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A B S T R A C T   

One challenge of the EU energy transition is the integration of renewable electricity generation in the distri-
bution system. EU energy law proposes a possible solution by introducing “citizen energy communities” 
(Directive 2019/944/EU) which may be open for “cross-border participation”. This article proposes an inno-
vative way of implementing such cross-border communities by linking distribution systems via a “switchable 
element”, a generation, storage, or consumption asset with a connection to each country. An optimization model 
has been developed to calculate the system cost savings of such a connection. Linking regions with comple-
mentary characteristics regarding electricity generation and demand via a switchable element leads to more 
efficient system utilization. Findings are relevant for the transposition of “citizen energy communities” in na-
tional laws.   

1. Introduction 

Raising the share of renewable energy sources (RES) is at the core of 
the European Union’s (EU) energy policy. The EU Directive on the 
promotion of RES prescribes that at least 32% of the gross final energy 
consumption in the EU should be generated on the basis of RES until 
2030 (art. 3(1) Directive 2018/2001/EU). Most likely, this share will 
even be increased to 38–40% as suggested by the EU Commission in July 
2021 in the context of the European Green Deal [1]. Achieving this aim 
comes with serious challenges. One of them being the integration of 
distributed electricity generation [2], i.e. production from RES which is 
connected to the distribution grid, in the electricity system [3,4]. Dis-
tribution system operators (DSOs) are facing operational constraints, i.e. 
congestion, and urgently need to upgrade their networks and the oper-
ation by reinforcing grid infrastructure but also by implementing flexi-
bility technologies, for example storage and demand response [5–7]. 
Growing electrification of the heat and the mobility sector add to the 
complexity as electricity consumption is expected to rise causing more 
pressure on the available grid capacity [8]. In this context, this article 
investigates the EU legal option of linking distribution systems across 
national borders via locally organized energy communities and quan-
tifies the economic benefits in terms of system cost savings. While the 

topic of interconnecting electricity systems across borders has widely 
been investigated, existing research focuses almost exclusively on the 
transmission system level [9]. It is established that transmission grid 
expansion and market coupling in Europe have the potential to increase 
the overall welfare and generation adequacy [10] and that (trans-
mission) grid extensions are essential for a cost-efficient integration of a 
high share of RES [11,12]. This focus can also be explained historically, 
as cross-border grid interconnections at transmission system level were 
designed as additional backup capacities for the national power systems 
to secure a stable and reliable electricity grid operation [13]. Corre-
spondingly, EU energy law manifested that interconnectors, i.e. the 
infrastructural link of electricity systems between EU Member States 
(MS), are exclusively linking the transmission systems of MS and are 
subject to strict regulation organizing access and usage for the sake of an 
EU-wide competitive market [14]. 

In addition to the interconnection of electricity systems at trans-
mission system level, which is a result of formal EU integration, the 
latest EU directive, establishing common rules for the internal electricity 
market 2019 (Directive 2019/944/EU) [15], creates the option for civic 
cooperation in the field of energy at distribution system level by legally 
establishing a new actor, namely “citizen energy communities” (CEC). 
CEC may be established by a variety of actors, including public and 
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private entities and natural persons and may carry out a variety of ac-
tivities in the energy supply chain, from production, to distribution, and 
supply, possibly even across national borders. One distinctive charac-
teristic of CEC is that they need to provide “environmental, economic, or 
social community benefits for its members/shareholders or the area 
where it operates” (article 2(11) Directive 2019/944/EU) [16]. Existing 
research on CEC mainly focuses on facilitating or hindering aspects in 
law and policy for CECs to flourish [17,18], but the aspect of 
cross-border CEC is not considered yet. 

Linking distribution systems across borders may also facilitate 
cooperation between EU MS for the energy transition on a local level, 
especially in border regions. Border regions are typically less developed 
in economic and infrastructural terms. Partly, this stems from natural 
borders, i.e. rivers, lakes, or mountains, but to a larger extent this is a 
result of historical, political and administrative divisions causing mutual 
distrust between countries and subsequent unwillingness to cooperate 
[19]. While plenty of obstacles have been removed in the course of EU 
integration and in particular by the “four freedoms”, i.e. free movement 
of persons, goods, services, and capital, negative effects of borders 
remain and border regions are still considered to be peripheral and less 
developed [20]. Alleviating the negative effects of borders, the EU aims 
at fostering cross-border cooperation (CBC) [21]. Hereby CBC needs to 
be distinguished from formal European integration, which is a political 
process between EU MS, as it is a voluntary process which can be broadly 
characterized as “any type of concerted action between public and/or pri-
vate institutions of the border regions of two (or more) states, driven by 
geographical, economic, cultural/identity, political/leadership factors, with 
the objective of reinforcing the (good) neighbourhood relations, solving 
common problems or managing jointly resources between communities 
through any cooperation mechanisms available” [22]. Currently, CBC at 
local level in the field of energy is in the best case limited or on pilot 
project scale, but usually absent [23]. The unique focus of this article lies 
at the intersection of the aforementioned topics. Research on intercon-
nection includes the cross-border aspect, but it does not consider the 
distribution system level. Research on CEC is focused on the distribution 
system level, but it does not address the cross-border aspect yet, but 
research on CBC lacks the link with the energy sector at local level. This 
article thus investigates this gap, i.e. it focuses on CBC at distribution 
system level in the form of energy communities from an economic and 
EU legal perspective. 

In particular, this article proposes a novel solution to facilitate the 
linkage of distribution systems across borders, namely by implementing 
“switchable elements” which allow connecting distributed generation 
(e.g. a wind park or a solar field) or flexibility technologies (e.g. an 
flexible consumer or storage) to both of the two bordering MS without 
interconnecting the distribution systems at any point in time. For 
example, a wind park located close to a national border may have two 
connections; one to the distribution grid of MS A and the other one to MS 
B. To guarantee that no interconnection between the systems occurs, it 
has to be guaranteed that only one of the two connections can be used at 
a time. Thereby, next to the technical infrastructure, this also requires 
increased coordination between the involved DSOs. Currently, DSOs are 
mainly “forwarding” electricity to the final consumers. In an electricity 
system with increasing amounts of decentralised RES connected to the 
distribution grid, DSOs have to take a more “active” approach to system 
operation for example by making use of flexibility sources. The EU legal 
framework sets requirements in that direction by obliging MS to develop 
regulation which incentives DSOs to procure flexibility for system 
operation another in order to improve efficiencies in the operation and 
development of the distribution system [art. 32, in 15]. Potentially, and 
as developed in this article, flexibility could also be shared between two 
distribution systems and thereby be used more efficiently. 

This article investigates the options of linking distribution systems 
via a “switch” across national borders for the purpose of integrating 
distributed generation from RES and flexibility technologies from a legal 
and an economic perspective. The central question motivating this 

research is thus twofold: What are legal options of CEC to connect distri-
bution systems across borders in the EU? And: What are the economic ben-
efits in terms of system cost savings of connecting distribution systems with a 
switchable element across national borders in the EU? The chosen inter-
disciplinary approach allows an informed analysis including the limi-
tations and leeway under the current EU legal framework on the 
electricity sector and the quantification of the benefits of linking dis-
tribution systems across borders with a “switch” in terms of system cost 
savings. This analysis is further enriched by a case study of an EU project 
exploring new concepts for cross-border energy systems functioning on 
medium and low voltage levels between the Netherlands and Germany. 

This article includes the following sections: after this introduction 
Section 2 analyses the relevant EU legal framework focusing on CEC. 
Section 3 briefly outlines technical options on how to implement 
infrastructural links on the distribution system level. Section 4 quantifies 
the economic benefits of linking distribution systems across national 
borders with a “switch” and presents the case study SEREH. Section 5 
discusses the results concerning the effect of the switchable element on 
system costs for the connected regions. Section 6 concludes on the 
research question and formulates policy recommendations whether and 
how linking distribution systems across national borders can become a 
part of the solution to integrate distributed RES and flexibility tech-
nologies efficiently and enhance CBC and foster border regions in the 
EU. 

2. EU energy law: complementing interconnection with cross- 
border community benefits? 

Historically, interconnections of electricity systems in Europe were 
seen as backup capacity for ensuring security of supply. The purpose of 
interconnections was extended with the aim to establish an internal 
energy market (IEM) in the EU as interconnection of electricity systems 
of EU MS facilitates the physical exchange of electricity which is a 
necessary precondition for cross-border trade. Interconnectors, the 
infrastructure linking the transmission systems of MS, are defined by 
Regulation (EU) 2019/943, art. 2(1) as “[…] transmission line which 
crosses or spans a border between Member States and which connects the 
national transmission systems of the Member States” [24]. The definition 
explicitly establishes interconnectors at the transmission system level. 
As this definition is enshrined in a Regulation, it becomes directly na-
tional law (art. 288 Treaty on the Functioning of the EU). There is thus 
no leniency for the MS to define interconnectors in their national legal 
frameworks. This prescriptive legal approach can be explained by the 
fact that interconnectors are a prerequisite for cross-border trade, and 
thus subject to one of the core EU objectives, i.e. freedom of movement 
of goods. It is estimated that the further integration of markets via 
interconnection brings significant economic benefits [25]. To reap those 
economic benefits, EU energy law establishes special rules for accessing 
and using interconnection capacity. The main objective is to provide a 
transparent and cost-reflective tariffication system. In addition, a com-
plex set of specific regulations on interoperability, congestion manage-
ment, and capacity allocation applies [26]. Despite this dedicated rule 
set for the use of interconnection capacity, the Agency for Cooperation 
of European Energy Regulators (ACER) still annually reports that the 
efficient use of interconnectors for all markets (i.e. day-ahead, intraday 
and balancing) needs to be improved (see annual market monitoring 
reports on wholesale electricity markets, latest version [27]). 

The fact that the transmission system level is inherent to the defi-
nition of interconnectors can be explained by the traditional “top-down” 
setting of the electricity sector, where large centralised production, 
mostly on the basis of fossil fuel energy sources, is connected to high- 
voltage transmission systems transporting large amounts of electricity 
via long distances closer to the locations of final consumption. However, 
with the technical sophistication of small-scale production installations 
running on RES and financial support schemes for the generation of 
energy from renewable sources, the traditional energy sector setting is 
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changing and complemented by a “bottom-up” setting. In this setting, 
the cross-border element, i.e. the integration of markets, is largely ab-
sent which is why EU energy law is less prescriptive. Yet, Directive 
2019/944/EU seems to set a new emphasis on decentral options for the 
energy transition. The formal recognition of energy communities, i.e. 
CEC, is one example that new actors are becoming a more prominent 
role in this transition. One of the innovative elements of CEC is that they 
potentially may be open to cross border participation. The following 
sections present the EU legal framework on CEC, including the cross- 
border aspect. 

2.1. Citizen energy communities 

Generally, the term “energy community” covers a wide range of 
initiatives of a variety of actors which engage in some form of organi-
sation in activities in the energy sector. In the EU context, the origins are 
often ascribed to environmentalist movements of the 1970s which 
envisioned a reorganisation of the energy sector as driven by anti- 
nuclear sentiments and as a response to the oil crisis [28]. On the 
more recent emergence of energy communities, research aimed at ana-
lysing which factors exactly distinguish energy communities from con-
ventional other activities in the energy sector and suggests how to 
categorise energy communities [29]. Two key dimensions are identified 
and suggested: a process dimension which determines who is involved 
and who exercises influence and an outcome dimension which de-
termines how outcomes of an initiative are spatially and socially 
distributed, essentially organizing who benefits in economic and social 
terms. The research subsequently emphasises that these dimensions are 
not about defining a specific technology but “social arrangements through 
which a given technology, irrespective of its scale or cost, is being implemented 
and made useful” [29]. Various actors from the private and the public 
sector could be involved to different extents and add to- or form a 
community [30]. 

While energy communities already existed in various EU MS, they 
were not formally recognised by EU legislation until the adoption of 
Directive 2018/2001/EU which introduced “renewable energy commu-
nities” [31] and Directive 2019/944/EU which introduced “citizen en-
ergy communities” [15]. Generally, CEC may encompass more activities 
and are less restricted in terms of proximity requirements and energy 
source, which is why REC can be considered a subcategory of CEC [32, 
33]. Both concepts include an option for “cross-border participation” (art. 
16(2a) Directive 2019/944/EU and art. 22(6) Directive 
2018/2001/EU). As the definition of CEC is wider, the remainder of this 
article refers to CEC. The definition of CECs establishes four main ele-
ments, the legal form of CEC, its governance, purposes, and potential 
activities. The following Table 1 summarises the legal definition. 

The following sections explains these elements further before dis-
cussing the option for CECs to function across national borders. 

2.1.1. Governance, activities, and purpose 
The definition of CEC is very broad in all aspects (governance, pur-

pose, activities) which allows for a wide variety of CECs. Yet, local en-
ergy systems and related activities do not automatically constitute a CEC 
and Directive 2019/944/EU even states that “the definition of citizen 
energy communities does not prevent the existence of other citizen initiatives 
such as those stemming from private law agreements.” (recital 44). MS can 
thus choose to also allow other types of market actors to start activities 
on local energy systems, which do not fall under the scope of CECs. This 
is important in order to understand that organizing activities related to 
local energy systems are not automatically a CEC, but only if these ac-
tivities are organized in a way which complies with the eligibility 
criteria of CECs. In line with the research aiming to distinguish energy 
communities from conventional other activities in the energy sector, the 
two main eligibility criteria relate to the governance (i.e. who is involved 
and who exercises influence) and the purpose (i.e. how are outcomes 
spatially and socially distributed) [29]. 

The eligibility criteria relating to the governance of CECs requires the 
establishment of a dedicated legal entity which is effectively controlled 
by its members and shareholders. The definition does not further specify 
which measures are required to comply with the condition “effective 
control”, but it might, for example, relate to voting rights, democratic 
appointment of members of supervisory board, and/or majority share-
holding. Membership of CEC has to be open and voluntary. Members 
could include a variety of different actor categories, are natural persons, 
local authorities, including municipalities, or small enterprises. It is not 
clear whether “citizens”, as the name suggests, have to be directly 
included (or at least represented) in CECs. Important to mention is that 
in case residential customers are members they do not lose their rights as 
customers (art. 16(1 c)). In turn this means that if the CEC acts as a 
supplier or as DSO, they have to guarantee all associated rights of small 
consumers (households and SMEs). 

The eligibility criterion relating to the purpose that CEC need to 
fulfill requires that CECs have to provide “environmental, economic or 
social community benefits to its members or shareholders or to the local areas 
where it operates”, as opposed to financial profits. This is a very broad 
requirement and yet essential in distinguishing CEC from conventional 
actors in the sector. However, it is not clarified who decides on the 
desired “community benefit” and whether and how those are achieved. 
This article proposes system cost savings as a measure for benefits. It is 
investigated whether and how linking distribution systems across na-
tional borders via a switch can contribute to system cost savings (section 
4). In other words, whether CBC in the form of cross-border CEC can be a 
potential source of community benefits. 

Table 1 
Definition of “citizen energy communities” (art. 2(11) Directive 2019/944/EU).  

Element Legal text article 2 
(11) Directive 2019/ 
944/EU 

Explanation Obligatory for 
implementation in 
national law 

Form Legal entity that … No specific legal 
form, but dedicated 
entity 

yes 

Governance - is based on 
voluntary and open 
participation and is 
effectively controlled 
by members or 
shareholders that are 
natural persons, local 
authorities, including 
municipalities, or 
small enterprises; 

Effectively 
controlled by 
members, variety 
of actors from 
public and private 
sector 

yes 

Purpose - has for its primary 
purpose to provide 
environmental, 
economic or social 
community benefits 
to its members or 
shareholders or to the 
local areas where it 
operates rather than 
to generate financial 
profits; 

Rather value than 
profit-driven 
Benefits can be 
distributed broadly 
(members, 
shareholders, 
region) 

yes 

Activities - may engage in 
generation, including 
from RES, 
distribution, supply, 
consumption, 
aggregation, energy 
storage, energy 
efficiency services or 
charging services for 
electric vehicles or 
provide other energy 
services to its 
members or 
shareholders; 

No specific activity, 
non-exhaustive list 

open to MS  
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2.1.2. Relation with distribution system operators 
As one of the potential tasks of CEC could be distribution system 

operation, Directive 2019/944/EU provides several options for orga-
nizing the relation with the DSO. As a minimum requirement MS are 
obliged to ensure that DSOs “cooperate with CECs” and facilitate the 
transfer of electricity “within CECs” for a “fair compensation” from the 
CEC. In addition to this option of “cooperation between DSOs and CECs” 
MS have the option to allow “CECs to autonomously manage distribution 
networks”. In this case, the proximity condition of members of the CEC 
has to be fulfilled, as they would then have the right to manage distri-
bution systems in “their areas of operation”. This is also further illus-
trated by the conditions if such a right is granted to CECs which mainly 
refer to the regulation of connection points with neighboring networks 
(art. 16(4 a-b)). Under this option, MS may also decide to grant specific 
exemptions to CECs including the rules on the procurement of energy to 
cover losses and non-frequency ancillary services in its system, the 
requirement that tariffs, or their methodologies, are approved prior to 
their entry into force, the requirements to procure flexibility services 
and to develop the system on the basis of network development plans, 
and the requirements not to own, develop, manage or operate 
recharging points for electric vehicles and energy storage facilities. 
These exemptions would grant the operator of the CEC (either the DSO 
or the CEC acting as DSO) considerable leniency in the development, the 
operation, and the charging of network tariffs. 

Overall, Directive 2019/944/EU leaves a large degree of discretion 
to the MS in determining the relation between CECs and DSOs. Some MS 
might exclude system operation from the potential task package of CECs 
and other might allow CECs to autonomously operate systems and 
possibly also grant them special exemptions in their national legal 
frameworks. The implementation is not only relevant for the role of 
CECs, but is just as important for DSOs. All DSOs will have to prepare to 
at least cooperate with CECs. 

2.1.3. Functioning across national borders 
In general, the definition of CEC does not include a proximity 

element which means that CECs are in principle not bound by a confined 
geographical area or grid. MS may decide to allow CECs to be open to 
“cross-border participation” (Art. 16(2 a) Directive 2019/944/EU). Pre-
ceding draft versions of the directive were clearer that the cross-border 
element not only entails membership, but the actual activities of the 
CEC. The proposal for the directive published by the EU Commission in 
2016 included the “cross-border element” even in the definition and 
clearly linked the activities thereto by stating: “[…] local energy com-
munity […] involved in distributed generation and in performing activities of 
a DSO, supplier or aggregator at local level, including across borders.” (art. 2 
(7) proposal for a Directive). This is less clear in the adopted version of 
the directive and the question is thus not only whether MS implement 
the cross-border element in their national legal frameworks, but also 
how they establish “participation” in this context. Furthermore, different 
implementation at MS level might lead to uncertainty, especially when 
neighboring countries implement two contradicting forms of CEC. 

The adoption of CEC in the EU legal framework and the option that 
CEC may be open for “cross-border participation” raises the question how 
a cross-border CEC could be implemented. As it is one of the core legal 
requirements that CEC provides “community benefits for its members or the 
wider area where it operates” this becomes a determining factor for 
identifying a viable technical option. Directive 2019/944/EU leaves 
much room for the implementation of “community benefits”, which can 
be economic, social or environmental in nature. For the purpose of this 
article, which aims at investigating the option of linking distribution 
systems across borders as means to expand grid capacity and flexibility 
to integrate RES connected to the distribution grid, the community 
benefit is defined by system cost savings (the exact calculation method is 
explained in section 4). While it is beyond the scope of this article to 
provide a detailed technical analysis of options from an engineering 
perspective, the following section sketches some ideas how 

infrastructure could be linked on distribution system level across 
borders. 

3. Technical options: cross-border connections on distribution 
system level 

The most obvious option for a cross border connection would be to 
connect distribution systems across national borders. For this a direct 
current (DC) line may be a solution [34], which however would imply 
significant costs. In case of electricity transfers over long distances, using 
such DC links might be an economically viable option. (see e.g. the field 
of connecting offshore wind farms [35]). While this option seems to be 
most straightforward, it implies electricity flows between the two dis-
tribution systems which are hard to predict and control leading to 
operational challenges for the respective DSOs and TSOs. The purchase 
and procurement of balancing and control energy would be significantly 
affected, so that the DSOs and TSOs would have to closely cooperate and 
may even no longer be able to guarantee a stable and reliable grid 
operation. 

A somewhat more restricted option for a cross-border connection 
between two MS could be the connection of a producer and a consumer 
by an islanded direct cable. Islanded here means that only one producer 
or consumer in one MS gets connected to a distribution grid in another 
MS. While such a setting is likely to be technically less problematic and 
less costly than connecting two distribution systems, also the potential 
benefits for solving congestion problems in the system by such a 
connection are very limited. A direct cable connecting a RES generation 
installation with a consumer would only extend the electricity grid of 
one MS to the territory of the neighboring MS. This is currently already 
the case in some regions with special geographical properties such as 
valleys surrounded by high mountains. It only facilitates the integration 
of this single production site and does not contribute to solving the 
structural problem of congestion resulting from intensified use of the 
distribution system. 

Considering the limitations of the mentioned options, this article 
proposes a novel approach, namely to link distribution systems via a 
“switchable element”. Fig. 1 shows the conceptual idea of linking two 
distribution systems with a “switchable element”. This cross-border 
element can entail generation, (flexible) consumption, but also two- 
way flexibility assets (storage) and it has switchable connections to 
two different distribution systems, i.e. one for the connection to the 
distribution system of the region in MS 1 and another for the connection 
to the distribution system of the region in MS 2. In this way, the 
switchable element is shared between the two regions and thus both 
have the ability to use the flexibility present in the cross-border element. 
The exact location of the switchable element, i.e. whether it is placed 
exactly on the border or in one of the two MS, would not matter, as long 
as it can be connected to the distribution systems in both MS. In any 
case, this installation would not qualify as an “interconnector” as 
established in EU legislation as this definition refers to the intercon-
nection of transmission systems. However, what is indeed relevant to 
consider for the location are the distances to the respective distribution 
grids as shorter distances would most likely imply lower connecting 
charges as set by national energy law. This also relates to an additional 
cost, as the operator of the switchable element (for example a CEC) 
would need to bear the costs for constructing and maintaining two 

Fig. 1. Switchable cross-border element.  
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connections. While the exact calculation of the costs related to the 
construction of infrastructure goes beyond the scope of this article, the 
additional costs for connection need to be outbalanced by the potential 
income for providing flexibility services. 

Due to current regulations and also technical issues, this article 
presents a situation where the switchable element can be connected 
either to the region in MS 1 or to the region in MS 2, but never to both at 
the same time. As both connections are never used at the same time, this 
implies that the distribution systems are never directly connected. The 
main idea is that the element can temporarily provide additional flexi-
bility to the connected systems for specified time periods, i.e. in 15 min 
intervals when needed. Note that compared to the concept of an islanded 
direct cable both regions are still connected to their national trans-
mission system. 

Implementing such a switchable element could facilitate CBC at the 
local level for the energy transition. Ideally, the switchable element 
would then offer additional flexibility, i.e. helping to resolve congestion 
or providing generation, and thus result in potential benefits for both 
regions. 

In order to determine which elements (generation, flexible con-
sumption, or battery storage) provide the highest economic benefit in 
terms of system cost savings for both regions, the elements are consid-
ered separately, i.e. either a wind turbine, or a flexible consumer, or a 
battery storage asset. The following section focuses on the correspond-
ing calculation of potential economic benefits of a cross-border CEC 
using a “switchable” link. 

4. Switching capacity across borders: quantifying economic 
benefits of CEC 

To investigate the potential of cross-border CEC for the purpose of 
integrating RES and alleviating congestion at distribution system level, 
this article focuses on system cost savings as a measure for generating 
economic benefits. In order to quantify the potential economic benefits 
of linking distribution systems across borders via a switch element, an 
optimization model is proposed. The model objective is to minimize the 
total electricity system cost of the cross-border region by using the 
switch element in an appropriate way. The following section explains 
the modelling approach in more detail. 

4.1. Modelling approach 

Matching generation and demand locally, i.e. at the distribution 
system level, has the potential to reduce costs also at transmission sys-
tem level. The avoided costs and additional benefits at the transmission 
grid level may be quantified on the basis of the electricity system costs. 
Existing research provides various methodologies for calculating these 
electricity system costs [36–40]. This research builds on the methodol-
ogy given in Ref. [39]. 

For the electricity system costs a distinction is made between costs 
resulting from the infrastructure required on transmission grid level and 
costs incurred by the redispatch and curtailment of RES. The infra-
structure costs on TSO level (further referred to as “transmission grid 
infrastructure cost”) include all annual investment and operational 
expenditures required for a stable and reliable transmission grid oper-
ation. Redispatch and curtailment costs arise from a lack of transmission 
grid capacities, which requires the temporal curtailment of RES feed-in 
in order to prevent the transmission system from overloads and 
blackouts. The total electric system costs CSys(r) of a region r now are 
defined as: 

CSys(r)= cCapacity(r)*PMax(r) + cCur(r)*Vfeed,RES(r)*α 

The transmission grid infrastructure costs are calculated from the 
grid tariffs cCapacity(r) of the respective TSO and the maximum grid 
demand/feed-in per region and time period PMax(r). Governmental in-
stitutions in both neighboring countries regulate the calculation of these 

grid usage fees. Thus, the grid fees can be used as a reliable proxy for the 
specific transmission grid infrastructure costs. 

For the calculation of the curtailment and redispatch costs it is 
assumed that at the transmission grid level on a yearly base a certain 
fraction α of the total electricity feed-in from renewables Vfeed,RES(r) has 
to be curtailed. Thus, a reduced feed-in of RES to the transmission grid 
consequently should lead to a lower curtailment of electricity and lower 
redispatch. The specific curtailment costs cCur(r) represents the respec-
tive annual TSO costs for renewable curtailment and redispatch 
measures. 

The calculated infrastructure cost savings are not monetary, but only 
calculated based on the change in grid usage. The core reason for this is 
that in a meshed electricity transmission grid, it is hard or even 
impossible to attribute needed grid investments to specific individual 
grid users. 

Using these cost elements, the developed model steers the connection 
of the switchable element to the two MS over time and its use in order to 
minimize the total electricity system costs of the entire cross-border 
region which are made up of the individual system costs of the two 
connecting areas. This model does not take into account wholesale 
electricity market prices, but is exclusively based on system operation 
costs. A market-based optimization would lead to other results. Also 
note that the costs for building and operating the switchable element are 
not included in the total electricity system costs. The presented system 
cost calculation methodology only considers the costs on the trans-
mission grid level. Since the introduced switchable element connects 
two distribution grids, these costs are not part of the electricity system 
cost. These additional expenditures have to be covered locally. The 
model is implemented in the programming language Python and uses 
the Pyomo library with the CPLEX solver for optimization. 

For the calculation of the additional costs and benefits of a cross- 
border connection a comparison of isolated and connected power sys-
tem states is performed. In the isolated scenario, the model is used to 
calculate the electricity system cost for each region without an elec-
tricity connection on the border. 

4.2. Case study 

The idea to link distribution systems across national borders in the 
EU emerged in 2015 among stakeholders in a cross-border region be-
tween the Netherlands (municipality of Emmen) and Germany (munic-
ipality of Haren). While Emmen has a high electricity demand due to 
industrial consumers, Haren has occasional high surpluses of electricity 
produced on the basis of RES, in particular wind energy. Jointly, the 
municipalities initiated the “Smart Energy Region Emmen-Haren” 
project (SEREH). The idea was to establish a local energy system func-
tioning across the border on distribution grid level, which facilitates the 
efficient matching of supply and demand on a local scale. 

Table 2 shows the specific model input parameters for the two 
bordering regions. The underlying data has been provided by the SEREH 
project. 

Note, that the annual electricity demand from Region 1 is more than 
twice than that of Region 2. This is mainly due to the higher number of 
inhabitants in Region 1 and the considerably larger industrial sector. 
Geographically, the area of Region 1 is approximately 40% larger than 
that of Region 2, so the annual demand per km2 of Region 1 is about 26% 
higher than that of Region 2. More generally speaking, Region 1 can thus 
be classified as “urban high load” and Region 2 as the “rural low load” 
region. Despite the different annual electricity demands and load pat-
terns, the annual electricity generation from RES is almost the same in 
both regions. In the “urban high load” region, the local electricity pro-
duction from RES exceeds its annual demand by 19%, while in the “rural 
low load” region it is 141%. The RES generation in the “urban high load” 
region mainly comes from large-scale solar parks, while the “rural low 
load” region produces most of its electricity from wind. 

This article investigates whether the two regions can economically 
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benefit from their complementary characteristics. As stated in Section 
4.1, economic benefits are quantified in terms of system cost savings. 
The idea is to connect the regions with a switchable element which is 
owned by one CEC with members from both regions. Members could be 
public entities, SMEs, and natural persons. Both regions can temporarily 
use the additional flexibility provided by the respective switchable 
element, but the overall gain needs to be managed and distributed by the 
CEC. 

Three different connection elements (wind turbines, electrolyser, 
and battery storage) are separately analysed in terms of potential system 
cost savings. Depending on the type of switchable asset, the capacities of 
the respective flexibility options from both regions are part of the cross- 
border element and thus switchable. For the switching of wind turbines, 
we assume that 29.4 MW wind capacity from each of the regions is 
switchable and now part of the cross-border element. Thus, the total 
switchable RES generation capacity of the shared element is 58.8 MW. If 
the switchable cross-border asset is an electrolyser, the total switchable 
capacity is assumed to be 20 MW, since each of the two regions has a 10 
MW electrolyser. In the case of a switchable battery, the battery size is 

fixed to 10 MWh, 5 MWh from each region. For reference, the two re-
gions are also modelled without an electricity connection at the border. 
In this case, the system costs for both regions are optimized individually 
without a cross-border interconnection. Thus, imbalances in the distri-
bution grids can only be balanced using the transmission grids. The 
operating modes of the electrolysers and battery storages within the 
respective regions are determined by the system cost minimization of 
the model. Electrolysers and batteries are then used to reduce the 
maximum annual demand/feed-in and curtailment of RES generation 
for each region. To achieve comparable model results which are inde-
pendent of different price structures, the same system cost parameter for 
infrastructure and curtailment costs are applied to both regions. Cost 
savings are only realized by differences in the structure of the regions 
such as supply and demand profiles. The following section presents the 
results. 

4.2.1. Model results 
Fig. 2 shows the switching times of the switchable elements and the 

corresponding cross-border electricity flows for a typical day in March. 
This figure furthermore shows the utilization of the cross-border 

connection in terms of the amount of times the direction switches and 
the volume of electricity transmitted. 

The generation unit switches between 8 a.m. and 2 p.m., but due to 
low wind speed only a small quantity of electricity is transferred across 
the border. Between 7 p.m. and 9 p.m., generation is switched from the 
rural “low load” region to the “urban high load” region and the quantity 
of electricity transferred reaches its daily maximum of approximately 
15 MW. In the “urban high load” region, the electricity is either 
consumed directly by the local demand, converted into hydrogen, stored 
in a battery or fed into the transmission grid. The electrolyser unit, i.e. a 
flexible consumer, is connected to the “urban high load” region between 
6 a.m. and 4 p.m. During this time period, the electricity production 
from solar reaches its maximum and electricity surpluses are converted 
into (green) hydrogen. The higher electricity production on the basis of 
wind explains why in the evening, the electrolyser is connected to the 
“rural low load” region which has installed more wind turbines (see 
Table 2). During this time period, the electrolyser runs at its full capacity 
of 20 MW. The battery storage asset changes the direction of connection 
with a high frequency between 10 a.m. and 4 p.m. First it connects to the 
“urban high load” region and charges with full power. Afterwards it 
connects to the “rural low load” region and discharges with maximum 

Table 2 
Model input parameter.  

Parameter Unit Region in MS 1 Region in MS 2 

Electricity Demand 
Total Consumption [MWh/a] 385,688 183,655 
Min. Demand [MW] 20.34 4.86 
Max. Demand [MW] 78.67 43.12 
Renewable Generation 
Total Generation [MWh/a] 459,343 441,911 
Solar [MWh/a] 154,549 23,421 
Wind [MWh/a] 304,794 365,002 
Biomass [MWh/a] – 53,488 
Min. Generation [MW] 0.00 6.11 
Max. Generation [MW] 230.62 160.57 
Renewable Capacities 
Solar [MW] 181.72 26.56 
Wind [MW] 95.00 141.10 
Biomass [MW] 0.00 8.44 
System Cost Parameter 
Infrastructure TSO Cost [€/(MW*a)] 50,000 50,000 
Curtailment Price [€/(MWh*a)] 50 50 
Curtailment Avoidance Rate 

α  
[%] 5 5  

Fig. 2. Switching times for a typical day in March.  
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power. This repeats several times until about 2.30 p.m., and can be seen 
as a transfer of local generation surpluses from the “urban high load” 
region to the “rural low load region”. 

Over the time of a complete year, RES generation plants are switched 
across the border 29%. Of this share the large majority is wind capacity 
which is switched from the “rural low load” region to the “urban high 
load” region (22%). The remaining 7% is wind capacity which is 
switched from the “urban high load” region to the “rural low load” re-
gion. Overall, this increases local RES consumption and thus reduces the 
transmission system usage. It also provides additional grid capacity for 
production based on RES and load. The electrolyser connects 55% of the 
time of the year to the “rural low load” region. The direction of 
connection changes 3103 times per year indicating that the connection 
to a region remains on average 2.8 h. The connection direction of the 
battery changes, compared to the electrolyser, with a higher frequency. 
The battery connects for the large majority of the time of a year to the 
“rural low load” region (about 83%) and it is switched 5764 times a year, 
which corresponds to connection duration of 1.5 h on average. Table 3 
compares the calculated system costs for the isolated scenario (no 
switching element installed) and the switchable cross-border elements 
(producer, flexible consumer and storage). The system cost savings are 
calculated in comparison to the reference scenario where there is no 
connection at the border. 

Fig. 3 illustrates the total system costs for the reference scenario and 
the switchable cross-border elements, Fig. 4 the corresponding per-
centage cost savings. 

Due to the different sources of renewable energy in the two regions 
the total electricity system costs of the “urban high load” region (solar) 
are higher than the one of the “rural low load” region (wind). This leads 
to higher transmission grid feed-in peaks. The total electricity system 
costs of the two border regions in the reference scenario are 15.68 mln. 
€/a. 

Regardless how the two regions are linked, i.e. which switchable 
asset is deployed, linking leads to system cost savings. The different 
elements differ considerably in terms of the distribution of system cost 
savings. 

Model results depict that the highest system benefit is achieved by 
switching electricity generation between the two regions. This leads to a 
reduction of both, total transmission grid infrastructure and redispatch 
and curtailment costs. Transmission grid infrastructure costs decrease by 
3.96%, costs for redispatch and curtailment by 3.88%. Cost savings are, 
however, distributed unevenly between the two regions. While trans-
mission grid infrastructure costs in the “rural low load” region decrease 
by approximately 12%, the costs of the “urban high load” region increase 
by about 2%. There is no reduction of the redispatch and curtailment 
costs in the “urban high load region”. The benefits of linking the regions 

Table 3 
System cost model results.  

Key Figure Unit Region in MS 1 Region in MS 2 Total 

Abs. Change Abs. Change Abs. Change 

Isolated Scenario 
Infrastructure TSO Cost [mln.€/a] 8.54 – 6.26 – 14.79 – 
Curtailment Cost [mln.€/a] 0.34 – 0.54 – 0.89 – 
Total [mln.€/a] 8.88 – 6.80 – 15.68 – 

Generator 
Infrastructure TSO Cost [mln.€/a] 8.70 +1.87% 5.51 − 11,91% 14.21 − 3.96% 
Curtailment Cost [mln.€/a] 0.34 0% 0.51 − 6.34% 0.85 − 3.88% 
Total [mln.€/a] 9.04 +1.80% 6.02 − 11.46% 15.06 − 3.95% 
Consumer 
Infrastructure TSO Cost [mln.€/a] 8.04 − 5.85% 6.55 +4.64% 14.58 − 1.41% 
Curtailment Cost [mln.€/a] 0.31 − 9.32% 0.54 − 1.21% 0.85 − 4.35% 
Total [mln.€/a] 8.35 − 5.99% 7.09 +4.17% 15.44 − 1.58% 
Storage 
Infrastructure TSO Cost [mln.€/a] 8.33 − 2.39% 6.21 − 0.80% 14.54 − 1.72% 
Curtailment Cost [mln.€/a] 0.34 − 0.25% 0.53 − 2.10% 0.88 − 1.38% 
Total [mln.€/a] 8.68 − 2.31% 6.74 − 0.90% 15.42 − 1.70%  

Fig. 3. Total system costs.  

Fig. 4. System cost savings.  

A. Stroink et al.                                                                                                                                                                                                                                 



Energy Strategy Reviews 40 (2022) 100821

8

via a switchable generation would thus result in benefits for the “rural 
low load region”. 

Linking the two regions via a flexible consumer also leads to overall 
system cost savings. Here, the transmission grid infrastructure costs in 
the “rural low load” region increase by 4.64%, while the “urban high load 
region” benefits as transmission grid infrastructure costs decrease by 
5.85%. 

The lowest overall system cost reduction results from connecting the 
regions via a storage asset. Total system cost amounts to 15.42 mln. €/a. 
This corresponds to a cost reduction of 1.70% compared to the reference 
case. Compared to the other two options (connection via generation and 
flexible consumer), system cost savings are distributed more evenly 
between the regions as both regions achieve reduced transmission grid 
infrastructure and reduced redispatch and curtailment costs. In the 
“urban high load” region, main cost savings result from reduced trans-
mission grid infrastructure cost, while in the “rural low load” region 
reduction stem from savings in redispatch and curtailment cost. 

5. Discussion 

This article hypothesised that in the field of energy at the local level, 
i.e. the distribution system level, CBC can generate benefits helping 
cross-border regions to thrive. This particular focus was justified by two 
general assumptions about cross-border regions, namely that they are 
typically less developed in economic and infrastructural terms and that 
they often may show complementary characteristics in terms of gener-
ation on the basis of RES and electricity load. 

Findings show that especially the complementarity of the two 
bordering regions of the considered case study is the source of benefits in 
terms of system cost savings. More specifically, all investigated options 
of the “switchable element” lead to a decrease of electricity system costs. 
However, the amount and the distribution of the calculated system cost 
savings, and thus potential benefits for a cross-border CEC, highly de-
pends on the type of switchable asset connecting the bordering regions. 
A “switchable generation installation” and a “switchable flexible con-
sumer” both reduce total costs, but imply that the benefits are unevenly 
distributed between the two regions. While the “switchable production 
installation” provides benefits for the “rural low load region”, the 
“switchable flexible consumer” provides benefits for the “urban high load 
region”. Only the “switchable storage facility” would lead to benefits in 
terms of system cost savings for both regions, but also resulting in the 
lowest overall benefit. Achieving the highest overall cost savings thus 
does not correspond with the option where benefits are more evenly 
distributed. To resolve the problem of the uneven distribution between 
the regions, the additional system benefits need to be converted into 
remunerations for the CEC. The CEC could use the benefits for the 
advantage of the entire cross-border region in the interest of its members 
and shareholders, essentially contributing to CBC in the field of energy 
at the local level. 

Beyond the case of cross-border regions, the findings show that 
connecting regions with complementary properties regarding electricity 
generation and demand (e.g. urban-rural or industrial-residential) via a 
switchable element leads to a better allocation of transmission grid ca-
pacities and generally a more efficient utilization of the system. In that 
sense, the proposed approach could also be relevant on a national level. 
Nevertheless, it is suspected that complementarity regions can be found 
particularly often in international cross-border areas and thus yield the 
higher benefits. 

This article presented first ideas how to enhance CBC at the local 
level for the energy transition from an EU law and economic perspective. 
Researching the possibilities for such a cross-border CEC at imple-
mentation level is beyond the scope of this article, but can be subject to 
further research in specific contexts. Several points remain for further 
research investigating the concrete implementation in specific contexts: 
The optimization model developed within this research is limited to the 
economic perspective and thus is not applicable for technical 

implementation planning, such as the type of power transmission be-
tween MS (AC/DC), the technical design of the switch circuits or the 
dimensioning of cables and cable routes. For this reason, the model also 
does not include the investment and/or operating costs of such a cross- 
border connection. From a legal perspective, it would be necessary to 
investigate the regulations on grid connections, potential support 
schemes, and other costs which might be charged from system users in 
the respective countries. 

6. Conclusions 

This article is set out with the aim to investigate EU legal options and 
potential economic benefits of CBC at the local level for the energy 
transition. The EU legal framework provides CEC as a new concept, 
which, potentially, is open for “cross-border participation”. As EU MS are 
currently implementing CEC in their national legal frameworks, they 
can decide whether to include the cross-border element or not. The 
question this article investigated is whether CBC via CEC could be a 
source of additional benefits in terms of system cost savings. The overall 
results of the model calculation show that connecting distribution sys-
tems via a switchable element, regardless whether the element includes 
generation, a flexible consumer, or storage, leads to better system uti-
lization and thus system cost savings. However, calculated system cost 
savings can not only be used as an indicator for economic benefits of 
such an electricity connection at distribution system level. Rather, re-
sults prove that using switchable elements for coupling regions with 
complementary properties regarding generation and consumption of 
electricity (as in the case study two regions of two MS, but this could 
possibly also apply to two different distribution grids within one coun-
try) have the potential to increase the (international) electricity transfer 
capacities in the EU electricity system and to reduce the need for addi-
tional grid capacities in the transmission grid. Yet, the results also show 
that the distribution of benefits strongly depends on the switchable 
element and that the option yielding the highest overall benefit may not 
correspond to the option where benefits are evenly distributed. This 
uneven distribution of benefits could be mitigated by the organisation 
via a cross-border CEC which distributes benefits to “its members or 
shareholders or the wider region where it operates”, as it is requested by the 
provisions on CEC as established by Directive 2019/944/EU. In this 
way, the CEC is an organisational instrument to redistribute the benefits 
yielded by the switchable element in a more equal way, i.e. for the 
border community. This finding can inform national legislatures when 
implementing CEC in their national legal frameworks in the following 
way: CEC should be open to cross-border participation and CECs should 
receive financial remuneration for contributing to system cost savings. 
Considering these points when designing the legal framework for CEC at 
national level would be a precondition for enhanced CBC at the local 
level for the energy transition. In addition, CEC functioning across the 
border could contribute to strengthening structurally weak border re-
gions. Another relevant finding for national policy and lawmakers is the 
need to incentivise flexibility services and cost-efficient distribution 
system operation. EU legislation opens the pathway to increasingly use 
flexibility at distribution system level [see art. 32 in 15]. For solutions 
allowing for flexibility in the system, such as the switchable element, it is 
a necessary precondition that flexibility is incentivised, for example via 
network tariffs, and that DSOs are obliged to consider flexibility sources 
as an alternative to grid expansions. 
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