gancheva et al.,

2018]. For example, Courant d’Air is a Belgian cooperative that tries to provide citizens

with access to Renewable Energy by initiating sustainable energy projects for the common

good. This cooperative plays an important role in sensitising the citizens of East Belgium to

climate change and the importance of using clean energy efficiently [Caramizaru and Uihlein,

2020]. Furthermore, educated participants owning the RE installations and being actively

involved in the management of the REC, are much less reluctant to install large devices such

as wind turbines. Members’ acceptance of sustainable energy projects increases because it

becomes their project that they undertake for the common good, which greatly reduces the

”Not In My Backyard” (NIMBY) effect [Salgado et al., 2020].

The growing acceptance of the project by the members leads to a strong social cohesion

locally. As members have a sense of attachment to their community due to their involvement

and the shared benefits, a sense of collective belonging and trust will appear [Caramizaru

and Uihlein, 2020]. In the GreenCom Networks energy community near Munich, members

became prosumers who can exchange their surplus electricity within the community. The

supply and demand of electricity is optimised, which increases the independence of the com-
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munity from the main grid while reducing the costs. In addition, members receive a financial

bonus for each kWh used in locally balancing energy. Each member of the community can

therefore rely on the other members to ensure that their electricity needs are met, which

enhances the sense of local cohesion [Sawyer, 2020].

Last but not least, local energy communities foster inclusiveness. According to the Re-

newable Energy Directive, participation must be voluntary and open to all local citizens on

the basis of non-discriminatory criteria [European Parliament and Council, 2018]. The aim

is to include as many participants as possible in the community so that they can enjoy the

benefits it offers regardless of their income or access to capital. Reducing electricity bills,

increasing resilience and security of electricity supply therefore contributes to energy poverty

reduction [Gancheva et al., 2018]. As an illustration, the Ecopower cooperative has been

recognised as having the fairest energy billing structure in the Flemish region as the mem-

bers are charged 19c€/kWh while the average tariff was 25c€/kWh in the region in 2017

[Salgado et al., 2020].

4.1.2 Economic

Renewable Energy Communities (REC) bring economic benefits to members not only by

allowing them to share and reduce costs, but also by sharing financial gains and boosting the

local economy.

On the one hand, the investment costs of community-ownership models are shared between

all members, which makes it possible to install larger Renewable Energy assets. In addi-

tion, aggregation of demand allows the community to benefit from economies of scale but

also from bargaining power with the suppliers. By participating in these local communities,

members have lower investment costs, especially regarding upfront investments, leading to a

proportionally larger production capacity. Looking at the battery, having a common storage

system requires a larger battery, but this lowers the storage price per kWh for participants

[Salgado et al., 2020].

On the one hand, financial benefits from local initiatives are shared among the members.

The income from the project is thus distributed among the members on a restricted basis,

often as capped dividends, and the surplus is reinvested to support the members and the

community. The Belgian cooperative Ecopower has set a cap of 6% on the interest that

can be earned by members, as the objective is not to maximise profit but rather social wel-

fare. However, the ability of a community to share the gains equitably among members is

crucial to its sustainability. Otherwise, some unsatisfied members may decide to leave the

community to create a fairer network that suits them better. The challenge comes from the

heterogeneity of households with different consumption profiles such as students, teleworking
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and non-teleworking workers, families, and retirees. Households that match their consump-

tion to generation should receive a higher remuneration as they create more value than those

who consume energy mainly during peak times when generation is low and demand is high

[Caramizaru and Uihlein, 2020].

What is more, households belonging to the community achieve financial gains by reduc-

ing their electricity bills. Even if the initial shared investment is significant, the marginal

costs of the DER and battery are negligible and the grid costs are reduced (Section 6.1). As a

result, self-consumption is an important source of revenue, and the use of batteries maximises

self-consumption [Anisie et al., 2019]. Besides, the principle of demand response allows for

locally balancing energy and thus to reduce the electricity bill of the community members.

The consumers will therefore change their energy consumption manually or automatically

according to the dynamic pricing that reflects the real-time generation. Consumers who are

inclined to shift their demand will therefore consume energy when energy is cheaper, thereby

providing a financial reward. For instance, smart heating systems in the Nordics enable peak

shifting. Consumers define on an app the temperature they want to reach at each hour in

each room of their homes, and the system will compute how long it takes to heat each area,

considering the real time price of electricity. The system will therefore automatically decide

to heat the room when the demand and the price of electricity are low. This could save up to

750€ per year, which is 25% of the average annual electric heating bill in the Nordics. The

payback period of the system is about two years but is expected to decrease over time with

the improvement and expansion of the technology [Sawyer, 2020].

If national regulations allow, households connected to the grid can resell their surplus electric-

ity back to the grid, which another source of income. The remuneration from the re-injection

of electricity into the grid is made possible by the implementation of feed-in tariffs or net-

metering systems [Sawyer, 2020].

Ultimately, the aim of these energy systems is to maximise welfare locally and will therefore

contribute to local economic development. Hence, the maintenance and management of fa-

cilities used for the production, distribution and storage of energy can directly create jobs

locally. The reduction of energy imports reduces capital outflow and therefore also leads to

the indirect creation of local jobs. In addition, the resilience of energy communities ensures

a secure supply of energy, which promotes the development of local businesses. Overall, the

development of these Renewable Energy communities fosters the local circular economy by

establishing commercial relationships with local companies, using local banks or investing

money in local sustainable projects [Vansintjan, 2019].
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4.1.3 Environmental

The development of RECs enhances the integration of DERs, thus promoting the expansion

of Renewable Energy locally. As a result, it is estimated that almost half of Europeans,

or nearly 260 million citizens, could generate their own energy by 2050, and that 37% of

the energy generated by citizens would come from collective initiatives such as cooperatives

[Vansintjan, 2016]. Energy communities, households, small businesses and public entities

could together own 45% of the Renewable Energy generation in Europe by 2050 (Firgure 4).

Figure 4: Energy generation by investor group in 2050 [Vansintjan, 2016]

Lastly, all the social, economic and environmental benefits mentioned above support the

successful and lasting development of Renewable Energy Communities. This enables to

reach the environmental targets set at European level, but also at national and local levels

so as to address the challenges related to climate change. Therefore, these energy projects

contribute to increasing the use of Renewable Energy, energy savings and energy efficiency,

and decreasing energy consumption resulting in a lower carbon footprint [Gancheva et al.,

2018]. For instance, the cooperative Ecopower focuses on providing education and technical

advice to help the members save energy by consuming more efficiently. As a result, members

have almost halved their energy consumption in 10 years, from 3,47 kWh/year in 2007 to 1,76

kWh/year in 2017 [Salgado et al., 2020]. Besides, the European Green Deal outlines the key

targets that the Commission has set for 2030 such as achieving at least a 40% reduction in

greenhouse gas emissions compared to 1990, a 32% share of Renewable Energy and a 32.5%

improvement in energy efficiency [European Commission, 2019].
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4.2 Benefits for the Main Grid

Alongside the benefits to local communities, RECs are also of great value to the main net-

work. Therefore, energy communities can leverage the supply flexibility of the main grids

by providing them with energy when they do not generate enough electricity to cover the

demand of their end-users [Sawyer, 2020]. As the main grid and RECs do not have the

same operating, storage management nor the same generation and demand profiles, it is

therefore conceivable that the local communities have an energy surplus at the time of peak-

consumption for the main grid.

Moreover, the expansion of Renewable Energy Communities enhances the resilience of the

main grid by providing a secure energy supply. As a matter of fact, centralised power plants

are increasingly vulnerable to power outages due to natural disasters or cyber attacks (Sec-

tion 7.5). Therefore, diversifying energy sources by connecting local communities to the main

grid would improve the outage management of the latter. As fossil-fuels are notably supplied

from distant countries with potentially unstable political relations such as Russia or Iraq,

European main grids could benefit from a secure local supply through the RECs (Section

2.3).

Figure 5: Main benefits of the RECs [By the Author]

To conclude this section, a table outlines the diverse benefits that the development of Re-

newable Communities has brought to their members but also to the main grid (Figure 5).

5 Flexibility
To achieve a resilient electricity network in line with the energy transition, there is a growing

need for flexibility. Flexibility can come from both the demand and the supply side and can

cope with increasing energy demand and intermittent RE supply. At an individual level,

flexibility can be defined as the variation of generation injection or consumption behaviours

as a reaction to external signals [SGTF, 2015]. As a result, flexibility leads to a cost-effective

balancing of demand and supply within the community-ownership project.
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5.1 Flexibility of Supply

The European Commission forecasts that 70% of energy consumed in 2050 will be Renewable

Energy as mentioned in the Energy Roadmap 2050. Renewable Energy Communities should

therefore be designed with the aim of increasing the integration of Distributed Energy Re-

sources (DERs) including renewable generation, storage and electric vehicles. Wind turbines

and photovoltaic panels are the renewable technologies that are currently experiencing the

greatest expansion (Section 2.3). Most of the electricity generated is issued from small-scale

decentralised plants, with the exception of offshore wind turbines. Thus, there are multiple

regional wind parks or PV farms, but there is also a micro-generation of electricity in the

households that install PV on their roof. This includes consumers in the energy supply by

empowering them to manage and control their electricity generation and thus reduce their

bills (Section 4.2).

As the energy output of wind turbines and solar panels depends on weather conditions,

it is variable although following a certain pattern. The complex predictability of the energy

produced constitutes a challenge for the planning, management and balance of the system.

However, it is becoming increasingly feasible to accurately predict energy production due to

technological advances (Section 2.2). In addition, energy communities can include advanced

Information and Communications Technologies (ICTs) that provide real-time information on

electricity generation and demand, as well as the functioning of the entire grid operations.

This allows for short-term reactions as well as implementing a flexible and dynamic energy

management. Increasing the responsiveness of the grid makes it possible to balance the sup-

ply and demand of electricity from renewables in real time.

The installation of storage capacity ensures the security of supply and the stability of the

network. This would allow energy to be stored when there is a high supply, and inject it

back into the community when energy demand exceeds production. Hence, the management

of electricity storage support a balance between demand and supply, leading to economic

benefits. In the case of micro-generation, storage capacities can be installed in households

and are thereby managed by the prosumers. Nevertheless, batteries require a sizeable initial

investment and the optimum storage capacity must be determined with the aim of maximis-

ing the benefits to the community.

The inclusion of electric cars in the community-energy project also increases flexibility.

Vehicle-to-Grid (V2G) allows the storage of electricity surplus in the batteries of consumers’

cars when there is a high supply and low demand. The cars will then feed the electricity

back into the community when the demand for electricity exceeds generation, limiting the

expensive imports from the main grid. This leads to an increased resilience of the network

but still requires the agreement of the members who own the electric vehicles (Section 3.3).
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Similarly, establishing a connection between the REC and the main network also enhances

the flexibility of the local community. Even though the REC can operate in island mode,

this integration allows electricity to be supplied to members even when local generation and

storage are not sufficient, albeit usually at a higher cost.

5.2 Demand Response

The successful operation of energy communities relies mainly on the empowerment and en-

gagement of consumers. This creation of flexibility on the demand side is therefore the basis of

the demand response. The Federal Energy Regulatory Commission defines demand response

as the change in electricity consumption by the end-user in response to changes in electricity

prices over time [Kathan et al., 2007]. More concretely, when Renewable Energy Sources

provide a high supply, the price of electricity decreases and this price variation is directly

communicated to the consumers through ICTs, leading to an increased energy consumption

in real time. Conversely, when supply is low, the price rises so as to discourage consumers

from using electricity at that time. Therefore, it is no longer supply that adapts to demand,

but demand that adapts to supply, resulting in peak shaving. Consequently, the consumers

control the optimization of their consumption based on the external signals received, which

also gives them the opportunity to reduce their electricity bill.

Prosumers have the flexibility at any time to choose the intensity of flexibility they de-

cide to provide according to their preferences and pace of life. The first option is to deliver

maximal flexibility by letting the AI system manage the energy consumption of smart ap-

pliances according to price signals and predefined consumer preferences. Secondly, they can

also opt for the comfort option which consists of manually deciding which appliances will

continue to operate at a certain capacity regardless of price and supply fluctuations, and the

rest of the appliances will be managed by the AI system. The last option is to use the full

capacity of the devices regardless of price signals and without the intervention of AI systems.

This option can be used on an ad hoc basis but does not enable the consumer to contribute

to the improvement of social welfare when it is activated.

Therefore, contributing to this flexibility on the demand side is a choice. The participation in

the energy community is open and voluntary, and the prosumer has the choice between several

aggregators or suppliers (Section 3.1). The different offers should be clear and transparent

so that they make a decision with a clear understanding of the benefits and constraints, such

as the shared costs and risks associated with each option [SGTF, 2015].
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5.3 Key Enablers

Besides the flexibility arising from the supply, it is interesting to highlight the key compo-

nents allowing the active participation of the consumers leading to the demand side flexibility,

which is inherent to REC operations. First of all, it is important to have clear regulations

and market rules at the EU, national and local levels to ensure the inclusivity, efficiency,

security and stability of the network (Section 6.3).

In addition, dynamic pricing provides incentives for active consumer engagement leading

to demand response. This flexibility requires a real time data flow between the different net-

work components, which is enabled by ICTs. Smart meters installed in consumers’ homes are

also essential as they allow the users to know their consumption and the electricity price in

real time. Finally, smart appliances in households can be automatically or manually managed

to change their energy consumption according to external signals and consumer preferences

(Section 7.1). Nevertheless, it is important to avoid all smart appliances being set up sim-

ilarly to prevent them from reacting in the same way to price fluctuations, thus creating

congestion and new demand peaks.

5.4 Value of Flexibility

The flexibility brought to the demand side will therefore result in value creation for the

stakeholders as it could lead to avoided costs or gained benefits. Thus, prosumers can save

money on their electricity bills by reducing their energy demand, increasing collective self-

consumption, using storage to consume electricity when it is cheaper, as well as aggregating

and shifting their demand according to dynamic pricing. In addition, the deployment of

flexibility enhances the independence of the energy community from the main grid, thus low-

ering costs by reducing the energy imports and the collective connection capacity [Council

of European Energy Regulators, 2019b]. As flexibility providers, prosumers can also benefit

from indirect financial benefits such as tax relief and subsidies (Section 4.2).

What is more, the expansion of Renewable Energy Sources supports the energy transition

and the decarbonisation of the energy system. Environmental benefits are also driven by

a reduction in energy consumption and energy losses as electricity is consumed closer to

where it is generated (Section 4.3). By empowering consumers to manage their resources,

they become more aware of their impact on the environment, leading to a more responsible

consumption [Council of European Energy Regulators, 2019b]. Besides, given the flexibil-

ity provided by energy communities, energy utilities may decide to avoid or delay costly

investments to improve the main grid.
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6 Challenges and Drivers

6.1 Regulatory Challenges

This part aims to analyze the regulatory implications and challenges of developing Renew-

able Energy Communities. The following challenges have been highlighted by the Council

of European Energy Regulators. The council has been launched in 2000 in order to ensure

cooperation between national regulators, in order to create a competitive energy market and

establish best practices in the energy field [Council of European Energy Regulators, 2019a].

The following sections will state the regulatory questions and issues linked to the main

functions of an energy community. The latter are selling and sharing electricity, efficiently

consuming electricity and owning the RE assets.

6.1.1 Self-consuming and Selling Electricity

The energy sharing and selling matter can reveal to be more complex than a basic supplier-

customer relationship. Indeed, the energy community can cover the role of producer, supplier,

service provider, aggregator, and even grid operator all at once. These activities rise complex

issues which are controlled by the Electricity Market Regulation and need a specific attention

[European Parliament and Council, 2019].

The first issue consists in the fact that the net-metering is reducing incentives for consumers

to make flexibility efforts. The net-metering scheme is deployed to measure and bill either

the net consumption or production of electricity by consumers with small production fa-

cilities. The prosumers are compensated for their investment and production through the

reduction of their energy bill. This scheme reveals to be an issue for regulators as it reduces

the sensitivity to the price of electricity and discourages prosumers to adapt their demand

to generation. Therefore, the benefit for the whole community might be impacted by this

scheme since energy sharing will provide a positive impact only if the consumers are correctly

incentivized to adapt their consumption pattern.

Moreover, it is important that the network costs remain equally divided without discrim-

ination, specifically for vulnerable participants who could not actively take part in self-

generation. It is following this opinion that the CEER is suggesting not to use a net-metering

scheme as it reduces the sensibility of the consumer to changing prices [Council of European

Energy Regulators, 2019b].

The second challenge consists in the relationship and coordination between supplier and

the local generation source. The local demand will be partially provided by local shared
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production, and in most cases, the rest of the demand will be ensured by a backup sup-

plier. The challenge here is the coordination between local and backup suppliers. Hence, one

customer will be provided from multiple sources: local supply source or a licensed backup

supplier. The regulations regarding the obligations of the licensed suppliers are complete

and clearly stated in MS frameworks. The supplier is obligated to balance the system at

all times by optimizing the equilibrium between production and demand as well as ensuring

customer protection and information. However, the regulations stating the obligations of the

local supply source are not clearly defined, specifically in matters of consumer protection

and information. This gap in regulatory framework reveals a true challenge for transposing

the European Directives from the Clean Energy Package to the MS national law [European

Commission, 2016].

The third substantial challenge is represented by the balancing responsibility resulting in

an abuse of power from the supplier’s side. The challenge comes specifically from the fact

that the licensed supplier and local energy source might supply the same customers. In the

case where there isn’t any shared responsibility of balancing, the licensed supplier is wholly

responsible for balancing and providing the difference in energy to the customers in order to

match their demand. In this situation, there might be abuses from the side of the external

supplier since it might provide more energy when it is more expensive and less when it is

cheap, and therefore participate to the increase of the price per kWh sold. On top of that,

for each imbalance incurred, there could be a penalty for the supplier and that cost could

also be passed within the customer’s bill.

The fourth challenge comes from the fact that in most Member States’ regulations it is

not specified who is in charge of collecting any taxes and levies applied to the energy com-

munity. Most countries, such as Luxembourg and Austria do not apply taxes for energy

communities. However, there are some exceptions such as France which decided to apply

taxes on all energy consumed and collectively self-produced. On the main grid it is usually

the licensed supplier who is responsible for administrative tasks, such as the collection of fees

and levies.

The first possibility is that the energy communities will take that responsibility. In that

case, an additional administrative burden will be added on the energy community. As a

result, the latter might also face an increased cost charged to all members.

The second possibility is that the MS may decide to leave the responsibility of levies col-

lection in the hands of the licensed supplier. In this situation, the supplier will be as well

responsible for the levies with regard to other energy sources, which will lead to more complex

levies structures. Due to this complication of the structure, suppliers may decide to charge

higher costs for the local community. For the members of the Renewable Energy Community,
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an incurred risk is to not being in a position to find an affordable supplier offer.

The fifth challenge regards the right of changing supplier, to which all members of an en-

ergy community are entitled as it is clearly stated in the Clean Energy Package [European

Commission, 2016]. In theory, this principle seems clear and firm, however in practice, it can

occur that consumers are not effectively capable of using the right of choosing their supplier.

In the situation where the supplier is highly linked to the community or when the supplier

fills multiple functions such as assets management, the tie between supplier and community

is more complex. Therefore, it might require a long-term engagement between the two par-

ties, especially when substantial investments are involved. The challenge, in this case, is to

maintain the right to switch supplier in complex schemes. The fact that the customer is part

of an energy community can therefore hinder that right, and this is not accurately supervised

by the MSs’ legal contract frameworks.

The last challenge with regard to the rights of the Renewable Energy Community mem-

bers is focused on the vulnerable consumers. Within the same perspective as the right of

changing supplier, when the members are willing to terminate their contracts with the sup-

plier, they should be free to do so without any additional burden. However, in some national

regulations such as France for instance, the consumers do not have the right to end their con-

tracts at any time without a proportionate fee or binding conditions [Council of European

Energy Regulators, 2019b].

6.1.2 Efficient Consumption and Flexibility

Firstly, the rising of flexibility schemes is also incurring multiple regulatory questions and

challenges (Section 5). It has been stated that RECs should be value-driven and provide so-

cial advantages rather than focusing on profits (Section 3.1). Therefore, market participants,

such as aggregators, are expected to use the flexibility in the most valuable way for the best

interest of the community. An issue arises when the flexibility is used for individual purposes

such as selling the electricity when it is most expensive to the main grid, without trying to

maximize the profit for the community. This sub-optimal operations of the power system

might lead to a cost increase for the energy community as a whole.

Secondly, when discussing flexibility, the situation can also be challenging for vulnerable

consumers as they might not have a true flexibility potential, despite substantial incentives

for demand response. The consumers having a willingness to pay inferior to the price during

peak time would find themselves forced to reduce their basic consumption through imposed

flexibility policies or to consume as usual at a higher price. In this situation, the disadvan-

taged customers will see their costs increase or well being decrease by being part of an energy

community [Council of European Energy Regulators, 2019b]. This situation might go against
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the will of European Directives, specially RED II, which promotes social aid and assistance

[European Parliament and Council, 2018].

6.1.3 Owning and Operating Electricity Grids

The last challenge for the RECs is organizing and operating the grid whilst their rights are not

clearly entitled in European and national regulations. With respect to the activities of owning

and operating the electricity grid, the electricity market directive states that the Citizen

Energy Communities have fully the right to provide all these activities. On the other hand,

such rights are not stated in the RED II regulations for the Renewable Energy Communities

[European Parliament and Council, 2018] [Council of European Energy Regulators, 2019b].

6.2 Non-Regulatory Challenges

6.2.1 Dynamic Retail Pricing

With the aim of implementing a demand-response mechanism, price signals are needed to

encourage consumers to adapt their electricity demand to the supply in exchange for finan-

cial benefits. This requires the setting up of a time-differentiated pricing system which can

consist of time-of-use pricing, including peak and off-peak prices, or real-time pricing.

Nonetheless, the negative effects of these price fluctuations should be avoided [CEDEC,

2014]. In case of abundant supply, electricity prices are low and this can quickly lead to a

peak in energy demand, resulting in a sharp increase in prices afterwards. Consumers who

had started time-consuming activities, such as starting a washing machine, taking advan-

tage of low electricity prices will therefore see the price increase during the course of their

activities. They will therefore end up paying much more than the price initially announced.

Consequently, it is important to ensure that tariffs do not change too abruptly, but rather

to ensure a smooth fluctuation of tariffs to guarantee a certain stability for consumers. It

may therefore be interesting to consider price caps by defining price intervals so that, from a

psychological and economic point of view, consumers do not change their consumption too

abruptly.

6.2.2 Technical Standards

Most of the technologies needed to operate energy communities are already developed but it

is essential to ensure the interoperability of these technologies and their integration into the

main grid. The European Council has stated that the EU and its Member States want to

invest more in renewable, safe and sustainable low carbon technologies but there is a need

for technical standards related to these technologies.
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Therefore, the three European Standards Organisations (ESOs) namely CEN, CENELEC

and ETSI have the mission to develop standards for the next generation electricity networks,

the Smart Grids. The European Commission mandated these organisations to determine a

technical reference architecture, consistent standards for data exchange and communication

protocols, as well as sustainable standardization processes to foster stakeholder interaction

and interoperability. Besides, these organisations have been given the task of defining stan-

dards for information security and data privacy [CENELEC, 2021].

6.3 Drivers

After highlighting the challenges related to the development of Renewable Energy Commu-

nities, it is interesting to consider the drivers that favour their expansion while mitigating

the associated risks.

6.3.1 Members Willingness

The first key success factor is the determination of the members, the fact that they believe in

the project and their involvement in achieving the common objectives. In fact, the willingness

of citizens to take action to solve social and environmental problems strongly enhances the

emergence of energy communities. Besides their ecological and social awareness, the fact that

they have a high level of education and a desire to be energy self-sufficient are significant

factors. The rise of collective projects is also stronger in countries with a tradition of collective

ownership, such as Denmark, Germany and Belgium [Caramizaru and Uihlein, 2020].

6.3.2 Social Acceptance

Developing technologies that are technically efficient and economically viable is not enough

as they need to be socially accepted by consumers to be successfully implemented and used

[Dütschke et al., 2017]. Nevertheless, wind turbines entail some drawbacks according to

citizens, such as noise, intermittent shades and visual impact on the landscape. The main

negative local externalities of solar panels are that they are not aesthetically pleasing, the

space they occupy, their weather-dependent efficiency and initial cost. As a result, citizens

are concerned of losing a certain quality of life which leads to the NIMBY effect. It is there-

fore interesting to analyse the drivers that favour a supportive behaviour, and not only a

tolerance of consumers towards local energy communities [Fraunhofer, 2015].

It is essential to educate citizens on the ecological, social and economic benefits of devel-

oping these energy projects so as to entice them to participate, but also to communicate the

costs and potential risks associated with the project. What is more, the decision-making
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process must be fair and members must have confidence in the integrity and expertise of

the managers. According to Wise Power, the European wind energy acceptance project, the

fairness of a project depends on the ability of managers to be open, inclusive, transparent,

responsive, flexible and accountable [Bickley, 2017]. It is also important to note that joint-

ownership or community co-ownership of renewable technologies greatly increases the local

acceptance of sustainable projects as customers feel more involved and empowered [Musall

and Kuik, 2011].

6.3.3 Mobile Technology and Innovation

The breakthroughs in digitisation and the integration of innovative technologies into energy

communities foster their development by being better adapted to members’ needs. Indeed,

mobile tools and applications can be used to connect with citizens as a means of increasing

their awareness, understanding, social acceptance and engagement with local communities

[Thomson et al., 2013]. These technologies are embedded in the daily lives of potential

members enabling them to learn about the functioning and benefits of energy communities.

As mobile technologies can be connected to advanced metering infrastructures, prosumers

can also manage and control their electricity consumption in real time via the app. These

technologies can also analyse members’ consumption and behaviour so as to offer them sug-

gestions for optimising their energy consumption and lowering their bills. It is also possible

to pay energy bills and give feedback via these apps.

Alongside the technological advances of smart appliances, some countries such as Germany

are also pioneering virtual power plants as a means of balancing the energy supply [Gancheva

et al., 2018]. These virtual power plants allow decentralised producers to aggregate their pro-

duction even if they are not geographically close, and to sell their electricity on the market

(Section 3.3). This increases the inclusiveness of small producers by pooling and optimising

the generation, storage and consumption of the electricity produced.

6.3.4 EU Legislation Role

Although Member States have a major role in transposing and implementing rules, EU policy-

makers have an important role in maintaining a stable regulatory environment and estab-

lishing common energy policy that support the development of Renewable Energy [Gancheva

et al., 2018]. The Energy Policy Framework established at European level sets out minimum

requirements for the promotion of these communities and encourages MS to design support

mechanisms, including financial support.

What is more, energy market rules should sustainably support the different services provided

by energy communities such as energy efficiency, storage, distribution as well as aggregation.
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These rules must be non-discriminatory and must not limit market access to smaller produc-

ers by allowing them to have simplified procedures or to aggregate their energy production

via virtual power plants. It is therefore important that these policy frameworks remain stable

over time, and that the rules are coherent and consistent without contradicting each other.

6.3.5 National Legislation Role

National legislation must first define Renewable Energy Communities but also recognise their

role and needs for sustainable development [Gancheva et al., 2018]. Member States should

follow the example of the European Commission which has clearly established in the Clean

Energy Package the role of local communities in the energy transition so as to address cli-

mate change. National policy-makers should therefore set clear national energy objectives,

determine how energy communities can enable them to achieve these targets and then set

specific goals for the expansion of these energy communities. For instance, Denmark has

taken measures to promote community ownership models by setting clear targets. Hence,

the Renewable Energy Act requires that for projects involving wind turbines over 25m in

height, project managers must offer at least 20% of the project’s ownership shares to local

residents within 4,5km. As a result, community power projects are dominant in Denmark

instead of privately owned projects. Furthermore, Danish legislation provides that an energy

producer wanting to have access to the main grid only has to pay for the connection to the

nearest technically feasible point of the network. The energy utilities therefore have to invest

in the necessary expansion of this network.

Besides, specific policies and rules must be established at national level to foster the de-

velopment of Renewable Energy Communities. National policies can encourage citizens to

participate in these communities by providing financial incentives and support mechanisms

such as tax reductions, low-cost loans and grants, feed-in tariffs or net metering schemes

[Caramizaru and Uihlein, 2020]. It is important that policy frameworks are clear and explic-

itly communicated to be impactful. Since profit maximisation is not the primary objective

of these community-owned renewable projects, financial returns are uncertain over the long

term and these projects are therefore perceived as risky. These initiatives may therefore have

difficulty in raising funds, which is why national financial support schemes are highly valued

[Salgado et al., 2020]. What is more, some MS do not have clear rules on the resale of surplus

energy outside the community or Peer-to-Peer trading, which is an obstacle to energy sharing.

Member States should also simplify and adapt the regulatory and administrative proce-

dures for small RE projects as an opportunity to boost investments. Indeed, these bureau-

cratic processes are complex, time-consuming and costly and therefore constitute a major

barrier to the expansion of local energy projects. Although necessary, these requirements

for community-owned projects should be streamlined such as construction permits, environ-
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mental impact assessment, electricity generation licenses, health and safety controls, limited

capacity requirements and grid connection permits. It is also important to ensure that local

communities have appropriate technical information and know-how for the successful devel-

opment of the project, otherwise appropriate training, mentoring and guidance should be

provided [Salgado et al., 2020].

6.3.6 Local and Regional Authorities Role

Complementing European and national frameworks, Local and Regional Authorities (LRA)

can implement local policies to enhance the integration of community-powered projects ac-

cording to the local context. LRAs can therefore outline how these energy communities can

contribute to achieving local energy goals, and then provide them with the appropriate finan-

cial and strategic support mechanisms. The key factor is to give the LRAs as much autonomy

and responsibility as possible like in Germany, so that they can help the energy projects to

be as adapted as possible to the local context to enhance their impact [Gancheva et al., 2018].

There is therefore a real opportunity to achieve mutually beneficial and sustainable part-

nerships between local authorities and energy communities to leverage their contributions to

local objectives through their expansion. RE project leaders can take over the management

of the project by bringing in technical expertise, while LRAs can provide the necessary space,

administrative support, and enhance local acceptance and engagement of local stakeholders.

Alongside all these benefits, local authorities can also contribute to reducing the risk asso-

ciated with energy projects by investing in or enabling them to access external finance at

preferential rates [Gancheva et al., 2018]. For example, German local authorities can secure

long-term, low-cost financing from the public bank KfW or institutional investors which they

can use to fund Renewable Energy Communities.

6.3.7 Risk Management Strategy

When developing Renewable Energy Communities, it is essential to consider the potential

challenges and associated risks (Section 6.1). A risk can be defined as the ”Probability of

occurrence of an unknown event or uncertain condition that can have either a positive or

negative impact on project objectives” [Weaver, 2008]. Despite the diversity of risks, a key

success factor for energy communities is to have a clear and effective overall process for man-

aging the risks that arise during the project.

First, Risk Management Planning should be put in place to determine the roles of the com-

munity members in risk management, procedures and processes for systematically reviewing

and reporting potential risks. Then, Risk Identification allows the identification of risks that

may possibly impact on the project. Risk Analysis consists of analysing the probability of
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occurrence of the risk as well as its impact, while Risk Prioritisation allows to rank them on

the basis of their probability of occurrence and the degree of impact. During risk response

planning, risk managers will decide how to react to this risk. They can thus opt for Risk

Avoidance, Risk Acceptance, Risk Insurance or Risk Mitigation depending on the situation

and their risk aversion. Finally, Risk Monitoring and Control allows for regular tracking of

the evolution of risk, as well as the implementation and results of the strategies put in place

to address it [Vikas et al., 2019].

7 Smart Grid

7.1 Smart Grids and REC Development

Smart Grids (SG) are local electrical networks that use automation and Information and

Communication Technologies to monitor and optimize the production and consumption of

electricity in real time. Through ICT integration, the local grid control is centralized and

thus supports the durability and efficiency of Renewable Energy Communities. Smart Grids

use innovative and advanced technologies to optimise the management of electricity locally,

which can also be used in Renewable Energy Communities to enhance their development.

Therefore, it is interesting to analyse the different components of the SGs, as well as their

functioning and the benefits for the end-users.

These smart and local electricity grids are therefore more resilient than traditional grids

due to the information exchange and energy management system, but also due to the fact

that they can exchange electricity with the traditional grid in the event of a shortage or

oversupply. In addition to the reliability of this network, it is also sustainable as energy is

exclusively produced from Renewable Energy Sources. In addition, it reduces transportation

electricity losses since it is generated within the local communities. These more reliable, flex-

ible and efficient Smart Grids make electricity more affordable and accessible for the entire

community.

There are three trends that favour the development of smart girds within energy communities.

These trends are the increase in demand for electricity, the automation and digitalisation of

activities, as well as the decentralisation of electricity production capacity due to the inte-

gration of DERs [Guille et al., 2017]. The COVID-19 pandemic also favours the emergence

of Smart Grids as it has resulted in an increase in digitalization and local cohesion of citizens.

It is therefore interesting to determine the full range of benefits that a SG would bring.

First of all, it fosters the introduction of Renewable Energy and the achievement of the EU’s

climate objectives. In addition, it increases security of supply and facilitates the efficient
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operation of the electricity grid. Smart Grids also empower consumers within an energy

community to play an active role in controlling their consumption and making savings on

their electricity bills. Finally, it allows to create new jobs locally and therefore fosters eco-

nomic growth [Polymeneas et al., 2020].

One of the most important challenges of current clean energy production consists in the

fact that Renewable Energy Sources are by definition intermittent. To ensure a balanced

energy flow, an Energy Management System will optimize the transmission of bulk energy

between the Distribution Management System and Battery Energy Storage System (BESS).

In this way, the Smart Grids are dependent on BESS that allows energy produced to be

stored and then re-injected according to the needs of the electrical network [Fradelle, 2017].

With the help of this control systems, the local grid becomes an intelligent system as it

is able to orchestrate the production of energy from multiple sources in order to meet the

demand of the end-users [Wood, 2020]. Therefore, the customers’s advantages go far beyond

their energy demand satisfaction as they benefits from low prices, clean energy, as well as

high reliability and security.

7.2 Automation and Digitalization

Smart Grids are the center of technology innovation, allowing for the modernisation of the

aging electricity grid. The innovation that differentiates Smart Grids is based on automation

systems and digital integration. Automation systems provide the Smart Grid with the capac-

ity to self-manage its activities by taking technical or managerial decisions. Therefore, it is

the Energy Management System (EMS) which is empowered to optimize the self-management

through Information and Communication Technologies (ICTs) by considering the most sig-

nificant challenges of the Smart Grid.

The first substantial challenge is the management of peak energy consumption since an in-

accurate management of theses peaks can lead to high expenses among other disadvantages.

From a managerial point of view, if there is a sub-optimal handling of the peaks resulting

in constant shortfall, the managers could be advised to make new investments in capacity

expansion. By defining an optimal load management for all periods, the automation of the

system allows to increase the resilience of the community and prevent unnecessary invest-

ments in any additional capacity.

The second challenge is the variability of generation rates which depend on the meteoro-

logical conditions and the time of the day. Through real-monitoring, the smart system is

capable of constructing accurate forecasts and provide incentives for load management in

real-time. Moreover, thanks to real-time control, an automated system is able to prevent
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any outages or technical issues even before reaching the user or before damaging the network

[Ministry of Power, 2013].

Finally, one of the most considerable variables to take into account is the production ca-

pacity of the Renewable Energy Sources. Indeed, the EMS allows to increase the integration

of the DER by compensating the irregularity of the energy produced by an automated opti-

mal management of the energy in real time. It has a responsibility to decide where the energy

should flow between storage and consumption by end-users. Therefore, the EMS will take

optimal storage decisions based on the real time and forecasts demand, in order to create

reliable reserves in case of shortfalls [Sibelga, 2020].

7.3 Bi-Directional Flow Communication

Sustainable energy development requires a Smart Grid with online control capabilities as well

as two-way interaction with consumers. What characterizes therefore the two-way stream

between consumers and smart grid management systems is the constant exchange of infor-

mation (Figure 6). On the one hand, the information gathered and sent to the energy utilities

concerns the energy consumption of households in real time, as well as the types of smart

appliances they use. This data will therefore be analysed to forecast future energy demand,

define incentives to adapt demand to supply, optimise storage management, and prevent po-

tential outages on the network [Golshannavaz et al., 2014].

On the other hand, this type of two-way communication flow is the key enabler of demand

responses schemes. Through this bi-directional communication, the REC members are in-

formed about their past and current energy consumption, as well as the dynamic prices in

real time to encourage them to adapt their energy demand during the peak times. There-

fore, the network acts as a two-way communication channel to optimise energy flows through

dynamic tariffs and load shifting [Ministry of Power, 2013].

Figure 6: Bi-Direction Flow Communication [By the Author]
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7.4 Key Components

7.4.1 Smart Appliances

Electrical appliances evolve by further integrating smart technologies. Therefore, smart ap-

pliances are smart and connected equipment which can be found in households, such as a

fridge, a dishwasher, an air conditioner or a washing machine. These devices enable coop-

eration between service providers and end-users, who adapt their energy consumption based

on external signals and predefined settings. Smart appliances can therefore automatically

change their consumption on the basis of the maximum capacities imposed by consumers at

peak-consumption times, but also with regard to the external price signals received. These

devices can be programmed or will automatically operate when energy is cheaper in order to

adapt the demand to the RE supply [SGTF, 2015]. These devices can also show consumers

information about their energy consumption as well as the price of energy in real time through

the smart-meter.

The principle of demand response is therefore put in place due to these smart appliances,

which make it possible to optimise the use of energy via peak levelling, consumer empower-

ment and consumption reduction. However, consumers can always override the automation

system if they absolutely want to use certain appliances despite the cost of energy at that

moment.

The practical integration of these smart appliances nonetheless presents certain challenges,

such as their interoperability in order to optimally coordinate several tools in the same home.

Moreover, households are not inclined to use overly sophisticated interfaces and are concerned

about the cost, reliability, security and privacy of these new technologies [European Parlia-

ment, 2016].

7.4.2 Smart Meters

Smart meters provide the Smart Grid interface between the consumer and the energy provider.

Smart meters are devices that are installed at the consumer’s premises to digitally collect

data about the consumer’s electricity consumption in real time. The data will be analysed

by the Energy Management System (EMS) in order to manage the network operations in an

efficient way (Section 7.4). Besides, smart meters allow as well the EMS to communicate the

dynamic electricity tariffs to the consumers and their smart appliances, leading to demand

response [Mrabet et al., 2018]. These devices are therefore one of the key enablers of two-way

communication leading to optimal electricity management [Wang et al., 2011].
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7.4.3 Distributed Energy Resources

Distributed Energy Resources refers to power generation resources that are directly connected

to medium voltage or low voltage Energy Management Systems. The DERs ensure therefore

the bulk energy generation at a local scale. The produced energy will be transmitted to

the Energy Management System which will decide weather the energy will be allocated to

households or storage based on forecasting and real time data (Section 2).

7.4.4 Battery Energy Storage Systems

The Battery Energy Storage System (BESS) is composed of connectable battery modules,

allowing the required storage capacity to be reached. The BESS is at the center of the energy

system. Its main function is to provide a additional energy supply when the power produced

by Renewable Energy Sources is not sufficient, or when RES equipment is defective. There-

fore, the BESS will provide the necessary generation so as to meet the load demand in case

of shortfall.

On the contrary, when the necessary conditions meet and the solar panels or wind turbines

overproduce, the power surplus will be stored in the storage system. Once the batteries are

fully charged, the excess energy will be sold on the main grid. As a result, the BESS plays

a substantial role for the local electricity grid using intermittent RES [Ngoc, 2014]. What is

more, the parameters for optimising energy use are a high power density, high charging and

discharging efficiency, good cycling capacity and long lifespan [Akorede et al., 2010].

7.4.5 Energy Management System

In a nutshell, EMS is the system that aims at achieving energy efficiency by optimizing the

transmission processes. The system therefore receives a series of inputs such as household

energy consumption, battery storage state, and renewable electricity generation in real time.

Based on this information, the system will automatically take a decision to optimise energy

use by either allocating the energy produced to households or to storage, or by selling it on

the main network, or by buying energy from this network [Ngoc, 2014].

Decisions regarding the optimisation of energy management are made on the basis of specific

operational objectives that aim to maximise the welfare of community members. Therefore,

the objective is to satisfy as much of the energy demand as possible while minimising the

costs involved and maximising the revenues. In terms of environmental objectives, the aim

is to minimise the carbon footprint by reducing loss and energy consumption. However, this

implies compliance with the technical limits of the network. It is essential to respect certain

constraints, in particular those linked to the functioning of the DERs and storage system,

voltage requirements, harmonization between voltage and frequency, and load requirements
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for the devices. Disregarding these limitations may result in energy losses or power outages,

reducing the net power on the network.

7.4.6 Distribution Management System

The Distribution Management System (DMS) plays a central role within the Smart Grid by

covering the “last mile” in the delivery of electricity. Therefore, the DMS has the key role of

ensuring secure and reliable network operations while keeping all market actors informed all

the time [Golshannavaz et al., 2014]. This system enables two-way management of energy and

data flows between the EMS and the smart meters, which enables dynamic pricing leading

to demand response. It is through an automated smart metering system, which is operated

by the DMS, that the information is collected in real time. In such a system where the share

of intermittent Renewable Energy is at its highest, it is important to ensure fast, automated

and reliable data communication as well a close monitoring of the grid [van den Oosterkamp

and Koutstaal, 2014].

7.4.7 Outage Management System

A Smart Grid can regularly fall victim to unexpected energy outages due to natural events

or cyber attacks. For maintenance scopes, there can also be scheduled outages. No matter

if the outage is scheduled or not, they are not without economic consequences and can even

potentially impact the health of people who no longer have access to electricity. It goes

without saying that these situations must be prevented at all costs.

One of the main features of a Smart Grid is its self-healing capability. Self-healing capabilities

minimize outages because they enable self-evaluations that continuously inspect, evaluate,

respond, and troubleshoot problems automatically. This is made possible by the widespread

deployment of Outage Management System that monitor and control the network to identify

and report anomalies through sensors, smart devices and automated controls. [Chakraborty,

2018].

7.4.8 SCADA

As with the Outage Mangement System, in the event of an interruption in the supply of

electricity to the network, there may be serious consequences. The progress of new digital

technologies, such as remote control and remote monitoring of the electrical network, led to

the development of a new system Supervisory Control and Data Acquisition (SCADA). This

allows to reduce the cost of power transmission, but also to increase the control of the trans-

mission and the efficiency of the network, leading to an increased reliability for the utility as

a whole.
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Beyond control, the SCADA system will gather information and analyse the data environ-

ment in real time, which is aided by data acquisition through the smart metering and the

sensors. Moreover, SCADA systems are closed systems that require little technical mainte-

nance. As a final note, it is important to point out that these control opportunities can turn

into cyber security threats. This leads to a significant need for detection of network risks

and vulnerabilities [Safa et al., 2016].

7.5 Cyber Security Risk

Smart Grids depend on ICTs for their operation, but this makes them vulnerable cyber at-

tacks. These attacks can have a varying degree of impact and can potentially lead to power

outages, data thefts or installation damages. It is therefore essential to protect the network

against these possible cyber attacks so as to ensure efficient and secure information and power

flows on the network.

Key Security Requirements

Since information security is essential for Smart Grid operations, the National Institute of

Standards and Technology (NIST) has established four requirements which are in order of

importance: availability, integrity, accountability and confidentiality [Mrabet et al., 2018].

Availability of information refers to the reliable access and use of information at any given

time. Therefore, it ensures that data transmission is not delayed, blocked or damaged, thus

enabling a good communication flow. The integrity of the information means that it has not

been altered or deleted by an unauthorized entity. Integrity attacks aim, for example, to

modify customer account data, billing data, sensors values or control commands. Regard-

ing accountability, it refers to the traceability and recording of any action taken within the

Smart Grids. Finally, confidentiality relates to the fact that the personal information of the

network’s stakeholders will not be accessed or disclosed to unauthorized persons or entities.

Attack Types

Smart Grids are complex networks that involve a large number of stakeholders and devices

between which there is a significant flow of information and energy. These networks have

various access points which must be protected with advanced security technologies to prevent

attacks. There are three types of attacks that are the most frequent for electricity networks,

namely Integrity Violation, Privacy Violation and Denial of Service attacks.

The data contained in the devices may be subject to Integrity Violation attacks that com-
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promise the integrity and accountability of the network. A typical example may be the

modification of the information read by smart meters in order to increase or reduce the

household’s electricity bill. Authentication schemes and end-to-end encryption help to man-

age these integrity attacks. The purpose of Privacy Violation attacks is to gain access to

consumers’ private information. Smart meters collect information in real time about the

electricity consumption allowing thieves to know when customers are not at home. Finally,

Denial of Service (DoS) attacks occurs when someone outside the network overloads devices

with a data stream to make network services or information inaccessible to users.

Countermeasures

Given the variety and the severity of attacks that can compromise the information secu-

rity criteria, an effective information security risk management must be implemented. It is

therefore essential to take preventive countermeasures, set up defensive actions during the

attacks, and finally to review and improve these preventive measures after each attack. The

risk management process must therefore be dynamic so as to adapt to a changing and com-

plex environment.

As a preventive measure, the Intrusion Detection System (IDS) analyses the network traffic

in real-time to detect unauthorised activities such as energy theft by customers or DoS at-

tacks by hackers. Moreover, the Network Data Loss Prevention (DLP) system prevents the

destruction or theft of information within the Smart Grids. In addition, Security Information

and Event Management Systems (SIEM) enables to collect and analyse all data from network

devices to identify unauthorised operations. A Secure Network Protocol (DNP3) is also used

to ensure the integrity of data transmission.

Cryptography algorithms and especially encryption play a fundamental role to preventively

ensure the integrity, confidentiality and non-repudiation of the data. The Advanced En-

cryption Standard (AES) algorithm is frequently used to achieve symmetric key encryption,

where data is encrypted and decrypted using the same key. The RSA algorithm can also be

used to perform asymmetric key encryption, when two different keys (public and private) are

needed to encrypt and decrypt information. Furthermore, Public Key Infrastructure (PKI)

is designed to ensure the secure transfer of information on the Smart Grids, using digital

certificates for authentication and public keys for encryption. Therefore, the Certificate Au-

thority (CA) is a third party that issues a certificate that confirms the identity of the entities

before they enter into communication [ABB, 2012].

When a Denial of Service attack is detected, it is essential to mitigate it as quickly as

possible. Hence, the Pushback method makes it possible to block all requests sent from the

IP address of the unauthorised entity overwhelming the devices with a consequent flow of
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information. Besides, the reconfiguration method ensures the reorganization of the network

so as to isolate the attacker and thus limit the negative impact.

After an attack, the Forensic Analysis is set up to determine the authors, reasons, pro-

cedure and consequences of the incident. Following this analysis, it is necessary to determine

the weak points of the network to be strengthened so as to prevent future attacks. Finally,

all security technologies must be updated according to the results of the investigation.

8 Simris Case Study
The European Union Horizon 2020 innovation program has launched the InterFlex project in

order to investigate how local flexibility integration can enhance energy independence from

the main distribution network. This project involves multiple European partners that are

engaged to deploy Smart Grid projects and promote DER integration. One of these projects

is Simris, in Sweden, detailed hereby. The aim of these initiatives is to increase renewables

integration and achieve the objectives set by the new Clean Energy Package [Interflex, 2019].

In Simris, the energy distributor E-ON has developed a local energy system, fully powered by

Renewable Energy Sources and that has the capability of going into island mode. In addition,

smart appliances enabling demand response have been installed within households in order

to improve the flexibility of the system. What is more, the energy is generated locally by a

wind turbine and a PV farm of respectively 500 kW and 440 kW installed capacity. These

RE devices are connected to a smart control system and a Battery Energy Storage System

(BESS) having a capacity of 330 kWh. Besides, the energy system connects to the main grid

when the BESS is fully charged so as to transfer excess production.

Furthermore, E-ON has implemented a flexibility market for the active customers having

installed solar panels or heat pumps in their households. Therefore, those customers receive

a compensation based on their energetic contribution to the common Smart Grid. For the

purpose of providing full transparency, a platform has been created to follow electricity gen-

eration, storage level and interactions with the main grid in real time. Following the basic

consumer rights for energy communities, all the households in the local area of Simris are

allowed to participate. In addition, all participants have the right to change their supplier at

any time [Council of European Energy Regulators, 2019b].

In a nutshell, the scope of this project is firstly to develop a local energy community in-

cluding island mode and demand response capacities. Secondly, the goal is to develop a

sustainable model based on flexibility. Thirdly, this energy community strives to actively

engage the members so as to meet their energy needs. Therefore, the concept of this organi-
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zation is based on the genuine belief that members will be collaborating to locally produce

their own electricity in an environmental friendly fashion for the next thirty years [E-ON,

2020].

This case study provides a practical example of a Smart Grid implementation for a local

community. Therefore, the Renewable Energy Community modeling that will be presented

and analysed is mostly based on this case (Section 9). Indeed, the organisation, the electricity

flows and installed Renewable Energy capacities have been sized accordingly.

9 Methodology

9.1 Overall Approach

A structured approach was followed in an attempt to obtain conclusive results from the mod-

elling. First and foremost, it was essential to draw on the literature review to get a clear

understanding of the functioning of Renewable Energy Communities, as well as their purpose,

legal frameworks, components, challenges and benefits for all stakeholders. This theoretical

study was complemented with the Simris case study so as to analyse the real stakes involved

in the development of a local energy community. Based on all this research, a first tactical

model of a REC was designed with clear objectives, components, functioning processes and

hypotheses of potential results. A a second strategical model was then developed to further

analyse the capacity expansion aspect within energy communities.

The two mathematical models of the energy community then had to be written down on

paper, carefully choosing the indices, parameters and variables needed to define the objective

function and the modelling constraints. This was followed by formulating hypotheses and

researching accurate values for the parameters in the literature, before optimizing the model

through the Gurobi tool. It was then made possible to identify some minor inconsistencies

that allowed for improvement, analyse the results of the model and vary some parameters

to perform sensitivity analyses. The final step consisted in comparing the results obtained

with those found in the literature review so as to draw meaningful managerial and theoretical

conclusions.

9.2 Model Explanation

Through this Renewable Energy Community simulation, it is aimed to offer a practical view

of dynamic interactions of this specific electricity market, as well as test and complet the

theoretical concepts that have been previously stated. The model was therefore designed to

meet members’ non-essential demand for electricity using Renewable Energy, while maximis-
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ing benefits for the whole community. Based on the literature review and the Simris case

study, the model has been created to optimize the energy flows within the REC for a typical

average day of 24 hours (Figure 7).

The Renewable Energy Sources installed within the Smart Grid, include one wind turbine

and a PV farm which produce and then transmit clean energy in bulk to the Energy Manage-

ment System (EMS), which constitutes the control system. Therefore, most of the energy is

generated by the wind turbine, while a significant micro-generation is expected from the PV

during the brightest hours of the day. The EMS aggregates all the generation and transmits

most of the electricity to the distribution system to fulfill real-time demand. Thereafter,

the distribution system will ensure the last mile delivery for the Renewable Energy, which

is intended to effectively serve the demand of the members (Section 7.4). The EMS is also

responsible for deciding the quantity of energy that will be input and output from the Battery

Energy Storage System (BESS), so as to optimise the energy flow.

Besides, there will also occur electricity exchanges with the main electricity grid as the REC

is not acting in full island mode (Section 5.1). It it noteworthy to mention that the imports

will lead to price disadvantages for the members since the prices applied on the main grid

are superior to those applied within the Smart Grid. Within this simulation, the Renewable

Energy Community is also allowed to resell its production surplus to the main grid, even if

it will not bring a substantial profit to the Smart Grid. Given the fact that RE are mostly

intermittent and have a low production cost, the energy will be mostly sold at a price ap-

proximating the marginal cost (Section 4.2).

The households have a specific expected non-essential demand for each hour, as well as a

specific willingness to pay for electricity. As the generation of Renewable Energy varies

throughout the day, the electricity supplied to the consumer can come from DERs, storage

but also from the main gird. These variations in energy supply will cause electricity prices

to fluctuate, and the system will therefore serve consumers whose willingness to pay is re-

spected. One of the objectives of this simulation is to test the demand response principle,

and thus to analyze the shift in demand resulting from price incentives (Section 5.2).

The most substantial part of the analysis to follow will be focused on this specific dynamic tac-

tical model, which also include sensitivity analyses based on demand and generation changes.

To go into a strategical analysis, a capacity expansion model will be assessed in a second part.

This strategical model will be based on an entire year and will assess the optimal storage

capacity to be invested in, with the aim of optimising the social welfare. Although batteries

bring flexibility to local communities by allowing cheaper peak-time electricity consumption,

they also require significant financial investments (Section 5.1). It is therefore interesting to

balance these two factors when determining the optimal capacity of batteries. To further
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develop the strategic model, a brief analysis of the impact of an additional wind turbine on

welfare will be conducted.

Figure 7: Energy flow within the Renewable Energy Community [By the Author]
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9.3 Objectives

Hereby are stated the main objectives of both the tactical and strategical models.

Tactical Model

Optimize the total economic welfare of Renewable Energy Community members by max-

imizing the value of the served demand, while minimizing value of the net energy imports,

in order to increase the benefits for the community.

Strategical Model

Optimize the total economic welfare of Renewable Energy Community members by max-

imizing the value of the served demand, while minimizing investments in capacity expansion

and value of net energy imports, in order to increase the benefits for the community.

9.4 Data Description and Assumptions

This section is dedicated to the description of the data input as parameters for the energy

flows modeling of the Renewable Energy Community. All the values of the parameters of

this simulation are referenced in the model value table (Appendix 15.3).

Tactical Model

The price per unit of kWh for imported electricity (PMt) refers to the price that house-

holds will pay when they consume energy imported from the main grid. This price is a

bi-hourly tariff that fluctuates throughout the day and includes the price of energy, network

costs, charges and VAT. From 7am to 10pm the imported electricity is paid at the daytime

rate, which is 28,42c€/kWh for peak hour consumption, while the rest of the time it is paid

at the nighttime rate, which is equivalent to 26,54c€/kWh for off-peak hour consumption

[Energie.be, 2021].

The price per unit of kWh for exported electricity (PXt) corresponds to the export tariff

and therefore to the price that the system receives for injecting energy into the main grid.

The value of this excess energy is defined individually by the distribution and supply com-

panies, but it is always lower than the retail electricity price, and is often around 6c€/kWh

[Carbontrack, 2016].

The willingness to pay (Vl) corresponds to the price that each household would agree to

pay per kWh for their non-essential consumption. Compared to the average electricity price

of 27,02€/kWh, 3% of consumers accept a maximum price increase of 50% to get local Re-
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newable Energy, 9% accept an increase of 25%, 30% accept an increase of 10%, and 58%

have a willingness to pay equal to the current price [Statista Research Department, 2021].

Given that this simulation is a deterministic model, it is assumed that the willingness to pay

as well as the imports prices are fixed and predefined.

The expected demand (Dlt) per household and per time period is assumed, within this

simulation, to be the desired demand by households excluding their basic consumption ne-

cessities. Therefore this demand, which is based on a real sample of end-users, consists in

the non-essential electricity needs and varies throughout the day according to the consumers’

lifestyle (Appendix 15.4). In order not to have a uniform expected demand for all members,

three groups of consumers were formed having a different demand per hour. It has been

assumed that 50% of the members have a demand per hour equal to that of the real sample,

25% have a demand 25% higher, and 25% have a demand 25% lower.

The present REC simulation has been sized according to Simris case study (Section 8).

In this case, the capacity installed for wind and solar energy are respectively equal to 500

kW and 440kW [E-ON, 2020]. Generation profiles for the wind turbine (Wt) and solar panels

(St) have been defined based on the ENTSOE Data Platform generation profiles for all the

Belgian onshore wind turbines and solar panels with regard to the total installed capacity

within the country. Both generation profiles have been created based on average generation

per hour for an entire year [ENTSO-E, 2021] and resized based on the installed wind energy

capacity within the energy community.

The BESS used for this model has been sized according to the Samsung SDI storage Lithiuinm-

ion battery, which is also present in the Simris energy community. When charged properly,

the Li-ion batteries enable the best performances in storage resulting in a storage efficency of

100% (ηEB). Besides, the maximum capacity of the battery (EB) is 331 kWh [E-ON, 2020].

It is assumed that the discharging efficiency is 100% (ηOB), therefore the battery can fully

discharge the maximum capacity in one hour. As a result, the maximal quantity of electricity

that the battery can output in one hour (OB) equals to 331kWh.

Besides, the charge is considered to be fully complete after a period of 2 hours. There-

fore the maximum quantity of electricity that can be input in the battery (IB) can not be

higher than half of the full capacity. Moreover, the charging efficiency (ηIB) is estimated at

80% [Systems, 2020].
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Strategical Model

The strategical model is focused on the capacity expansion, which is an extension of the

tactical model. Therefore, it assesses the optimal storage capacity with respect to the yearly

cost of investment. The only addition parameter is the investment required to acquire one

additional unit of storage (CEB), and thus 1 more kWh. This has been computed based

on the Samsung SDI battery used in the Simris Smart Grid, and the price has been dis-

counted with regard to the lifespan of this battery. The resulting investment cost is therefore

approximated at 30,31€ [EVWest, 2016].

9.5 Variables

The tactical and strategical models will strive to optimize the following variables.

Tactical Model

Firstly, the goal is to minimize the quantity of electricity imported from the main grid for

each hour (mt), as it is the most expensive source of energy. However, this electricity can not

always guarantee to be fully renewable, as it highly depends on the country’s energy mix.

Secondly, the model strives to optimize the benefit provided to the community by exporting

the production energy surplus to the main grid. Therefore, the second variable is the elec-

tricity quantity exported in kWh during one hour (xt).

Thirdly, the model strives to optimize the quantity of electricity actually served to each

member of the community per hour (qlt). The goal is to satisfy the major part of the ex-

pected demand, but there may be gaps between expected and served demand, notably due

to dynamic pricing.

In forth place, through the clearing constraint, the model strives to clear the market and

balance the supply and demand by using the local generation, storage as well as energy

exchanges with the main grid. Therefore, the quantity of electricity that is input (iBt ) and

output (oBt ) from the battery each hour is optimised by the system so as to complement the

electricity generated by the RES. However, these variables are capped by the specific capacity

and efficiency constraints of the battery (Section 9.4) Lastly, the system will optimise the

amount of electricity stored in the battery during each period (eBt ). This variable represents

the battery state per hour.

52



Strategical Model

The strategic model aims to optimise an additional variable compared to the tactical model.

In fact, the model focuses on the capacity expansion strives to optimise the total battery

capacity for the whole year (yEB).

9.6 Hypothesis

Having defined the parameters and variables, it has been possible to formulate hypotheses

concerning the expected results of both the tactical and strategical models. These hypotheses

are based on the design of the model and the literature review.

Tactical Model

Hypothesis 1 : The price of electricity fluctuates on an hourly basis depending on the ex-

pected demand and real time power generation.

Hypothesis 2 : By the principle of demand response, the demand effectively served to each

household fluctuates according to their willingness to pay and the price of electricity.

Hypothesis 3 : If the electricity generation exceeds the expected demand of the households,

the surplus is charged into the battery. If not, the shortage is compensated by the electricity

stored in the battery.

Hypothesis 4 :If the expected household demand is met and the batteries are fully charged,

the excess energy generated is then exported to the main grid.

Hypothesis 5 : In case the generated electricity and the stored electricity are not sufficient to

serve the expected demand, the shortage is imported as long as the price does not exceed the

willingness to pay.

Hypothesis 6 : Renewable Energy Communities bring positive welfare to the community.

Strategical Model

Hypothesis 7 : The maximum storage capacity of the batteries increases, resulting in lower

imports from the main grid.

Hypothesis 8 : The welfare increases compared to the tactical model.
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10 Social Welfare Modeling

10.1 Tactical Model

Indexes

t = 1, . . . , 24 = Time periods in hours

l = 1, . . . , 280= Member households in energy community

Parameters

PMt = price per unit of kWh for imported electricity in period t

PXt = price per unit of kWh for exported electricity in period t

Wt = electricity quantity in kWh, generated by wind power in period t

St = electricity quantity in kWh, generated by solar power in period t

Dlt = expected demand in kWh, by member l in period t

Vl = willingness to pay in EUR/kWh, by member l

EB = maximal capacity of battery, in kWh

EB
initial = initial capacity of battery, in kWh

IB = maximal quantity of electricity in kWh, that can be input in the battery in an hour

OB = maximal quantity of electricity in kWh, that the battery can output in an hour

ηEB = efficiency of electricity storage for one period

ηIB = efficiency of electricity input (charge)

ηOB = efficiency of electricity output (discharge)
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Variables

mt = electricity quantity in kWh, imported in period t

xt = electricity quantity in kWh, exported in period t

qlt = quantity of demand in kWh, effectively served, in period t to customer l

eBt = quantity of electricity in kWh, stored in the battery, in period t

iBt = quantity of electricity in kWh, that is input in the battery (charged), in period t

oBt = quantity of electricity in kWh, that is output by the battery (discharged), in period t

Objective Function and Constraints

min PMt ·mt − PXt ·xt −
∑
l∈L
Vl · qlt

iBt + xt +
∑
l∈L
qlt = mt + oBt +Wt+ St ∀t ∈ T (1)

eB1 = ηEB ·EB
initial + ηIB · iB1 − ηOB · oB1 (2)

eBt = ηEB · eBt−1 + ηIB · iBt − ηOB · oBt ∀t ∈ T (3)

EB
initial = eB24 (4)

oBt ≤ OB
t ∀t ∈ T (5)

iBt ≤ IBt ∀t ∈ T (6)

eBt ≤ EB ∀t ∈ T (7)

mt ≤
∑
l∈L
Dlt ∀l, t ∈ L, T (8)

qlt ≤ Dlt ∀l, t ∈ L, T (9)

qlt,mt, xt, e
B
t , o

B
t , i

B
t ≥ 0 ∀l, t ∈ L, T (10)

(1)
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(1) Market clearing constraint

(2) Initial storage constraint

(3) State of the storage constraint

(4) Initial and final storage constraint

(5) Battery output constraint

(6) Battery input constraint

(7) Battery capacity constraint

(8) Limit on imports constraint

(9) Limit on served demand constraint

(10) Non negativity constraints

10.2 Strategic Model

Parameters

CEB = Investment necessary to acquire 1 kWh additional unit of storage.

Variables

yEB = Optimal battery capacity in kWh.

Objective Function and Constraints

min (CEB · yEB) + 365 · (PMt ·mt − PXt ·xt −
∑
l∈L
Vl · qlt)

s.t.

eBt ≤ yEB ∀t ∈ T (1)

yEB ≥ 0 (2)

(2)

(1) Limit on the battery state

(2) Non negativity constraint
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11 Analysis

11.1 Tactical Model

This section is dedicated to the analysis of the results obtained for the variables of the tactical

model, to then be compared with the literature review in the discussion (Section 12). All of

these findings are included in the table of quantitative results (Appendix 15.5). Regarding

the variable that computes the amount of energy effectively served to each customer per hour,

an aggregation of the results matrix was done for all the 280 customers per hour so that the

results are readable.

11.1.1 Electricity Price Analysis

It is noteworthy that the price of electricity actually paid by consumers fluctuates throughout

the day (Appendix 15.5). Until 6am, aggregated expected demand and power generation are

at their minimum and do not exceed 56kWh and 68,8kWh respectively. Since generation is

higher than the non-essential expected demand, the price of electricity is at its minimum and

it equals the marginal cost of 6c€/kWh.

Thereafter, there is a sharp increase in electricity demand until 8am as consumers start

their day. This change in the trend of the demand curve will therefore equalise demand and

generation a little after 6am, leading to a new equilibrium price of 7,5c€/kWh from 7am. It

can be said that the market is cleared at this time. During the same period, the generation

gradually increases but remains lower than the demand. The demand is mainly met by en-

ergy from wind turbines and batteries as the sun is gradually rising.

The expected demand for electricity slowly decreases from 8am to 3pm, while the gener-

ation increases strongly during this period due to the photovoltaic panels. Energy generation

and demand therefore equalise around 10am, resulting in a price change to 6c€/kWh at the

beginning of the next period. Therefore, the price is once again equal to the marginal price

at 11 am. Thereafter, production exceeds demand and the surplus will be used to charge the

batteries.

The trends reverse again after 3pm as the demand for electricity surges while generation

drops due to lower sunlight. The two curves will cross again between 5pm and 6pm, leading

to a new clearing price of 27,02c€/kWh as of 6pm. This price corresponds to the lowest

willingness to pay and also to the storage price during the period. Demand continues to

soar until reaching a peak at 10pm, while overall generation decreases even though there is

a slight increase in wind turbine output.
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The electricity demand is therefore met by discharging the batteries from 8pm until they

are half full at 9am to comply with the storage requirement. Electricity is imported from

the main grid at 11pm in order to satisfy the demand, and the price therefore decrease to

26,54c€/kW which is the night tariff on the main grid. Non-essential energy demand falls

sharply and ultimately evens out generation in the last hour of the day. As a result, gener-

ation exceeds demand at midnight, leading to a price of 6c€/kWh which corresponds again

to the marginal price.

Therefore, changes in electricity prices occur when there are shifting trends in energy gener-

ation and expected demand, hence a new equilibrium price is determined at the intersection

of these two curves (Figure 8). These results from the model therefore validate hypothesis 1.

Figure 8: Daily aggregated served load and generation profiles [By the Author]

11.1.2 Served Demand Analysis

The results show that the actual demand served is not always equal to the expected demand,

especially from 6pm to 10pm, except at 8pm (Figure 9). To explain the unsatisfied demand,

it is necessary to analyse the times of the day when the expected demand exceeds the en-

ergy generation (Figure 8). Indeed, the generation is not sufficient during the morning peak

consumption from 7am to 10am, but it is compensated by the batteries so the demand is met.

In the evening, generation is lower than demand from 6pm to 11pm but the batteries cannot

compensate for all the unsatisfied demand as they have to comply with the storage constraint.

As the batteries have to be half full at the end of the day, they are used to compensate for
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the highest expected demand only which is at 8pm and 9pm. Therefore, the demand will be

fully met by the batteries and the generation at 8pm, and partially satisfied at 9pm.

For 6pm, 7pm and 10pm, the system will use the low amount of energy generated to first sat-

isfy the members having the highest WTP. For those with the lowest WTP of 27,02c€/kWh,

the system will randomly meet the demand of some of them with the remaining locally gen-

erated energy at 27,02c€/kWh. The demand of the others will therefore not be met either

by generation, storage or potential import of energy from the main grid since the import day

tariff is 28,42c€/kWh, which is higher than their WTP. Therefore, the demand is not met

for 23% of members having the lowest WTP at 6pm, 48% of these members at 7pm and 91%

of them at 10pm. However at the price of the electricity locally generated, these consumers

are indifferent to consume or not since their profit is zero when the price is equal to their

willingness to pay.

Regarding the lack of generation compared to the expected demand at 11pm, it cannot be

compensated by batteries but is covered by the import of energy from the main grid. Indeed,

the price of electricity has shifted to the night tariff which is 26,54c€/kWh and therefore

lower than the lowest WTP. All demand will therefore be met.

This highlights that the real-time price of electricity and the willingness to pay of house-

holds leads to a shift in the served demand for electricity, showing the principle of demand

response. However, in addition to these two factors, the amount of electricity actually served

is also strongly dependent on the flexibility provided by the battery, which therefore partially

validates hypothesis 2.

Figure 9: Peak shaving between expected and actually served demand [By the Author]
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11.1.3 Storage Analysis

The system starts with the batteries half full, and therefore charged at 167 kWh. When

analysing the level of storage, it is interesting to compare the expected demand with the

generation (Figure 8). As electricity production exceeds demand until 6am, the surplus elec-

tricity is stored in the batteries. The trend reverses between 7am and 10am, so the batteries

are discharged to compensate for the lack of generation during the consumption peak and to

meet the households’ demand.

Thereafter, electricity generation exceeds demand between 11am and 5pm due to the high

solar output, which enables the batteries to be charged to their maximum capacity of 331

kWh by 3pm. As the batteries are full, the system exports the energy surplus to the main

grid from 3pm to 5pm. The electricity stored in the batteries is saved between 6pm and 7pm

even if demand exceeds generation, so that the greatest shortfall in generation can be com-

pensated for when demand is highest, which occurs between 8pm and 9pm. However, this

compensation is limited by the storage constraint requiring the battery to be half charged at

the end of the day. The battery’s state of charge therefore stagnates at 162kWh from 9pm

on wards, until it increases slightly at midnight when generation again exceeds demand.

The analysis of the storage therefore leads to the conclusion that the system charges the

batteries when the production is higher than the demand, and discharges them when the

generation is not sufficient to meet the non-essential energy needs of consumers. However,

the system makes smart decisions by prioritising the demands that need to be met by the

batteries, while respecting the storage constraint. This therefore validates hypothesis 3.

11.1.4 Export Analysis

The batteries are fully charged at 331kWh from 3pm on wards, while the energy production

still exceeds the expected demand until 5pm. This is mainly due to the fact that these are

off-peak hours for the electricity consumption, while the energy generation of the solar panels

is substantial due to the high luminosity. The surplus energy is therefore exported to the

main grid from 3pm to 5pm so as to maximise the welfare of the community.

These results confirm hypothesis 4 which states that the excess energy is exported to the

main grid if the expected demand is fulfilled and the batteries are fully charged.

11.1.5 Import Analysis

By analysing the results, it is observable that the expected energy demand is lower than the

generation between 7am and 10am, but the shortfall is compensated by the energy stored

by the batteries. Importing from the main grid is therefore not necessary to meet the demand.
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Similarly, the generation is not sufficient to cover the demand from 6pm to 11pm, but the

batteries counterbalance this from 8pm to 9pm. At 6pm, 7pm and 10pm, the system first

satisfies the demand of members with a larger WTP and decides not to use the available

storage. As the remaining members have a WTP lower than the day rate of electricity on

the main grid, there is no import and their demand is not met. However, at 11pm the price

of electricity from the main grid becomes lower than their WTP, leading to electricity imports.

Since imports are relatively expensive, they are considered a backup to cover demand if

participants are willing to pay accordingly. Imported electricity is therefore never used to

either charge batteries or export energy, so there can be no imports and exports within the

same period. These results therefore support hypothesis 5 which implies that if demand is

not matched by generation and storage, the shortfall is compensated for by importing energy

at a price which respects the members’ willingness to pay.

11.1.6 Overall Welfare Analysis

The objective of the system is to maximize the value of the served demand, while minimizing

value of the net energy imports. The results highlight that the welfare amounts to 811,37€ on

an average day for the community, which can therefore be interpreted as a collective benefit.

Participating in these Renewable Energy Communities therefore brings a positive welfare

to the members, which would contribute to their expansion. Consequently, these observa-

tions support hypothesis 6. However, the system does not specify how this collective gain is

shared between the members of the local energy community (Section 13.4).

11.1.7 Sensitivity Analysis

Summer Analysis

To analyse the summer scenario, different values are defined for three parameters which

are the expected demand of the households, the electricity generation of the wind turbines

and the solar panels (Appendix 15.6). Overall, it can be observed that the welfare in summer

is only 751,05€ per day, which is lower than that of an average day being 811,37€ (Appendix

15.7).

During the summer months, the total electricity generation per day is 3123 kWh, which

is slightly higher than the average day with 3053 kWh. Solar generation is almost doubling

the average generation, especially between 10am and 6pm, while wind generation is almost

halved, especially between 9pm and 1am. Besides, the expected demand is lower in summer,
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especially from 6am to 11pm. However, it is observable that the decrease in generation is

greater than the decrease in desired demand from 9pm to 1am.

As a result, the batteries, which have been fully charged since 6pm, will not be used to

compensate for the lack of generation from 7pm to 8pm. The system will preserve them

for maximum discharge at 9pm and 10pm to compensate for the considerable generation

shortfall, while respecting the storage constraint. Even with the batteries, only 40% of the

demand is actually served at 10pm. Energy will therefore be imported from the main grid at

11pm and midnight to meet demand, at the night tariff price of 26,54c€/kWh. The demand

will be met at 1am by the battery as the system starts a new cycle, resulting in an electricity

price of 7,5c€/kWh which is the storage price.

As there is more sunlight in the summer, the batteries can be charged as early as 10am,

but also until 5pm and 6pm. Compared to the average day, electricity is therefore cheaper

at 6pm and 10pm as it equals the marginal price, and demand is served at 6pm as genera-

tion exceeds demand. As solar panels generate more electricity during off-peak consumption,

energy is exported to the main grid from noon to 4pm. The total amount exported in the

summer is about three times the amount exported on an average day, but it is only paid for

at a marginal price of 6c€/kWh. Moreover, energy imports from the main grid are more

than 2,5 times higher in summer, even though they are rather expensive.

As a result, the gains obtained by members in the summer are less than on an average

day of the year since there is a time lag between producing energy and consuming it. Indeed,

PV generate energy mainly during off-peak consumption, whereas wind generates less energy

during peak-consumption. Even if the total electricity generated and the amount of energy

actually served is similar, the energy management during the day differs and leads to higher

costs.

Winter Analysis

As for the summer scenario, the winter scenario involves changing the parameters of non-

essential energy demand, as well as solar and wind generation (Appendix 15.6). The total

welfare in winter amounts to 756,89€ and is therefore also lower that for an average day

(Appendix 15.9).

The amount of electricity generated in winter is 2649kWh, which is below the average gener-

ation of 3053kWh. Although wind power generation in winter is stronger throughout the day,

being 40% higher than on an average day, the solar generation is reduced by 80%. As for the

expected demand, it is 60% higher than the average demand, especially during the morning

and evening consumption peaks. This significant gap between generation and demand will
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lead to an increase in the price of electricity, in the cost of storage and in the share of demand

that is not effectively served.

The generation is not sufficient to cover the demand from 7am to 11am. To supply all

the demand at 7am, the system decides to import electricity from the main grid which is still

at night tariff of 26,54c€/kWh, as it is cheaper than the price of the storage and lower than

the WTP of 27,02c€/kWh. Thereafter, the system prefers not to discharge the batteries to

compensate for the small generation shortfall in the morning, as it wants to maximise the

storage to compensate for the large generation shortfall expected in the evening. Further-

more, the price of storage is equal to the smallest WTP so these members are indifferent

between consuming electricity from batteries or not being served.

PV generation is at its highest between noon and 3pm, which will allow the batteries to

be fully charged from 3pm to 5pm. While respecting the storage constraint, the batteries

are discharged to the maximum at 6pm and 7pm, which are the times with the largest gaps

between generation and expected demand. The generation is also not sufficient to cover all

the demand from 8pm to 11pm so the system will decide to satisfy the participants with the

highest WTP first so as to maximise the total welfare. Since the import price is at the daytime

tariff of 28,42c€/kWh until 10pm, which is higher than the lowest WTP, the system decides

not to satisfy their demand before 11pm by importing at the nighttime tariff of 26,54c€/kWh.

In a nutshell, the welfare in winter is lower than the welfare of an average day as the gen-

eration is not sufficient to cover the demand, especially during the two consumption peaks.

As a consequence, the price of electricity rises sharply leading to the application of the de-

mand response principle. However, the system optimises the resource management through

demand forecasts and thus achieves to serve 80% of the expected demand.

The results of the sensitivity analyses in summer and winter indicate a lower welfare re-

sult than on an average day during the year. It can be deduced that the maximum welfare

is reached in the intermediate seasons like spring and autumn, when the generation is more

balanced between the two RES, and less extreme compared to the demand.

11.2 Strategical Model

The results of the strategical model suggest that the optimal maximum battery capacity is

462,1kWh, which is greater than that of the tactical model being 331kWh. This finding was

obtained by relaxing the storage constraints in the strategical model, and was then tested by

setting the storage capacity to 462,1kWh in the tactical model to analyse the results under

the same conditions as the first model. The resulting welfare is 837,05€, from which 10,88€
must be subtracted, which is the daily investment cost of expanding the battery capacity
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(Appendix 18). Indeed, each incremental kWh for the battery costs 30,31€ per year, and

131kWh must be added. This increase in battery capacity results in a welfare of 826,17€,

which is higher than that for the tactical model, being 811,37€.

Through the expansion of the battery capacity, the system can store energy from 11am

until 5pm, and thus benefit from an additional two hours of storage. The additional 131kWh

of storage are used to supplement generation to meet demand partially at 8pm and fully at

9pm and 10pm, when the gap between electricity generation and demand is the highest. As a

result, 96% of the demand is effectively served due to the increase in battery size, compared

to 92% previously. This therefore increases the demand served only for those members having

the lowest willingness to pay as they were the only ones not all served. This in turn lessens

the demand response.

However, the price of electricity and storage remains the same as in the tactical model,

which are always lower than the smallest WTP. Besides, the import of energy from the main

grid is also similar at 11pm as the batteries are discharged to meet the peak demand at 10pm,

but they have to meet the end of day storage constraint.

These results therefore validate the hypothesis 7 as the system increases the optimal storage

capacity of the battery. Despite the high upfront cost, this strategic investment increases the

benefits and therefore the welfare of the community by increasing the actual demand served

to members having the lowest WTP. These results therefore support the last hypothesis.

Wind Turbine Capacity Expansion

The strategic model is based on an analysis of increased storage capacity, but the analy-

sis can be taken a step further by considering an expansion of wind turbine capacity. As

noted in the analysis of the demand served, the installed Renewable Energy capacity is not

sufficient to meet demand during the morning and evening peak hours. Consequently, the

system relies on batteries as buffers. The batteries are sufficient to meet the demand during

the morning, but this is not always the case in the evening leading to the demand response

principle. Moreover, energy imports are necessary in the evening, which can considerably

increase the costs for the system.

Through the demand response methods, a certain flexibility is imposed on the members,

especially for those with the lowest WTP. These techniques might therefore be perceived as

being unfair for those members. With this in mind, a capacity expansion of the wind turbine

is considered. The purpose of this analysis is to examine the impact of this expansion on

the price level and on the attempt to create a fairer system for all members, particularly for

those with a lower WTP. The wind turbine installed capacity can not possibly be increased
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by percentage as it is used by entire unit, one new whole turbine is therefore installed in

this simulation. In the case where the wind turbine generation is doubled, the demand re-

sponse methods are no longer implemented as the expected demand is served for all members.

Following the wind turbine expansion, the prices decrease until the marginal cost of 6c€/kWh

from 9am until 7pm and 11pm until 7am. During the morning and evening peak hours, the

and price slightly increases by reaching 7,5c€/kWh at 8am, but also between 8 and 10pm.

However, this price remains trivial in comparison with the previous scenarios. Since gener-

ation becomes largely sufficient, the system is now exporting 1724,52kWh/day and no more

expensive imports are required.

The resulting simulation leads to an annual welfare of 358.596,32€. The annual investment

and maintenance costs for the additional wind turbine amount to 47.000€ per year. There-

fore, the daily welfare accounts for 853,68€ which is the highest welfare achieved within this

modelling. It is noteworthy that through this expansion investment, all expected demand is

effectively served and multiple exports towards the main grid are accounted, while increasing

the welfare. Therefore, the community now has additional resources to potentially welcome

new members.

12 Discussion
This section is intended to compare the modelling results with theoretical results from the

literature review. Therefore, the comparison addresses the main social, economic and en-

vironmental impacts of Renewable Energy Communities. The discussion will be concluded

with a reflection on the fair sharing of benefits among members, as well as on the optimal

investments for capacity expansions, leading to open pathways for future work.

Social Impact

This prosumership model enforces the principle of customer empowerment stated in the

literature as members become prosumers (Section 4.1). This is achieved through a collective

ownership of the Renewable Energy Sources by the 280 members, who are also involved in the

decision-making of the project. The transfer of power has therefore passed to the consumers,

which is evidence of energy democracy, but it is assumed in the simulation that the consumers

have chosen to let the EMS optimally manage the smart appliances’ energy consumption.

The flexibility that consumers have in deciding to override the system occasionally is not

captured in this model.

This simulation is faithful to the theoretical inclusiveness of RECs as there are no mem-

65



bership requirements other than geographical proximity (Section 3.1). However, the fairness

of the simulation is put into perspective as the system decides to satisfy the demand of the

members with the highest willingness to pay first, with the aim of maximising welfare. As

a result, only 9% of the demand from members with the lowest WTP is effectively served

at 10pm in the tactical model. One explanation lies in the fact that there is not enough

generation to meet all the demand. The strategic model thus revealed that an expansion of

battery capacity would increase welfare from 811,31€ to 826,17€ by significantly improving

the demand served for members having a lower WTP. Besides, the strategic analysis was also

further developed by pointing out that the addition of a second wind turbine could satisfy

100% of the members’ demand by reaching a maximum welfare of 853,68€. This scenario

allows a large amount of energy to be exported daily at marginal cost to the main grid, but

which could instead be sold to local initiatives to support their development.

These capacity expansion models would therefore allow to serve all the demand, avoiding

situations where members limit their consumption or consume electricity above their WTP

(Section 4.2). However, wanting to serve members with a smaller WTP leads to a fairer

system if they are vulnerable people who cannot pay more for energy, not because they have

a low utility for this non-essential energy even if they can afford to pay more. Although the

model does not distinguish between the two categories of participants.

According to the model, a member’s daily electricity bill is 46% that of a main grid house-

hold, taking into account the variation in price and demand per hour. The emergence of

RECs therefore makes it possible to increase electricity access to vulnerable people, leading

to a reduction in energy poverty as outlined in the literature (Section 4.1).

Economic Impact

As a first point, it is important to highlight that REC members act together as an en-

tity by aggregating their demand, which enables them to obtain more bargaining power with

suppliers and economies of scale. Regarding community-owned assets, the investment costs

are shared, making it possible for the members to proportionally acquire larger installed ca-

pacity and to benefit from more flexibility. In the literature review it is stated that investing

in additional storage capacity will decrease storage prices for all participants (Section 4.1).

Nevertheless, the capacity expansion simulation presented in the strategical model was not

able to prove this theoretical statement. Indeed, the model has optimized the installed stor-

age capacity by making the trade-off between the investment costs and the social welfare.

Therefore by adding more capacity than 462kWh would have required a more important

investment and impacted negatively the welfare, even if it would have decreased the storage

prices.
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The investment in the storage added capacity is approximated by the model around 6.000€.

Moreover, the investment in one additional unit of wind turbine accounts for 1.175.000€ in

Europe. Despite the fact that costs are shared within the community, these costs may re-

main quite high. This supports the literature stating that national legislation should further

recognize the role and impact of RECs in Renewable Energy, following the example of the

European Commission in supporting these entities. Therefore National regulators should on

the one hand set national targets for the expansion of RECs, and on the other hand provide

financial means to support them (Section 6.3). Regulations would have to be established at

the national level to foster the growth of REC and encourage citizens to become members

through financial incentives such as feed-in tariffs, grants or low cost loans.

As a second point, it has been established in the literature that RECs are a fairly young

concept, hence the existing regulations on the import and export tariffs is scarce. A more

precise regulation should be established to promote energy exchanges with the main grid,

especially by improving the conditions for the resale of energy surplus. By increasing gener-

ation capacity in the strategical model, power exports become more important, although at

low prices. Alternatives to selling energy back to the main grid may be to sell the electricity

to local projects or other neighbouring communities, as well as welcoming new members in

order to strengthen local cooperation and economic development.

The third point concerns the benefits provided by the connection to the main grid. The

main network plays a backup role by creating more flexibility through imports, while guar-

anteeing security of supply (Section 5.1). However, this represents a very significant cost to

the REC. With this in mind, the model delays importing as much as possible and hence does

not import until 11pm when the import tariff goes within the night price range. Otherwise, it

is financially more advantageous to not serve demand and apply demand response techniques

rather than importing.

The forth highlight of the modelling is that the electricity bill is significantly lowered through

load management, automation, collective self consumption and prioritizing managerial de-

cisions. Going even further than the literature, the model states that the electricity bill of

REC members is only 46% that of a main grid household. The Energy Management System

is using the data collected and communicates with the users through the bi-directional flow.

Using this data, the EMS optimizes the demand served and applies peak shaving techniques

when meeting the demand reduces the community’s gain (Sections 5.2). In this simulation,

the EMS makes managerial decisions by optimising the storage and keeping the energy for the

peak consumption hours. Besides, the system also optimizes the collective self consumption

by shaving the peak through dynamic pricing until most of the demand is met in order to

avoid imports. Indeed, the EMS communicates in real time the prices and optimal consump-

tion choices for the smart appliances of each household through ICTs. However, the model
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does not allow members to override the system and still consume even if the energy price is

above their WTP as stated in the literature (Section 7.2).

Environmental Impact

The modelling results suggest that the development of RECs has a positive impact on the

environment. In this way, the tactical model reflects the principle of demand response as

demand adapts to the available supply, leading to a decrease in energy consumption which is

in compliance with the literature (Section 5.2). The model therefore shows that AI systems

optimise the management of storage, consumption and resale of energy through forecasts

leading to energy efficiency and savings (Section 4.1). However, only members with the low-

est energy utility are incentivised to reduce their energy consumption in the model as the

prices do not exceed the upper WTP. What is more, the tactical simulation reveals that

96% of the non-essential consumer demand is met by Renewable Energy Sources rather than

polluting fossil fuels. These results are encouraging with regard to the further integration

of DERs into the energy system, and would make it possible to achieve the environmental

objectives set by the European Commission (Section 4.1).

Based on the simulation, the generation of local DERs is able to fulfil the demand, which

implies, but cannot be proven, that it would reduce the energy losses related to the long

energy transports occurring in the main grid (Section 5.4). Besides, the substantial energy

exports to the main grid featured in the strategic model would diversify the energy mix of

the national grids and thus increasing the share of demand met by RES.

Through collective ownership, dynamic pricing and load shifting used in the model, members

adopt collective responsible actions and become aware of current energy challenges, which

supports the principle of energy citizenship (Section 4.1). The fact that the resulting welfare

is positive despite the initial investments and disadvantages brought about by DERs, would

motivate members to accept this trade-off for the common good. These objective results

instigate an increase in social acceptance of DERs (Section 6.3).

Open questions for future work

The strategic model shows that an expansion of generation capacity can satisfy 100% of the

non-essential energy demand of community members while maximising the welfare. However,

it is worth considering whether this constitutes a real advantage. This implies that there is

no more load shifting, whereas it enabled raising consumers’ awareness of energy challenges

and reducing their consumption, which has a certain environmental cost even if it comes

from RES. The question that arises then is what is the ideal percentage of non-essential de-

mand that should be served? To what extent is the objective of maximising welfare, and thus
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the value of demand served through local DERs, optimal for minimising the carbon footprint?

The Renewable Energy Community achieves an average gain of 853.68€ per day. This brings

to mind the question of how to share the benefits among the members? As these communi-

ties are value-driven, the objective is not to maximise the individual profit of members but

rather the common good (Section 3.1). Considering the example of cooperatives based on the

”one share, one vote” principle, each member has invested the same amount and therefore

receives the same capped dividend often around 6%. The rest of the profit is reinvested in

the development of the community (Section 3.4). Although very fair, does this distribution

of profits incentivise members to reduce their energy consumption or to adapt it to the sup-

ply, leading to peak shifting? Shouldn’t there also be a bonus payment for each kWh not

consumed by a household compared to its usual consumption, as a way of rewarding its effort

and environmental impact? (Sections 4.1 and 13.4)

13 Conclusion
As a conclusion to this thesis, recommendations for the management of a Renewable Energy

Community will be formulated arising from the discussion. A theoretical conclusion will

then outline the results of the model that not only contradict the literature review, but also

support it or even further refine it. A critique will be made towards the assumptions of the

model without which the results would probably have been different, before ending with a

refection on the potential future work.

13.1 Managerial

The first managerial recommendation that emerges from the thesis is to collaborate with the

Member States, Local and Regional Authorities, as well as the main grid managers from the

outset of the project. Involving the MS and LRAs by pointing out how the project would

contribute to achieving the energy goals would encourage them to provide more financial sup-

port mechanisms and to establish policies supporting the expansion of the RECs. It would

also be beneficial to have a close relationship with the main grid operators to reach beneficial

agreements, notably by optimising energy export and import prices.

To ensure that the AI system is able to optimise renewable energy management, it is recom-

mended to invest in state-of-the-art technology to provide the most accurate generation and

demand forecasts possible. While it is important to allow members to override the system,

this should remain occasional so as to maximise the common good. Therefore, there is a need

to provide additional remuneration for the members participating in load shifting. Mobile

technologies and apps also enable direct communication with each household to advise them
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on their energy consumption, but also to inform them of their environmental impact.

Last but not least, dynamic pricing allows load shifting but it is important that the en-

ergy price is never higher than the smallest capacity to pay of the members. This maximises

the inclusiveness of the community towards the most vulnerable and thus contributes to

reducing energy poverty. Members whose willingness to pay is higher than the price of elec-

tricity can still be incentivised to reduce their demand through remuneration for each kWh

not consumed compared to their usual demand. In the same way, they can be incentivised

through effective communication via mobile technology about the impact of their energy

savings on the environment, and about the savings they can make compared to what they

intended to pay.

13.2 Theoretical

Through this research it has been shown that by increasing the share of integrated DERs

in the Renewable Energy Community it is possible to support 100% of the expected energy

demand for non-essential needs. However, incentives to save energy will be lacking, so there

is no longer demand response. The purpose of demand response is indeed twofold: on the

one hand, these methods allow to regulate the peak during high consumption hours and on

the other hand, it is a nudge to consume more responsibly. Although the energy is produced

by RES, using wind turbines, PV and batteries have an environmental cost, so increasing the

consumption of RE still leads to a carbon footprint.

Throughout the literature, there are many references to the economic benefits that mem-

bers experience by reducing their electricity bills significantly. The model developed earlier

reveals the electricity bill would be equal to only 46% of that of a household operating in

the classical distribution system. Through this precise figure, it is possible to affirm that the

access to electricity will be enhanced as assumed in the literature.

It is mentioned in the literature that the storage prices would be strongly reduced by increas-

ing the installed storage capacity. According to the strategical model, this statement can be

tempered and contextualized through the investment required to obtain this additional ca-

pacity. The model optimizes the additional capacity by trying to reduce the negative impact

of the upfront investments. Therefore, this capacity remains relatively low since a significant

investment cost is taken into account, which prevents this capacity expansion from having a

significant impact on the level of storage prices.
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13.3 Critique

The first critique related to the construction of the model lies in the fact that prices have been

assumed to be deterministic, based on multiple sources. This model is therefore stationary

and does not take into account time series. However, the spot prices in the electricity market

fluctuate every hour or even every 15 minutes in reality. The result of the model could have

been significantly impacted by taking into account the variation in import and export prices.

The objective of the model is to maximise the value of the non-essential demand for energy

that is actually served to the members, notably for the purpose of analysing the demand

response principle. It would have been interesting to see to what extent RES can also satisfy

the essential demand that must be met every hour for every household, alongside the dis-

pensable demand.

Furthermore, it was assumed in the model that energy exchanges with the main grid, as

well as local distribution, would not suffer from energy losses during transport resulting from

voltage differences for example. Furthermore, it was considered that there is no limit to the

amount of energy that the community can import from the main grid, and that it would

purchase all the energy that the community wants to export when necessary. These assump-

tions do not take into account the energy needs of the main grid, nor its generation capacity.

Therefore, the results of the model could be impacted by considering this decrease in flexi-

bility, which is more faithful to reality.

Ultimately, four groups of consumers having different willingness to pay were defined based

on a consumer preferences survey. However, knowing the willingness to pay is an idealistic

scenario and indeed impossible in reality. The utility that each consumer gives to electricity

varies constantly according to his or her desires and needs, and the system cannot therefore

deduce it.

13.4 Future work

Following the above critique, it would be interesting as a future work to improve the Renew-

able Energy Community model, which is based on collective-ownership. This implies taking

into account the necessary consumption that must be served for each household, the energy

losses incurred in transport, as well as the limits of energy import and export with the main

grid depending on its energy needs and generation.

This modelling computes the daily gains obtained for the whole community, but it could

also calculate the benefits awarded to each member. One can imagine that all members

would receive the same percentage of the gains on a daily basis since they have invested the

same amount. A second part of the gains would be used to remunerate the members who
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have participated in load shifting. They would therefore receive the difference between their

real consumption and their usual consumption per hour, multiplied by a certain factor to

be determined. This approach to remunerating members would make the community more

involved in the current environmental challenges. The remaining part of the benefits would

be used for further development of the community.

To go even further, a new modelling could be carried out to represent the dynamics of a

community where some members would individually own RE installations such as solar pan-

els. However, this simulation would be even more complex as it would have to optimise

energy exchanges between members through dynamic pricing according to individual gener-

ation and individual demand, while maximising the total welfare.

On a final note, although this thesis could have been further explored, we have learned

a lot and we have been able to make a modest contribution in addressing the challenges our

society is facing. ”I have learned you are never too small to make a difference.”, quoting

Greta Thunberg [BBC, 2019]. Even locally, and even in small communities.
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15 Appendix

15.1 Predictable Wind Generation

Figure 10: Spread of hourly wind energy generation in Europe [Komusanac et al., 2021]

15.2 LCOE for Renewable Energy Sources

Figure 11: LCOE for energy sources types in 2018 [Badouard et al., 2020]
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15.3 Tactical Model Parameters

Figure 12: Tactical model parameters table [By the Author]

15.4 Household Expected Demand

Figure 13: Household non-essential demand for 1 day [Pimm et al., 2018]
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15.5 Tactical Model Results

Figure 14: Quantitative results table for the tactical model [By the Author]

15.6 Tactical Model Sensitivity Analysis Parameters

Figure 15: Changing parameters for summer and winter sensitivity analysis [By the Author]
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15.7 Tactical Model Results Summer

Figure 16: Quantitative results table for the summer sensitivity analysis [By the Author]

15.8 Tactical Model Results Winter

Figure 17: Quantitative results table for the winter sensitivity analysis [By the Author]
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15.9 Strategical Model Results for Storage

Figure 18: Quantitative results table for the storage capacity expansion [By the Author]

15.10 Strategical Model Results for Wind Turbine

Figure 19: Quantitative results table for the wind turbine expansion [By the Author]
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