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a b s t r a c t

Grid integration remains one of the key challenges related to the worldwide expansion of distributed
renewable energy systems. This paper presents innovative measures for increasing the hosting capacity
of distribution grids with a focus on the medium-voltage grid, based on representative interviews with
leading large-scale distribution system operators (DSOs) from Germany. For grid optimization, DSOs
have implemented dynamic voltage control in substations, adapted the grid structure for renewables,
applied the ‘‘N minus zero’’ rule for planning grid operation and used the capability of renewable
energy systems to provide reactive power. For grid expansion, DSOs have installed voltage regulators,
voltage-regulated distribution transformers, substations used exclusively for renewables, and express
feeders that connect substations with the generation centers. This practical experience should also
prove relevant for other countries currently planning the expansion of distributed renewable energy
systems.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Germany is a frontrunner in the expansion and integration of
renewable energy systems. Since the introduction of feed-in tar-
iffs in 1990, the installed capacity of photovoltaics, wind energy,
and biomass has increased significantly, reaching 92 GW at the
end of 2015 (International Renewable Energy Agency, 2017). A
main characteristic of this growth is its decentralized character.
A total capacity of 85 GW is connected to the distribution grid.
More than half of it, 44 GW, is installed in the medium-voltage
(MV) grid (50 Hertz et al., 2016). Another 24 GW are connected
to the low-voltage (LV) grid, and 17 GW to the high-voltage (HV)
grid.

The expansion of distributed energy systems has also become
an international megatrend as a result of the falling prices of
renewable energy systems, especially biomass, photovoltaics and
wind energy (REN21, 2017). Several countries have responded
to these developments and adapted their regulatory frameworks
for these technologies. The energy systems of those countries
could experience a similar development as in Germany, and their
distribution system operators (DSOs) will look for innovative
solutions to increase the hosting capacity in order to integrate
a growing number of renewable energy systems into the grid.

A growing amount of literature discusses state-of-the-art in-
tegration measures for increasing the hosting capacity of the

∗ Corresponding author.
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distribution grid. Some articles and books give a broad overview
of the potential technical measures (Mateo et al., 2017; Vanden-
bergh et al., 2013; Etherden and Bollen, 2011). Others describe
and discuss specific solutions, such as reactive power supply from
distributed generators (Braun, 2008; Kraiczy et al., 2017; Collins
and Ward, 2015), active power curtailment of distributed gener-
ators (Collins and Ward, 2015; Kraiczy et al., 2017; Etherden and
Bollen, 2011), grid-supporting electricity storage system (Resch
et al., 2017; Díaz-González et al., 2012), voltage-regulated distri-
bution transformers (Forum grid technology of the VDE, 2016),
and grid-supporting demand response (Spiliotis et al., 2016). The
deployment of voltage regulators for single power lines and dy-
namic voltage control at HV/MV substations (wide-area control)
are also mentioned in the literature (Vandenbergh et al., 2013;
Mateo et al., 2017; Papathanassiou et al., 2014). But few articles
describe the integration measures implemented by DSOs in the
field (Papathanassiou et al., 2014; Bianco et al., 2015). A com-
prehensive overview on the practical measures implemented by
German DSOs is lacking so far. Such an overview should, however,
be of great interest for academia and practitioners, as German
DSOs are leading in the field of integrating distributed renewable
energy systems.

This article is part of a project analyzing the practical ex-
perience of German DSOs with the integration of distributed
renewable energy systems into the electricity grids, based on
representative interviews with large-scale grid operators in Ger-
many (Bayer and Marian, 2016; Bayer and Matschoss, 2016a;
Bayer et al., 2016a; Bayer and Matschoss, 2016b; Bayer et al.,
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2016b; Bayer and Matschoss, 2016c,d; Bayer et al., 2016c; Bayer
and Matschoss, 2016e; Marian and Thomas, 2016). Our previous
work has tapped into this practical experience by compiling and
explaining the measures that have been carried out to facilitate
the integration of photovoltaic systems in Germany’s low-voltage
grids (Bayer et al., 2018). This work was complemented by an
analysis of the regulatory aspects of financing grid expansion
and operation driven by the increased integration of renewable
energy (Matschoss et al., 2019). The present article will focus
on innovative measures that have proven to be cost-efficient
for increasing the hosting capacity for renewables in the MV
grid. The concrete integration challenges at MV level deserve
special attention because the grid characteristics and deployment
of renewable energy systems differ compared to the LV grid, and
therefore may require different approaches and solutions.

The paper is organized as follows: Section 2 outlines the
German context, focusing on the expansion of renewables and the
characteristics of the MV grid. Section 3 describes pioneering op-
timization and expansion measures that have proven their prac-
tical feasibility in the MV grid. Section 4 analyzes the measures
and discusses their general applicability.

2. Background on renewable integration and the medium-
voltage grid in Germany

2.1. Development and grid distribution of renewables

The installed capacity of renewable energy sources is rapidly
growing in Germany, as presented in Fig. 1. In terms of installed
capacity, photovoltaics and wind energy are the fastest growing
renewable energy technologies. The massive deployment of wind
energy started in the nineties; a total installed capacity of one GW
was reached in 1994. The development of photovoltaics took off
10 years later, with annual capacity additions in excess of 7 GW
during the boom years of 2010 to 2012. At the end of 2015, the
installed capacity of wind energy (onshore and offshore) and pho-
tovoltaics reached about 45 GW and 40 GW, respectively. Of the
45 GW of wind energy, 42 GW are installed onshore (Deutsche
Windguard, 2016).

A unique characteristic of Germany is the decentralized char-
acter of the renewable energy deployment. Most biomass, photo-
voltaic and wind energy systems are connected to the distribution
grid, which encompasses the LV, MV, and HV grids. As shown
in Fig. 2, the MV grid in particular holds significant renewable
capacity. The MV grid and HV/MV substations host 14 GW of pho-
tovoltaics, 24 GW of wind energy and 6 GW of biomass totaling
44 GW. This decentralized character is also due to the Renewable
Energy Act, which enables the installation of small wind farms
and photovoltaic systems. For example, more than half of the
German onshore wind parks have less than six turbines (BMWi,
2015). Also, most of the photovoltaic capacity installed in the
MV grid consists of rooftop and ground-mounted systems with
a capacity of less than 1 MW (50 Hertz et al., 2016).

2.2. Requirements for grid integration

DSOs ensure the safe and reliable operation of the grid (Elec-
tricity and Gas Supply Act, 2016). They are also required by law
to connect renewable energy systems to the grid and guarantee
priority dispatch (Renewable Energy Sources Act, 2000, 2017).
When project developers request a connection for a new system,
grid operators perform a grid compatibility check to determine
which grid connection point can be reached most cost-effectively.
In this calculation, the DSO considers both the grid connection
costs from the renewable energy system to the grid connection
point and the potential costs of expanding the existing grid.

The grid compatibility check essentially verifies compliance
with ampacity and voltage requirements, as these determine the
respective grid area’s hosting capacity. The power flow must not
exceed the ampacity rating of the equipment to prevent damage
to it. This concerns especially the distribution transformers (Bayer
and Marian, 2016; Bayer and Matschoss, 2016a; Bayer et al.,
2016a; Bayer and Matschoss, 2016b; Bayer et al., 2016b; Bayer
and Matschoss, 2016c,d; Bayer et al., 2016c; Bayer and Matschoss,
2016e; Marian and Thomas, 2016), since power lines are typically
not affected by ampacity rating restrictions. Another central re-
quirement is voltage stability (e.g. 20 kV ±10%) in daily operation
as defined in the European norm DIN EN 50160 (CENELEC, 2011).
The grid compatibility check includes two extreme scenarios:
maximum possible generation with lowest possible demand and
lowest possible generation with highest possible demand.

The German guidelines for grid planning set additional rules
to simplify the grid planning procedures in order to guarantee
compliance with the ±10% voltage requirement for both LV and
MV in daily operation. The recommendations on how to allo-
cate the ±10% voltage bandwidth for the maximum generation
scenario and the maximum demand scenario are schematically
represented in Fig. 3. For the maximum generation scenario,
which is relevant for the expansion of renewable energy systems,
the guidelines recommend a maximum voltage increase of up to
3% in the LV grid (Forum grid technology of the VDE, 2011) and
of up to 2% in the MV grid (BDEW, 2008). The grid infrastructure
is planned and implemented accordingly. As these are only rec-
ommendations, DSOs can implement customized grid planning
rules to make better use of the ±10% voltage bandwidth for their
specific conditions. Furthermore, the recommended allocation of
the voltage bandwidth becomes obsolete when voltage-regulated
distribution transformers are installed; they allow voltage devi-
ations to be reset to the desired level. Thus, DSOs have a higher
voltage bandwidth in the LV grid and, when widely used, also a
higher voltage bandwidth in the MV grid.

Another planning and operation principle concerns grid re-
liability in single-contingency scenarios, such as the failure of
one substation or one power line. These events are also known
as ‘‘N minus one’’ scenarios. For MV and higher levels, the grid
must be designed to guarantee security of supply in such single-
contingency events. As established by law (Renewable Energy
Sources Act, 2017), this principle does not apply for renewable
energy systems in order to reduce the costs for grid expansion.
Instead of designing the MV grid to be able to maintain the
normal operation of renewable energy systems during single-
contingency events, DSOs can implement operational procedures
to curtail power from renewable energy systems in such cases.

3. Integrating renewables in the medium-voltage grid

3.1. Background on the interview series

To collect data on innovative measures for integrating re-
newable energy systems in the MV grid, we conducted semi-
structured expert interviews (Crow and Edwards, 2013) with
representative DSOs from Germany. This approach is particularly
suitable, as it is topic-centered, flexible in structure and based
on interactional exchange. In this fashion, relevant information
that is not yet available in the scientific literature is brought into
focus (Rapley, 2005; Meuser and Nagel, 2009; Trinczek, 2009).
First, the interviewees were asked to explain in detail the mea-
sures that had been implemented so far to integrate renewable
energy systems in the MV grid. Additional inquiries were aimed
at specific aspects of the measures and their applicability. Finally,
the interviewed DSOs were asked to assess further measures that
are known from the literature but were not mentioned at the
beginning.
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Fig. 1. Evolution of installed renewable capacity in Germany, based on data in (International Renewable Energy Agency, 2017).

Fig. 2. Installed capacity for biomass, photovoltaics and wind energy per voltage level, calculated for the year 2015 from data in (50 Hertz et al., 2016).

Fig. 3. Recommended allocation of voltage bandwidth, based on (Forum grid technology of the VDE, 2016).

We selected ten large-scale DSOs (Bayer and Marian, 2016;
Bayer and Matschoss, 2016a; Bayer et al., 2016a; Bayer and
Matschoss, 2016b; Bayer et al., 2016b; Bayer and Matschoss,
2016c,d; Bayer et al., 2016c; Bayer and Matschoss, 2016e; Marian
and Thomas, 2016) within Germany’s top 30 in terms of installed
renewable energy capacity (Bayer et al., 2018). They operate a

total circuit length of 676,957 km, which amounts to 38% of
Germany’s distribution grid. Their installed capacity of biomass,
photovoltaic and wind energy represents 44%, 47% and 58% of
the country’s total installed capacity (Bayer et al., 2018). The
interviewed DSOs operate in different parts of Germany, from
north to south, and the structural parameters for their grids
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vary accordingly. For example, the share of wind energy in their
respective renewable energy mixes ranges from just 5% at one
end of the scale to 80% at the other. The share of photovoltaics
varies from 18% to 82%, and of biomass from 4% to 25%.

At least one technical expert represented each DSO (Bayer
and Marian, 2016; Bayer and Matschoss, 2016a; Bayer et al.,
2016a; Bayer and Matschoss, 2016b; Bayer et al., 2016b; Bayer
and Matschoss, 2016c,d; Bayer et al., 2016c; Bayer and Matschoss,
2016e; Marian and Thomas, 2016). In some cases, additional staff
members from other departments attended the interviews. As the
surveyed DSOs decided to remain anonymous for this research
project, we only state the respective job positions of the interview
partners in the References.

Based on the interview series, the following subsections
present the innovative measures for increasing hosting capac-
ity. These innovative measures were introduced to keep grid
expansion to the necessary minimum, that is to say, to avoid
building new power lines. Thus, for the optimization of the MV
grids, DSOs have implemented dynamic voltage control at HV/MV
substations, adapted the grid structure to reduce grid impedance
and improve the distribution of renewables in the grid, applied
the ‘‘N minus zero’’ rule along with advanced procedures for fault
detection and correction, and used the capability of renewable
energy systems to provide reactive power for voltage control
(see Section 3.2). The DSOs have also implemented pioneer-
ing grid expansion measures. They installed voltage regulators,
voltage-regulated distribution transformers, HV/MV substations
exclusively for renewable energy systems, and express feeders
that connect HV/MV substations with generation centers (see
Section 3.3).

3.2. Innovative grid optimization

3.2.1. Dynamic voltage control at HV/MV substations
Transformers at HV/MV substations are equipped with a volt-

age regulator to adapt the voltage ratio between the HV and MV
grid. Previously, DSOs used the voltage regulator only to offset
voltage fluctuations on the HV side and maintain the voltage of
the MV side at a constant level of, for example, 20.6 kV.

Due to the increasing capacity of renewable energy systems
at the MV level, five DSOs mentioned that they have updated
electronics and software of the voltage regulator to adjust the
voltage on the MV side depending on the feed-in of renewables
and the load flow at the substation (Bayer and Marian, 2016;
Bayer and Matschoss, 2016b,c,d; Marian and Thomas, 2016). The
principal aim is to reduce the voltage on the MV side of the
transformer in times of high feed-in. For example, one DSO stated
that the voltage may be set as low as 19.6 kV in times of high
renewable generation (Bayer and Matschoss, 2016c). Likewise, a
larger voltage band can be used for the MV or LV voltage level
than is depicted in Fig. 3.

The DSOs also highlighted the constraints of this concept. For
example, nearby industrial consumers connected at the MV level
might be detrimentally affected by voltage variations (Bayer and
Matschoss, 2016c), which limits the applicability of dynamic con-
trol. Furthermore, the possible voltage reduction also depends on
the geographic distribution of renewable energy systems in the
respective MV grid area (Bayer and Matschoss, 2016d). Neverthe-
less, the implementation of dynamic voltage control is regarded
as one of the most economic measures for increasing the hosting
capacity (Bayer and Matschoss, 2016c,d).

3.2.2. Adapted grid structure
The DSOs highlighted changes in optimization targets for

structuring the grid to account for the expansion of distributed
energy systems. The grid used to be optimized to reduce grid
losses, facilitate fault detection and correction, and provide easier
physical access to switching stations. The increasing share of
integrated renewables and the resulting need for grid expan-
sion led to an additional objective: avoiding the construction of
new power lines or substations. This new goal of minimizing
the grid expansion comes into conflict with the aforementioned
optimization goals.

Measures may need to be taken to reduce grid impedance,
leading to a greater hosting capacity for renewable energy sys-
tems. One example implemented in practice is the closed-loop
operation of MV ring grids (Bayer and Marian, 2016; Bayer and
Matschoss, 2016d), whereby open ring grids with a radial struc-
ture are turned into closed rings. This way, previously indepen-
dent power lines that were supplied by the same local distri-
bution transformer become connected at the switching station,
building a closed loop. This measure, however, complicates fault
detection and recovery, and is controversial among grid operators
as a consequence.

Further measures are aimed at distributing the renewable
energy system more evenly between power lines and HV/MV
substations to better utilize the available grid capacity. To this
end, several DSOs also adapted the grid structure, for instance
by building new switching stations on an MV power line (Bayer
and Matschoss, 2016b; Bayer et al., 2016b; Bayer and Matschoss,
2016d).

3.2.3. Applying the ‘‘N minus zero’’ rule
The DSOs also pointed out the potential of the ‘‘N minus

zero’’ rule to increase the hosting capacity (Bayer and Marian,
2016; Bayer and Matschoss, 2016a). Unlike the ‘‘N minus one’’
scenario, where the grid has backup capacity to sustain the fail-
ure of one grid element, in the ‘‘N minus zero’’ scenario, grid
operators take advantage of the available backup capacity. Ad-
ditional renewable energy systems are then connected to the
grid and generate electricity during normal operation, but can be
disconnected if necessary. For example, some HV/MV substations
are equipped with a second transformer that serves as backup
capacity during contingency events or maintenance breaks, thus
fulfilling the ‘‘N minus one’’ criterion. By the ‘‘N minus zero’’
rule, DSOs can take advantage of this transformer to host more
renewable energy systems in the respective MV grid area during
normal operation. During maintenance work or contingency, the
DSOs need to curtail the output of these additional renewable
energy systems to safeguard grid operations. This measure in-
creases the usable grid capacity but also renders grid operation
more complex. DSOs must implement the corresponding opera-
tion guidelines and protection procedures so that the respective
renewable energy systems are curtailed when needed.

3.2.4. Reactive power control
DSOs also use the reactive power capabilities of renewable

energy systems to ensure voltage quality. As described in Sec-
tion 2.2, the provision of active power leads to a voltage increase
along the power lines. The additional provision of reactive power
can counteract this voltage increase, thereby raising the hosting
capacity of the respective grid areas. In the MV grid, renewable
energy systems are typically required to provide reactive power
according to a fixed characteristic curve. On this curve, the feed-
in reactive power either depends on the current active power
feed-in or the voltage at the connection point (Bayer and Marian,
2016; Bayer and Matschoss, 2016a; Bayer et al., 2016a; Bayer and
Matschoss, 2016b,c,d; Bayer et al., 2016c; Bayer and Matschoss,
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2016e; Marian and Thomas, 2016). More advanced techniques, in
which reactive power provision is controlled automatically by the
DSO’s supervisory control systems, are currently only used at the
HV level of two DSOs (Bayer et al., 2016a,c). One DSO also high-
lighted that reactive power control can also be employed to even
out the reactive power balance in the MV grid, which normally
is provided by generation systems connected at HV level and
above (Bayer and Matschoss, 2016c). For example, wind energy
systems directly connected to an HV/MV substation can be used
to provide reactive power compensation, since they do not face
the same voltage constraints as more remote wind generators.

3.3. Innovative grid expansion

3.3.1. Voltage regulators
To mitigate voltage issues while avoiding conventional grid

expansion through the installation of new power lines, four
DSOs installed voltage regulators (booster transformers) in MV
lines (Bayer and Matschoss, 2016b; Bayer et al., 2016b; Bayer and
Matschoss, 2016e; Marian and Thomas, 2016). This technology
makes it possible to adjust the voltage at a specific point in the
MV line where it is installed. Its mode of operation is compa-
rable to the voltage control at the HV/MV substation with the
restriction that just the voltage of a specific power line segment is
regulated. Two DSOs highlighted that this technology is still being
tested in pilot projects (Bayer et al., 2016b; Bayer and Matschoss,
2016e). The other two DSOs have already passed the pilot phase
and installed a small amount (two-digit number) in specific cases
where voltage regulators turned out to be the least expensive
alternative (Bayer and Matschoss, 2016b; Marian and Thomas,
2016). In their experience, the high cost of the equipment still
hinders a more frequent use.

3.3.2. Voltage-regulated distribution transformers
In recent years, all except one of the DSOs interviewed have

installed voltage-regulated distributions transformers in their
grids (Bayer and Marian, 2016; Bayer and Matschoss, 2016a;
Bayer et al., 2016a; Bayer and Matschoss, 2016b; Bayer et al.,
2016b; Bayer and Matschoss, 2016c,d; Bayer et al., 2016c; Bayer
and Matschoss, 2016e; Marian and Thomas, 2016). The typi-
cal operational purpose has been to control the voltage in LV
grids with a high concentration of photovoltaic systems (Bayer
et al., 2018). There are, however, also application concepts for
the MV grid (see e.g. Forum grid technology of the VDE, 2016;
BMWi, 2015). These concepts aim at using the full ±10% voltage
bandwidth (see Fig. 3) in the MV grid, as the voltage deviations
can be offset thereafter by the voltage-regulated distribution
transformers. The application of this concept is, however, rare
so far. Just two DSOs substituted more than 100 traditional
transformers with voltage-regulated distribution transformers.1
These two DSOs explicitly mentioned that the implementation
of voltage-regulated distribution transformers was also partly
driven by the voltage problems in the MV grid. The other DSOs
installed voltage-regulated distribution transformers even less
frequently, as they only tend to be cost-efficient in specific cases
or are still being tested in pilot projects.

3.3.3. Exclusive substations for renewables
All of the DSOs interviewed said that MV/HV substations had

to be expanded or newly built due to the increased reverse flows
that exceed the transformer’s capacity rating (Bayer and Marian,
2016; Bayer and Matschoss, 2016a; Bayer et al., 2016a; Bayer
and Matschoss, 2016b; Bayer et al., 2016b; Bayer and Matschoss,
2016c,d; Bayer et al., 2016c; Bayer and Matschoss, 2016e; Marian

1 We do not cite the two interview partners to guarantee their anonymity.

and Thomas, 2016). A special case is the construction of substa-
tions exclusively used for the connection of renewable energy
systems. In this case, the DSOs can take advantage of the ‘‘N
minus zero’’ principle and avoid installing backup capacity. In
single-contingency events and during maintenance work at the
substation, the renewable energy systems are simply discon-
nected from the grid. Also, the protection mechanisms in case
of technical faults are less complex and expensive to imple-
ment. Several DSOs said that substations exclusively built for
renewable energy systems were the most cost-effective option in
specific cases (Bayer and Matschoss, 2016a; Bayer et al., 2016a;
Bayer and Matschoss, 2016b; Bayer et al., 2016b,c; Marian and
Thomas, 2016). Two DSOs even have built more than 100 of
these substations (Bayer et al., 2016a,c). According to two DSOs,
this mechanism for grid integration might become economically
interesting if the installed capacity of renewable energy systems
exceeds 10 MW at a specific grid connection point (Bayer and
Matschoss, 2016d; Bayer et al., 2016c).

3.3.4. MV grid with express feeders
Though the MV grids have been expanded to increase the

hosting capacity, the basic grid structure, e.g. ring grids, typi-
cally has been maintained. Nonetheless, three DSOs mentioned
the implementation of ‘‘express feeders’’. These are power lines
with large cross-sections spanning between 500 and 800 mm2

that directly connect the HV/MV substation with the generation
centers of the respective MV grid area (Bayer and Marian, 2016;
Bayer and Matschoss, 2016a; Bayer et al., 2016b). One DSO men-
tioned that the typical length of such a connection is around 3
km; another DSO mentioned that such a power line may be up
to 15 km long (Bayer and Marian, 2016; Bayer and Matschoss,
2016a). Due to the line’s large cross-section, the voltage drop on
this power line is very low and can be regarded as an extension
of the substation’s busbar. As a consequence, the voltage drop
on the power line can be significantly reduced, and the hosting
capacity of the MV grid is increased. This mechanism has proven
to be cost-effective in areas with voltage problems due to a high
deployment of renewable energy systems.

4. Summary and discussion

The experience of the German DSOs showed that several in-
novative measures have proven their practical feasibility for in-
creasing the renewable hosting capacity in the medium-voltage
grid, as summarized in Table 1. In the area of grid optimization,
four innovative measures are used to tackle voltage or ampacity
constraints. These optimization measures include dynamic volt-
age control at the HV/MV substations, reactive power provision
by renewable energy systems, and reducing the grid impedance
by means of ring grids in closed-loop operation. Further op-
timization potential arises from applying the ‘‘N minus zero’’
rule as a planning approach and curtailing renewable energy
systems when the MV grid is not in normal operation. According
to their planning principle, the DSOs first used these measures
to improve the hosting capacity. It is important to highlight
that all optimization measures lead to more complexity in daily
operation. For example, DSOs that take advantage of the ‘‘N minus
zero’’ principle for renewables utilize the full capacity of the grid.
However, the grid then has fewer reserves for potential contin-
gencies and requires targeted interventions during contingencies
or maintenance work.

Due to the continuous expansion of renewable energy sys-
tems and the limited potential of grid optimization measures,
the DSOs implemented additional measures for grid expansion.
Among the state-of-the-art measures is the installation of intelli-
gent grid equipment such as voltage regulators for single MV lines
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Table 1
Measures for MV grid integration.
Source: Own compilation based on Bayer and Marian (2016), Bayer and Matschoss (2016a), Bayer et al. (2016a), Bayer and Matschoss (2016b), Bayer et al. (2016b),
Bayer and Matschoss (2016c,d), Bayer et al. (2016c), Bayer and Matschoss (2016e), Marian and Thomas (2016).
Measures Voltage constraints Ampacity constraints Brief assessment

Innovative grid optimization
Dynamic voltage control ×

Initial measures for increasing hosting capacityAdapted grid structure ×

Applying the ‘‘N minus zero’’ rule ×

Reactive power control ×

Innovative grid expansion
Voltage regulators × Deployment frequency is still low and limited to specific casesVoltage-regulated distribution transformers ×

Exclusive substations for renewables × × Deployed in areas with very high number of renewablesExpress feeders ×

and voltage-regulated distribution transformers. Despite having
successfully passed field tests and being proven assets for grid
integration, their present deployment is still limited to specific
cases, since conventional grid expansion measures are usually
more cost-effective. Here it is worth mentioning that the cur-
rent incentive scheme regulating the revenues of German DSOs
poses a financial disadvantage for these innovative measures,
as they tend to have higher operating costs than conventional
grid expansion (Matschoss et al., 2019). However, this is rather
a subordinate reason for the low deployment.

In the area of grid expansion, the DSOs mentioned two further
measures. These entail exclusive HV/MV substations for renew-
able energy systems that do not need to fulfill the ‘‘N minus one’’
criteria, and the installation of express feeders in the MV grid
to connect the generation centers with the HV/MV substations.
These two measures have proven to be the most cost-effective in
areas of the MV grid with a very high share of renewable energy
systems.

The existing literature on the measures for increasing the
hosting capacity describes additional pioneering measures as an
alternative to conventional grid expansion, such as: the active
curtailment of renewable energy systems during peak genera-
tion periods (Collins and Ward, 2015), the installation of grid-
supporting electricity storage systems (Resch et al., 2017) and
grid-supporting demand response (Spiliotis et al., 2016). These
measures have not yet been adopted by German DSOs though.
Some articles cite regulatory obstacles as a reason (Mateo et al.,
2017; Resch et al., 2017). In the case of electricity storage systems,
the DSOs acknowledged the obstacles but highlighted that the
cost of storage systems is the primary reason for not imple-
menting them (Bayer and Matschoss, 2016d; Bayer et al., 2016c).
This situation might, however, change as these technologies are
further developed. In the case of active curtailment of renewable
energy systems, the German regulators passed a law in 2016
allowing curtailment of renewable energy systems to avoid or
reduce grid expansion. According to the DSOs, this measure will
be first implemented in the HV grid, but it is possible that it will
be implemented in the MV grid thereafter (Bayer and Matschoss,
2016d).

This analysis also shows that there are several similarities
and overlaps with measures for increasing the hosting capacity
in the LV grid as presented in Bayer et al. (2018). For instance,
measures like reactive power control, optimized grid structure,
and voltage regulators exist in different forms for both voltage
levels. Moreover, measures such as dynamic voltage control and
voltage regulated distribution transformers help guarantee volt-
age compliance both in the LV and MV grid. Furthermore, it is
noteworthy that the deployment frequency of grid elements like
voltage regulators is low for both LV and MV grids and that
pioneering measures like grid-supporting electricity storage sys-
tems and grid-supporting demand response have not yet reached
practical relevance for either grid level.

5. Conclusions

German DSOs have gathered substantial experience in the
field of integrating distributed renewable energy systems in the
medium-voltage grid. To gain information about innovative mea-
sures that have proven to be cost-efficient, we conducted and
evaluated interviews with leading large-scale DSOs from through-
out Germany.

The German experience shows that the grid offers several
initial optimization techniques such as dynamic voltage control at
the HV/MV substations, in order to increase the hosting capacity.
Consequently, as no grid expansion is required, the integration
costs at the very beginning are limited and do not constitute a
significant financial burden. On the other hand, the complexity
of grid management increases in daily operation.

Once the potential of grid optimization is exhausted, vari-
ous pioneering measures such as express feeders have proven
to be cost-efficient when high numbers of renewable energy
systems are installed in confined areas. Further options, for in-
stance voltage-regulated distribution transformers, were success-
fully tested within pilot projects, but deployment is still rare.
Alternative measures discussed in literature like grid-supporting
electricity storage systems have not yet been implemented due
to their present cost–benefit ratio.

These findings should also prove relevant for a growing num-
ber of countries planning to expand renewable energy generation
with distributed systems, as DSOs worldwide are looking for
proven solutions to increase the hosting capacity while keeping
the additional grid assets and costs to a minimum.
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