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Abstract— The amount of distributed generation and consump-
tion is growing worldwide and consequently also the need to
increase the hosting capacity of distribution systems. To achieve
this, possible measures include building new lines, enhancing
the grid infrastructure, and providing higher efficiency of the
existing grid. Several projects propose to include the control
of power generation and Demand-Side-Management, like solar
photovoltaic power curtailment and managing flexible demand,
as a measure to increase the hosting capacity of the grid.
The use of automated demand response through Information
and Communications Technologies seems to be a promising
solution, which can be rapidly implemented cost-effectively in
distribution systems. Automated Demand Response includes a
set of activities aimed to reduce or shift electricity use to
improve the grid operation. Generators and consumers may be
encouraged by the right incentives to activate their flexibilities
and consequently increase the hosting capacity of the electricity
distribution systems. For this reason, smart grid technologies
are expected to play an essential role in the development of
future power systems. In this paper, we present the results of
different European case studies, which investigated the impact
of market-driven automated flexibility management in smart
grids. The findings indicate that automated Demand Response
can contribute to distribution system stability and increase the
renewable energy share, but also requires high computational
power and complex coordination architectures.

Index Terms—Automated Demand Response, Distributed Sys-
tems, Solar energy, Flexibility Management, Information and
Communications Technologies, Renewable Energy Share, Smart
grid, Hosting capacity, Energy Community, Demand-Side-

Management.
NOMENCLATURE
Abbreviations
DRES Distributed Renewable Energy Source
DSM Demand-Side-Management
DSO Distribution System Operator
ICT Information and Communications Technology
PV Photovoltaic

I. INTRODUCTION

The goal of the distribution system is to supply energy
with economic, social, and environmental costs as low as
possible. In the past, distribution systems were characterized
by centralized energy generation. Nowadays, the installation
of Distributed Renewable Energy Sources (DRESs) such as
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Photovoltaics (PVs) and wind energy in electricity systems
has made the distribution system more complex, due to the
varying nature of renewable energy resources. Electricity is
an instant commodity which has to be consumed or stored
when it is produced. As shown in several studies, the growing
share of renewables increases the volatility in the electricity
system. For this reason, the integration of DRESs could worsen
the operation of the distribution system. The integration of
DRESs to the power grid creates further significant technical
challenges [1].

Renewable energy production is non-dispatchable and inter-
mittent with intense fluctuations. As the level of penetration
of renewable production is expected to increase in the future,
these strong fluctuations may lower the quality of the elec-
tricity supply [2]. Moreover, global electricity consumption
is facing rapid growth, as indicated by an average annual
increase of 3.4 % [3]. The European Renewable Energy
Council affirmed that emission reduction targets would be
achieved through the electrification of transport, heating and
cooling sector, resulting in an expected increase in electricity
consumption of around 43 % [4].

It, therefore, becomes necessary to increase the hosting
capacity of distribution systems, to manage the supply and
demand volatilities. To achieve this, possible measures in-
clude building new lines, enhancing the grid infrastructure,
and providing higher efficiency of the existing grid. Hosting
capacity is defined as the maximum distributed generation
penetration for which the power system operates satisfactorily
[5], maintaining the power quality standards. The ordinary
long-term solution to increasing the hosting capacity of the
electricity grid is to build new lines or to reinforce the grid.
These approaches may be slow and not costs optimal to
respond effectively to the growing share of DRESs.

The current state in the literature highlights the importance
of having a look at the entire problem. In the last years, several
concepts to manage the stability in the distribution system
were developed. The works [6], [7] and [8] present several
methods for the evaluation of the hosting capacity in order
to take into account different aspects related to the reliable
operation of the network. [9] performed an integrated hosting
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capacity simulation that takes into account the effects of both
medium and low voltage solar PV installations with Volt-
VAr compensation. The Volt-VAr compensation was able to
make the solar PV generation flexible and so to significantly
increase the hosting capacity of a household. Flexibility op-
tions provided by solar PV are also analyzed in studies like
[10] and [11]. They demonstrated the effectiveness also, the
flexibility of power control strategies. In general, flexibility can
be defined as the modification of generation or consumption
patterns in reaction to external signals, to provide a service
within the energy system [12]. [13] shows that flexibilities
can be used to reduce the conventional grid expansion or
grid reinforcement costs due to the excessive share of variable
generation and consumption.

Several studies as [14] and [15] shown that managing flexi-
bility of the demand side results in increased sustainability of
the smart grid, as well as reduced overall operational costs and
carbon emission levels. The utilization of demand-side flexibil-
ity is an attractive opportunity to avoid excessive investments
in conventional power plants and costs for balancing power
[16]. [17] analyzes the importance of automated Information
and Communications Technologies (ICTs) infrastructure to
support a more efficient smart grid is a clear opportunity to im-
prove the performance of Demand-Side-Management (DSM)
solutions. In fact, the use of automated Demand Response
through ICTs seems to be a promising solution, which can
be rapidly implemented cost-effectively. Automated Demand
Response does not involve human intervention, establishing
reliable control strategies to exploit resources optimally. Au-
tomated Demand Response includes a set of activities aimed at
reducing or shift electricity use. These activities can improve
the grid operation, adapting the demand to external signals.
With the objective having a real impact, it is necessary to
coordinate the demand response of several devices of several

types.

In this paper, we present the results of four European Case
Studies. This paper discusses measures how to integrate a
higher share of DRES into the distribution system. As an
overview, Fig. 1 shows the four contributions of this work:

1) Investments by the DSO: comparison of technical
improvements conducted by the DSO, i.e., battery vs.
grid investments.

2) Utilization of self-optimizing prosumer: analyzing
the impact of different dispatch strategies of a single
prosumer to the distribution system.

3) Elaboration on ICT based pooling of flexibilities:
discussion of the challenges in valorizing multiple flex-
ibilities.

4) The role of the tariff design: impacts of energy
(quantity) or power-based tariffs. How pricing models
can influence the behavior of prosumers electricity use.

Consequentially, we discuss the contributions and highlight
future directions of implementation and research.
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Fig. 1. Flexibility at the distribution level.

II. CASE STUDIES IN EUROPE

In this paper, we illustrate and examine flexibility strategies
experimented and adopted by the DSOs in different European
case studies to avoid investments in building new and grid
reinforcement.

A. Investments by the DSO

Today, the majority of new DRES installed capacity has to
be integrated into networks at distribution level [18]. To man-
age areas with low demand and high renewable injection and
areas with energy-intensive appliances and low generation, it is
necessary that DSOs increase the flexibility of the distribution
system [19].

As shown in Fig. 1, flexibility can be provided by the
DSO with the integration of battery systems in the grid. The
flexibility of battery systems is emerging as a potentially
viable technology for many distribution applications such
as frequency and voltage regulation [20]. Battery systems
can present potential alternatives to grid expansion or grid
reinforcement.

The Austrian project BatterieSTABIL [21] investigates how
grid integrated battery systems can contribute to power quality
in addition to the contribution for covering the ancillary
services with a high share of renewable power. Today, battery
systems are used by DSOs for better grid operation and
stability [22]. [21] demonstrates that future battery system
operations can substitute the grid reinforcement and conse-
quently reduce the costs in grid expansion. This can solve
challenges of the grid operation, caused by decentralized and
renewable power production and the resulting decomissioning
of conventional centralized power plants [23].

To keep the grid voltage within the permitted limits, DSOs
can introduce the Q(U) control. Under this scheme, renewable
generation plants feed reactive power into the grid depending
on the present voltage. In contrast, under normal circum-
stances, renewable generating sets according to a cos(p)
control are currently feeding reactive power in function of
their injected active power. With active voltage support, it
is possible to avoid network expansion and excessive grid
enhancement. Network stability can be significantly improved
via the Q(U) control.



Furthermore, [24] analyzes the potential savings of grid
expansion in the distribution system as part of a cost-benefit
analysis. The peak shaving business model is analyzed using
a battery system under a given demand evolution. The iden-
tified benefits include not only the cost savings through peak
shaving, but also the saved otherwise necessary grid expansion
investments. Reference grid models are used to model the cost-
optimal grid expansion, taking into account storage operation
with and without peak shaving. The results of the simulations
show that possible savings in grid expansion with battery
system operation can reach 22 % of the overall costs.

B. Utilization of self-optimizing prosumer

As shown in Fig. 1, the DSO can exploit the flexibility of
single prosumers, offering them the right incentives. Several
European projects, like [25], analyzed the impact of storages
and flexibilities on grid operation and electricity costs of
prosumers, testing different monetary incentives. The single-
prosumer dispatch-strategy aims to minimize the costs of every
single prosumer. Through ICTs, it is possible to coordinate
multiple actors and to pool their flexibilities.

Leafs [25] is an Austrian project, which investigates the
prosumers market-driven utilization of energy storage systems
and loads flexibility. More precisely, the impact of single-
prosumer dispatch operation strategies is evaluated. The strate-
gies differ from different pricing models that the DSO applies
to the prosumers. The DSO encourage the participation of
the prosumers to different grid operation through suitable
tariffs. The consumer can benefit from minimizing the network
reinforcement costs or from achieving high self-consumption
levels, depending on the tariff.

In the first simulation, shown in Fig. 2 it is assumed that the
DSO applies a power tariff of 40 EUR/kW for the maximum
annual feed-in power. In this scenario, the PV generation was
curtailed by 10.7 %, to reduce the maximal feed-in power.
This reduces the operational costs of the prosumer by 21 %.
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Fig. 2. Operation strategy: Minimize PV feed-in power [25].

In the second simulation, it is assumed that the DSO
applies a power tariff of 40 EUR/kW for the maximum annual
procurement power. In this case, the optimal operation of the
flexible loads and the storage system reduces the maximum an-
nual procurement power by 6 %. This reduces the operational
costs of a single prosumer by 22 %. Additionally, alternative
four scenarios were investigated, and it was demonstrated
that all considered operation strategies decrease the maximum
feed-in power, while the procurement power is reduced only
by applying power pricing. This means that a suitable power
price can be a key factor in the use of flexibility to optimize

the grid operation costs. It is important to note that in these
simulations, the costs for communication and controlling the
power flows of the devices were not taken into account.

C. Elaboration on ICT based pooling of flexibilites

The DSM in case of pooling of flexibilities can be handled
through ICTs, which are designed to coordinate electricity
use with external signals like power system operation and
energy prices. In the cases of end-users flexibilities, automated
Demand Response through ICTs is necessary to exploit the
external signals on shorter timescales.

The flexibility provided by ICTs is on a small-scale level.
To allow small-scale technologies to contribute to the quality
and efficiency of grid operation, power system regulators and
operators are creating conditions for encouraging the partici-
pation of the demand-side into the wholesale energy markets
lowering the minimum size of the electricity products [26].
The potential of aggregation and coordination of flexibility of
small-scale devices like battery storages, electric vehicles, heat
pumps, etc. in reducing the grid operational costs are analyzed
in projects like [27] and [28]. These projects investigate co-
ordination architectures to aggregate multiple flexible devices
of different actors. Furthermore, the potential of aggregating
flexibility of entire energy communities is investigated.

More precisely, the Austrian project Flex+ [27] investigates
simple and exhaustive descriptions of flexibilities and their
coordination architectures to aggregate multiple flexible actors.
Flexibilities are described as virtual batteries with variable
capacities and limited power inputs and outputs. In Fig. 3, for
example, the virtual capacity of an electric vehicle is shown.
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Fig. 3. Available virtual capacity of a plugged-in electric car [29].

The parameter S indicates the starting time of the charging
process, D the ending time of the charging process, socy the
initial state of charge of the batteries of the electric vehicle
and SoC'"9¢ the targeted state of charge at the time D.
This description allows us considering a charging process of
an Electric vehicle as a virtual battery with variable capacity
bounds. The upper capacity bound is represented by the green
line and the lower one by the red line. Flexibility may be
activated within those bounds.

The project also investigates coordination architectures for
multiple flexible devices. The main idea of the coordination
architecture is a central Platform, which coordinates the pro-
sumers and the suppliers and is responsible for the marketing,
planning, and aggregation of prosumer flexibilities.



Moreover, the overall flexibility of the ICTs pools is used to
optimize (i) self-consumption and trading on (ii) energy spot
markets and (iii) balancing markets. Therefore, a mathematical
optimization problem is defined.

Furthermore, the European project PVP4Grid [28] studies
the integration of residential solar PV in the power system.
Aggregation concepts and business models for PV prosumers
are developed to integrate sustainable and competitive elec-
tricity in the power system. Moreover, the project investigates
the formation of energy communities performing activities of
a DSO at a local level in eight European target countries. The
purpose of energy communities is to invest in joint generation
and storages for electricity and heat provision to achieve and
share economic benefits. The changes in percent of the total
costs (energy procurement and investments) of the energy
communities in the eight European target countries are shown
in Fig. 4.

The dark green bar shows the percentual costs reduction
if a single prosumer invests in PV generation and storages.
The light green bar indicates the saving of joint investment.
The overall costs reduction is more significant for countries
with more solar PV potential like Spain and Portugal. For
the DSO, it is important to investigate how future energy
communities can impact the grid operation. Fig. 5 shows
the maximal annual feed-in and consumption power with
and without forming energy communities in the eight target
countries.

In Belgium, Germany, France, and the Netherlands, the
maximal annual consumption power by forming energy com-
munities increases slightly, while in the other four target
countries, the maximal annual consumption power decreases.
A reduction, in this case, means that in these countries, it is
economical more convenient to invest in batteries and shave
the consumption peaks, instead of covering the consumption
peaks by the grid power. This may not be the case for the
countries, where solar PV potential is not so high.

These results prove how Energy communities make PV
more profitable for the prosumers and encourage their par-
ticipation in the grid operation. Moreover, households with no
access to PV have the opportunity to be part of a community
and invest in renewable technologies. The tariff design directly
drives the operational strategy of energy communities.

D. The role of the tariff design

With the assumption that each actor on the energy market
cares only for his profit, it is glaring that suitable tariff designs
can be the critical factor in the use of the flexibility of
end-users. The role of the tariff design is to provide end-
users with monetary incentives to enable a high degree of
flexibility provision. European projects like BestRES [31],
Flex+ [27] and PVP4Grid [28] investigate how aggregators
and DSOs can influence the behavior of prosumers electricity
use in future electricity market designs by introducing new
pricing models. These projects study several market-based
coordination mechanisms aimed to enable a high degree of
flexibility provision of end-users.

The results show how a coordinated ICTs architecture
combined with suitable pricing models can influence the
DSM and ensure economic and environmental improvements
to the grid actors. For example, Fig. 5 shows the maximal
annual feed-in power of energy communities in eight different
European countries. The DSOs in Austria, Spain, and Italy
apply a maximal feed-in power tariff to their end-users. This
results in a reduced annual maximal feed-in power peak. This
fact proves, how a maximal feed-in power tariff can reduce
the maximum annual feed-in power and reduce the need for
flexibility on a distribution level.

IIT. CONCLUSIONS

This paper presents a comprehensive overview of the impact
of market-driven flexibility management in distribution sys-
tems. Comparing different European Case Studies, we identify
the use of automated demand response through ICTs as a
promising solution for increasing economic benefits of end
consumers and improve grid operations. The findings indicate
that automated Demand response can contribute to distribution
system stability and increase the renewable energy share, but
also requires complex coordination architectures.

The DSO can provide flexibility with the integration of
battery systems in the grid or by the flexibilization of single
prosumers and energy communities. The DSO can be inter-
ested in lowering the electricity tariffs in return for flexibility
provision. When the flexibility is provided by single prosumers
or by energy communities, it is necessary to provide the end-
users with monetary incentives. The results of the simulations
of European projects like Leafs [25] and PVP4Grid [28] show
that power tariffs could be a sufficient incentive to preserve
the quality of grid operations temporarily, despite the growing
share of DRESs.

Moreover, the results of the European projects prove that en-
ergy communities can incentivize the growth of the renewable
share. Energy communities can make solar PV more profitable
with the use of ICTs for the end consumers and encourage
their joint investments.

Future research may focus on stochastic models to forecast
and coordinate the flexibility of multiple energy communities
to allow the DSOs to control the power quality of the distribu-
tion system efficiently. The implementation of demand, supply,
and markets uncertainty in a stochastic model is necessary
to define the real value of prosumers flexibilities and energy
communities.
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