
Citation: Ilo, A.; Bruckner, H.;

Olofsgard, M.; Adamcova, M.;

Werner, A. Viable Fully Integrated

Energy Community Based on the

Holistic LINK Approach. Energies

2023, 16, 2935. https://doi.org/

10.3390/en16062935

Academic Editor: Alan Brent

Received: 23 January 2023

Revised: 12 February 2023

Accepted: 6 March 2023

Published: 22 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Viable Fully Integrated Energy Community Based on the
Holistic LINK Approach
Albana Ilo 1,* , Helmut Bruckner 2 , Markus Olofsgard 3, Marketa Adamcova 4 and Andrea Werner 5

1 Institute of Energy Systems and Electrical Drives, TU Wien, 1040 Vienna, Austria
2 Sonnenplatz Großschönau GmbH, 3922 Großschönau, Austria
3 AFRY, 401 51 Göteborg, Sweden
4 LEEF Technologies s.r.o., 186 00 Prague, Czech Republic
5 Institut für Erneuerbare Energie, FH Technikum Wien, 1200 Vienna, Austria
* Correspondence: albana.ilo@tuwien.ac.at

Abstract: The EU policymakers have adopted legislation to support communities taking responsibility
for the energy transition. However, their development and integration are still in their early stages:
many studies are performed without considering the overlapped social, economic, political, electrical,
and information technology tasks simultaneously. This paper is the first to look at energy communities
in their entirety, from the roles of the actors to the organisation, regulation, technical solution, and
the market, to the use and business cases. The waterfall methodology was used throughout the
work. The results show that energy communities can be viable by becoming reliable players so
DSOs can better integrate the acquired flexibility and other services into their processes without
compromising power supply. Their technical integration requires a coordinated operation and control
of the entire power grid, including transmission and distribution, and the end-users, as proposed by
the LINK holistic solution. The suggested fractal-based market structure, with the national, regional
and local markets harmonised with the grid, facilitates the direct participation of small customers
and distributed resources to the energy market. The results of this work may help policymakers,
regulators, and industry representatives define new energy policies and processes related to research
and development programs for implementing fully integrated renewable energy communities.

Keywords: energy community; LINK holistic architecture; use cases; business cases; roadmap;
customer acceptance; technical solution; voltage control; low voltage grid

1. Introduction

The rise of collective consumption, meaning the Peer-to-Peer (P2P) based activity of
obtaining, giving, or sharing access to goods and services, coordinated through online
community services [1] and the need to promote the Distributed Energy Resources (DERs)
has provided the hub for Energy Communities (EnCs). The local supply they promote may
achieve broad beneficial economic, social, environmental, and governance outcomes [2].

Since 2018, EU policymakers have adopted legislation to support local communities in
taking responsibility for the energy transition [3,4]. Two kinds of EnC are distinguished:
Renewable Energy Communities (REnCs) and Citizen Energy Communities. This paper
focuses on REnCs. Their development and operation overlap and intertwine the social,
economic, political, electrical, and information technology tasks.

1.1. Literature Review on Organisation Forms

As per definition, the REnCs (see Appendix A) may have a vast spectrum of organisa-
tion forms. Cooperatives [5,6] are the most common form of the organisational structure
adopted by EnC initiatives. They constitute democratic structures that follow a set of
internationally agreed principles and make decisions on a one-member-one-vote basis; an
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elected board governs day-to-day operations. “Limited” or “joint and several” Partner-
ships [5,6] or Corporations [7,8] that, in contrast with the first form, is a legally approved
single entity that acts as a legal person before the law. Associations [9] are individuals or
legal persons who agree to form a typical structure and pursue a common goal or purpose.
They can be registered or non-registered. Associations can vary from small informal, local
hobby groups to large multinational interest groups.

This type of diverse organisation and self-governance raise questions about their
reliability to be integrated into the existing power systems structures [10]. This paper
specifies the relevant actors and the organisation forms of a REnC under a holistic approach
considering the socio-cultural conditions and technical, economic, and financial topics.

1.2. Literature Review in Technical Challenges

The EnCs are widely associated with promoting and using DERs. The electricity pro-
duced by the latter could provide flexibility, and in addition to the customers, even Trans-
mission and Distribution System Operators (TSOs and DSOs) can benefit from their further
deployment [11]. The DSOs may procure local flexibility using the information about
transactions between other stakeholders to ensure the grid constraints are respected [12].
The demand from DSOs to buy flexibility products is expected to grow [13].

From a technical perspective, all research on the realisation of EnCs or P2P transactions
builds on microgrids [14–17]. This direct correlation leads to a one-to-one translation of the
technical challenges of microgrid implementation to the ones of EnCs.

While smart grids tend to focus on the entire electric system, including generation
and storage, regardless of size, transmission and distribution grid, and customer de-
vices [18,19], microgrids are limited to small-scale energy consumers, electricity producers
and storage [20]. The diverse types of microgrids or structures, such as Low-Voltage (LV)
customer Microgrids, LV Microgrids [21,22] and Medium-Voltage (MV) Microgrids [23],
or Microgrids restricted to the customer level, CELLs or Multi-Microgrids at LV levels,
and Multi-CELLs in MV levels [24] are highly intertwined and extremely complicated [20].
Multiagent systems dealing with autonomous decision modelling are widely proposed to
additionally place DERs without reengineering the whole system. Based on local informa-
tion, the multiagent methods for controlling voltage in radial feeders [25] do not consider
the superordinated grid and the uncontrolled reactive power provoked there.

1.3. Literature Review on Economic Challenges

The big suppliers dominate today’s electricity market. The current market structure
dates to when electricity was mainly generated in large power plants and fed into the
transmission grid. The potential of local energy markets is considered very high in the
literature: nearly all publications identify them as crucial to promoting the integration of
large-scale renewable DERs and creating viable EnCs [26–30]. The local energy market
can provide ancillary services and relieve the balancing market needed to meet electricity
demand. It opens doors for the interactive grid and customer participation [31].

Despite all the developments and progress, many drawbacks [32] have been identified.
They mainly concern coordination within the power grids (between transmission and
distribution), the power grid with the customer, and the new local market structure. For
example, significant voltage and loss challenges may occur due to extensive local PV
generation if local generation and consumption are unfavourably distributed on the grid.
Local markets could exacerbate these challenges. In other studies, the market structure
is changed by adopting time-based pricing mechanisms and reliability-based incentive
offerings. The entrance of DERs into the market realises using load service aggregators [33].

There are complex interdependencies between economic, political, and social market
objectives to support extensions to the market design and bidding strategies [34], especially
as electricity is a key strategic resource of our times. The DERs, an increasing captive power
generation type involving a surge in power producers and self-optimising systems, require
an entirely different market architecture [35].
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First, the holistic consideration of the power system, Customer Plants (CP), premises
where the electrical equipment (which consumes or generates electricity) of a person or
organisation are located, and the market allows for harmonising the EnCs with the entire
power grid. In the publications analysed above, liberalised markets were either considered
in the form of bilateral contracts, auctions, energy pools etc. (without allowing participants
to trade), or in the form of a local market without considering or harmonising with the
actual market structure. This paper depicts a fractal market structure that includes three
fractal levels: the international or national market, which corresponds to today’s market,
and regional and local markets. Producers, consumers and storage or prosumers are
eligible participants in the market regardless of their size. This authorisation changes the
way electricity is traded between market participants. Additionally, the Link structure
of the entire power system and CPs not only improves the supply reliability and grid
flexibility but also technically supports the EnCs, P2P trading, and Demand Response (DR).
Furthermore, this paper sets out a roadmap for the development and deployment of fully
integrated REnCs.

The structure of this paper is summarised as follows. Section 2 overviews the method-
ology and methods used, and the pilot sites considered. Selected results regarding chal-
lenges to establishing an EnC are summarized in Section 3, while Section 4 argues about
business organisations, including actors, their roles and structure. Section 5 presents the rise
of the fully integrated REnCs treating the technical, market, and communication architec-
ture topics. It also introduces some relevant use and business cases. The main achievements
of this work are discussed in Section 6.

2. Methodology

Figure 1 shows an overview of the study methodology for designing the roadmap for
a viable renewable EnC. The waterfall method is used for EnC development because it is
linear, sequential, and easy to understand. The study started with stakeholder mapping
and analysis survey to identify an overall understanding of local stakeholder motives, ex-
pectations, challenges, and visions for future implementations of EnCs. Further information
on the interview scenario is given in Appendix B.
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Figure 1. The methodology used for designing the roadmap for a viable renewable EnC.

The holistic approach and analysis were necessary to coordinate the technical interac-
tion of EnC activities with the power grid to ensure and extend their flexibility. The market
structure was also investigated and further developed, considering the holistic approach.

The holistic analysis was based on the LINK architecture, considering two pilot regions
in Sweden’s and Austria’s green- and brownfield areas, respectively.

2.1. LINK-Holistic Approach

The LINK holistic approach was used for the comprehensive analysis in this study,
as its architecture encompasses the entire power system, the CPs, and the electricity
market [21,36]. It also accommodates the EnCs regardless of the ownership of the power
systems’ assets [37].

2.2. Pilot Sites

This work focuses on two pilot sites: Großschönau in Austria and Fyllinge in Sweden.
While Großschönau is a fully built-up area, in Fyllinge, a new district is in planning.
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2.2.1. Brownfield Area: Großschönau, Austria

Großschönau is a small rural municipality in Lower Austria with 450 inhabitants and
a surface area of about two km2, Figure 2a. More than one kWp of photovoltaic is installed
per capita in the municipality; currently, 21 out of 109 permanently used buildings have
PV installed, whereas the smallest installed PV has a size of 1.08 kWp, and the largest
72 kWp. An energy data measuring network is in place for all public buildings, and private
houses are also connected. Several public charging stations for electric cars are privately
and commercially used. Heat pumps are available and accessible to increase the flexibility
of a potential EnC.
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The 0.4 kV LV grid in Großschönau has five LV subsystems connected through Distri-
bution Transformers (DTRs) in two different 10 kV feeders. This paper details the results of
only one of the five subsystems, subsystem “K” (see Section 5.1.1).

2.2.2. Greenfield Area: Fyllinge, Sweden

Fyllinge, a greenfield area, is southeast of the Swedish city of Halmstad. To date, little
has been built in the area; it is mainly unused land. This area has recently been identified
as suitable for residential buildings in the overview plan, meaning there is still a process to
decide its details. Assumptions, such as the number of households and installed production
capacity, have been made for this work based on recent development projects in similar
cases that might not necessarily reflect the final decisions. The pilot is planned as a solar
city, meaning that all suitable rooftops will be covered with PVs. Therefore, own production
will cover a large part of the area’s average electricity consumption over a year. The area
will be equipped with heating systems, such as district heating and heat pumps. Due to
the significant uncertainties in the greenfield area, a comparison between the potential of
an energy community in a brownfield area is of little use. However, the conclusions from
studying the potential of the brownfield area will provide valuable principles for planning
for the greenfield case, i.e., how to allow for extensive integration of distributed production
without unnecessary investment in the local grid or how to use energy communities to
allow for closer cooperation between real estate developers and grid owners.
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3. Challenges to Establishing Energy Communities

A pathway to establishing EnCs is examined from a multi- and interdisciplinary per-
spective, as current regulations and the state of the art do not enable their harmonised
operation with the power system and direct connection to the energy market. The stake-
holder analysis with interviews representing various stakeholder groups in the pilot sites
revealed multiple challenges regarding the perceived costs, risks, competencies, and trust
in EnCs.

The definition of EnCs and the corresponding legislation is still very general, mainly
related to the basic independent operation and does not provide clear structures for building
EnCs that harmonise with the power grid and deliver a reliable actor. As a result, it is
nearly impossible to estimate the cost of contracting and deploying infrastructure, billing
services, and possibly the investment cost of other technologies for integrated operation. In
addition, when asked about currently possible basic EnC operations, Austrian stakeholders’
representatives expect higher costs for those setting up an EnC for the first time, as unclear
conditions are likely to be associated with unforeseen expenses. Non-monetary costs
include effort and personal involvement in setting up and managing the EnC (membership
acquisition, billing, contracting partners, etc.); see Appendix C.

There is a high level of uncertainty about the potential costs and benefits of an EnC,
due to a lack of applied cases and the changing market situation. In addition, various
risks are perceived, such as lack of information, on procedural details in calculations and
settlements for members, of settings and participant’s roles, and clear responsibilities, as
well as organisational burdens and structural barriers from other stakeholders on which an
EnC depends, such as DSOs, utilities, or third-party providers. The risk is that customers
do not follow their expected roles and lack clear benefits, motivation, knowledge, and time.

Trust in actors engaged in organising and planning the EnC, as well as inviting citizens
to become members, is a key aspect in the acceptability of the solutions, especially in
areas where local actors have a high impact on decision outcomes and, therefore, hold
responsibility. When people know little about technology, acceptance may mostly depend
on trust in actors responsible for the technology as a heuristic or alternative ground on
which to base one’s opinion [38].

The assessment in Austria shows that the municipality and its organisations are
trusted and preferred in leading the EnC. In contrast, existing and new energy providers
are not chosen to fill this role. Moreover, citizens, opinion leader organisations and private
businesses are not preferred. Respondents generally show high awareness of the unclear
status and potential unexpected outcomes, yet, also have high trust in the organisations
currently involved to find a good structure and beneficial pathways to move forward.

In Sweden, in the case of the greenfield approach Fyllinge in the early stage, only three
stakeholders were involved. The DSO was owned by the municipality and was interested
in increasing the exploitation rate with the need to increase the grid capacity. In a later
stage, future inhabitants will be involved, and a legal organizational form is needed.

4. Business Organisation

Based on the existing generic definition of REnCs [3,4], the INTERACT project expands
this definition with specific rights and obligations to ensure integrated operation.

An integrated EnC, as defined by the INTERACT project, means a legal entity:
(a) Which is based on open and voluntary participation.
(b) That is autonomous and effectively controlled by shareholders or members that are

located in the proximity of the renewable energy sources, owned and developed by that
legal entity or its members.

(c) Where the shareholders or members are natural persons, SMEs, or local authorities,
including municipalities.

(d) With the primary purpose of providing environmental, economic, and social
community benefits for its shareholders or members or for the local areas where it operates
rather than financial profits.



Energies 2023, 16, 2935 6 of 38

(e) Which establishes and operates local markets in harmony with the grids and other
markets to enable the active energy trading of the shareholders or members.

4.1. Actors and Roles

Figure 3 overviews the actors relevant to an integrated EnC and their interactions
and roles. The EnC can interact with many actors in the energy sector, such as customers,
distributed Electricity Producer Operator (EPO) or Storage Operator (StO), Charging Point
Operator (CPO), authorities, regulators, and market facilitators. Concerning its roles, it is
essential to distinguish between external and internal tasks.
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Internally, the EnC interacts with its members, such as the customers (consumers or
prosumers), distributed EPOs and StOs, and the DSO(s) to whose grid its members’ facilities
are connected, Figure 3a. It coordinates the energy and flexibility trading in the local market
(see Section 5.2.2 Market’s Fractal Structure), the long-term planning of facilities, the day-
ahead and short-term operation planning, and all legally and organizationally required
issues. Additionally, the EnC fulfils community services, e.g., it cares about the members’
concerns, brings them together, promotes knowledge share, etc. Externally, it interacts with
many actors in the energy sector, Figure 3b. They are DSOs (in the role of the technical or
wholesale market “Distribution” operator), authorities, and regulators.

4.2. Structure and Organisation

Depending on the size and strategic target of the EnC, they might either be attached
to an existing entity or organised by setting up a new entity. Existing entities having a
high degree of trust that can add an EnC to their portfolio are local municipalities and
municipality-owned companies. When setting up a new entity, various possibilities are
given by law, differing in the owners’ influence on the business, owners’ liability, degree of
formality, and planned duration of the organisation. In large groups, we identified part-
nerships, corporations, cooperatives, community trusts and foundations, and associations
as the possible legal structure of an EnC. Depending on the chosen organisation of the
EnC, ownership of assets is possible. Community-owned assets can be differentiated into
non-electrical and electrical assets. The non-electrical assets mainly cover Communication
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Technology (CT) infrastructure, land, buildings, and intellectual property. While electrical
assets mainly cover electricity grids, production facilities, EV loading facilities, and storage
facilities.

The main value-creation activities for the EnCs are categorised into economic, environ-
mental, and social values. The economic benefits include the electricity cost reduction (see
Section 5.2.4 Market’s Mechanism), revenue generation, creation of jobs and stimulation of
the local economy. The EnCs reduce CO2 emissions and improve infrastructure utilisation
(see Section 5.1.2 LINK Technical Solution), thus having a respectable environmental im-
pact. They create additionally many social benefits, such as energy autonomy, access and
democracy, security of supply, self-determination, and education in the energy field.

All values described above can be categorised into financial and non-financial. While
non-financial values may be hard to estimate, the financial ones must be shared fairly
among the community members to maintain the equity and stability of the EnC [39]. In
an unstable EnC, unsatisfied members may prefer opting out of the EnC and may even
create a smaller one on their own. An EnC is stable when financial values are shared by
transparent and understandable procedures so that:

• Each member receives more than they would receive after opting out of the EnC.
• Each subgroup of members receives more than it would receive after creating an EnC

on its own.

Financial values can be shared based on simple (e.g., each member receives equal or
pro-rata values) or more sophisticated allocation rules (marginal contribution and Shapely
value), whereas sophisticated allocation rules tend to ensure the stability of the EC and the
simple ones tend to fail to do so [39].

5. Rise of the Fully Integrated Renewable Energy Communities

Although the power grid is a unique vast electromagnetic machine, its operation
is highly fragmented. The increasing DER share makes its reliable operation even more
complicated than it already was and poses significant challenges for grid operators. The
fully integrated renewable EnCs contribute to overcoming these challenges.

5.1. Technical Holistic Solution

The LINK Architecture enables the deployment of EnCs without ownership of electrical
facilities [37], Figure 4. Grid-Links are set up in all voltage and CP levels. A technical
interface “T” joins them with the corresponding Storage and Producer-Links. The electricity
market comprises the entire architecture so that all actors can participate in the market on
a non-discriminatory basis via the “M” market interfaces. Market facilitators, i.e., TSOs,
DSOs, etc., are connected to it via the orange interfaces.

The EnC participants act as black boxes, disclosing only the exchanges with the
grid, thus guaranteeing the privacy of each customer. A local electricity market can be
established with the participation of all EnC members. They can trade electricity with each
other, whereas the total EnC energy surplus or deficit can be handled in the neighbouring
markets. In this case, the EnC acts as a retailer. Any market actor, i.e., consumers, prosumers,
and DER operators’ service providers that are not EnC members trade their electricity in
the whole market directly or through an aggregator.

5.1.1. Status Quo

The status quo analysis focuses on the brownfield area (Austrian pilot site). In the
greenfield area (Swedish pilot site), everything is in the process of being created with
considerable data uncertainties, so concrete simulations and investigations were impossible.

Subsystem K of the Austrian pilot site was selected to illustrate the status quo and
the benefits of integrated EnCs. It connects to the MVG through a 400 kVA, 10/0.4 kV
DTR, Figure 5. The total feeders’ length is 1820 m: The largest feeder is 470 m long, while
the shortest is 337 m. The feeders are shown in different colours according to a code; the
longest in red, then in green, purple and the shortest one in light blue.
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Figure 5. Overview of the topology and main PV facilities of the subregion K in Großschönau.

In this subsystem are installed ten PV facilities with about 169 kWp. Four relatively
large PV facilities (26.0, 29.7, 72.2 and 10.3 kWp) are connected almost at the end of three
feeders. It supplies one e-charging station with an installed capacity of 17 kW. Feeders
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are modelled through the π equivalent circuit diagram with 150 mm2 for the main cables
and 50 mm2 for the laterals; see Appendix D, Table A2. The load is classified into broad
types extracted from billing data or load inventory surveys. Six load classes are typically
considered: residential, commercial, industrial, agriculture, hotel, and kindergarten (load
profiles and the respected cos(ϕ) are shown in Figure A1 and Table A3). The maximal
normalized load for all load profiles is one. The ZIP model considers the load dependency
from the voltage; see Table A4. The CPs are modelled through the active power consumed
by different electrical devices, PCP

Dev., and the active power injected by the PV facility, PCP
PV .

From the LV perspective, only the power exchanged with the CP in total, PLV
CP , is relevant,

Figure A2.
Figure 6a shows the voltage profiles of all feeders according to the colour code on a

typical summer day at 11:00 h. All voltage profiles are practically bundled and have an
almost straight course. Voltage limits are set as calculated in Appendix D, Figure A3. The
K consumes about 37 kW from the MVG, active power exchange in DTR level Pex, with a
low power factor of 0.44 (the reactive power exchange Qex is more than double of the Pex).
This low power factor indicates an ineffective infrastructure utilisation in this period. The
subsystem load is still larger than the total PV production. This behaviour dedicates to
PV facilities, which provide electricity with a unit power factor. The DTR is underloaded,
with a transformer loading TRLoading of about 21%; no voltage limits are violated. Figure 6b
shows the voltage profiles assuming all buildings without an installed PV receive a 5 kWp
PV facility on their rooftops. The entire PV production is larger than the feeder load, thus
provoking a feedback flow to the MV grid of 167.6 kW. All voltage profiles have a rising
course, causing the violation of the upper voltage limit. With 46.36% loading, the DTR
continues to be underloaded.
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Figure 6. Voltage profiles during maximum PV production (11:00 a.m.) for two scenarios: (a) Status
quo; (b) Additional 5 kWp in each rooftop.

In summary, additional PV installations turn the active power flow direction, pro-
voking the rising voltage profile courses. The upper voltage limit is violated, requiring
countermeasures to eliminate it.

One effective countermeasure is installing concentrated reactive power control devices
at the end of the violated feeders [40]. These devices may be established by the DSO,
Figure 7a, or by the EnC, Figure 7b. In the case of subsystem K, three large PV facilities
are connected at the end of three different feeders. By oversizing their inverters, the
municipality or the future EnC can provide reactive power (consume inductive power)
when needed to the grid to eliminate voltage violations. The EnC may provide the ancillary
service “Reactive power” to the DSO to help them keep the voltage within limits.
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Figure 7. Overview of the countermeasures to eliminate the violation of the upper voltage limit
provoked by power feedback: (a) Taken by DSO; (b) Taken by EnC.

Indeed, simulations show that oversizing the inverters and thus consuming an addi-
tional reactive power of 22.38 kvar eliminates all voltage violations. Figure 8a shows the
voltage profiles during maximum PV production (11:00 a.m.) combined with Q-autarky
at the CP level and Q-control at the feeder level when five kWp PVs are installed on
every rooftop. The PV production covers the entire load, and the power surplus of
167.23 kW is fed into the MV grid. The power factor increases to 0.854. The DTR is
loaded up to 48.93%. There are still unused areas on the rooftops that may accommodate
additional PVs. Figure 8b shows the case of the maximal PV installations without overload-
ing the existing infrastructure. The power surplus increased by more than 100%, reaching
340.6 kW. In addition, the reactive power consumption from the MVGs increased by about
100%, reaching 209.7 kvar. The subsystem is effectively used at a power factor of 0.85.
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Figure 8. Voltage profiles during maximum PV production (11:00 a.m.) combined with Q-autarky in
CP level and Q-control at the feeder level for two scenarios: (a) 5 kWp PVs installed in every rooftop;
(b) Maximum PV installation without overloading the DTR.

Figure 9 depicts the behaviour of the LV subsystem “K” at different installation levels
of rooftop PV facilities. Despite the high demand for PV facilities, the installation rate is
very low. In the PV production periods, the infrastructure is ineffectively used by a power
factor lower than 0.5 (the infrastructure begins to be effectively used by a power factor
larger than 0.7). Concentrated reactive power control is a very effective countermeasure
since the provoked reactive power flow is controllable and predictable.
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5.1.2. LINK Technical Solution

The LINK’s technical solution is designed for brown- and greenfield cases. The differ-
ence lies in the implementation steps. In the brownfield case, an upgrade of the existing
relevant architecture and partly new implementations are required. In contrast, the solution
is already integrated into the planning phase in the greenfield case.

This solution is applied to practically realise viable EnCs. The standardised chain
control structures allow for a flexible and coordinated operation of the entire power sys-
tem, including CPs, organised in the EnC structures. The Customer Plant Management
Unit (CPMU) is to be deployed at the CP level, including the Secondary Control Unit
set up in the CP-grid area to interact with the higher-level secondary control units as
envisioned in the LINK solution, Figure 10. The CPMU acts as a black box that does
not provide information about the CP devices. It is responsible for realising the inter-
action between the LVG and CPs. Communication with the grid occurs only through
secure channels, thus protecting the power delivery system from cyberattacks. The
LV_Grid-Link sends negotiated set points Pset_point, Qset_point to the CPMU. It supervises
the exchange with the grid in real-time and generates and delivers the daily and hourly
generation of P schedules. The latter is fundamental for the Production-Load balance
process, one of the basic operation processes in power systems. The CPMU controls
the reactive power within the CP, realising their Q-autarkic behaviour. It is the hub
for realising the End-Use Sector Coupling by optimising electricity production and
consumption combined with hydrogen or biomethane production [41] and heating and
cooling resources [42].

The EnC’s aim is to promote local electricity production by integrating DERs. As
discussed above, this integration requires various countermeasures at different inte-
gration stages to ensure a reliable and sustainable grid operation. Figure 11 shows
the critical parameters for the uptake capacity of rooftop PV facilities in an LV subsys-
tem and the countermeasures for their maximum expansion. Three installation stages
were figured out.



Energies 2023, 16, 2935 12 of 38Energies 2023, 16, x FOR PEER REVIEW 12 of 38 
 

 

 
Figure 10. Functional/technological architecture; production load balance process. 

The EnC’s aim is to promote local electricity production by integrating DERs. As 
discussed above, this integration requires various countermeasures at different integra-
tion stages to ensure a reliable and sustainable grid operation. Figure 11 shows the critical 
parameters for the uptake capacity of rooftop PV facilities in an LV subsystem and the 
countermeasures for their maximum expansion. Three installation stages were figured 
out. 

 
Figure 11. Critical parameters for the uptake capacity of rooftop PV facilities in a LV subsystem and 
the countermeasures for their maximum expansion. 

In the first stage, the green area, the PV installations in the LV subsystem up to the 
critical value 𝑃௦௧.௧. (𝑠𝑢𝑏𝑠𝑦𝑠) does not require any countermeasures, 𝑃௦௧.(𝑠𝑢𝑏𝑠𝑦𝑠) < 𝑃௦௧.௧. (𝑠𝑢𝑏𝑠𝑦𝑠) (1)

Currently, in the legislation of many countries and the corresponding grids codes, 
PV installation is permitted so long as their power production is smaller or covers the CP 
load at each point in time: 𝑃௦௧. (𝑖) ≤ 𝑃ௗ (𝑖) (2)

Figure 10. Functional/technological architecture; production load balance process.

Energies 2023, 16, x FOR PEER REVIEW 12 of 38 
 

 

 
Figure 10. Functional/technological architecture; production load balance process. 

The EnC’s aim is to promote local electricity production by integrating DERs. As 
discussed above, this integration requires various countermeasures at different integra-
tion stages to ensure a reliable and sustainable grid operation. Figure 11 shows the critical 
parameters for the uptake capacity of rooftop PV facilities in an LV subsystem and the 
countermeasures for their maximum expansion. Three installation stages were figured 
out. 

 
Figure 11. Critical parameters for the uptake capacity of rooftop PV facilities in a LV subsystem and 
the countermeasures for their maximum expansion. 

In the first stage, the green area, the PV installations in the LV subsystem up to the 
critical value 𝑃௦௧.௧. (𝑠𝑢𝑏𝑠𝑦𝑠) does not require any countermeasures, 𝑃௦௧.(𝑠𝑢𝑏𝑠𝑦𝑠) < 𝑃௦௧.௧. (𝑠𝑢𝑏𝑠𝑦𝑠) (1)

Currently, in the legislation of many countries and the corresponding grids codes, 
PV installation is permitted so long as their power production is smaller or covers the CP 
load at each point in time: 𝑃௦௧. (𝑖) ≤ 𝑃ௗ (𝑖) (2)
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the countermeasures for their maximum expansion.

In the first stage, the green area, the PV installations in the LV subsystem up to the
critical value PCrit.

PVinst.(subsys) does not require any countermeasures,

PPVinst.(subsys) < PCrit.
PVinst.(subsys) (1)

Currently, in the legislation of many countries and the corresponding grids codes, PV
installation is permitted so long as their power production is smaller or covers the CP load
at each point in time:

PCP
PVinst.(i) ≤ PCP

Load(i) (2)
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In this case, the voltage profiles of all feeders are almost bundled and have an al-
most straight course. No voltage limit violation occurs. The existing infrastructures are
underutilised.

In the second stage, the yellow area, where:

PCrit.
PVinst.(subsys) ≤ PPVinst.(subsys) ≤ P

Sat.
PVinst.(subsys), and (3)

PPVInst > PCP
Load, and (4)

SDTR
ex. ≤ SDTR

n (5)

voltage violations appear, countermeasures are needed to guarantee reliable and sustainable
operation. The PV hosting capacity of the existing subsystem infrastructure is saturated,
PSat.

PVinst.(subsys). The countermeasures should be taken coordinated between the EnC
and the grid operators. Installing CPMUs in the premises of all EnC members who are
consumers or prosumers allows for flexible and coordinated actions with the corresponding
DSOs concerning active and reactive power. The CPMU feature, which makes the customer
Q-autarkic, halves the data amount to be exchanged between the EnC and the DSO. It
additionally simplifies the algorithms to estimate the state of the grid. As discussed above,
EnCs may provide ancillary services in reactive power through suitable oversizing inverters
of relevant PV facilities. To guarantee a secure grid operation, the grid operators should set
up the Volt/var chain control on the superordinated grids as in LINK holistic solution [43].

In the third stage, the red area, where:

PPVinst.(subsys) > PSat.
PVinst.(subsys) (6)

in addition to the countermeasures to eliminate voltage violations, additional countermea-
sures are required to ensure the secure utilisation of the infrastructure. The countermeasures
can be diverse and realised by different stakeholders. The DSO may reinforce the infras-
tructure (e.g., change the DTR, etc.), or the EnC may store or use the surplus of electricity
to produce hydrogen or biomethane, thus helping the economy’s decarbonisation [41,42].

5.2. Fractal Market Solution

Redesigning the market in line with the structure of the power grid and adjusting its
mechanisms is necessary to realise the democratisation of the power industry, enable the
DR, and meet today’s requirements.

The market structure proposed in this paper aims to provide consumers with reliable,
environmentally friendly electricity at the lowest possible cost and promote EnCs and
sector coupling. It applies in brown- and green area cases and pursues two main objectives
in the design.

The first objective is operation efficiency, making the best use of existing resources.
Splitting markets at the national/international, regional, and local levels significantly
reduces the current complexity due to the variety and economics of the resources, their
uncertainties, and power system constraints. Furthermore, an efficient welfare-maximising
outcome is achieved by optimising each market area and the area’s coordination.

The second objective is stimulating capital investment by providing appropriate in-
centives for its efficient use. Efficient capital investments are usually prompted by suitable
price mechanisms, e.g., spot prices. However, electricity is not an ordinary commodity
but a unique property. Reliability characterises it. It requires a power reserve to meet de-
mand when supply and demand uncertainties would otherwise create electricity shortages.
Intelligent pricing mechanisms should be developed to take this feature into account. A
capacity market could also coordinate investments.

The proposed market structure is quite simple, as it is derived from the fractal geome-
try of Smart Grids. It promotes the direct and equal participation of all actors in the market
regardless of the size of their units, making it fair.
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5.2.1. Status Quo of the Economical Processing in the Power Industry

The current economic processing in the power industry is a mixture of market activities
and contracts, Figure 12. The players in the electricity market are limited to large electricity
producers, consumers, and energy suppliers, which are few. The market is facilitated by
the Control Area Manager (CAM), whose role is usually taken over by TSOs.
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After trading the electricity in the market, the Energy Supplier Companies determine
on their own the selling and buying of electricity prices to smaller customers and producers.
The latter can buy and sell electricity using various contracting forms. That means that
millions of small customers, such as residential ones, etc., and small distributed producers
and storage are not considered market players and consequently cannot participate directly
in the trading process: they can only choose between different energy suppliers.

The mixed form of economical processing in the power industry is the source of
non-transparent pricing for the end customers and the breeding ground for speculations.
New regulatory and policy changes to promote DERs have led to changes in the electricity
market, including the introduction of time-based pricing mechanisms and reliability-based
incentives. Nevertheless, no essential structural changes have been performed yet to allow
millions of consumers, prosumers and DERs to participate in the market directly.

5.2.2. Market’s Fractal Structure

The LINK-Solution postulates a fractal structure for the power industry that automates
different operation processes and enables the information exchange needed for the market
operation, Figure 13. The basis of the LINK fractal structure is the holistic technical model
of Smart Grids “Energy supply chain net,” Figure 13a. It has a T-setup, where the very
high and High Voltage Grids (HVG) are established on the horizontal axis, while the
Medium and Low Voltage Grids (MVG and LVG) and CPs are located on the vertical
axis. The new market, Figure 13b, is designed to have the same T-setup as the Smart
Grids, allowing their harmonisation. It increases the space granularity of the electricity
market by introducing new market categories to the existing ones in the transmission area,
renamed national/international market. The new markets are the regional markets in the
distribution area and the local markets in the EnC-area of customer plants.
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The regional market is a whole market with DERs and customers, or an EnC, whose
members are connected in the distribution grid, as players. The DSOs take over the role of
market facilitators for the regional markets.

The retailed local market aims to trade energy and services near electricity generation,
considering environmental, socio-economic, and technical criteria (e.g., CO2 reduction,
welfare maximisation, power system reliability, etc.). The participating actors are cus-
tomers (prosumers and consumers) and DERs. The EnC takes over the role of the local
market facilitator.

Figure 13c shows the range of trading volumes for the different market categories. The
trading volume defines the market size. It refers to the total energy traded during a specific
period. The market patterns and the trading volume sizes repeat in ever-smaller scopes.

The division of the total energy trading volume (ETr) over a period by the length of
the period (h) gives the Average Trading Volume (ATV). The result is the average trading
volume per unit of time, typically per day:

ATV =
ETr(Period)·24

Period
[GWh], [MWh], [kWh]. (7)

The ATV for the national market ranges (GWhs), regional one (MWhs), and local
market (kWhs). All market categories, i.e., international/national, regional and local,
have identical segment arrangements, as shown in Figure 14. The TSOs, DSOs, and EnCs
conduct the respective markets in all segments, such as energy (day ahead), flexibility
(intraday) and other services [44]. The same types of market players are involved in
all three-market categories. In LINK-Architecture, production and storage facilities
are present in all fractal layers of Smart Grids. Their operators join all three-market
categories. Producers offer energy in the day-ahead and intraday market and other
services. Storage supply or consume energy, and their operators offer and demand in
all market segments. Markets have two additional atypical participants: the prosumers
and consumers. Like storage operators, prosumers ask and bid in all market segments
because they can supply or consume energy. Consumers consume energy, bid in the
day-ahead and intraday market, and ask for other services. Energy Service Companies
(ESCO) may bid and ask between markets.
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Each market category is defined as a price area, i.e., the largest geographic area where
market players can trade without capacity allocation. This is the Link-Grid area, where
the LINK chain control supervises and mitigates the boundary congestion. The regulator
defines these areas in collaboration with TSOs, DSOs, and EnCs.

5.2.3. Harmonised Market Structure

Figure 15 illustrates the market structure harmonisation with the Grid-Link setups
of the power grid and CPs. It is presented by considering the price-driven DR. Realizing
regional and local markets requires the establishment of Balancing Group Areas (BGAs).
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A BGA is a geographical and pricing area comprising one or more Grid-Links. Usually,
the TSO operating area is encompassed in one Grid-Link, while the DSO operating area
may contain several. All Grid-Links included in one BGA should be operated by the
same DSO.

Grid-Links may have external and internal boundaries. External boundaries exist
between different grid owners or operators, i.e., between the TSO and DSO, DSO_1 and
DSO_2. They are subject to data security and privacy due to the data exchange between
companies. The internal interfaces between various Grid-Links having the same owner or
operator, e.g., the same DSO, are considered intern: they are not subject to data security
and privacy. The external boundaries of Grid-Links correspond with the geographic
BGA boundaries.

All electricity producers, storages, and CPs electrically connected to the Grid-Links
belonging to the same fully integrated EnC create their own BGA.

5.2.4. Market’s Mechanism

The components to be defined to construct a market mechanism are the format of the
bids, the clearing rule, the pricing rule, and the information the market participants have
access to [45].

The pricing mechanism refers to the process where forces of demand and supply
determine the prices of commodities and the changes therein. It is the buyers and sellers
who determine the price of an item. The Merit Order mechanism has long been established
in the electricity market. Figure 16 shows an overview of the pricing mechanisms used in
different fractal structures of the market. Based on the main fractal principle of repeating
the same shape and features in various structure sizes, the Merit Order mechanism is used
in the international, regional, and local markets.
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The Merit Order mechanism enables demand and supply market forces to free play. In
trouble, political and economic conditions may create severe social problems: other pricing
mechanisms are needed to make goods affordable for the broad population.

The new market structure allows all consumers and producers, regardless of size, to
democratically decide on the price mechanism that can be applied in each period. For the
first time, small customers and producers can actively participate in the local market design
described below.

The local EnC market is designed to allow neighbours to supply each other with
electricity and democratically set the pricing rules. This approach makes them more
independent of international and regional electricity market developments.

The EnC, as a facilitator of the local retail market, has a portfolio of pricing mechanisms.
The EnC entity democratically decides which pricing mechanisms from its portfolio to
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use for a given period. It involves its members, the executive board and eventually the
supervising board. The EnC should formally inform the controlling body, e.g., the energy
authority, of any change in the pricing mechanism and the application period. It has the
following portfolio of pricing mechanisms, which may be applied in different circumstances:
Merit Order based on arbitrary price offers, Merit Order based on Levelized Cost of Energy
(LCOE) price offers, and Power Purchase Agreements.

Local Retail Market: Merit Order Based on Arbitrary Price Offers

The EnC uses the Merit Order based on unregulated price offers of the producers,
prosumers, and consumers. Standard market behaviour leads to bits based on marginal
prices to maximise the chances of receiving the order, which is then valued not on the
bidding price but based on the Merit Order system. Participants can switch to another
pricing mechanism depending on the actual conditions.

Local Retail Market: Staggered Price Mechanism Using Merit Order Built on LCOE

This pricing mechanism uses the LCOE instead of the unregulated price offers. We
use a fictitious renewable EnC for calculations to show the pricing mechanism on real
values. The values are partially based on the Austrian demo site, where missing data was
added randomly (i.e., installation year of PV, etc.). It is therefore assumed that the fictitious
renewable EnC has 142 members, of which 12 are prosumers with installed PV facilities,
and the rest are consumers. After calculating the PV production price, the actual and the
proposed pricing mechanisms are discussed.

• Total Energy Supplied

The LCOE of an energy-generating facility is the cost of building and operating the
asset per unit of total electricity generated over an assumed lifetime [46]. The average
production kWh cost purchased through a PV depends on the size of the facility, type of
equipment and local incentives. It may be calculated based on (8) as follows:

LCOEPV(i) =
NPV(i)

TESPV(i)
(8)

where LCOEPV(i) is average electricity production price of the PV facility of prosumer i;
NPV is Net Present Value of PV facility that is the difference between the present value of
cash inflows and the present value of cash outflows over a period of time; TESPV is Total
Energy Supplied by the PV over the assumed lifetime.

The TESPV strongly depends on the PV installed capacity, PPV
Inst. Like all technical

systems, they are delivered with a warranty period TWarr. During this warranty period,
which can be 22 to 25 years, the production performance of the system may change. This
effect is considered by µ, the average electric power efficiency of the PV panel over the
lifetime. As is well known, the PV production curve is not constant over the day but
resembles a half-sine curve, as shown in Figure 17. The daily energy produced may be
calculated using the average value of the half-sine of 0.637 and the daily sun-shining hours
(lined area in the figure).

Because there are cloudy and hazy days throughout the year, the sun does not shine
on all 365 days; consequently, the PV systems do not produce. Therefore, the average hours
of sunshine per day over a year, NSun

hour, are used to calculate the TESPV (9).

TESPV(i) = 0.637·µ·PPV
Inst(i)·NSun

hour·365·TWarr(i) (9)

where PPV
Inst is Installed PV capacity [kWp]; TWarr is Warranty period of PV panel [Years];

µ is Average electric power efficiency of the PV panel over the lifetime [%]; NSun
hour is the

average hours of sunshine per day over a year.
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• Current scheme for purchasing and selling electricity

Figure 18 shows the current scheme for buying and selling electricity. The considered
CPs consist of a mix of prosumers and consumers. Twelve prosumers are considered with
various installed sizes, from 4.23 to 72.03 kWp, of PV facilities in different years, from
2010 to 2021, see Appendix E, Table A5. The PV’s production costs are obtained by applying
Equation (9) with 90% efficiency over the 22 years of PV facility lifespan. The average hours
of sunshine per day over one year are estimated at 5.5 h.
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Figure 18. The current scheme for purchasing and selling electricity to CPs consists of prosumers
and consumers.

While the Break-Even-Price, BEPPros., is the financial gain that each prosumer should
earn in one-hour power delivery to cover the installation costs is presented by the green
areas and calculated by:

BEPPros.(i) = PPros.
Inj. (i)·LCOEPV(i). (10)
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where PPros.
Inj. (i) is the power surplus of prosumer i. While the BEP for all prosumers is EUR

10.56 and is calculated using:

BEPAllPros. = ∑n
i=1

(
PPros.

Inj. (i)·LCOEPV(i)
)

. (11)

Figure 18 shows results at noon when all PVs supply with maximal capacity; the load
for every CP, be it prosumer or consumer, is assumed to be 2 kW.

Typically, a prosumer may cover or not its native load, PPros.
Nat.Load, so that it may inject

or consume electricity PPros.
LoadInj as in:

PPros.
LoadInj(i) = PPros.

PV (i)− PPros.
Nat.Load(i). (12)

When PPros.
LoadInj > 0, the prosumer covers his own electricity needs and may sell the

surplus; but when PPros.
LoadInj < 0, the prosumer does not cover his own electricity needs and

must buy electricity.
In the calculated case, all prosumers cover their own electricity needs and have a

surplus available for sale, calculated as follows:

PPros.
LoadInj(i) = [P

Pros.

PV
(i)− PPros.

Nat.Load(i)] > 0. (13)

All prosumers together have a power surplus of 220 kW to sell. Depending on the
legislation of each country, prosumers may be allowed [47] or not [48] to inject into the LV
grid. If they are allowed, the sale price strongly depends on the connection point on the
grid: until recently, the selling price, PricePV

Sale, was marginal, and it may even be negative.
That means the prosumer has to pay to inject into the grid.

The actual sale price is derived from dedicated internet platforms. We assume a price
of 4 ct/kWh, and the revenue of each prosumer, Rev.Pros.

Sale , is calculated by:

Rev.Pros.
Sale (i) = PricePV

Sale·P
Pros.
Inj (i). (14)

The green-lined area in Figure 18 presents the monetary amount each prosumer earns
in one-hour power delivery calculated by (14).

The total revenue of all prosumers, Rev.AllPros.
Sale , is EUR 8.78, resulting from the follow-

ing equation
Rev.AllPros.

Sale (i) = PricePV
Sale·∑

n
1=1 PPros.

Inj (i). (15)

The electricity of 260 kW to cover the needs of all EnC members acting as consumers,
is purchased at the selling price of 35 cents/kWh set in the platform. The red area in
Figure 18 represents the expense of all consumers, Exp.Cons., reaching EUR 91.00, Table 1,
calculated by:

Exp.Cons.
Purch.(i) = PricePV

Sale·∑
n
1=1 PCons.

Load (i). (16)

Table 1. Financial situation of the EnC when using the current scheme for purchasing and sell-
ing electricity.

Pros. BEP
BEPALLPros.

[EUR/kWh]

Prosumers’ Revenue
Rev.AllPros.

Sale
[EUR/kWh]

Consumers’ Expense
Exp.Cons.

Purch.
[EUR/kWh]

EnC in Total 10.56 8.80 91.00

This example shows that the current pricing scheme does not promote more PV
installations because the EUR 8.80 revenue does not cover the EUR 10.56 needed to break
even. Covering self-consumption remains the primary investment motive.
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• Merit-Order based on LCOE

Electricity bills are subject to ever-increasing tariffs, which depend on the prices
of primary resources and the global relationship between the supply and demand for
energy. The electricity price levels observed during the Russian war in Ukraine have shown
that, in certain situations, tariffs no longer correspond to the electricity production price
but are incredibly high, causing significant economic and social problems. This pricing
mechanism’s goal is to promote investments in distributed generation in the EnC area and
achieve a fair electricity price.

Figure 19 shows the Merit Order mechanism based on LCOE: prosumers and con-
sumers buy and sell in the local market. To cover the energy needs of its members, the
EnC or ESCO buys on the regional market. In the case of a power surplus within the EnC
area, the EnC or ESCO bids it on the regional market it participates in. As only renewable
energy sources are eligible in a REnC, the price of primary resources does not play any role
in pricing on the local market. This fact prevents speculation and decreases the impact
of the global relationship between supply and demand. The pricing mechanism has two
components; the one used for trading within the EnC members, and the regional market or
market price used for trading the energy not balanced within the EnC area.
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the regional market.

The PV surplus is cumulatively set in the X-axis: only prosumers and distributed
energy resource operators participate in the merit order process. The total load of the
consumers in the EnC is 260 kW, of which prosumers can supply 220 kW to the EnC
members, based on Equation (18). The local Merit-Order principle determines the electricity
sale price between the EC members. The PricePV

Sale(1) = 14.35 Cents/kWh is determined by
the prosumer “1”, who had the most expensive investment costs.

Rev.AllPros.
Sale = PricePV

Sale(1)·∑
n
1=1 PPros.

Inj (i). (17)

All prosumers will earn EUR 31.51, reflecting a larger value than the price needed to
break even, see Table 2.

Table 2. Financial situation of the EC when using Merit Order based on LCOE price offers.

Pros. BEP
BEPALLPros.

[EUR/kWh]

Prosumers’
Revenue

Rev.AllPros.
Sale

[EUR/kWh]

EnC’ Purchasing
Exp.EnC.

Purch.
[EUR/kWh]

Consumers’
Expense
Exp.Cons.

[EUR/kWh]

EnC in Total 10.56 31.51 14.00 45.51
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The remainder of the 40 kW is calculated by:

PEnC
Load = ∑n

1=1 PPros.
Load (i) + ∑m

j=1 PCons.
Load (i), (18)

where n is the number of EnC members acting like prosumers; m is the number of EnC mem-
bers acting like consumers and must be purchased outside the EnC. In our case, prosumers
cover their own electricity needs, ∑n

1=1 PPros.
Load (i) = 0. This power amount is bought in the

regional market with PriceElec.
Buy = 35 Cents/kWh using the following equation:

Exp.EnC
Purch. = P

EnC
Load·PriceElec.

Buy (19)

The EnC’s purchasing of electricity on the regional market, in this case, is EUR 14.00.
Consumers must settle with two suppliers, the EnC and the EnC members, the latter being
prosumers, producers, or store owners. Their total consumer spending is EUR 45.51, about
50% less than their spending with the current pricing mechanism. All prosumers cover
their investments and make a profit that encourages consumers to invest, e.g., in further
PV systems.

Local Retail Market: Power Purchase Agreement

The pricing model Power Purchase Agreement (PPA) reflects a basic agreement be-
tween the producer and the consumer to use the production facility over its lifetime
together at predefined conditions, securing the producer’s investment and the supply at
defined prices for the consumer. The agreed price should be based on a cost-plus approach,
considering the production facility’s Capital Expenditures (CAPEX) and Operating Expen-
ditures (OPEX) of the production facility. Because the partnership is agreed upon for a
pre-determined investment period, the risk is low, and prices to the consumer are likely to
be lower than otherwise because they stay stable and predictable.

Continuing with the fictitious EnC discussed above, each prosumer agrees on a
Producer-Consumer Partnership latest when joining the EnC. We assume that each pro-
sumer agreed on a PPA when the investment decision was taken to reduce the risk of a not
profitable investment. The EnC, on the other hand, will assess whether enough consumers
are within the community to use another source of electricity, and if this is given, agrees to
a PPA to fix electricity prices over a longer time.

Table A6 shows the installation costs of the PV facilities owned by EnC members. To
motivate the producer to invest in the facility, not only do the investment costs have to
be returned, but an entrepreneurial margin also needs to be achieved. In the calculation
below, counterparties agree on a 5% investment profit per year for the producer without
considering any interest or compound interest.

With the PPA pricing model, customers and producers have long-term security over
the pricing. In terms of falling investment costs, prices for consumers will decrease with
newly added producers. Producers already invested at higher costs still have the guarantee
of not getting into the negative values, which might have prevented them from investing in
the first place. A PPA pricing model, therefore, might be appropriate in emerging industries
where investment costs fall, and investment sizes rise over time.

Figure 20 shows the PPA pricing model for the 12 prosumers: each prosumer has a
fixed price over the investment lifetime. The average consumer price depends on the costs
and sizes of all prosumers included in the EnC.

The individual revenues of each prosumer and the total customer expenses for the
current pricing scheme, the staggered pricing model with Merit Order based on LCOE and
PPA pricing model, are shown in Figure 21. As the prosumers are sorted by investment
costs per kWh, it is visible that for the early development stages of the industry, the PPA
pricing model offers higher prices to the prosumers. In contrast, when the investment costs
are lowered, the prosumers’ prices are reduced over time. Nevertheless, in all cases, the
prices are above the needed revenue to break even, which is the basic target of a PPA.
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Of course, the examples here show only one situation of one virtual EnC. The situ-
ation can get more complex, for example, when local supply is exceeding local demand.
Furthermore, in all shown cases, the regional price is higher than the local price, which
is favourable for consumers but may not be for producers, who might earn more money
when participating directly in the regional market.

5.3. Communication Technology Architecture

The designed EnC is a reliable and established player supported by legislation. Only in
this way can they be accepted by the DSOs and the members. The proposed CT architecture
and components meet the high demands of the utilities concerning infrastructure reliability,
security from cyberattacks and protection from access by third parties, cost-effectiveness
and so on.

Figure 22 shows an overview of the CT architecture for the fully integrated EnC. The
DSO is the facilitator of the regional market, while the EnC of the local market. The local
market will be set up locally on the EnC server for data privacy and cybersecurity. In the
latter, optimisation processes will be performed on the EnC level. Each EnC member will
have two interfaces: one with information relevant to the market (green) and the other with
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technical data (orange). The market-relevant communication between all actors realises by
utilising fibre optics. The communication between the DSO and EnC members related to
technical issues, such as sending setpoints, achieves by using Power Line Communication
technologies. Thus, the reliability and security of the communication are guaranteed.
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The solution applies in brown- and green-area cases.

5.4. Use Cases

Use cases developed for the fully integrated EnC (regardless of brown- or green-area
cases) systematically describe the intended structure to minimise misconstructions and
support the understanding of functionalities. They represent the interactions between
the actors, the latter and the market, straightforwardly and logically. Many use cases [49]
for normal and abnormal grid operations were developed during the INTERACT project.
However, this paper presents only the DR and the P2P trading use cases.

5.4.1. Demand Response

The DR, be it price- or emergency driven, is one of the most comprehensive operation
processes of Smart Grids, including the entire power system, CPs, and electricity markets.
This process extends the flexibility of power systems on all DERs. It is dedicated to short-
term load reduction or increase in response to a signal from the power grid operator when
system reliability is jeopardised or a price signal from the electricity market.

Figure 23 shows the implication of prosumers in the congestion alleviation process.
It describes the emergency-driven DR, particularly involving the residential, commercial,
and small business sectors. The TSO, affected DSOs, EnC, and EnC members are the
actors involved in this use case. The TSO initiates the process described in this use case.
An overload is expected in a high-voltage transmission line of up to 8% in the following
hours. Using the relevant applications, the TSO defines the Boundary Links Nodes (BLiNs)
AH and BH on his grid, where the load decrease should be 2% and 6%, respectively, to
eliminate the overload. Both Grid-Links connected on the BLiNs are MV_Grid-Links. They
are operated from the same operator DSO. Afterwards, TSO initiates a demand decrease
request and proposes two new setpoints accompanied by the setting and duration. After
receiving the request for the new setpoints, the DSO starts its DR process and investigates
all possibilities to decrease the load using its internal resources, e.g., the Conservation
Voltage Reduction (CVR). The 2% power reduction in the BLiN AH realises by perform-
ing the CVR on MV_Grid-Link [50]. No other actions are needed. The new setpoint is
notified to the TSO.
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The reduction desired on the BLiN BH is more extensive than at AH, about 6%. Only
one part of it, e.g., 5.4%, can be reached by performing CVR in MV_Grid-Link_2. Other
actions are necessary for the rest, about 0.6% demand reduction. The DSO investigates
his Link-Grid and the day-1 schedules and identifies the BLiNs A2M and B2M as the most
suitable ones, where the power flow should be reduced by 0.4% and 0.2%, respectively.
The LV_Grid-Link_1 and LV_Grid-Link_2 are connected, respectively, to the BLiNs A2M

and B2M. Both LV_Links are operated from the same DSO. Afterwards, the DSO initiates a
demand decrease request and proposes two new setpoints accompanied by the setting and
duration. After receiving the request for new setpoints, the DSO involves the EnC. Based
on the contracts, the latter investigates all possibilities for participation in emergency load
control and sends a request for consumption reduction to the concerned participants. The
CPMUs of the affected prosumers check the relevant schedules for the period in question,
find the best solution using available local resources, and approve the new set points. The
information goes back to the TSO, who acknowledges the new setpoints. This process may
require a few iterations if the DSO detects contingencies.

5.4.2. Peer-to-Peer Trading

Peer-to-peer (P2P) electricity trading refers to the selling and buying power between
two or more grid-connected parties. The P2P electricity trading allows consumers to select
who they buy electricity from and to whom they sell it. Figure 24 shows a typical case in a
rural valley where P2P trading can play a significant role. Due to geographical conditions
and current architecture, PV facilities can only be built east- or west-oriented (E or W),
Figure 24a,b shows the PV production profiles for both identical facilities, normalised
on south-oriented (S) arrays [51]. In the morning, the east-oriented PV arrays, house B,
produce more electricity than west-oriented PV arrays, and house A, before midday and
vice-versa.

This use case describes the checking of the technical feasibility of this kind of transaction.
Figure 25 shows the notification and approval processes in the P2P trading use case.

The EnC, in the role of the local market facilitators, its members, and DSO in the grid
operator role, are the actors involved in this use case. All EnC members acting as prosumers
or consumers are equipped with a CPMU. Any of the affected EnC members, be it a
prosumer (CPMU), producer, storage, or CPO, send a change request to the EnC having
the role of the local market facilitator. The latter checks all schedules for the relevant
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period and tries to reach a balance within the EnC. He notifies all members who may be
interested in the transaction. Afterwards, he sends a change request, including all affected
members, to the DSO for verification and approval. After checking the new grid situation
for contingency, i.e., voltage violations and thermal limits of lines and cables, he approves
the change request. The local market facilitator gives the information further to the EnC
members. This process may require a few iterations if the DSO detects contingencies.
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5.5. Business Cases

Creating the fully integrated EnC means reorganising existing relationships and, most
likely, gradually developing towards a more sophisticated operation mode. We describe,
regardless of brown- or green-area cases, two business cases, providing flexibility through
DR and P2P.

5.5.1. Providing Flexibility: Demand Response

Providing flexibility to the energy market is one of the key potential future EnC’s
activities. Using the communication technology architecture described in Section 5.3, the
trigger points from the grid starting different DR processes are processed by the EnC and
forwarded to the EC members. On the market side, the service can be offered directly on
the ancillary services market depending on the flexibility potential of the EnC.
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Figure 26 shows the involved actors and the principle of this operation from a technical
and market view. There are two types of possible counterparties for providing flexibility,
which differ in the kind of service offered via bilateral agreements or flexibility markets:

• Bilateral agreement between TSO or DSO and EnC; and
• Flexibility market.

Energies 2023, 16, x FOR PEER REVIEW 27 of 38 
 

 

describe, regardless of brown- or green-area cases, two business cases, providing flexibil-
ity through DR and P2P. 

5.5.1. Providing Flexibility: Demand Response 
Providing flexibility to the energy market is one of the key potential future EnC’s 

activities. Using the communication technology architecture described in Section 5.3, the 
trigger points from the grid starting different DR processes are processed by the EnC and 
forwarded to the EC members. On the market side, the service can be offered directly on 
the ancillary services market depending on the flexibility potential of the EnC. 

Figure 26 shows the involved actors and the principle of this operation from a tech-
nical and market view. There are two types of possible counterparties for providing flex-
ibility, which differ in the kind of service offered via bilateral agreements or flexibility 
markets: 
• Bilateral agreement between TSO or DSO and EnC; and 
• Flexibility market. 

These services can be provided on the side of EnC by shifting energy consumption 
to a different time – by various appliances (so-called controllable loads: smart chargers, 
energy storage appliances, or other appliances with controllable load). The local market 
facilitator, the EnC, notifies the respective CPMUs to execute the demand change. 

Providing these services is not mutually exclusive – in fact, all these services fulfil the 
same defined goal: modifying the load to guarantee the grid’s reliability. These services 
can be driven either by congestion alleviation in the case of ancillary services, i.e., emer-
gency-driven DR, or price-driven DR. 

 
Figure 26. Business case: Providing flexibility to the market. 

Table 3 shows the cost- and revenue structure of the fully integrated EnC, including 
the flexibilities. The cost structure has investment and operation pillars. The community 
assets, such as production and storage facilities, and the CT structure, including the ad-
vanced EnC platform and CPMU unit for each member, are included in the investment 
pillar of the cost structure. The operation pillar includes the increased purchase of elec-
tricity from EnC members, the reduced purchase of electricity at the market (Energy Sup-
plier), the maintenance of CT structure and CPMUs and administration costs such as bill-
ing, membership fee, bookkeeping, etc. The revenue stream is related to the operation. It 
constitutes the increased sales of electricity to EnC members, reduced sales of electricity 
surplus through the Energy Supplier, reduced grid tariffs, direct funding of EnC opera-
tions (if available), membership fees and additional service fees (if available) and revenue 

Figure 26. Business case: Providing flexibility to the market.

These services can be provided on the side of EnC by shifting energy consumption to
a different time–by various appliances (so-called controllable loads: smart chargers, energy
storage appliances, or other appliances with controllable load). The local market facilitator,
the EnC, notifies the respective CPMUs to execute the demand change.

Providing these services is not mutually exclusive–in fact, all these services fulfil the
same defined goal: modifying the load to guarantee the grid’s reliability. These services can
be driven either by congestion alleviation in the case of ancillary services, i.e., emergency-
driven DR, or price-driven DR.

Table 3 shows the cost- and revenue structure of the fully integrated EnC, including the
flexibilities. The cost structure has investment and operation pillars. The community assets,
such as production and storage facilities, and the CT structure, including the advanced
EnC platform and CPMU unit for each member, are included in the investment pillar
of the cost structure. The operation pillar includes the increased purchase of electricity
from EnC members, the reduced purchase of electricity at the market (Energy Supplier),
the maintenance of CT structure and CPMUs and administration costs such as billing,
membership fee, bookkeeping, etc. The revenue stream is related to the operation. It
constitutes the increased sales of electricity to EnC members, reduced sales of electricity
surplus through the Energy Supplier, reduced grid tariffs, direct funding of EnC operations
(if available), membership fees and additional service fees (if available) and revenue from
flexibilities sold to the energy market. The service needs to be set up internally by defining
and accessing the available flexibilities within the EnC and, afterwards, externally by
linking the EnC to one or more of the counterparties named above.
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Table 3. Cost structure and revenue streams for integrated EnC operation mode.

Cost
structure

Investment - Community assets (production facilities, storage facilities, etc.)
- CT structure, including advanced EnC platform and CPMU unit for each member

Operation
- Increased purchase of electricity from EnC members
- Reduced purchase of electricity at the market (Energy Supplier)
- Maintenance of CT structure, incl. CPMU
- Administration (billing, membership fee, bookkeeping, etc.)

Revenue
streams Operation

- Increased sales of electricity to EnC members
- Reduced sales of surplus electricity to the market (Energy Supplier)
- Increased support through reduced distribution tariffs (if possible by legislation)
- Support through direct funding of EnC operations (if available)
- Membership fees/additional service fees (if available)
- Revenue from flexibilities sold to the energy market

5.5.2. Peer-to-Peer Trading

Three transaction structures [52] are identified for P2P trading:

1. Full P2P market, where the peers negotiate directly with each other.
2. Community-based market, where the EnC manages trading activities in the community.
3. Hybrid P2P, which is a combination of 1 and 2.

The P2P trading is opening additional price flexibilities within the EnC, allowing all
members to trade with each other based on their agreed pricing strategies. The EnC itself
acts either purely as a facilitator of these trades and subsequently operates only with the
remaining energy potential or might offer special separate pricing algorithms for such
bargains. Figure 27 shows the additional trading possibilities when P2P trading is enabled
as an individual service.
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The role of the local market facilitator is crucial both for technical reasons (i.e., com-
munication with DSO to check on grid contingencies) and business reasons (i.e., price
settlement, process execution and administration). He helps set the price or directly or-
ganises the local market where a bid-order mechanism or other automated algorithms are
creating the price. Opening the possibility for EnC members to start trading with each
other with their set prices by using the set-up of the EnC might cause disharmony between
the members, significantly when it reduces the benefits of the other members.

The CAPEX cost structure for this business case will be like the cost structure in Table 3,
as there will be a need for investment and operating costs for the CPMU units and the cost
for EnC platform, including the local market facilitator function. The OPEX depends in



Energies 2023, 16, 2935 29 of 38

the same way as the revenue streams on the chosen mechanism of price settlement for P2P
trading in comparison to usual EnC trading. Ideally, the margin of the EnC stays the same,
and only the price agreement between selling and purchasing EnC members differs.

6. Discussion

The EnCs represent an intriguing new way of organising energy vectors that puts the
End-Users at the centre and promotes DERs for more sustainable developments. Despite
considerable regulatory support, their story challenges the existing structures and raises
many questions about (self-)governance, technical compatibility with the grid, energy
exchange participation, etc. Interviewed stakeholders show a wide variety of motivators
to participate. Furthermore, they vary from meta-level (secure our future) to very specific
motivators (business expansion). To achieve the desired maturity, EnCs need to be viable by
becoming reliable players so that DSOs can better integrate the flexibility and other services
they acquire into their processes without compromising the quality of the power supply.
Their technical integration requires a coordinated operation and control of the entire power
grid, including transmission and distribution, and the End-Users proposed by the LINK
holistic solution. The chain of secondary controls on the whole grid combined with the
CPMUs at the customer level guarantees the required coordinated operation technically.
Further research is needed to detail, develop, and implement this technical solution.

The new fractal-based market structure, with the national-, regional and local markets
harmonised with the grid, facilitates small customers and DERs’ direct participation in the
energy market. Further research and insights into currently existing EnCs are needed to
develop more pricing mechanisms, which are optimised following local structures and
local motives for creating individual local EnCs.

The results of this work apply to the brown- and green areas. Nevertheless, there
is a difference in the technical part’s implementation steps. In the brownfield case, an
upgrade of the existing relevant architecture and partly new implementations are required.
In contrast, the solution is already integrated into the planning phase in the greenfield case.

The outcomes of this work may help policymakers, regulators, and industry repre-
sentatives define new energy policies and processes related to research and development
programs for implementing fully integrated renewable EnCs, as well as detailing the steps
for integrating them on a large scale. The observations made in this work show that, at
least in Austria, municipalities and their organizations enjoy trust and preference for EnC
leading. If studies in other countries support these observations, a new policy is needed, as
local authorities are usually not prepared to take the lead role in EnC.

The development of EnCs and their implementation will be a long process that can
be staggered in the implementation of (1) The basic operations, including, i.e., sharing
renewable energy produced within the EnCs; (2) Advanced operations, including, i.e.,
exploitation of the flexibility potential of the production-load balance, EV charging, P2P
trading; (3) Integrated operation, including, i.e., the integration into the power system,
facilitating the local energy market, providing flexibility to the market and the grid; (4) Fully
integrated operation, including, i.e., fully integration into the energy systems, enabling and
supporting the DR process in distribution and transmission levels.
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Abbreviations

ATV Average Trading Volume
BGA Balancing Group Areas
BEP Break Even Price
BliN Boundary Links Node
CAM Control Area Manager
CAPEX Capital Expenditures
CP Customer Plants
CPMU Customer Plant Management Unit
CPO Charging Point Operator
CT Communication Technology
CVR Conservation Voltage Reduction
DER Distributed Energy Resources
DR Demand Response
DSO Distribution System Operators
DTR Distribution Transformer
EHV Extra High Voltage
EnC Energy Communities
EPO Electricity Producer Operator
ESCO Energy Service Companies
HVG High Voltage Grid
LCOE Levelized Cost of Energy
LV Low-Voltage
LVG Low Voltage Grid
MV Medium-Voltage
MVG Medium Voltage Grid
NPV Net Present Value
OPEX Operating Expenditures
P2P Peer-to-Peer
PPA Power Purchase Agreement
REnC Renewable Energy Communities
StO Storage Operator
TSO Transmission System Operators

Appendix A. REnC Definition

The REnC is a legal entity that, following the applicable national law, is based on open
and voluntary participation. It is autonomous and effectively controlled by shareholders or
members located in the proximity of the renewable energy resources owned and developed
by that legal entity. Its shareholders or members are natural persons, SMEs or local
authorities, including municipalities.

The primary purpose of a REnC is to provide environmental, economic, or social
community benefits for its shareholders or members or for the local areas where it operates
rather than financial profits. It can engage in activities based on renewable energy sources,
including generation, energy efficiency, supply, aggregation, mobility, energy sharing,
self-consumption, and district heating and cooling.

Appendix B. Interview Guideline for Stakeholder Analysis

The stakeholder analysis was conducted via 18 semi-structured interviews with repre-
sentatives of eight identified stakeholder groups. For the greenfield approach in Sweden,
each of the three stakeholders was interviewed: infrastructure/DSO, municipality, and
real estate developer. For the brownfield approach in Austria, 15 interviews were held
in total with at least one interviewed representative of each of the seven identified stake-
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holder groups: municipality (1), municipal organisations (2), opinion leader organisations
(2), private businesses (3), infrastructure/DSO (1), local associations (4), and citizens (2).
Perspectives on EnCs were assessed, the potential roles of the stakeholders within EnCs
identified and an assessment of other stakeholder groups made.

The interview guideline consisted of a pre-formatted interview guide with a mixture
of open-ended, single/multiple choice and rating questions, which were to be filled out and
discussed in the presence of an interviewer. The interview guideline was structured in two
parts, where one part was explicitly addressed to representatives already involved in the
planning or organization of the EnC. At the same time, the other part was also addressed
towards people not part of the planning stage. Questions addressed to representatives
involved in the planning were asking about the stage of planning and current plans
regarding members, goals, business cases, ownership structures, organizational planning,
roles in the EnC, pre-arrangements, as well as expected benefits and current challenges.
This section was only applied to the brownfield approach in Austria. Questions addressed
towards all stakeholder group representatives covered knowledge background on EnC,
benefits and burdens in participation, the assessment of expertise, roles, conflicts of interest,
and interest in an influence on the success of an EnC. These questions were part of both the
brownfield and the greenfield approach.

Table A1. Interview Guidance: themes, topics, and types of questions.

Theme Topics Type of
Questions

1 Interviewee
characteristics

Personal and professional background (educational background, years of
experience in organization, field of expertise, position in organization, role

in represented stakeholder group).
Open-ended

2 Interviewee
energy literacy

Knowledge level, educational or professional experience with energy
related topics generally, and technologies specifically, knowledge of EnC. Open-ended

3
Interviewee

EnC
involvement

Involvement in EnC Planning or Vision.
Single choice

(Yes; No,
Maybe)

4 EnC Planning,
if 3 Yes

Status of EnC. Which stage of planning, what is the Vision for the EnC,
who are participating organisations/groups; Planned number of members;

Minimal number of participating members needed; Organisational
structure; Goals for EnC; Ownership structures; Organizational form;

Planned business cases; current agreements; Recent organizational and
administrative questions.

A mixture of
multiple-choice

and
open-ended

questions

5 Motives Interests and motivation to participate in EnC. Open-ended

6 Role Which function and role to assume in EnC. Multiple choice

7 Challenges Challenges in participating, assuming a role, and recent barriers. Open-ended

8 Trust Evaluation of trust and preference of other organisations and stakeholder
groups to organize EnC. Single choice

9
Other

stakeholders
roles

Interviewees’ perspective on expectations towards other stakeholders’
roles, their expertise, potential role, motivations, and benefits through EnC,
and expectations on those stakeholder groups’ performance in this role in

an EnC.

Open-ended,
matrix

10 Conflicting
interests

Interviewees’ perspectives on shared, neutral, or opposed interests
between stakeholder groups. Rating (+; 0; −)

11 Others’ interest
and knowledge

Interviewees’ perspective on the level of interest and knowledge of other
stakeholder groups.

Rating (high,
low, medium)

Appendix C. Identified Barriers

From the stakeholder analysis, the following barriers do exist in establishing an EnC:

• Operation costs are unclear, as they depend on various exceptional situations.
• Lack of institutional support: There are fears of burdens from traditional actors,

interferences through the excessive complication of the process, high administration
fees, and lengthening of the process.

• Lack of resources: High personal and unpaid effort for few people, bureaucratic and
technical efforts, external consultation costs, lack of expertise and experience.

• Community indifference: Willingness to participate could be low, lack of members.



Energies 2023, 16, 2935 32 of 38

• Community hesitation: If the goals of EnC are not reached, a lack of participation
is expected.

• Dependence on voluntary work: With operation costs unclear and the EnC rather
small from the beginning, the EnC organisation will most likely depend on volun-
teer work from community members. There is the worry that individual members
might become overburdened with work, endangering the sustainability of the EnC if
dependent on a few members.

• Dependence on grid acceptance: The EnC organisations depend on external infor-
mation and collaboration from grid owners, e.g., at which grid level, prosumer and
consumer are connected. Wrong assumptions might result in unexpected costs (e.g.,
due to different grid fee reductions).

• Lack of economic incentives: The monetary value is not foreseeable due to unclear
costs for investment and operation. This fact leads to fears of unexpected costs, e.g.,
high fees for infrastructure providers or additional costs for external consultation.
Stakeholders are afraid that there will be zero or very low economic incentives for
consumers and prosumers to participate.

• Lack of framing conditions: Information processes, clear role definitions and func-
tions, and framework settings are missing, creating uncertainty.

• Lack of leadership: Various functions are expected to be taken over by a leader, who
motivates and engages members and structures the process for others.

• Bad reputation: Fear that personal conflicts and animosities could trigger word of
mouth, mal information, and informal gossip could burden the expansion of EC.

• Uncertainty: Further burdens and obstacles are being expected by stakeholders due
to the approach’s novelty and the lack of practical experience.

Appendix D. Technical Data

The power system of model regions was modelled and simulated using SINCAL.

Table A2. Line parameters.

A [mm2] IA [A] R [Ω/km] X [Ω/km] C [µF/km]

C-AL
50 145 0.641 0.085 0.72
150 275 0.206 0.080 1.040

Load modelling
The load is modelled using load types and load profiles shown in Figure A1.
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Figure A1. Literature-based PV profile and load profiles for the following customer types: agriculture,
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Table A3. Power factor and the maximal load for different load types.

Load Type cos (ϕ) PMax
Load

[kW]

Residential 0.95 1.10
Commercial 0.90 6.00

Industrial 0.90 37.00
Agriculture 0.90 10.00

Hotel 0.95 3.68
Kindergarten 0.95 3.24

Load dependency from the voltage

Various loads’ active and reactive power consumption depends significantly on the
voltage value. Considering this dependency is indispensable to making accurate power
flow calculations in low voltage grids. The polynomial expression known as the ZIP
coefficients [53] model represents the variation (with voltage) of a load as a composition
of the three types of constant loads Z, I, and P. Z, I and P stand for constant impedance,
constant current, and constant power loads, respectively. The expressions for active and
reactive powers of the ZIP coefficients model are:

Pi = P0(CP,P + CI,P

(
Vi
Vn

)
+ CZ,P

(
Vi
Vn

)2
) (A1)

Qi = Q0(CP,Q + CI,Q

(
Vi
Vn

)
+ CZ,Q

(
Vi
Vn

)2
) (A2)

where Pi and Qi are the active and reactive powers at operating voltage Vi; P0 and Q0 are the
active and reactive powers at nominal voltage Vn; CZ,P, CI,P, and CP,P are the ZIP coefficients
for active power; CZ,Q and CI,Q, and CP,Q are the ZIP coefficients for reactive power.

ZIP coefficients satisfy the following conditions:

CP,P + CI,P + CZ,P = 1 (A3)

CP,Q + CI,Q + CC,Q = 1 (A4)

The ZIP coefficients of different load types during summer period provided by [53]
are given in the following table.

Table A4. ZIP coefficients of different load types during summer period.

Load Type CP,P CI,P CZ,P CP,Q CI,Q CZ,Q

Residential 0.96 −1.17 1.21 6.28 −10.16 4.88
Commercial 0.69 0.04 0.27 1.82 −2.24 1.43
Industrial 1.21 −1.61 1.41 4.35 −7.08 3.72

Agriculture 1.21 −1.61 1.41 4.35 −7.08 3.72
Hotel 0.96 −1.17 1.21 6.28 −10.16 4.88

Kindergarten 0.69 0.04 0.27 1.82 −2.24 1.43

Customer plant modelling

The customer plant is modelled as shown in Figure A2.
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Voltage limits of ±10·UNom apply to electrical devices used in CPs. Therefore, the
voltage limitations in LV grid levels should be more conservative to respect the limits on
the device level.

During the electrical installations in a CP, the voltage drop across the line must be
considered when dimensioning the cable. The various standards, directives, and connection
conditions specify what percentage of voltage drop is permissible. The regulation of
the voltage drop is essential to ensure the proper functioning of the connected devices
(equipment). According to DIN 18015, the voltage drops in CP installations, i.e., from the
meter to the electrical devices, must not exceed 3 %. If the CP with PV production, shown
in Figure A3a, is connected at the end of the LV feeder, the voltage at its connection point
should not exceed 107% of the nominal value. The voltage may go down up to 97% of the
nominal value during peak consumption, Figure A3b.
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Appendix E. Market-Related Data

Table A5. Installation costs of the PV facilities owned by energy community members.

EC Memb. PV Prod. Year Inst. Cost
[EUR/kW] Size [kW] Net Cost [EUR] Total Ener. Supply

[kWh]
Price

[Cent/kWh]

1 2010 3634.00 4.23 15,373.37 107,102.73 18.99
2 2011 2952.00 8.00 23,612.77 202,558.36 16.21
3 2012 2433.00 9.90 24,089.51 250,665.97 12.34
4 2013 2065.00 9.60 19,826.63 243,070.03 10.83
5 2014 1868.00 5.40 10,088.09 136,726.89 9.79
6 2015 1702.00 5.39 9173.16 136,473.69 7.45
7 2016 1552.00 10.30 15,985.56 260,793.88 6.78
8 2017 1315.00 72.03 94,749.77 1,823,784.80 5.86
9 2018 1074.00 6.00 6443.46 151,918.77 5.00
10 2019 934.00 25.00 23,362.41 632,994.86 4.13
11 2020 803.00 39.90 32,045.64 1,010,259.80 3.62
12 2021 725.00 47.79 34,648.80 1,210,032.98 3.38

Table A6. PPA-Price calculation of assumed PV facilities owned by EnC members.

EnC Memb. Inst. Cost
[EUR/kW] Size [kW] Net Cost [EUR] 5% Profit

Margin [EUR]

Yearly
Production

[kWh]

PPA Price
[Cent/kWh]

1 3634.00 4.23 15,373.37 768.67 4868 30.14
2 2952.00 8.00 23,612.77 1180.64 9207 24.48
3 2433.00 9.90 24,089.51 1204.48 11,394 20.18
4 2065.00 9.60 19,826.63 991.33 11,049 17.13
5 1868.00 5.40 10,088.09 504.40 6215 15.49
6 1702.00 5.39 9173.16 458.66 6203 14.12
7 1552.00 10.30 15,985.56 799.28 11,854 12.87
8 1315.00 72.03 94,749.77 4737.49 82,899 10.91
9 1074.00 6.00 6443.46 322.17 6905 8.91

10 934.00 25.00 23,362.41 1168.12 28,772 7.75
11 803.00 39.90 32,045.64 1602.28 45,921 6.66
12 725.00 47.79 34,648.80 1732.44 55,001 6.01
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