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Summary: harnessing flexibility can
overcome VRE grid challenges
Distributed generation plays an increasingly important
role in the energy transition. With Germany aiming at a
renewable energy share in its net electricity consumption
of 80% by 2030, up from 45% in 2021, small-scale
renewable energy sources connected to the distribution
grid must contribute a larger share of national energy
output alongside large-scale sources such as onshore and
offshore wind.
So far, most of Germany’s distributed generation consists
of solar PV installations, both rooftop and small-scale
ground-mounted installations. Other small-scale
technologies include biomass, biogas, and small-scale
hydro generation. By 2021, Germany had 2 million
rooftop solar PV installations, approximately 15% of the
country’s total solar PV capacity.
Though solar helps reduce carbon emissions by replacing
electricity from fossil fuels, its variable output creates
technical challenges for the distribution grid, most
notably thermal overloads of network devices, violation of
voltage limits, backfeed issues, and phase imbalances.
Fluctuating feed-in of renewable energy can lead to
general generation adequacy and stability problems on
the system level, especially as Germany phases out more
conventional generation that can provide firm capacity
and ancillary services.
Flexibility measures are the key to solving these
distribution network problems and enabling distributed
energy to play a full role in replacing conventional plants
in the system. For the distribution grid, flexibility refers to
the increased use of electricity storage, mostly batteries,
and demand side management (DSM).
Electricity storage: On the distribution grid level, batteries
are the most relevant technology. Batteries can perform
load shifting, as well as a broad range of grid services,
including balancing power, spinning reserves, and
blackstart capacity. Behind the meter, batteries can
contribute to the increase of self-consumption and the
improvement of power quality for the customer.
DSM: Typical technologies providing DSM on the
distribution grid level are household appliances such as
air conditioning or heat pumps or business appliances
such as cold stores or chemical processes. Metered
customers can use DSM in market appliances to optimize
their electricity procurement strategy and reduce power
bills. Moreover, distribution grid operators can engage in
load control contracts with providers of decentralized
DSM to manage grid congestion and reduce costs for all
customers.
The activation of flexibility entails changes to electricity
sector regulation. In the liberalized EU electricity system,

network operations are unbundled from generation and
trade, and they are subject to regulatory oversight, in
particular for grid investments. The EU and member
states will require further regulatory changes to realize
the potential of storage and DSM:
First, grid regulation must enable smart grid
investment such as grid company communication and
control technologies, which are a prerequisite for the
activation of flexibility. This should include modern smart
meter technologies as well as gateways that enable all
consumers and prosumers to participate in real-time load
control programs enabling the use of flexibility by
network operators, potentially managed by third-party
aggregator companies.
Second, flexibility asset owners need a suitable
framework for the remuneration of flexibility. Ideally,
payment for decentralized flexibility should fully reflect its
value to the system in avoiding grid or generation
investment. This should include the introduction of
flexibility markets or innovative ancillary services that put
load control and batteries at the disposal of the
distribution network operator (DNO). Dynamic grid fees
would incentivize the use of flexibility for congestion
management.
Third, regulators must further encourage aggregation
of decentralized flexibility through market data
transparency and market access. Independent
aggregators can enable decentralized flexibility by
prosumers and small business, for wholesale and
balancing markets. Thus, decentralized flexibility can
contribute to load shifting and system stability.
Germany can offer useful lessons for China even though
the regulatory regimes differ. China has seen a surge in
distributed generation over the past decade, with
distributed solar PV surpassing 100 GW in 2021,
dominated by industrial installations. Industrial
customers are ideal for decentralized flexibility given their
greater sophistication compared to households and
access to energy service companies.
We suggest to accelerate both energy storage and DSM:
grid problems such as the violation of thermal limits of
network devices, voltage, and backfeed issues are likely to
challenge Chinese distribution grids once localities reach
high penetration rates of solar PV. Activating flexibility
offers an opportunity to address these challenges.
Distribution grid operators should use electricity storage
as well as DSM to manage congestion problems. This will
require incentivizing distributed flexibility with
appropriate remuneration.
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1

Distributed generation and decentralized
flexibility in Germany

Renewable energy generation based on wind and solar PV reached 45% of Germany’s electricity
generation in 2021, and will likely surpass 80% by 2030, even as Germany electrifies transport, industry,
and heating. Distributed generation will make a significant contribution. As the installed capacity of
wind and solar PV rises, the system needs flexibility measures to balance variable renewable output. On
the distribution grid level, small-scale electricity storage and DSM can contribute to the stability of the
grid. Due to their increasing importance and value, recent German and EU legislation has focused on
boosting both distributed generation and decentralized flexibility.

example, oil and oil products provide 90% of the energy. 1
Fossil fuels also account for a large share of energy use in
the industry and heating sector. With increasing
electrification via heat pumps, electric vehicles, and
production of hydrogen, along with improved efficiency,
the consumption of fossil fuels will decrease in those
sectors. In consequence, electricity consumption will rise
over the next two decades, even as the variable
renewable share also rises.

The role of renewable energy in the primary energy
consumption of Germany is increasing, reaching 17% in
2020. Renewable energy has gained particular
importance in electricity supply over the past two
decades. In 2021, the renewable share of net power
generation had reached about 45%, up from less than 4%
in 2000.
In contrast, renewables play a minor role in the
consumption sectors today. In the mobility sector for

Figure 1 Share of RE in total primary consumption and electricity generation
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Current gross annual electricity consumption in Germany
is about 500 TWh. According to the 2021 government
coalition agreement, Germany’s electricity load may rise
to 750 TWh in 2030 due to the contribution of
electrification. 2
Meeting a large fraction of this increased electricity
consumption with renewable sources entails a major
expansion of renewable energy installed capacity. As of
2021, Germany had 138 GW of renewable capacity
installed capacity: 64 GW of onshore and offshore wind
power and 59 GW of solar PV. The most common
technologies for PV are rooftop solar systems and open
field solar.
Both wind and solar are variable energy sources, and
their fluctuating feed-in poses challenges to the grid, such
as overload or voltage problems. In contrast,
dispatchable renewable energy sources such as
hydroelectricity or biomass offer lower variability and
easier dispatch without supplementary energy storage.
Yet hydro and biomass have limited growth potential in
Germany. In 2021, biomass and hydroelectricity
contributed around 11% of Germany’s generation, or 65
TWh. Biomass and hydro solutions will not be able to
cover the exit and replacement of conventional sources.
Most future renewable growth will come from variable
wind and solar, necessitating greater focus on flexibility
measures. 34

Figure 2 Installed capacity of PV in Germany by size

Source: Bundesnetzagentur, 2020

1.1

Development of distributed
generation 2000-2022

Much of the renewable expansion of the past was due to
large-scale installations connected to the transmission
grid, which Germany defines as long-distance
transmission at voltages above 220 kV. In a future lowcarbon electricity supply system, more generation will be
decentralized and used where it is produced. Private
households and small businesses already operate
renewable energy generation units, connected to the
distribution network, the low- and medium voltage grid.
Prosumers are a class of distributed energy resource
owners that both consume energy from distributed
resources and feed a portion of output into the grid. The
energy community is a similar concept, where neighbors
nearby directly consume the generated electricity. There
is no universal definition of small-scale PV. In this report,
installations with a capacity of up to 1 MW are considered
small-scale.
Distributed generation already makes up a major part of
total capacity of renewable energy in Germany, most of
which was solar PV. In 2021, Germany had roughly 59 GW
of solar PV, located at roughly 2 million systems, 60% of
which were smaller than 10 kW. 5 In 2019, Germany had
7.1 GW of PV below 10 kW, or almost 15% of the total
installed PV capacity. The capacity of small-scale PV
between 10 and 20 KW was about 4.7 GW in total, or a
further 10% of the total. Open field PV contributes only
small amounts to the installed capacity of small-scale PV. 6

7

To use full the full potential of PV generation, innovative
and integrative technologies such as floating PV or
building-integrated PV will play a bigger role in the future.
Besides solar PV, a variety of other small-scale renewable
energies are connected to the grid on low voltage levels.
These include small-scale hydro, biomass, and biogas. 7
The role of biomass and biogas differs from distributed
PV generation. Biomass is mainly used for flexibility.
Biogas can not only generate electricity, but can also be
fed into the regular gas network for heating. There are
also decentralized generation systems based on fossil
fuels, such as combined-heat-and-power (CHP) systems,
often using methane gas.

1.2

Deployment of storage and DSM in
Germany today

The transition from controllable electricity generation on
high voltage level towards an energy system with variable
generation both on the transmission and distribution grid
level poses new challenges to the grid, especially on the
distribution level. Short-term variation in renewable feedin can cause network issues, such as overload, voltage
problems, phase imbalance, and backfeed issues. These
may compromise the thermal limits of grids. Additionally,
new load patterns arising from increasing electrification,
may cause new demand peaks, which can lead to grid
congestion.
It is critical that prosumers assume a constructive role,
contributing to the efficiency and stability of electricity
supply, and reducing congestion costs or avoiding
unnecessary investments in grid or generation assets.
The key to achieving this role is the activation and
provision of flexibility, investigated in this report. The two
technical flexibility options are demand side management
(DSM) and electricity storage.
DSM can help balance production and demand
fluctuations by switching demand loads on and off, or
regulating loads up or down. DSM used by the
distribution network operator (DNO) can help to stabilize
the grid, either via individual consumers, or via large
numbers of consumers managed through a third-party
aggregator. Depending on the type of device or load, DSM
can relieve peaks in demand, compensate for large infeeds from renewables, and reduce operation costs by
opening new ways in planning of outages and reducing
technical losses on the distribution networks via load
shifting or interruptible loads.
However, Germany still has only limited application of
DSM solutions. Electricity prices for small and regular
The EU has set the goal of climate neutrality by 2050.
Germany has even tightened its goals and strives for
climate neutrality by 2045. These goals necessitate a
major expansion of renewable energy, including
distributed variable renewable energy. On the
governmental level, the EU and Germany have recognized

sized consumers do not yet fully reflect the congestion
and balancing costs of the grid. Aggregator services face
various barriers to market entry. Additionally, many DSM
technologies have only started to enter the market.
Section 4.2 gives a few examples and pilot projects for
illustration.
Decentralized electricity storage can serve as a technical
flexibility tool and provide balancing energy for both
transmission and distribution networks. Electrical storage
can contribute directly to the integration of renewable
energy.
Though many players are exploring innovative energy
storage technologies, in Germany conventional battery
storage is the most popular. Germany’s distributed
energy storage systems have grown exponentially over
the last two years as costs decline and product options
expand. As of 2022, Germany had over 500,000 PVstorage systems installed, with a total storage capacity of
about 4.4 GWh and storage output capacity of about 2.5
GW. 8 These storage systems can contribute significantly
to the integration of distributed electricity by increasing
the proportion of self-consumption and reducing peak
loads and peak solar in-feeds.
Electric vehicle (EV) batteries are an emerging field with
potential to help integrate distributed energy. In 2021,
new EV registrations have increased to 680,000 with a
total capacity of about 22.45 GWh and total output of 31
GW. 9 The government has announced the target of 15
million EVs in Germany by 2030. In the future, EVs will
serve as a flexibility option. Bi-directional charging, which
is still offered on only a few vehicle models, would allow
EVs to serve as an electricity storage device. Private EVs
are parked around 23 hours per day on average, giving
them high potential to provide either grid services or
storage of distributed renewable output. With the
electrification of mobility, electric vehicles will play a more
important role in providing flexibility and integrating
renewable energy.
Using EVs as flexibility tool also poses a challenge for the
grid operator. EV charging, storing, and discharging times
currently lack predictability, especially at the smallest
scales of a household or neighbourhood. The
coordination of the vehicle charging is important to
ensure that EV charging and discharging into the grid
plays a beneficial role in overall system function.

1.3

German and EU policy targets for
decentralized renewable energy and
flexibility

the role of distributed generation and the need for
flexibility options for a successful energy transition. Even
though the EU has not set specific targets for distributed
generation or flexibility options, recent regulations
include incentives and obligations for the installation of
distributed energy systems.
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On EU-level, the Renewable Energy Directive (RED II)
introduced measures as part of the Clean Energy for All
Europeans package. Regarding the expansion of rooftop
solar, RED II includes the obligation for member states to
use public and mixed private-public buildings for
installations that produce energy from renewable
sources. Moreover, RED II forbids discriminatory
measures or conditions for energy communities:
“Member States shall ensure that final customers, in
particular household customers, are entitled to
participate in a renewable energy community while
maintaining their rights or obligations as final customers,
and without being subject to unjustified or discriminatory
conditions or procedures that would prevent their
participation in a renewable energy community, provided
that for private undertakings, their participation does not
constitute their primary commercial or professional
activity.” 10
The legislative package also includes provisions for
flexibility services in the directive on common rules for
the EU’s internal market for electricity and amending the
Electricity Directive:
“Member States shall provide the necessary regulatory
framework to allow and provide incentives to distribution
system operators to procure flexibility services, including
congestion management in their areas, in order to
improve efficiencies in the operation and development of
the distribution system. In particular, the regulatory
framework shall ensure that distribution system
operators are able to procure such services from
providers of distributed generation, demand response or
energy storage and shall promote the uptake of energy
efficiency measures, where such services cost-effectively
alleviate the need to upgrade or replace electricity
capacity and support the efficient and secure operation
of the distribution system.” 11

Though Germany has yet to fully implement the EU
measures, the new government has published new goals
for the electricity generation sector, setting targets for
80% renewable energy by 2030 and climate neutrality as
soon as coal capacity is fully retired, by 2038 or ideally by
2030. Distributed generation and flexibility will play an
important role in this carbon-neutral electricity system.
The coalition agreement of the new government
announces plans to improve regulations for energy
communities and distributed generation and introduce
new mandates. These include the obligation to install
rooftop solar on new buildings. The amendment of the
renewable energy law sets new expansion targets for
solar PV, and contains improvements of regulations for
energy sharing. The coalition agreement also mentions
instruments designed to improve storage and load
management, though it does not outline specific
measures:
“In order to incentivize the rapid expansion of generation
capacity, we will evaluate existing instruments and
examine competitive and technology-neutral capacity
mechanisms and flexibilities. These include renewable
energy, highly efficient gas-fired power plants with
combined heat and power generation as part of the
corresponding further development of the law, an
innovation program, storage, energy efficiency measures,
and load management.” 12
Thus, Germany is currently scaling up distributed
renewable energy, energy storage, and electric vehicles
while policy makers are at the early stage of exploring
regulatory options to ensure distributed energy plays a
larger role in the energy system. As the following chapter
will discuss, this poses challenges for the grid, and
requires additional policies to support flexibility.
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2 Technical challenges of electricity systems
with high share of variable renewables
A high share of variable renewable energy in the energy mix leads to considerable challenges in
electricity systems, in particular for distributed renewable energy connected to the distribution
network. Challenges include the potential violation of thermal limits of network devices during periods
of high feed-in as well as voltage problems and back-feed issues. Distribution network operators in
Germany and other countries have assumed new responsibilities to tackle these problems. On the
system level, high shares of renewable energy feed-in also contribute to the need for network
expansion. The system also needs new sources of ancillary services as conventional power generation
assets phase out.

Existing electricity systems are designed to accommodate
20th-century power systems based on one-directional
power flows from conventional, centralized, large-scale
electricity production facilities to end consumers.
Transmission grid operators focused on preventing
failures at large generation plants or transmission lines,
while distribution grid operators focused on planning and
operating local grids to accommodate peak loads.
In the 21st century, the grid faces new challenges,
especially the need to integrate high shares of central and
decentralized variable renewable energy sources and
electrification of heating, mobility, and industry. Ensuring
reliability, stability, and safe operation of electricity

systems requires new ways of thinking to adapt to and
overcome these challenges.

2.1

Challenges in distribution grids

Growing shares of variable renewable energy (VRE) can
pose challenges to the grid, especially at the distribution
grid level. Residual load, defined as electricity
consumption minus VRE generation, can decrease to
almost zero and then increase significantly within a short
period of either days or hours, as shown in the figure
below. 13 In the case of solar PV, at the distribution level
spikes in output can occur within seconds.

Figure 3 Flexibility requirements with high shares of RE – example load curves for two weeks during the winter in
Germany
Load

Source: Agora Energiewende, June 2022

Residual load 40% RES
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On the consumer side, further electrification of end-use
devices can cause temporary spikes of grid power
demand and thus put pressure on the grid. 14 The
distribution grid can face several technical issues posing a
threat to supply reliability, stability, and safe operation.
When unexpected power flows exceed the operational
limits for power system equipment or violate voltage
thresholds, serious damage or outages can occur. 15
The first issue relates to a thermal overload via heating
because of power in the network exceeding the power
ratings of the system components. 16 The issue can affect
grid cables or transformers, which are one of the most
expensive components of the power system. Any severe
overloading can cause damage or an outage if the grid
operator does not or cannot respond immediately.
The second issue relates to changes in voltage, which
could lead to a situation of voltage disturbance or even a
voltage violation. Voltage disturbances can occur as longterm and short-term voltage variations, voltage flickers,
and harmonic distortions. During a voltage violation, the
system encounters voltage outside of the standard range
specified by the regulatory authorities. Disturbances can
lead to wear and tear in customer electrical appliances
and grid equipment.
The third issue is backfeed problems. Backfeed is defined
as power flows contrary to system design. Bidirectional
power flows created by distributed generators can cause
local voltage issues. In distribution grids not designed for
bidirectional power flows, consumer-owned distributed
PV systems could result in damage to the distribution
system from backfeed. 17
Over time, growing distributed energy in-feed will
increase congestion in the distribution grid, and require
active management, costly redispatch, and new grid
investments. 18

Today, on the operational side, the distribution network
operator (DNO) can use load shedding and curtailment of
VRE to solve network congestion problems, albeit with a
cost to increased generation to replace the curtailed
renewable output. Extending and expanding the
conventional distribution grid can also accommodate
increasing VRE in-feed.
Decentralized flexibility can help reduce or avoid the
major costs associated with the challenges described
above. The future electricity market will require adjusting
traditional distribution grid planning and operation and
therefore requires DNOs play new roles. DNOs effectively
become distribution system operators (DSOs). Both load
shedding and VRE curtailment should remain an
exception, and investments in expanding the
conventional grid should be avoided if less costly
alternatives are available.
DSOs could deepen their role as active system operators,
in addition to their role as network operators. 19 For
instance, they could procure flexibility services from their
network users, provide reactive power support to
transmission system operators (TSO), by carrying out
management of local congestion and non-frequency
ancillary services such as voltage control, while TSOs take
responsibility solely for frequency ancillary services. 20
Furthermore, a DSO can still engage in load shedding and
curtailment of VRE. However, the DSO should apply the
measure as a last resort, because it will inevitably lead to
a distortion of the delivery foreseen under the wholesale
market outcomes.
In any case, an appropriate regulatory framework is a
prerequisite. The following figure compares the DNO role
in traditional power system and a DSO within a system
dominated by distributed renewables.
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Figure 4 The new roles of the distribution system operators

Source: International Renewable Energy Agency (IRENA), 2019
Challenges on the system level
High shares of decentralized VRE on the local level have
implications not only for the distribution grid but also on
system level. Because their output coincides with that of
central wind and solar plants connected to the highvoltage transmission grid, distributed wind and solar
output aggravates existing congestion problems on the
transmission grid. It means that transmission grid
operations, including cross-border power exchanges, face
new costs.
In Germany, policy makers and TSOs have worked for
years to expand the power grid to reduce grid congestion,
but grid expansion has lagged the expansion of wind and
solar capacity. Germany’s transmission plan aims to
better connect regions with concentrated renewable
sources, especially wind in the North, with regions of load
centers such as the industrial clusters in the middle and
on the south of the country. In 2015, Germany amended
the Law on the Expansion of Power Lines, setting a
regulatory framework for planned high-voltage

transmission lines from Northern to Southern Germany,
namely the SuedLink and SuedOstLink. 21
Even when the new lines begin operation, Germany’s
transmission grid build-out is unlikely to keep pace with
future wind and solar additions. Therefore, transmission
expansion cannot serve the primary solution to ensuring
system stability with high shares of wind and solar. To
solve network congestion on the system level, redispatch
based on flexible capacity—mainly gas-fired plants—
plays an increasingly important role.
The term redispatch refers to the following practice
common in Germany and its EU neighbor countries: If
the evaluation of the schedule (or dispatch) resulting from
market transaction by the TSO shows that bottlenecks are
imminent or that there are short-term overloads, the TSO
orders that the generators change their schedules
(redispatch) to overcome the network congestion. The
affected generators will be remunerated for this service
under an administrative scheme.
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The latest electricity market reforms initiated by the
German federal government have expanded the scope of
assets allowed to offer ancillary services, including
balancing services. The Germany Bundestag enacted the
reforms, known as Electricity Market 2.0, including a
measure to promote the energy transition in the
electricity sector. The government’s aim was to
strengthen competition between generation, demand,
and storage while improving the incentives for flexibility.
Germany also introduced safeguard mechanisms,
including the network reserve and capacity reserve.
These reserves refer to additional capacity outside the
market available to the TSO when or if the wholesale or
control energy markets are unable to supply sufficient
electricity to meet the entire demand.

Prior to 2022, most observers did not expect Germany to
activate the capacity reserve. However, Europe’s gas
supply crisis necessitated its activation to replace gas
generation and save scarce fuel supplies for the heating
sector.
Although available flexibility in the German electricity
system is sufficient to guarantee system stability today,
preserving system stability will become challenging in the
mid- to long-term future due to the decreasing capacity of
flexible conventional generation assets resulting from the
planned phase out of nuclear and coal power. Therefore,
the current government has announced plans for further
electricity market reform to make more flexibility sources
available. The reforms will likely give more weight to the
role of decentralized flexibility assets such as DSM and
batteries.
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3 Flexibility for grid integration of
distributed renewables
For two decades, electricity grid operators in the Germany and elsewhere have learned how to cope
with the increasing share of variable renewable energy in the energy mix. While the basic setup of
regulation and grid management in the liberalized market system provided a workable framework in
the early stage of renewable expansion, higher shares of renewable energy will increasingly entail
fundamental regulatory changes. These involve smart grid technologies and the activation of flexibility:
With smart grid technologies, DNOs can use of storage and load control to manage congestion and avoid
costly investments, for the benefit of all customers.

3.1

Flexibility as a remedy for problems
on the distribution and system level

A combination of conventional and smart grid solutions
can help address the challenges of integrating distributed
and central renewables such as wind and solar.
Conventional solutions include the construction of new
infrastructure such as transmission lines and
transformers, extension of existing infrastructure via
additional cables and replacement of transformers, and
optimizing geographic allocation of VRE additions based
on available network capacity.
Smart grid solutions build on the use of flexibility in the
system. These allow for improvements of the operational
efficiency of the grid, management of VRE feed-in, and
load controls. Based on information and control software,
the grid operator can forecast and detect network
congestion problems, including the violation of thermal
limits, backfeed issues, and voltage problems. The grid
operator can then activate technical remedies in the
system.
As mentioned previously, there are two major flexibility
technology options: storage and DSM. Electricity storage
today can be provided by pumped hydro and batteries,
and in the future by hydrogen. Demand side
management (DSM) is provided today by appliances in
industry and prospectively by small businesses and
households.
A prerequisite for the use of flexibility by the network
operator is the availability of smart grid technologies.
Enabling and undertaking the investments into these
technologies are key challenges of the energy transition
in Germany and Europe. Currently, both the European
Commission and the German grid regulator (BNetzA) are
developing regulatory mandates and with the aim of
enhancing the smart grid capabilities of EU and German
networks.

The use of flexibility provided by storage and DR requires
information, communication, and control technology in
the grid, available to the grid operator, commonly called
smart grid technologies. Smart grid technology includes
the following basic elements:





Communication such as mobile communications
networks
Smart meters enabling bi-directional communication
Communication software regulating data exchange
between devices and systems
Control elements in all DSM devices

Only with smart grid technology integrated into the
power system at all levels can decentralized flexibility play
a full role in integrating decentralized renewables. In
addition, smart grid technology has benefits for
developing more functional and transparent electric
power markets and enabling customers to monitor and
reduce their own consumption and shift consumption to
periods when more clean energy is available.

3.2

Flexibility in the distribution grid

Europe’s electricity industry operates within a
decentralized, liberalized market paradigm, governed by
several EU directives and regulations. This paradigm
mandates competitive markets for the generation and
trade of electricity, while transmission and distribution
remain regulated under administrative entities that
control transmission and distribution tariffs. Generation
and electricity trading are legally separated from
transmission and distribution, a separation known as
unbundling.
Unbundling has consequences for the use of flexibility:
Network operators face strict limitations on the
ownership and operation of electricity storage and the
use of demand response. Since grid operators, including
both TSOs and DSOs, cannot buy or sell electricity, this
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means they cannot fully operate a battery in the system,
such as for load shifting or storing solar PV generation
exceeding the load at a given point in time. Instead,
network operators procure ancillary services and
reserves from market participants to ensure network
stability, which is the legal duty of TSOs and DSOs.
Moreover, grid operators are allowed to technically
intervene and control feed-in and feed-out into the grid in
an emergency, provided all other options have been
exhausted.

grids are designed to distribute electricity to consumers
connected on lower voltage levels.

Germany has a well-developed ancillary services market.
TSOs have a set of established competitive procurement
procedures for several standard situations the grid may
encounter. The most important instruments are
balancing services, which encompass primary, secondary,
and tertiary control reserves. Control reserves are
distinguished by their activation times and availability.
These are required to guarantee frequency stability in
cases where market participants connected to the grid
deviate from their scheduled grid use, thus endangering
network stability. Other ancillary services on the system
level include spinning reserves, voltage support, and
black-start capacity.

Increasingly, DSOs must actively manage load and feed-in
to stabilize the grid. Existing smart grid technologies, such
as control devices for renewable energy installations are
mandatory in Germany today. The introduction of smart
meters in prosumer households will expand these
possibilities.

TSOs have several ways to monitor and manage their
networks, in line with the needs of the traditional
electricity supply model where generation assets are
connected on the transmission grid level and distribution

Today, thousands of small, distributed generation
installations are connected to Germany’s distribution grid,
which changes the role of the grid operator. As explained
before, the operator of distribution network should in the
future be called distribution system operator (DSO), a
term that seems better suited for the role needed in
today’s distribution grid.

Apart from the technological upgrades needed for the
operation of a smart grid, the system needs a new
regulatory framework to enable the distribution system
operator to legally procure and use flexibility in the
distribution grid. Several different models are under
discussion or being piloted today, and these models differ
in several respects. For example, different models feature
different scopes and timing of DSO control of distributed
generation or storage assets, and different remuneration
schemes.

Figure 5 Alternative governance models for flexibility use

Source: Dena, 2022
Under administrative remuneration, a regulation defines
the scope of flexibility and the regulator sets the
applicable tariff for those providing flexibility. The scope
of flexibility use can vary. At one extreme, under
emergency conditions, the network operator may exert
full control over the available flexibility such as storage
and DSM. Another administrative scheme involves a
quota system that limits the DSO’s control rights to

certain periods and capacity, such as 20% of a
participant’s battery storage capacity.
Competitive procurement of flexibility is an alternative
where the DSO defines the specific scope of the required
flexibility—such as an ancillary service—and sets up a
tender with technical pre-qualifications. Both storage and
DSM operators can then bid and sell their technical
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capability. There are different approaches with respect to
the frequency and duration of the procurement: Under
mid- to long-term contracts, the DSO purchases welldefined control rights of a flexibility asset for several
weeks or months. In contrast, in a short-term flexibility
market, flexibility is traded on platform with daily
auctions.

Customer-sited batteries deployed purely for selfconsumption can lead to irregular and unpredictable infeeds, such as when a household has no electricity load
on certain days or hours. In addition, distributed energy
owners have barely begun to participate in demand
response programs, partly due to the lack of a standard
payment framework from the DSOs.

German legislation today allows for some versions of the
former model: Under the Energy Market Law, specific
contracts between the DNO and energy users allow for
individual, flexible grid fees to remunerate the provision
of flexibility. The latter model, a flexibility market
platform, has been intensely studied in the German
federal government’s SINTEG research program, that
included both theoretical studies and pilot projects
investigating different forms of flexibility markets. As of
today, however, the German legislature has yet to
introduce the legal framework for such anonymous
platforms for the trading of flexibility, due to ongoing
debate over the potential market abuse by rogue players
in these platforms.

In addition, Germany’s aggregator market is still in its
infancy, even compared to neighboring countries such as
France and Belgium. The term aggregator refers to a
market role that engages in a contractual relationship
with small providers of flexibility to harness their
potential in the submarkets of the electricity system,
sharing the gains of trade. Direct participation in
wholesale and ancillary service markets is unrealistic for
small consumers. The transaction cost, including time
spent learning about and managing the energy flows
from small systems, by far outweighs potential gains.

3.3

Aggregation of decentralized
flexibility

Because of the low compensation for feeding residential
solar PV output into the grid, German households with PV
have increasingly installed home batteries to raise the
proportion of self-consumption. While this has some
advantages from the grid’s perspective, it is not ideal.

By bundling the potential of hundreds or thousands of
prosumers with batteries and small businesses with DR
potential, the aggregator enables their participation in
electricity wholesale and ancillary service markets, in
exchange for a flat or variable payment for participation.
In principle, an energy supplier or market participant with
many customers can fulfill this role.
Given the sluggish progress on aggregators, the EU in
2019 decided to establish the role of an independent
aggregator.

Figure 6 Alternative models for aggregation of demand response

Source: Dena, 2022
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Directive 2019/944 defines the role of aggregators. Article
17 clarifies that aggregator can enter the market without
consent from other market participants, aggregators
cannot be required to pay compensation to suppliers or
generators, and that grid and market operators must
provide aggregators access to the required network data.
This provision aims at avoiding obstruction by energy
suppliers that might prefer to avoid allowing their
consumers to participate in aggregation contracts.
However, the directive also requires aggregators to notify
suppliers about the aggregation arrangement so that the
supplier can ensure reliable electricity delivery. The
independent aggregator must also assume balancing
responsibility, just like other market participants, to avoid

dangers to system stability. These could result from
unforeseen or uncoordinated activation of load controls
that could cause distortions in the load forecast given to
other market participants.
NEMO.spot, a German startup, is an example of an
independent aggregator making decentralized flexibility
available to the market. 22 The platform engages with
prosumers and suppliers offering of flexibility, and with
network operators for the use of flexibility. In this way, all
parties can adjust their planning and operation
accordingly and flexibility contributes positively to
network stability.

17

4 The use of decentralized flexibility in
German distribution networks
In principle, decentralized flexibility tools offer a variety of services to the grid. The use and advantages
differ depending on the technology deployed. Today, Germany has an increasing number of flexibility
assets, including batteries and DSM, but lacks a comprehensive market framework for flexibility.
Instead, electricity storage and DSM have separate rules. Electricity storage faces some regulatory
hurdles before it can play a full role—issues the new German government plans to address. As for DSM,
grid operators have various direct load control methods, and there are some new market entrants into
the DSM space, but deployment is low.

4.1

User-sited battery electricity storage

battery capacity to absorb all output from the solar
system. On the sunniest days, if the prosumer charges an
under-sized battery until it is full, and if solar production
continues once the battery has been filled, this results in
a sudden increase in feed-in. In the summer, this could
have an especially detrimental effect given that most
solar PV installations in a given region are likely to reach
their peak output at a similar time.

User-sited batteries have two operational methods that
have different advantages and disadvantages for the
customer and the power system. Batteries can either
operate in the electricity market—for the German case,
typically by maximizing self-consumption—or they can
provide grid support. The two modes of operation may
very well be inconsistent or even mutually exclusive, as
price signals do not reflect the current situation of the
distribution or transmissions grids.

In contrast, if users have an incentive to operate batteries
in a peak-shaving mode, this avoids any sudden spikes in
feed-in when the battery is full, and reduces the
maximum feed-in. This not only alleviates immediate grid
problems, but can reduce the overall need for grid
upgrades when scaled up across many prosumers within
the region.

The figures on the following page highlight the problem.
A battery owned and operated by a prosumer will
typically be used to increase self-consumption from a
solar PV installation. Most consumers have insufficient

Figure 7 Prosumer battery used for increase of self-consumption
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Figure 8 Grid-friendly use of prosumer battery
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This example shows that the technical availability of
storage in the system does not itself resolve grid
congestion, and may even exacerbate them. Regulatory

and market incentives can incentivize or mandate gridfriendly battery operation.

Example: Prosumer hydrogen station

LAVO introduced integrated hybrid hydrogen batteries which combine rooftop solar and green hydrogen. The fuel cell is
used to cover energy stored in the hydrogen back into electrical energy. The storage is able to cover an average
household for two days.
4.1.1

Storage technologies and services

A variety of conventional electricity storage technologies
is available on the market, include conventional
technologies such as pumped hydro storage and battery
storage. Each storage technology has its unique
advantages and disadvantages. The most common type
of small-scale electricity storage are batteries, which
typically offer storage for seconds up to days.

Conventional batteries include lithium ion batteries,
redox flow batteries, lead-acid batteries, and sodiumsulfur batteries. Those types of batteries are
commercially available. redox flow batteries, lead-acid
batteries, and sodium-sulfur batteries. These types of
batteries are commercially available today. Batteries offer
high round-trip efficiency but partly have the
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disadvantage of security risks due to high operating
temperatures.
Double-layer capacitors are another type of conventional,
commercially-available, and widely used electricity
storage technology. When the capacitor is charged, a
positive charge forms on one plate and a negative charge
on the other, creating an electric field. Double-layer
capacitors are an example of micro-storage, applicable
for seconds and minutes. They offer high stability and
performance, fast charging and discharging, as well as a
long operational lifetime.

offers a long lifetime and is commercially available for
residential applications. Hydrogen offers lower round-trip
efficiency, but longer storage times.
Depending on its type, electricity storage can offer a
range of services to the grid, including ancillary services,
distribution infrastructure services, bulk energy services,
customer energy management services, and off-grid
services like in solar home systems and mini-grids. Some
of those directly serve the integration of variable
renewable energy. Technically, batteries are available
today, their deployment varies depending on cost and
regulatory considerations.

Small-scale hydrogen storage is an innovative storage
solution, which is also applicable on decentralized level. It

Type

Scale

Battery

Size ranges from microstorage up to mid-scale
storage (<100 kW-100 MW)

Applicable for seconds,
minutes, hours, and days

Bulk energy services,
Ancillary services (via aggregation),
Distribution infrastructure services,
Customer energy management services,
Off-grid

Flywheel

Small scale storage (1-10MW)

Applicable for seconds /
minutes

Distribution infrastructure services,
Customer energy management services,
Ancillary services (via aggregation)

Capacitor

Table 1 Overview over services provided by batteries

Micro-storage (<100kW)

Applicable for seconds /
minutes

Distribution infrastructure services,
Customer energy management services

4.1.2

Application time

Regulatory issues

Electricity storage currently faces several regulatory
issues affecting their profitability. Solving these issues will
require a combination of incremental regulatory
improvements and new, comprehensive regulatory
frameworks, as discussed in section 3.
Network tariffs: After years of debate, Germany recently
exempted electricity storage from network tariffs for
charging if the electricity is fed back into the grid. A
broader discussion focusses on how to incentivize gridfriendly deployment of storage with dynamic network
tariffs.
Storage sited with utility-scale wind and solar: When
storage is combination with a variable renewable energy
installation, another regulatory issue arises concerning
payment of tariffs. If the storage is located behind the
meter, and the renewable output not separately metered,

Service provided

the battery must charge with renewable energy only. If
storage were charged with electricity from the public grid,
it is no longer defined as a renewable producer, and
would lose any title to renewable supports such as
renewable feed-in tariffs, renewable PPAs, or renewable
guarantee of origin (GO). In other words, generation-sited
storage cannot offer flexibility support to the grid without
the installation losing economic benefits. This acts as a
disincentive for offering flexibility to the DSO or to TSO
even when it would be readily available at low cost, such
as providing ancillary services. In turn, this also acts as a
disincentive for combining renewable generation with
storage.
Prosumer batteries: As explained in the introduction of
this section, prosumers that own electricity storage
typically seek to maximize self-consumption. Under netbilling schemes, excess electricity production is fed into
the grid, for which prosumers receive only modest
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payments far below their own electricity supply tariff.
Given Germany’s high residential and commercial
electricity prices, prosumers can pay back storage
investments in a few years by saving on electricity
purchases from their supplier. However, the disconnect
between high power prices and low payment for feed-in
to the grid effectively deters prosumers from offering
flexibility and leads to the problem described in the
beginning of this section. Clearly, regulatory incentives
are required to encourage aggregation or remuneration
by the DSO. Today, some restrictions to feed-in are
included in legislation. Additionally, Germany has a public
support program (KfW-Förderprogramm) which covers
part of the investment cost of battery storage for
prosumers with PV, and this program limits grid
connection capacity to 50% of the peak capacity of the
solar PV installation.
A more sophisticated regulation could enhance the
usefulness of batteries for the grid. In the absence of a
comprehensive flexibility market, these could include
dynamic network tariffs or individual contracts between
the DNO and the prosumer.

4.2

Demand side management (DSM)

Deployment of demand side management in Germany
and in Europe has steadily gained attention in recent
years. While European countries have already several
DSM measures and are developing and piloting others,
DSM makes a only minor contribution to load flexibility
today.
Growth in DSM deployment will entail various technical,
market, and regulatory conditions that future electricity
market reform should provide. At a local level, for an
energy system connected to a distribution electricity grid,
DSM measures utilisation is in an early stage of
development and has significant untapped potential.
Future flexibility markets could offer an efficient way to
utilise this potential.
This section gives and overview of technology options,
use cases, regulatory issues and practical examples of
DSM deployment with a focus on local distribution grids.

Figure 9 Grid and Market applications for DSM

Source: Dena, 2018
DSM offers benefits both from a grid and a market
perspective. DSM measures can help to stabilize the grid
and reduce operational and investment costs for the grid
operator. DSM can also help consumers optimize their
consumption behaviour and achieve financial benefits.
DSM measures include different ways of active or
automated electric load management, either in response
to an external price signal or under a contractually agreed

load-control signal. 23 For both cases, DSM can involve a
single consumer, an energy community, or a large
number of consumers aggregated by a third party.
Some industrial consumers or larger commercial
consumers may have sufficient incentive and
sophistication to participate in DSM on their own. For
smaller consumers, aggregation makes more sense.
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Table 2 Application areas and end use sectors suited for DSM (own representation based on dena 2021 24 and Ffe
2021 25)

Paper

Service and
Trade
Air-condition

Chemicals

Air pressure / pumps / ventilation

Washing machine / dryer

Metal

Process cooling: cooling / fridges

Air-conditioner

Stone / Soil

Process heating: heating / hot water /
oven

Hot water (electric)

Glass

Heating

Circulation heat pump (heat)

Machine construction

Data centres

Electric vehicle charging

Industry

Domestic appliance
Freezer / fridge

DSM Platform - Airport Stuttgart: a pilot project of the airport operator

CONCEPT: a research project DSM real-time data platform BW for an integrated energy system solution for Stuttgart
Airport. It aims to reduce peak loads and additionally market generation capacity as balancing energy to ensure the
stability of the power grid. The project includes a block heating station, emergency power generator and Interruptable
loads (cooling system and ventilation system). Interruptible loads are monetised by selling a control power by the virtual
power plant from a distribution system operator. The project is a part of a larger research platform in which dena
participates: Demand Side Management in Baden-Württemberg (more info: https://www.dena.de/en/topicsprojects/projects/energy-systems/demand-side-management-in-baden-wuerttemberg/)
HIGHLIGHT: Reducing cost of the airport energy operation and enhancing security of supply.

For many years, DSO load-control agreements have
allowed small consumers in Germany to contract with the
DSO to remotely manage the electricity consumption of
one or more of the customer’s electrical devices, in
exchange for a discount on grid charges. Data on load
control agreements in 2021 show that around 83% of
DSOs in Germany are using this DSM instrument to
manage 1.8 million end-user devices. In exchange, DSOs
have granted participants an average 57% reduction in
the grid charges. 26 Night heaters account for two-third of
load-control agreements, followed by heat pumps. To
date, DSOs have not widely applied load-control
agreements to EV charging, customer-sited energy

storage, air conditioning, or other large devices. Standalone home cooling is uncommon in Germany today,
though this will likely shift as a result of climate change
and wider heat pump adoption.
As for the home battery storage market, where
consumers typically pair batteries with solar PV for selfconsumption, the absence of aggregation or market
incentives has prevented participation in load-control
services. This contrasts with other countries, where
utilities have offered incentives for purchase of home
batteries in exchange for load-control.
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Figure 10 Application of load control agreements by DSOs in Germany in 2021 by shares of small consumer devices
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Source: adjusted from BNetzA 2021
Appropriate load-control technology is a prerequisite for
load control. In Germany, such technologies include
simple timer switches with a programmable time pattern
for load control, ripple control for carrying out load
control through one-directional communication via grid
or telecontrol, and more sophisticated bi-directional
communication for load control via telecommunication
networks. In case the of night heaters and heat pumps,
on average 60% of load control employs ripple control
technology, one third through timer-switch solution, while
just 1% uses more advance bi-directional technology

Apart from load control, more advanced DSM solutions
are being tested on a local level. Several pilot project are
underway, and they have already demonstrated technical
and commercial viability. Application areas and use cases
include integrated energy system solutions for
consumers optimizing their energy consumption and
production (such as for an airport or residential
neighborhood) as well as intelligent charging and grid
integration of electric cars and their batteries.
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Vehicle2Grid: a pilot project of the technology company Mobility House
CONCEPT: an intelligent charging and grid integration of electric cars and their batteries enables vehicle owners to make
economic savings on electricity costs (see the infographic of the concept below). Furthermore, vehicles can become
providers of primary control power and help to stabilise the power grid. Technical part of the solution is a bidirectional
charging capacity and a smart charging software that adjusts the charging plan of the vehicle according to price signals.
HIGHLIGHTS: electricity costs of the participating vehicles in a pilot project were approximately halved. In another pilot
project it was demonstrated how V2G solution can contribute to stabilize the power grid and owners can benefit
financially as part of the energy market. The project promotor has been granted a support for R&D of a smart charging
technology in the framework of EU research and innovation programme Horizon 2020
(https://www.mobilityhouse.com/int_en/magazine/press-releases/eib-finances-the-mobility-house-under-innovfinprogram.html).
CHALLENGES: It is essential to implement the second edition of the ISO standard 15118 (regulating communication
between the charging station and the charging management device in the vehicle). In addition, the government should
eliminate double taxation for the storage of renewable energy and simplify regulatory requirements for connections.

NPM V2G factsheet: https://www.plattform-zukunft-mobilitaet.de/wp-content/uploads/2020/10/201012_NPM_AG5_V2G_final.pdf Q:
https://www.mobilityhouse.com/int_en/magazine/press-releases/vda-v2g-vision.html

WindNODE - ENERGY COMMUNITIES:
CONCEPT: testing solutions for aligning generation and consumption of renewable electricity in residential quarters, by
practical implementation in a housing cooperative with six residential buildings and 224 apartments in Berlin, Germany.
Technical concept includes a local heating network with a modulable CHP and additional peak load boilers. The buildings
are equipped with smart building technology that continuously adjusts heat generation to heat demand. In addition,
power-to-heat facilities, smart metering systems, and connections to energy industry platforms are installed which
enables optimised conversion of a surplus power into heating energy, or on the other hand can support the grid by
selectively feeding electricity in the grid. The project has been support through the funding program Schaufenster
intelligente Energie - Digitale Agenda für die Energiewende (SINTEG) from the German Federal Ministry for Economic
Affairs and Energy (BMWi, now BMWK).
HIGHLIGHT: The technology achieved a reduction in energy consumption of 24% compared to buildings of the same
type.
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Apart from suitable technical and commercial
frameworks, wider deployment of DSM will require a
more comprehensive regulatory framework.
An EU framework for enhancing the deployment of DSM
by small consumers is still in development, but the EU has
already identified its strategic goals and various
conceptual designs. The 2019 clean energy package
revised electricity market rules and paved the way
towards integration of renewable energy production. 27 In
this regard, the principles to create a national legal
framework for demand side flexibility (DSF)—the term
used in EU energy legislation and used here as equivalent
demand side management (DSM)—and active
participation of all energy consumers have been set by
the EU Electricity Directive. 28 The regulations and
principles define several specific topics and aspects
important for the DSM. 29 Regulators established a priority
list for the development of harmonized electricity rules by
2023, and included rules for DSF, aggregators, energy
storage, and curtailment of distributed energy and
renewables. 30
The EU Agency for the Cooperation of Energy Regulators
(ACER) has recently announced that it will submit nonbinding Framework Guidelines to the European
Commission by December 2022. These Framework
Guidelines need to set out clear and objective principles
for the development of a network code on Demand
Response. The new rules will aim at enabling market
access for demand response, and facilitating the marketbased procurement of services by distribution and
transmission system operators.
Aggregation is one of the important new roles in the new
EU electricity market. The EU Electricity Directive defines
this role as entities that engage in aggregation by
combining multiple customer loads or generated
electricity for sale, purchase, or auction in any electricity
market. This service could be provided by suppliers or by
independent aggregators.
Lastly, the EU Renewable Energy Directive includes
provisions for renewable energy communities and for
collective self-consumption (CSC), 31 where locallyproduced electricity is shared between producers and
consumers connected to the public distribution network,
within the same geographical area. 32
In its latest market monitoring report, ACER notes that
implementation of rules for demand side flexibility and
active participation of all energy consumers was still work
in progress in most member states at the end of 2020. 33
Only Germany, Denmark, France, and Hungary had
defined the main roles and responsibilities for
aggregators, independent aggregators, active consumers
and citizen energy communities (CECs)—defined as
voluntary legal not-for-profit entities established at a local

level for the purpose of energy generation, distribution,
supply, consumption, aggregation, and storage—in their
national legal frameworks and opened of their markets
and products for system operators to these new entrants.
34

An overview and the summary of main concepts and
definitions important for the EU rules for the DSM are
shown in the information box below.
The German Electricity Market 2.0, introduced in 2016,
fosters active role of market participants through DSM on
a commercial basis. 35 However, the framework for a
significant deployment of DSM by small consumers is still
a work in progress. Small consumers connected to a lowvoltage grid have a right to participate in DSM through
load control agreements with the distribution system
operators. A problem arises from the fact that the
government has not harmonized implementation of this
solution with other regulatory incentives, such as indirect
subsidies to batteries. The Energy Industry Law states
that the Federal Government is authorized to specify by
ordinance a framework for the reduction of network
charges and the contractual arrangements, and to specify
control actions. 36 Regulators are still debating more
specific to harmonise implementation and to allow
participation of other applications, such as EV charging or
user-sited batteries.
Another critical issue for utilisation of untapped
potentials of decentralized DSM is a roll-out of smart
meters and other digital technologies. In Germany,
policy makers have made some progress in designing a
smart meter framework, but there are still hurdles to
overcome. The Law on the Digitalisation of the Energy
Transition and the IT Security Law govern this topic. 37 The
law stipulates that as of 2017, the responsible metering
point operators had to notify the Federal Network Agency
and by June 2020, the operator must have installed smart
meters on at least 10% of the metering points. After
certification of smart meter gateway, in February 2020
the Federal Office for Information Security (BSI) gave the
green light for DSOs to deploy intelligent metering
systems (iMsys), an interface for connection to a
communication unit.
To facilitate the process of digitalisation of the energy
grid, in 2019, the Federal Ministry for Economic Affairs
and Energy (BMWi) and the Federal Office for Information
Security published the Standardisation Strategy for Crosssector Digitalisation of the Energy Transition, an overall
roadmap for energy digitsation. 38 In 2021, BMWi
established a Gateway Standardization Committee to deal
with the interoperability certification of smart meter
gateways. Full implementation of smart metering
technology will allow further deployment of dispatchable
consumption devices, such as thermal energy storage or
electric vehicles.
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5 Application to China
China’s distributed and residential solar PV is growing rapidly. Recent policies have prioritized building
storage together with utility-scale wind and solar projects and allowing participation of distributed PV
and storage in energy markets. Although the grid can accommodate small-scale solar PV at low levels of
penetration, at higher levels more demand-side flexibility will help avoid costly grid upgrades and
curtailment. German experiences with distributed generation and distributed flexibility are likely to
become relevant in China. Decentralized flexibility has a large potential to contribute to system and
network integration of distributed generation. A supportive framework would build on present time-ofuse prices and a framework of contracts between DNOs and flexibility assets owners to harness the
flexibility for grid services.

5.1

Distributed generation in China

with transmission bottlenecks, and inter-provincial
trading of renewables.

China’s renewable energy sector has undergone a major
shift over the past five years, adding both large-scale
installations and distributed energy. Prior to 2019, the
country’s solar energy expansion concentrated in the
more remote western and northern provinces, which
contributed to high rates of curtailment to preserve
system stability. 39 Renewable curtailment has fallen to
low levels in most provinces due to a combination of
factors, including administrative incentives, quotas for
renewable uptake, limits on new renewables in provinces

The share of distributed solar in China’s total solar PV
began to soar starting from 2016. There are several
reasons for the shift to distributed solar. In May 2016, the
National Reform and Development Commissions (NDRC)
issued new guidelines on the size and management of
distributed solar and removed provincial limits to new
project approvals for distributed solar. Declining costs
have also made distributed solar PV projects more
attractive for developers.

Figure 11 China’s PV capacity development by category between 2010 and 2021
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Figure 12 China’s cumulative distributed solar PV capacity by province in 2021
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Distributed solar PV has been installed mainly in eastern
and southern China, in regions with reasonably high solar
resources and high electricity demand. China’s strict land
use regulations has made distributed solar PV projects
attractive in more populous regions. In the 14th Five-Year
Plan, Chinese policy makers signaled that the system will
simultaneously expand central and distributed energy, 40
calling for eastern provinces to develop distributed
energy to increase local energy self-sufficiency. 41 The plan
also states that distributed energy and storage should
fully participate in various markets.
Distributed energy in China differs substantially from
distributed energy in Germany, where distributed energy
normally refers to VRE installations connected to the
distribution grid. In China, the term distributed generation
applies to many large-scale CHP plants co-located near
loads. 42 Furthermore, distributed solar typically refers to
multi-MW ground-mounted facilities near industrial
areas. 43
Rooftop solar is growing as a share of new installations,
especially since the advent of county-level distributed

solar pilots, but still accounts for a relatively small share
of China’s overall solar capacity.
In contrast to Germany, residential solar PV is a new
phenomenon in China. Nonetheless, ever since 2017, the
number of installed rooftop systems has increased
rapidly. 44 So far, much of this growth is due to China’s
Poverty Alleviation PV programme. Over the 13th FiveYear Plan period (2016–2020), the Chinese government
invested over RMB 20 billion in the deployment of
distributed solar in rural areas. 45 The Zero Emission
Village project in Zhuangshang illustrates this initiative. 46
NEA release the list of whole-county pilot in September
2021. 47 The list includes 676 counties in 32 provinces.
Eligible counties need to have ample rooftop area and
incentive to exploit rooftops to install PV panels. The
policy requires that government buildings need to have
more than 50% of the space available to install PV panels,
while the requirement is 40% for public buildings, 30% for
factories, and 20% of the total rooftop area of rural
residential buildings. 48
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Figure 13 Provinces with Whole County Solar PV Pilots
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Example: Residential PV and Energy Storage in China

The Zero Emission Village in Zhuangshang, Shanxi province, is a model project to deploy distributed PV and energy storage
in rural areas. With a total installed capacity of 2 MW, many of the village’s households are now equipped with solar panels,
energy storage, and smart inverters and can both supply power to the rest of the village and sell surplus electricity to the
country’s main grid company, State Grid Corporation of China.
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5.2

Distributed storage

Thus far, development of distributed solar has not been
accompanied by an increasing deployment of user-side
energy storage. Due to safety concerns and lack of clear
standards, policy makers have restricted the
development of user-side energy storage in China. As of
2021, there were only 31 standards in effect or under
development for the energy storage industry, as
compared to over 100 industry standards in place for EVs.
In April 2021, a large lithium-iron-phosphate battery
caught fire at a shopping mall in Beijing, further
intensified safety reservations. 49 Based on the cautious
language towards customer-sited storage included in the
14th Five-Year Plan for a Modern Energy System, which
clearly prioritizes generation-side and grid-side storage
over user-side storage, 50 it appears unlikely that user-side
storage will become more widespread in the near future.
Pairing rooftop PV and energy storage could be especially
beneficial for China’s commercial and industrial
consumers, due to the higher electricity prices paid by
these users as well as their exposure to wholesale
electricity costs after October 2021, when policy makers
liberalized retail electricity prices. Policy makers are likely
to target industry parks for further development of
rooftop solar, making it logical to pair solar with storage
to reduce peaks in net load. Nonetheless, many obstacles
still hamper this development. Industrial park consumers
interviewed in a recent GIZ study cited a combination of
economic concerns and the lack of a government
mandate as the leading reasons for the overall low
motivation to combine PV with energy storage. 51
Recent developments in China, such as the widening of
the time-of-use (TOU) price differences in 2021 could
improve the economic value of distributed storage. 52
Establishing time-varying prices and wider peak-tothrough ratios, as outlined in the policy, can provide a
greater incentive for reducing peak loads and will make
distributed storage more attractive.
In 2021, China’s NDRC announced several important
policies to remove administrative regulations on power
prices. The NDRC issued a policy notice in July 2021
suggesting that retail electricity prices should have higher
ratios between the peak rate and trough rate—
specifically, that the ratio should be at least 4:1 in regions
where the generation difference between peak and
trough is higher than 40%. 53 Before its implementation,
an NDRC policy in October announced that commercial
and industrial users would switch from regulated retail
price schedules to market-based contracts from 2022. 54

The enlarged TOU price has made storage more
attractive to renewable generators and distributed
renewable installers. In 2021, GIZ studied the investment
returns of self-owned distributed solar PV, either on a
stand-alone basis or paired with energy storage in various
Chinese cities. 55 The result shows that in Nanjing and
Hangzhou when the commercial tariff peak-trough ratios
increased to 4:1, the IRR of Nanjing’s distributed solar PV
would increase to 23.80% and that of Hangzhou would
increase to 19.19%.
For residential customers, electricity prices include tiered
pricing based on monthly or annual consumption levels.
In 2011, NDRC adopted a policy aimed at encouraging
electricity conservation. The policy required each
household to have one power meter and created an
electricity price premium for households consuming
more electricity than the district average. The pricing
policy, known as ladder pricing, keeps prices unchanged
for 80% of customers, but creates a 2nd and 3rd tier of
residential customers in the 80-95% percentiles and 95100% percentiles of local district monthly or annual
average household power consumption, charging higher
retail prices for these tiers. 56
However, the tiered pricing approach provides no
incentive to reduce peak consumption, and users may
only be switched to the higher rate after they have
exceeded the threshold towards the end of a
measurement period—such as late in the year, when the
opportunity to reduce peak consumption has already
passed. Although residential electricity accounts for a
small overall share of national electricity consumption,
summertime cooling is a major factor driving peak load
growth in most urban areas, and also causes strain for
older distribution grids in rural areas. Urban cooling loads
have grown by a factor of 5x since 2000, and represent up
to 50% of summer electricity load peaks in major cities. 57
Electrification of transportation and heating will
exacerbate the problem, increasing the importance of
introducing time-based pricing signals for residential
consumers.

5.3

Centralized storage

In the policy that issued in 2021 on multi-energy
complementarity, NEA emphasized on renewable energy
pairing with storage. 58 Until June 2022, 19 provinces have
issued policies for renewables to pair with storage.
Typical requirements specify storage equal to 10% of
peak output, with 2-hours storage capability. In other
words, a 100 MW wind plant would have 20 MWh of
storage.
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Figure 14 Provinces with storage requirement for renewables
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NDRC and NEA issued another policy in May 2022
encourage storage to participate in the mid-to-long term
and spot market. 59 The policy aims to use storage as a
peak regulation and generation resources through
contracts for peak and trough hours. In addition to these
policies, the Implementation Scheme for the
Development of New Energy Storage (2021-2025)
mentions establishing an energy storage development
fund that aims for a 30% reduction of the costs per unit of
battery storage by 2025. 60

5.4

Demand-side management

In recent years, China has experienced power shortages
in summer and winter. To guarantee the daily power
consumption for residential users, a policy known as
orderly consumption measures would apply to energyintensive and emission-intensive consumers as well as
commercial lighting. It requires industrial consumers to
reduce power consumption at the peak time period, or
shift loads to other times. 61 The power rationing
measures apply to Energy administrators in China have
long realized the importance of demand-side
management.

When there’s a power shortage, the power demand of the
following users have priority: 62








Public sector and government that maintain national
security and social order;
Security load for enterprises that may experience
personnel injuries or machine damages if there’s a
power outage, such as hazardous chemical
producers and mines;
Hospitals, financial institutes, and schools;
Utilities, such as heating, cooling, and energy
providers;
Residential and agriculture users;
National key projects and military enterprises.

The power consumption of the following users shall be
limited: 63




Non-compliance projects;
Elimination and restriction enterprises in the
industrial restructuring catalogue;
Enterprises with energy consumption per unit higher
than the national or local mandatory energy
consumption limit;
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Landscape lighting and illumination;
Other energy-intensive and emission-intensive
enterprises.

China launched DSM pilots in four cities in 2013, namely
Beijing, Tangshan, Suzhou and Foshan. 64 By 2021, nine
provinces within the State Grid region have issued
supporting policies for DSM. Among these provinces,
Shandong, Zhengjiang, Gansu planned to allow DSM to
participate in the spot market, whilst northern Hebei
allows it to participate in the ancillary service market. 65 In
recent years, market is playing more important role in
allocating demand-side management resources, and
market participants are growing more diversified, with
policies encouraging residential, retailors, aggregators,
storage, and EV charging to participate in the market,
though this is still largely a vision for the future. 66
The 14th Five-Year Plan sets a target of DSM providing 35% of the maximum load in 2025. 67 Currently, there is no
public data on the percentage of peak load subject to
DSM, and it is unclear how government officials will
monitor this target or how frequently results will be
available. One possibility is to measure the volume of
load-control contracts signed by industry with the local
grid companies. In this case, the 3-5% target would apply
to a capacity amount, but not to the actual volume of
peak load shifted.

5.5

Coal plant flexibility

According to a 2021 policy target, China aims to retrofit
200 GW existing coal power plant capacity for increased
flexibility and thereby add 30-40 GW of system
adjustment capacity. 68 By the end of 2019, China had
retrofitted 57.8 GW coal power plants, only around 25%
of the 13th Five-Year Plan target of 220 GW. 69
The slow investment return is the one of the main
reasons for the lack of incentive for coal power retrofit.
According to the China Energy Information Platform,
current costs for coal power plant retrofit are around
RMB 500-1500/kW. 70 However, the coal power prices can
only fluctuate 20% above the baseline price, 71 and almost

all power is traded on monthly and annual bilateral
contract markets, with limited spot market trading in
certain pilot provinces. The lack of a spot market that
could provide short-term incentives for flexibility
substantially reduces the incentive for flexible operations
or investment in flexibility. Insufficient compensation for
the provision of ancillary services is another reason for
the reluctance for coal power plant retrofit. 72

5.6

Ancillary service markets

Ancillary services such as frequency regulation, voltage
control and black start help maintain the secure and
stable operation of the electric grid. Ancillary services
markets are especially important as variable renewable
power grows in importance on electric grids. In China,
ancillary services often includes ramping plant output up
or down to follow load, sometimes also called peak
regulation—a major difference from Europe, where spot
markets would perform this function. Previously, China’s
power system provided only limited funds for ancillary
services, and effectively required coal plants to pay one
another for such services. Starting in 2018 reforms have
established ancillary service market pilots, starting with
Northeast China, focused on peak regulation. 73 China’s
ancillary services markets initially limited participation to
coal-fired generators, but more recent policies call for
opening up ancillary services markets to renewable
energy, batteries and the demand side.
NEA issued two new policies regarding ancillary service by
the end of 2021. 74 The policy allows more diversified
entities to trade in the ancillary service market, including
new types of storage, EV charging networks, aggregators
and VPPs. Services already traded in the spot market shall
not be included in the ancillary service market. The policy
also implicitly states that for inter-provincial and interregional trading, the contract should include
responsibility and compensation for ancillary services.
According to the policy, there are two ways for ancillary
service providers to recover costs. 75 The first through a
fixed compensation fee, determined by provincial energy
administrators. The alternative is through a marketdetermined price.
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Table 3 Funding sources for demand-side management in China 76
Province
Jiangsu
Zhejiang

Funding sources for DSM
Peak Tariff
Surpluses from power purchase in Inter-regional spot market; exploring
market-based sharing mechanisms

Shanghai
Henan
Hunan
Hubei

Historical seasonal tariff differential of summer
Included in the T&D prices approval
Provincial power Company
Power price difference corresponding to Three Gorges' incremental
generation capacity
Emergency: share the cost according to related national regulations
Economical: Clarify when the spot market is operating continuously
Special funding for demand-side management
High water period consumes the price difference of the additional power
purchase during the valley period in Sichuan
Annual surpluses from power purchase in Inter-regional spot market
Shared by users in the region with power demand

Shandong
Tianjin
Chongqing
Shaanxi
Guangdong

5.7

Relevance of German experience

The German experiences with distributed generation and
subsequent grid problems, as explained in section 2, are
likely to become relevant in China once the expansion of
small-scale solar PV passes a critical threshold. With
future distribution grids absorbing ever-higher levels of
feed-in, avoiding violations of thermal limits of networks
and voltage problems will require careful planning and
new regulatory incentives. Grid expansion is one
potential solution, but in many cases this represents the
most costly approach. Curtailment of renewable feed-in
preserves grid stability but wastes clean energy and
directly affects the economic case for distributed
renewable energy deployment.
Distribution-level flexibility from batteries and DSM
measures can make a significant contribution to the
solution of the grid problems, but requires regulatory
support. It is important to note that the technical
availability of flexibility in the network is not a sufficient
condition for congestion management: As explained in
this report, depending on whether consumers or
aggregators program user-sited batteries for minimizing
grid impacts versus maximizing self-consumption, such
batteries can either help or harm network stability.
Flexibility in the market, such as for the purpose arbitrage
by load shifting, is not necessarily beneficial for the
network. To harness the potential of flexibility for
distribution and transmission grids, regulatory change is
required: Regulation must allow distribution network
operators to engage in contracts with providers of
flexibility to make it available for decentralized congestion
management and further ancillary services. Moreover, it
must enable aggregation of decentralized flexibility assets
to make it available to the transmission grid operator.
Smart grid elements are a prerequisite for the use of
decentralized flexibility. These allow grid operators to
monitor and control their networks. Regulatory measures

to implement these reforms in China are likely to differ
from the German experience in many details, owing to
the different structure of the electricity supply industry.
Regulators must ensure, however, to include an adequate
incentive for grid friendly use of flexibility assets. To some
extent, such incentives can be provided by dynamic grid
fees that make consumption and feed-in expensive for
the prosumer during times of congestion. However, the
direct use of flexibility by the distribution network
operator via load resp. feed-in control is more effective.
To make it work economically, however, the DSO must
remunerate flexibility asset owners for their grid services.
Without such incentives, potential prosumers will have
inadequate incentive to deploy distributed renewables
paired with storage and to operate it in a manner optimal
for both the grid and various user values such as
reliability and clean energy consumption.
Without suitable incentives for investment and operation,
the market for storage investment could be seriously
distorted—for example, resulting in excess investment in
generation-sited storage that results in higher
distribution grid costs to manage in-feed of distributed
PV. Provided a suitable framework is introduced,
decentralized flexibility has a large potential to contribute
to system and network integration of distributed
generation, most notably small-scale solar PV, and thus to
a successful Chinese energy transition.

5.8

Suggestions for decentralized
flexibility in China

To promote the integration of distributed renewable
energy into networks, Chinese regulators should
introduce regulation aimed at encouraging demandside flexibility, including both DSM and storage.
Currently, due to the limited availability of market-based
incentives, DSM in the Chinese context is usually
considered as a cost. Most DSM program participants are
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industrial customers who participate in peak shaving
programs and receive payment in return. While reformed
time-of-use rates will incentivize commercial and
industrial customers to do more, there are presently
limited real-time signals around flexibility, and those price
signals that exist are focused on peak shaving, rather
than flexibility as such. Further, residential consumers
have no incentive to contribute to reducing system peaks,
either by modifying consumption or operating user-sited
storage to benefit the needs of the grid. Since residential
and commercial heating, cooling, and EV-charging loads
are likely to grow increasingly important as a factor
driving peak load growth, more real-time signals are
needed to incentivize such consumers—and their
property managers, for large buildings in urban areas—
to participate in DSM, either directly, or through
aggregator service companies.
Policy makers should incentivize deployment of
smart grid elements into the distribution grid to
allow the monitoring and control of flexibility assets.
For over a decade, most Chinese cities have deployed
smart meters for residential, commercial, and industrial
customers. However, these first-generation meters are
focused on remote monitoring, billing, and payment,
rather than on real-time load control and monitoring.
Further, meters have limited ability to enable real-time
signals to customers about peak load events or
opportunities to participate in demand response. In the
current decade, smart grid devices should be deployed
throughout the grid, including particularly for customers
with valuable demand response loads such as
controllable HVAC, heat pumps, EV chargers, or large data
processing loads.
To the extent practical, grid operators should share
information from smart grid monitoring with
flexibility asset owners aggregators to assure they
can participate in any market for grid-friendly
flexibility services.
China’s present electricity system is characterized by low
levels of public data. Whereas the current daily load and
generation profiles are widely available in most advanced
economies, such information is considered sensitive in
China. Without real-time pricing information, customers
and aggregators have no ability to respond to grid needs.
Without data on present loads and prices, customers and
investors have no visibility on whether investment in new

flexibility assets, such as storage or controllable loads,
would be economically attractive. Administratively-set
prices, such as TOU, can provide only a partial signal
about the value of flexibility or peak shaving, where the
grid’s needs are likely to change on a daily and even
minute-by-minute basis.
Remuneration for flexibility, whether determined by
real-time congestion values or via administrative
formula, should reflect the true cost of network use
and the value of avoided grid investment costs.
As the discussions in Germany have made clear,
increased deployment of renewable energy at all levels
results in a greater demand for flexibility, and this implies
that the value of flexibility is rising over time. Although
some reforms in China have enabled payment for certain
types of flexibility, the main participants in peak shaving
so far are generators and large industrial customers, and
many such payments are determined by static
administrative measures.
As the penetration of renewable energy rises, and as
urban heating and cooling loads increase as a share of
peak load, it is critical to provide remuneration to all
market participants who can provide flexibility services.
To the extent practical, payment for demand-side services
should avoid discrimination between flexibility provided
by different customer classes, aggregators, generators, or
energy suppliers.
Dynamic grid fees are one way for DSOs to incentivize
flexibility. Direct load control batteries and other
demand-side devices for congestion management
purposes. This use of flexibility should be strictly based
on a contract between the DSO and the asset owners to
avoid a distortion of investment incentives.
Finally, the government should establish a regulatory
framework for the role of the aggregator.
China’s recently-issued five-year plans incorporate
numerous references to aggregator services, but for the
most part there are few ways for aggregators to engage
customers today, due to the absence of real-time price
signals. Specific regulations must enable aggregators to
harness the flexibility of decentralized flexibility on the
system level by allowing them to engage into contracts
with final consumers, and earn returns from providing
flexibility services to the grid and generators.
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