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Einleitung

Die Energiewende ist von zentraler Bedeutung fiir die Zukunft
unserer Gesellschaft. Sie stellt nicht nur eine technologische
Herausforderung dar, sondern erfordert auch einen tiefgreifen-
den Wandel in unseren wirtschaftlichen und sozialen Strukturen.
Um diese Herausforderung zu meistern, sind innovative Ansatze
sowie ein intensiver Austausch von Wissen und Erfahrungen
unerlasslich.

Das Future Energy Lab (FEL) ist ein vielseitiges Innovationslabor
der dena, das sich sowohl dem Wissensaufbau und Wissens-
transfer als auch der praktischen Erprobung digitaler Technolo-
gien in der Energiewirtschaft widmet. Thematische Schwerpunk-
te liegen auf dem Einsatz digitaler Technologien zur Transforma-
tion des Energiesystems sowie auf der Funktion des FEL als
Denkwerkstatt, die unterschiedliche Themenkomplexe identifi-
ziert, wissenschaftlich analysiert, evaluiert und die Ergebnisse in
die Fachwelt sowie die breite Offentlichkeit tragt.

Ein besonderes Projekt innerhalb dieses Rahmens war das FEL-
Auslandsstipendium. Das Programm wurde von der denaim
Auftrag des Bundesministeriums fiir Wirtschaft und Klimaschutz
(BMWK) durchgefiihrt und ermdglichte Studentinnen und Stu-
denten deutscher Hochschulen, im Ausland Innovationstrends
und neue Anwendungsfelder digitaler Technologien flir die Ener-
giewende zu erforschen.

Ein zentrales Ziel des Projekts war die Starkung und Erweiterung
des FEL-Netzwerks, insbesondere um Akteure aus internationa-
ler Forschung und Wirtschaft. Mithilfe junger Akademikerinnen
und Akademiker konnten internationale Forschungseinrichtun-
gen und Institutionen in die Arbeit des FEL eingebunden werden,
wodurch dessen Rolle als Denkwerkstatt weiter gestarkt wurde.
Der internationale Ausbau des Netzwerks schafft vielfaltige Mog-
lichkeiten fiir zukiinftige Kooperationen und macht die Arbeit
des FEL auch auf globaler Ebene sichtbar.

Darliber hinaus erméglichte das FEL-Auslandsstipendium die
Identifikation internationaler Trends und Anwendungsfelder
digitaler Technologien fiir die Energiewende sowie die Priifung
ihrer Ubertragbarkeit auf Deutschland. Durch ihre Forschungs-
aufenthalte im Ausland setzten die Stipendiatinnen und Stipen-
diaten innovative Impulse, eréffneten neue Perspektiven und
zeigten fortschrittliche Losungsansatze auf. lhre in ausfiihrlichen
Berichten zusammengefassten Erkenntnisse wurden veréffent-
licht und stehen dem gesamten dena-Netzwerk zur Verfligung.

des Bundesministeriums fiir Wirtschaft und Energie. Die
Deutsche Energie-Agentur GmbH (dena) unterstiitz die

m Bundesministerium
2 N fir Wirtschaft

Die Veroffentlichung dieser Publikation erfolgt im Auftrag

Zusatzlich werden die Ergebnisse in interaktiven Formaten wie
Podcasts, Magazinartikeln, Prasentationen und Workshops ei-
nem breiten Publikum zugédnglich gemacht.

Abgeschlossene Stipendienreisen

Das Projekt FEL-Auslandsstipendium lief von 2023 bis 2025 mit
dem Ziel, insgesamt neun Studentinnen und Studenten zu for-
dern. Das Stipendium ermdglichte den ausgewahlten Teilneh-
menden, sechs bis acht Wochen im Ausland zu verbringen und
innerhalb einer selbst gewdhlten Projektthematik mithilfe von
Interviews, Expertengesprachen und der Teilnahme an relevan-
ten Veranstaltungen neue Erkenntnisse zu gewinnen.

Im Jahr 2023 starteten vier Studierende mit Projekten in unter-
schiedlichen Themenfeldern der Energiewende. 2024 folgten drei
weitere Forschungsreisen. Im letzten Projektjahr 2025 férderte
das Future Energy Lab zwei weitere Stipendiatinnen bei ihren
Auslandsforschungen.

Erfahrungsberichte aller abgeschlossenen Studienreisen sind auf
https://future-energy-lab.de/projects/fel-auslandsstipendium/
verfligbar und bieten wertvolle Einblicke in die Anwendung
digitaler Technologien im Ausland. Erganzend erarbeiteten die
Studentinnen und Studenten Handlungsempfehlungen, die
aufzeigen, wie die gewonnenen Erkenntnisse in Deutschland
genutzt werden kdnnen. Auf diese Weise tragt das FEL-
Auslandsstipendium aktiv zur Erweiterung des Wissensstands
zur digitalen Energiewende bei und férdert den fachlichen Aus-
tausch zu dieser hochrelevanten Thematik.
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1. Introduction

1.1. Relevance of the Studied Topic

Current human activities, particularly the reliance on fossil fuel extraction and consumption,
pose a serious threat to the stability of life support systems [1], putting us at risk of triggering
tipping points that irreversibly disrupt the Earth’s system [2]. The 2023 IPCC report highlights
the gravity of the situation, emphasizing severe risks and high reasons for concern, as millions
of people face exposure to extreme events caused by the breach of such tipping points [2].
Consequently, there is an urgent need for action to mitigate climate change. Recognizing this
urgency, the European Union (EU) has set ambitious targets for adopting renewable energy
sources (RES) as part of its Fit for 55 package within the European Green Deal. By 2030, the EU
aims for renewable energy to constitute 42.5% of its energy mix [3], signaling its pivotal role
in driving the shift towards carbon neutrality by 2050 [4] (cf. Figure 1.1). This shift will be
particularly evident in the residential sector, where the majority of final energy demand is
projected to be met by RES [5].

In the ongoing pursuit of decarbonizing residential building stock, the widespread adoption
of distributed energy resource (DER) has emerged as a promising avenue [6]. DERs describe
decentralized, small-scale power generation and storage devices, such as photovoltaic (PV)
systems, heat pumps (HPs), battery storage (BS) systems, and electric vehicles (EVs), that are
located close to the point of consumption. Projections from the German electricity network
development plan indicate a significant uptick in various DER capacities by 2037: a 4.8-
fold increase in PV system capacity (reaching 345 GW), a 51-fold increase in PV-BS system
capacity (totaling 67.4 GW), alongside substantial rises in the number of EVs (a 20-fold
increase, totaling 25.2 million) and HPs (an 11-fold increase, totaling 14.3 million) [7]. Initially,
the adoption of DER assets was primarily driven by environmental concerns rather than
economic motives [8]. However, with investment costs for DERs such as PV and BS systems
declining exponentially over the recent years [9], more consumers are embracing DERs for
self-consumption. This transition turns consumers into prosumers who both generate and
consume renewable energy, actively engaging with the energy system.

Against this backdrop, the switch from fossil fuels to RES promises many benefits for
consumers. However, the growing reliance on RES also presents challenges: Energy systems
must undergo significant adaptations, shifting from a centralized model where electricity is
generated by large-scale generators and distributed downwards to individual consumers, to a
decentralized paradigm where DERs coexist with consumers across various levels of the grid.
This transition poses particular challenges for the distribution and sub-transmission grid
segments, where much of the digital-enabled, low-carbon energy innovation is anticipated
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to occur [10]. In Germany, over 90% of both existing and planned DER installations are
concentrated within these grid levels [11]. Specifically, within low-voltage distribution
networks (LVDNs), the rapid increase in DERs can cause energy system instabilities [12],
such as overloading of individual grid components like transformers and lines, as well as
voltage issues. So-called renewable energy communitys (RECs) formed at the distribution
grid level can play a vital role in this regard, offering financial incentives for members to
consume locally generated renewable energy, thereby maintaining a balanced local energy
supply [13]. RECs are legal entities where citizens can voluntarily engage in, granting them
rights to produce, consume, store, and share renewable energy within their community. In
Europe, the legal framework for RECs was established in 2019 under the European Green Deal
through the Clean Energy for all Europeans package, including the revised Renewable Energy
Directive (RED) II [14], later updated as RED III [3]. This underscores the EU’s commitment to
empowering citizens in the energy transition.

While various services and activities align with the REC concept, not all are explicitly outlined
within the EU framework. Energy sharing, for instance, emerges as a consumer-centric
market approach, allowing consumers and prosumers to establish RECs and share renewable
energy within the same distribution grid segment [15]. Discussions and initial steps toward
implementing energy sharing frameworks are underway across various European nations.
However, the primary focus in most countries has been on establishing a broad framework
for RECs, driven by the deadline to transpose the provisions of the RED II by June 30,
2021. Energy sharing, in comparison, has received relatively less attention thus far. Existing
legislation often allows for basic provisions through tenant electricity models, such as the
Tenant Electricity Law (TEL) in Germany or the Private Wire Networks law in the UK [16,
17, 18]. These models typically confine energy sharing to collective self-consumption (CSC)
schemes, enabling the sharing of renewable energy from a single source within limited
contexts, such as within individual multi-apartment buildings (MABs) or private microgrids.
For instance, the TEL in Germany permits the installation of a shared PV system on a MAB
by the building owner, who can then distribute the generated renewable energy to tenants
without utilizing the public grid infrastructure.

1.2. Relevance of the Studied Country

Many countries face challenges in establishing frameworks that facilitate energy sharing
beyond a single building, allowing for the sharing of renewable energy over larger distances
and leveraging the public grid infrastructure. Notably, Article 22(4) of RED II outlines
various elements that an enabling framework for energy sharing should encompass, stressing
the necessity that the [...] relevant distribution system operator cooperates with renewable energy
communities to facilitate energy transfers within renewable energy communities [14]. To define a
suitable legislative framework in Germany, it is crucial to assess the feasibility of widespread
implementation of energy sharing RECs and the potential impacts on distribution grids
managed by distribution system operators (DSOs) if such energy sharing concepts are
extensively deployed. In the past, other European countries like the United Kingdom (UK)
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have showcased significant progress in the field of energy sharing.

The UK’s Net Zero Strategy sets forth a visionary goal of achieving exclusive reliance
on clean electricity by 2035, driven by a significant increase in renewables’ contribution
to the energy mix [19]. This vision is underpinned by a remarkable surge in renewable
energy adoption, with renewables contributing just 2.8% of total electricity output in 2000,
soaring to an unprecedented 40% by 2022 [20, 21]. The journey towards net zero involves
innovative approaches to energy sharing, exemplified by trials initiated as early as 2017
within regulatory sandboxes overseen by the Office of Gas and Electricity Markets (OFGEM).
These sandboxes offer a space for companies to pioneer new solutions free from traditional
regulatory constraints. Notably, one such initiative deployed an energy sharing platform
leveraging blockchain technology in collaboration with the Bartlett School of Environment,
Energy, and Resources at the University College London (UCL), the research institute that
co-authored this report. This energy sharing platform, in particular, facilitated energy
exchange among prosumers in urban areas, fostering neighbor-to-neighbor energy sharing
and enhancing levels of self-consumption.

From a regulatory standpoint, individuals within MABs or neighborhoods have the autonomy
to establish and operate energy communitys (ECs) in the UK, without specific spatial limi-
tations [22]. However, participation in local energy market initiatives requires adherence to
the British Electricity Trading and Transmission Arrangement (BETTA), entailing significant
operational overheads. Compliance with distribution grid codes and technical specifications
is also mandatory to prevent network damage. Although there is no formal regulatory
framework dedicated to energy sharing, analogous local initiatives have emerged within
existing regulatory frameworks. For instance, Ripple, a renewable energy company, offers
a CSC scheme where communities collectively own assets such as solar PV plants or wind
farms. Incentives from energy retailers, who deduct a portion of energy produced by local
assets from consumers’ electricity bills, drive participation in these schemes [23]. Proposals
for regulatory enhancements, such as those outlined by a panel overseeing the balancing and
settlement code in UK, aim to further facilitate energy sharing initiatives [24]. Furthermore,
initiatives testing the introduction of local network fees have been piloted in various sand-
boxes across the UK, providing additional incentives for energy sharing. For instance, Piclo,
a local electricity market (LEM) led by Open Ultility, an IT company, in collaboration with
Green Energy, a renewable energy supplier, and OFGEM, offers discounted local network
fees to incentivize local energy sharing [25].

1.3. Contribution and Objectives of this Report

Much of the current research on energy sharing has centered on the internal mechanisms
governing how energy is shared among REC members [29] and the benefits it offers them [30].
Notably, there has been a gap in exploring the broader implications of energy sharing on the
overall energy system, particularly its impacts on local LVDNs. This report aims to address
this gap by investigating how energy sharing impacts LVDN performance by studying various
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2030 (@) Fit for 55—EU to reach 55% reduction in CO2 emissions compared to 1990 levels

2025 Germany's Smart Metering Law takes effect: all suppliers to offer dynamic pricing by January 1, 2025
2023 Fit for 55—EU proposal to revise the directive and raise the target for 2030 to 42.5%

2018 Revised Renewable Energy Directive (RED Il)—EU target of 32% renewables by 2030

2015 Germany’s Act on Energy Transition Digitization—smart metering for consumers >10,000 kWh/year
2009 Renewable Energy Directive—EU target of 20% renewables by 2020

1997 Energy for the future—indicative EU target of 12% renewables by 2010

1991 (o) Germany introduces first feed-in-tariff for renewables

Figure 1.1.: Timeline for renewable energy in Germany and the EU. Source: Own illustration
based on data of [26, 27, 28].

network performance metrics. The novelty of this research lies in its examination of how
different pricing strategies (a static one representing the status quo, and two dynamic ones,
anticipated to be implemented in the coming years) and pathways towards electrification
(drawing from both 2023 data and 2037 projections) shape these metrics. To the best of our
knowledge, such an investigation has not been extensively or systematically conducted in
existing literature. Through our research, we seek to address the following research questions

(RQs):
* RQ1: How can energy sharing schemes be integrated into LVDNSs?

* RQ2: What impacts does energy sharing have on LVDN performance, considering
different pricing strategies and electrification pathways?

¢ RQ2: How can the insights gained from this research effectively inform energy sharing
initiatives in Germany?

With various energy sharing initiatives in place, the UK provides an interesting background
of this study. Drawing upon the modeling proficiency of the Bartlett School of Environment,
Energy, and Resources at UCL, known for its cutting-edge research in peer-to-peer (P2P)
energy trading [31], this investigation extends the groundwork laid by prior cross-national
analyses undertaken by the same research institute [32]. Specifically, we investigate a REC that
connects multiple buildings within a LVDN. Each building has the capability to both import
and export energy to and from the grid. Furthermore, every REC member can engage in
energy sharing activities with other peers, reducing reliance on grid imports from traditional
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retailers. Additionally, a home energy management system (HEMS) is installed in each
building, optimizing energy usage based on factors such as load profiles and market signals.
These market signals include traditional signals from retailers (e.g., retail electricity prices,
network fees, and feed-in tariffs (FITs)) as well as community-based prices for energy sharing
transactions. Key actors in this community architecture include a designated community
manager (CM), the DSO, and the traditional energy retailer. The CM oversees the coordination
of the different buildings and facilitates energy sharing among community members. The
DSO ensures that community activities adhere to technical network constraints by monitoring
power flows within the LVDN. Lastly, the traditional energy retailer serves as a supplier for
energy imports and exports to and from the grid, supplementing energy sharing within the
community.

With this report we provide valuable insights for REC participants, regulators, and DSOs
to understand the impacts of energy sharing on European LVDNs and explore mitigation
options, such as grid reinforcement measures. Moreover, in the German context, this research
offers perspectives on the upcoming regulations on pricing in Germany, notably under §14a
and §41a EnWG. Lastly, the data and insights gathered support further research on integrating
energy sharing RECs into distribution grids across Europe, aligning with United Nations
(UN) Sustainable Development Goalss (SDGs) 7 (affordable and clean energy) and 13 (climate
action) [33].

1.4. Structure of this Report

This report is structured as follows. Section 2 offers a comprehensive review of the theoretical
background and the state of the art in the field. It explores the role of distribution grids and
DSOs in future energy systems. Furthermore, it delves into existing studies that quantify
the impacts of energy sharing on LVDNSs. Section 3 introduces the REC architecture and
outlines the methodological approach employed in this report. It elaborates on the twelve
scenarios studied and the performance metrics utilized to evaluate them. Section 4 presents
the findings derived from the implemented modeling approach. It offers a comprehensive
analysis of the results obtained, highlighting key insights and trends, as well as the relevance
of the results to Germany. Section 5 concludes the research by summarizing the implications
of the results obtained and offering valuable insights for REC participants, regulators, and
DSOs.
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2.1. From Centralized to Decentralized: The Transformation of the
Energy System

The European energy system is on the brink of significant transformation in the coming years
as the EU strives to achieve its net-zero targets outlined in the European Green Deal. This
transformation will change the types and scales of participants and assets at all voltage levels
of the grid (cf. Figure 2.1), encompassing ultra-high voltage, high voltage (HV), medium
voltage (MV), and low voltage (LV). Historically, electrical power has been generated by
large centralized generators (ranging from a few MW to over 1,000 MW in capacity [34]),
situated far from end consumers’ grid connection points. This power is then transported
through a network of HV lines to individual grid areas, where it is distributed to industry
and residential consumers via distribution grids spanning MV (typically 1-35 kV) and LV (at
230/400 V) levels [35]. In this traditional setup, distribution grids played a passive role within
the energy system, primarily designed for handling peak loads [36] and offering limited
control and feedback mechanisms from consumers.

However, in the emerging energy systems, generators are no longer confined to the trans-
mission grid; they are increasingly found as DERs, such as PV systems, BS systems, and
EVs, across various grid levels, particularly in distribution and sub-transmission grid levels.
While DERs are enabling decentralized electricity generation closer to consumption, their
intermittent nature and growing integration pose challenges to networks [37]. Without ef-
fective management, DERs can lead to voltage and current violations in LVDNSs [38, 9, 39,
40], accelerating the degradation of grid assets [37]. In Europe, 2,400 DSOs are tasked with
operating, maintaining, and supervising the distribution grid and its assets to ensure the
provision of electricity to consumers [41].

Advancements in information and communication technology (ICT) are enabling DSOs to
actively monitor LVDNs. With the deployment of smart meters at consumers’ grid connection
points, DSOs can not only gather consumption data (typically on a 15-minute or hourly basis)
but also gain grid edge situational awareness [42], including voltage monitoring and control
capabilities [43]. While smart meter adoption in Germany lags significantly behind, other
countries are making strides. For instance, in the UK, collectively across all energy suppliers,
there were 32.1 million domestic smart meters (60% of households) installed by the end of
Q3 2023 [44]. Together with remote-controlled MV /LV transformers, these enable DSOs
to quantify the impacts individual DER units have on the distribution grid and potentially
implement corresponding control mechanisms. By implementing such control mechanisms,
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Figure 2.1.: Comparison between the traditional and the emerging energy system showcasing

the four different voltage levels according to DIN EN 60038 as well as exemplary
participants and assets. Source: Own illustration based on data of [35].

DSOs can consider a grid-serving use of DERs and significantly reduce potential investments
in grid infrastructure [45].

To integrate physical grid limitations into the management of DERs and mitigate potential
negative impacts on distribution grid assets, DSOs can utilize various mechanisms. In
particular, innovative market mechanisms like microgrids and virtual power plants (VPPs)
facilitate the integration of DERs into existing energy systems. Microgrids can be operated in
an island mode, independently from the actual LVDN [46, 47, 48], while VPPs aggregate DERs
dispersed in large geographical areas [49]. These approaches allow DERs to participate in
wholesale energy markets and provide various ancillary services to DSOs [50, 51, 52, 53, 54].

2.2. The Energy Sharing Concept and its Regulatory Framework

Another innovative market mechanisms is energy sharing, seen alongside the VPP and
microgrid concept as one of the most preferred ways to facilitate the integration of DERs
into energy systems [55, 56]. Energy sharing is a market-driven concept that is available
for REC members [57]. In contrast to microgrids, where all connected participants are part
of the defined entity [58], RECs are not necessarily confined to specific physical areas, and
participation is voluntary [59]. These communities include both consumers and prosumers,
with consumers solely using energy while prosumers generate and consume renewable
energy, actively participating in the energy system.
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In Europe, the legal framework for RECs has been established by the EU’s Clean Energy for all
Europeans package. Specifically, directives such as the Electricity Market Design II (Directive
EU/2019/944 [60]) and the RED II (Directive EU/2018/2001 [14]) have introduced terms such
as Citizen Energy Community and Renewable Energy Community, respectively. Throughout this
report, these various community types will collectively be referred to as RECs. Specifically,
the Clean Energy for all Europeans package allows European citizens to engage in RECs legally,
granting them the right to produce, consume, store, and share renewable energy within the
community, with access to all relevant electricity markets in a non-discriminatory manner [61,
62]. Such communities may include individuals, small- and medium-sized enterprises, or
local authorities like municipal governments [4], and prioritize community benefits—whether
environmental, economic, or social—over financial profits [59, 16].

In practice, RECs can be implemented as either a centralized or decentralized architecture [63].
In a centralized implementation, a single optimization and management strategy, typically
overseen by a CM, serves all REC members. In contrast, a decentralized approach distributes
optimization and management tasks among multiple participants [64]. Notably, our study
employs a centralized approach and encompasses an energy sharing REC that extends beyond
localized boundaries (beyond the meter [59]), i.e., the community is not restricted to specific
areas or closed systems like private microgrids or tenant electricity models in MABs.

The benefits of energy sharing, extensively studied, encompass improved profitability [65,
66, 67, 64, 68], CO, reductions [64], and higher levels of self-sufficiency [69, 70, 5]. However,
the DERs involved in energy sharing can also pose challenges to the existing grid infrastruc-
ture, such as congestion and voltage issues [39]. Components of grid infrastructure, like
transformers and lines, play a pivotal role in energy sharing frameworks as they facilitate
the transmission of electricity from its source to its destination. Therefore, an energy sharing
transaction should only be deemed valid if it considers the impacts on these infrastructure
elements.

2.3. The Impacts of Energy Sharing on Low Voltage Distribution
Networks

Based on the preceding discussion, it becomes clear that the majority of studies and pilot
projects concerning energy sharing prioritize highlighting the benefits it offers to participants,
rather than examining its direct impacts on established system boundaries such as distribution
grid infrastructure. This is also confirmed by reviews on this topic, for example, by Dudjak
et al. [71]. Recently, some first academic studies have emerged considering the technical
constraints associated with energy sharing within LVDNSs.

Guerrero et al. [72] evaluate the technical impacts caused by energy sharing transactions in a
LVDN in the UK. Their method predicts the network state caused by each energy sharing
transaction made and internalizes the extra cost associated with the violations of the physical
constraints. Tushar et al. [73] use a game-theoretical approach to facilitate energy sharing
transaction that can help the grid to cope with peak hour demand, while, at the same time,
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ensure economic benefits for all participants. Wang et al. [74] propose schemes incentivizing
DER investment and peak load mitigation. Almasalma et al. [39] present a grid voltage
control mechanism that leverages PV inverter control, integrated into the energy sharing
model. Similar voltage-based control mechanisms have been explored in Demirok et al. [75],
Kabir et al. [76], and Efkarpidis et al. [77].

Further, Park et al. [40] propose an energy sharing mechanism in which the REC has an
obligation to reserve some flexibility during each transaction to ensure that the distribution
grid remains intact. Specifically, the DSO announces the amount of flexibility to be reserved
at the appointed time and the reserved flexibility is then used to mitigate any short-term
voltage issues [40]. Also following a multi-stage approach, Putratama et al. [78] present
an energy sharing settlement strategy that lets participants first minimize their energy bills
through energy sharing and then adjust the market results to mitigate any voltage violations.
In Morstyn et al. [79] energy sharing transaction fees are defined on a day-ahead basis by
the DSO and used to ensure network constraints are met. However, none of these papers
delve into the actual impacts of energy sharing on the grid, as their primary focus remains on
solutions derived from incorporating grid constraints into the energy sharing model.

While many studies focus on integrating grid constraints, only a limited amount of literature
focuses on analyzing the direct impacts of energy sharing transactions on the distribution
grid. Azim et al. [80] studied power losses in distribution grids caused by energy sharing.
Specifically, they observe network losses where energy sharing participants are provided
with BS systems and flexible loads. The report of Hayes et al. [81] presents a co-simulation
approach of energy sharing transactions and power flow analysis of a local distribution grid.
Simulating a typical European semi-urban LVDN, they suggest that a moderate level of
energy sharing transactions does not have a significant impact on grid performance. Teske et
al. [45] propose a coordination and control mechanism for a decentralized energy sharing
marketplace which not only achieves economics benefits for both prosumers and the DSO but
also avoids grid congestions in the short term and reduces the need for grid reinforcement in
the long term. Orlandini et al. [82] perform a power flow analysis to assess the grid impacts
of energy sharing. An iterative approach is proposed, in which energy sharing transactions
are validated based on grid limit violations and a dynamic network fee component is adjusted
accordingly to motivate participants to avoid grid congestion.

Botelho et al. [83] improve this approach by determining which peers contribute to the
violation of certain network constraints and then penalizing their transactions in an iterative
approach. Similarly, Dynge et al. [9] evaluate the economic benefits of energy sharing for
consumers and prosumers, while also examining the challenges these transactions pose
for grid operation. Their findings indicate that while the installation of PV systems alone
has negligible impacts on grid operation, the use of decentralized BS results in increased
voltage fluctuations and a 14% rise in losses within the neighborhood compared to scenarios
without energy sharing. Recent studies like the one by Hussain et al. [37] focus on the
degradation of distribution grid assets, optimizing energy sharing such that the amount
of power households can draw from the grid gets limited in case potential damage to the
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transformer is caused. In addition, Saif et al. [15] conduct a study quantifying the impacts of
energy sharing transactions on LVDN performance under different retail electricity pricing
schemes and Nour et al. [56] study the impacts of energy sharing on voltage unbalance of a
LVDN while comparing energy sharing to cases where each building optimizes their assets
based on regular HEMS.

2.4. Contributions Beyond the State of the Art

This report aims to contribute beyond the state of the art, by examining how different pricing
strategies (a static one representing the status quo, and two dynamic ones, anticipated to be
implemented in the coming years) and pathways towards electrification (drawing from both
2023 data and 2037 projections) shape the impact energy sharing has on LVDN performance.
Specifically, our analysis encompasses a variety of twelve scenarios reflecting diverse REC
configurations in current (2023) and future contexts (2037), encompassing PV systems, BS
systems, EVs, alongside variations in pricing structures from static to dynamic, and differing
network fee components. This array of scenarios offers insights into how energy sharing
impact grid performance metrics across varying conditions. To the best of our knowledge,
such an multi-facet analysis of the impacts of energy sharing on LVDNs for a REC in Germany
is still absent in spite the variety of existing research.
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3.1. Community Architecture

In our modeling approach, we envision a REC comprising diverse buildings, each accommo-
dating various types of households capable of acting as either traditional energy consumers
or prosumers generating their own electricity using RES. These buildings are interconnected
at the same voltage level, specifically within a segment of the LVDN, which may consist of
a single feeder (i.e., a segment that is served by a single transformer) or a group of them.
Within this network segment, the REC constitutes a subset of nodes, as depicted in Figure 3.1.
Therefore, not all buildings within the LVDN segment may take part in the REC, as some
may opt for conventional grid imports and exports without engaging in energy sharing. Such
buildings will operate in a so-called business as usual (BAU) mode, similar to conventional
consumers today without involvement in local energy community initiatives. This setup
aligns with the provisions outlined in the EU’s RED II (Directive EU/2018/2001 [14]), which
requires that participation in such schemes must be voluntary. Nevertheless, we assume
all buildings in the segment possess various DERs, including PV systems, BS systems, EVs,
and/or HPs.

Regarding the community itself, all buildings considered part of the REC can freely share
energy with other members, thereby reducing their reliance on grid imports from traditional
retailers. However, each building within the REC still has the option to procure energy from
the traditional retailer, which is particularly relevant during periods when the community
may not be entirely self-sufficient (e.g., insufficient RES generation available to cover the entire
community demand). Furthermore, we assume each building is equipped with smart metering
technology, enabling real-time monitoring and measurement of energy flows. Additionally, a
HEMS is installed in every building, optimizing the operation of DERs based on inputs such
as load profiles and market signals. These market signals include traditional signals from the
retailer (e.g., retail electricity prices, network fees, and FITs) and community-based prices for
energy sharing transactions. Apart from consumers/prosumers, other key stakeholders in the
community structure include a designated CM, the DSO, and the traditional energy retailer.

Operating within a centralized community architecture, the CM acts as a third-party oversee-
ing the coordination of HEMSs across various buildings and facilitating energy sharing among
community members. Specifically, all buildings in the REC coordinate with the CM to solve
a centralized optimization problem and find an optimal solution for the entire community.
The DSO ensures that community activities comply with technical network constraints by
monitoring power flows within the LVDN. For this purpose, we assume the DSO has all
relevant monitoring infrastructure in place. Finally, the traditional energy retailer serves
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as a supplier for energy imports and exports to and from the grid, complementing energy
sharing within the community. Importantly, in a real-world setting, the retailer would not
require direct access to households” metering data, unlike the CM and the DSO. Instead, the
DSO would provide necessary billing information (e.g., total energy imported or exported
to/from the grid) to the retailer. This architectural framework seamlessly integrates into the
existing liberalized energy market structure, where consumers retain autonomy in select-
ing their preferred energy retailer while also having the option to participate in voluntary
community-based energy initiatives like energy sharing.

Low-voltage distribution network

@ MV/LV transformer

Energy community

-

——— Powerline
ﬁ Prosumer ﬁ Consumer ﬁ Passive household  -------- Energy sharing transaction

Figure 3.1.: Architecture and placement of the examined REC within the LVDN. Source: Own
illustration.

3.2. Modeling Approach

Our research adopts a sequential modeling approach, involving an energy sharing model and
a network model. In the first step, the energy sharing model is executed, utilizing a mixed-
integer linear programming (MILP) optimization model to manage the operational statuses
and parameters of the DERs within the buildings. It determines an optimal solution for the
entire community by managing energy import/export, overseeing charging/discharging of
BS systems and EVs, and facilitating energy sharing transactions. In real-world settings, the
CM would execute the optimization of various HEMSs in the community to find a common
optimal solution and collect and process the metering data from each building. Metering data
would be aggregated, ensuring the privacy of individual consumption data, before it would
be sent to the DSO. Our energy sharing model is implemented in Python, utilizing the Gurobi
optimizer [84] as the solver.

12
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Subsequently, the network model (typically run by DSOs in real-world settings), utilizes the
energy sharing model’s outcomes to conduct power flow simulations, ensuring compliance
with existing network constraints. Building upon relevant network, load, and RES generation
data, the network model can obtain voltages at different nodes, line flows, and various
additional performance metrics, relevant for our analysis, by solving nodal power balance
equations [85]. The network model is implemented using Pandapower [86], an open-source
Python tool for power flow analysis, combining the power flow solver Pypower and the data
analysis library Pandas. Methodologically, the network model utilizes aggregated net demand
data, a LVDN reference network model (RNM), and specific network data to simulate power
flows. We present our modeling process through a comprehensive flowchart in Figure 3.2.

3.3. Performance Assessment

While our primary focus lies in evaluating how energy sharing affects network performance,
we also delve into assessing its impact on energy community performance. Therefore,
we verify the functionality of our model approach through analysis of different technical
performance aspects, including grid and community interactions, as well as DER operation
within our energy sharing framework. Furthermore, we quantify the costs associated with
the REC operation, specifically measuring the total electricity costs resulting from grid and
community interactions, encompassing both imports and exports.

To quantify the impacts of energy sharing on network performance, we assess various
network performance metrics. First, we asses transformer and line loading, i.e., the loading
of these assets must not exceed 100% to avoid power disruptions, curtailment of DER units
at associated buses, or necessitate network reinforcement measures. Second, we quantify
how much voltage occurs at each connection point in the LVDN, reflecting both demand
and RES generation. Changes in voltage generally occur depending on the direction of
current flow, resulting in drops during periods of high demand and increases during times of
high generation. Excessive demand/generation can thus cause deviations from the nominal
voltage, leading to deteriorating voltage quality and necessitating costly voltage compensation
measures. To mitigate these issues, we adhere to voltage limits set at +/- 6% of the nominal
voltage. Additionally, we quantify over- and under-voltage hours by counting the total
number of time steps where voltage limits are exceeded.

Finally, we also evaluate the costs related to grid reinforcement. Should certain grid per-
formance benchmarks be breached, the DSO is obligated to implement grid reinforcement
measures, which may involve installing extra lines or adding a larger transformers to the
LVDN feeder. Accordingly, the DSO monitors metrics such as transformer loading, the load
on all LVDN lines, and voltage limits to identify potenti
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