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1

Aim of the study

An expansion of renewable energies in Germany, as mandated by climate policy, requires a new framework for
the energy industry in order to face the three main challenges of the energy transition.

»
»
»

1. Security of supply
2. Financing renewable energy
3. Implementing sector coupling

The German energy transition is primarily based on the supply-dependent renewable energy sources of wind and
photovoltaics. In order to balance and integrate them into the overarching energy system, sufficient controllable
and flexible sources (flexibilities) are necessary. These flexibilities can originate in the consumption sector, in the
conventional storage sector or in the power generation sector.
The aim of this study is to show how the current political framework of the electricity market must change in
order to make room for sufficient economic flexibilities so that the main hurdles of the energy transition can be
overcome. For this purpose, the next three decades are examined separately. The decade increments presented
in the study may be realised sooner if correspondingly ambitious steps are taken, especially in view of the stricter
target of achieving climate neutrality by 2045.
In addition to other studies, which are also economically optimised, this study focuses on the economic framework of flexibilities and renewable sources of energy. Only economically viable flexibilities are taken into account
in the study. This allows a statement to be made on the lack of flexibilities in the implementation of the energy
transition in the electricity market design.
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Description of the scenarios

The study is based on two scenario trajectories (see Fig. 1). The baseline scenario represents the current regulatory framework. The reform scenario derives measures from findings relating to lacking flexibilities of the baseline
scenario and implements them.
Within the energy simulations themselves, however, it is often a near-perfect framework. However, this framework does not exist in reality due to natural effects (e.g. delays, competitive frameworks, etc.) of the real market.
Therefore, the study results are re-calculated in the market segments of both scenarios with a sensitivity in
which the expansion of electrolysis, P2H and Fig. 1: Overview of the scenarios examined in the study
storage is reduced by 15% relative to the
perfect framework (85% scenarios).
Furthermore, an artificial effect was examined that limits the electrolysis capacity
in Germany to a maximum of 50 GW. The
reasons underlying this additional sensitivity are the results produced by other studies ([1], [2]), which present a similar output
figure as a result.
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3

Exogenous target determination for the expansion of
renewables and the phase-out of coal by 2030

The accelerated expansion of renewable energy sources as compared to today is based on external study results
for wind energy and photovoltaics ([3], [4], [5]), and on the expert opinion of the respective renewable energy
sector associations for hydroelectric power and geothermal energy.
In the area of bioenergy, an overbuilding factor was specified for the output, which is based on the framework
provided by the flexibility incentive stipulated in the Renewable Energy Sources Act (EEG). This exogenous specification did not mean that more electricity was generated from bioenergy than in the last few years, but rather
that the previously generated electricity was more flexibly fitted into time slots of low renewable feed-in.
In order to avoid jeopardising Germany's climate targets, the phase-out of coal by 2030 was also specified exogenously. Consequently, electricity generation based on hard coal and lignite is not included in any of the scenarios.
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Work packages of the study

To answer the three guiding questions, the present study concentrates on four work packages.
In addition to an hourly coverage of electricity consumption, the work package on security of supply focuses
primarily on flexibility requirements within the framework of natural (PV feed-in) and artificial feed-in gradients
(simultaneous voluntary market-based curtailment). This work package also addresses the framework required to
assume the grid services of fossil-fuelled power stations in order to ensure that they are shut down. In addition, it
analyses the grid calculations and optimisations at the extra-high voltage level, the necessary grid expansion and
grid operation management. Calculations and optimisations are geared towards minimising costs.
The second work package focuses on the consumer side. The effects on energy price stability and on incentivisation of flexibilities in the end customer sector are examined. Grid-related challenges will also be discussed in
this context. In addition, the temporal development of electricity system costs during the implementation of the
energy transition will be analysed in the respective scenario.
The third work package focuses on the economic efficiency of renewable energy sources and a successful implementation of sector coupling. The stabilisation and increase of renewable market values is of central importance
in order to realise a cost-effective operation of old power stations in continued operation as well as of new power
stations without subsidies. Due to the sanctioning of renewable sources of energy within the support scheme as
per §51 EEG 2021, the analysis and evaluation of negative electricity price hours and the penalised renewable
generation quantities play a central role in the study.
The last work package addresses other issues of the energy transition. These include the feed-in priority granted
to renewable energy sources and the further development of futures market trading with largely volatile renewables. This work package also addresses the option of modifying the electricity market design to provide potential
incentives for regional electricity generation, albeit while maintaining a German electricity pricing zone. In addition, further research frameworks on the topics of flexibility markets and grid charges are analysed.
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5

Results of the baseline scenario

The baseline scenario, which assumes a continuation of the current regulatory framework, proves on the basis of
the simulation results that security of supply is ensured in all decades with an early coal phase-out by 2030 and
a high degree of sector coupling. In addition, there are a large number of options that could take over the grid
services of today's fossil fuel power stations and thus force the shutdown of these power stations.
Due to the strong expansion of renewable energy sources in Germany, which is necessitated by climate policy
(see Fig. 2), Germany will remain a net exporter of electricity over all decades and thus implement the energy
transition with the greatest possible domestic added value and a significant reduction in import dependency
from third countries. In contrast, an economic exploitation of renewable energy sources, which underlies the
energy transition, is only possible to a limited extent in the baseline scenario and so it highlights the urgent need
for action in electricity market design.
The renewable market values that can be attained on the electricity market are below the electricity
production costs of the individual technologies in the decades 2030 and 2040 (see Fig. 3). For this reason,
the expansion necessary for climate policy in the baseline scenario is largely covered by subsidies. Within the framework of the EEG, however, electricity is not subsidised if it is fed into the grid during periods of negative electricity prices on the electricity exchange (§51 EEG 2021), which places great importance on this aspect with regard to an economic operation and expansion of renewable energy sources.

Fig. 2: Overview of the development of renewable energy
sources

Fig. 4: Distribution of negative electricity prices

Fig. 3: Results of the market values in the baseline scenario

Fig. 5: Section 51 EEG energy quantities per decade
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In view of the high level of photovoltaic feed-in, negative electricity prices occur far more frequently during
daytime hours (see Fig. 4). As can be seen in Fig. 5, this leads to a drastic increase in unsubsidised solar feed-in of
10-20% of the total annual feed-in over the coming decades, which in turn hampers cost-effective operation and
thus limits the expansion called for by climate policy.
The baseline scenario requires approx. 9.7 GW of additional hydrogen-fired power stations in the decade 2050
to ensure security of supply. These power stations only Fig. 6: Annual load duration curves of electricity prices
run for 5% of the total annual hours, but they cause
extremely high electricity prices of several hundred €/
MWh with peaks sometimes above 1,000 €/MWh (see
Fig. 6).
Nevertheless, an implementation of the national energy transition can significantly lower the current system
costs of the German energy system.
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Political measures

Based on the results of the baseline scenario, it becomes clear that the current electricity market design is not
adequate to ensure the degree of expansion of renewable energy in Germany as is required by climate policy. The
goal of a new electricity market design must therefore be to expand flexibilities more rapidly and more intensively
in order to raise the renewable market values and thereby minimise the differential costs of funding, as well as
to promote the continued operation of old power stations, among other things. In addition, negative electricity
prices and therefore unsubsidised energy quantities must be avoided to the greatest extent possible.
This allows measures to be derived that stimulate producer, consumer and storage flexibilities.

6.1 Consumer flexibility
»

Grid fee exemption for electrolysis and PtH plants
Section 118 of the German Energy Act (EnWG) provides for a grid charge exemption for electrolysis
plants until 2027, but without any attached requirements. The study's measure proposes extending this
exemption from grid fees and extending it to PtH plants, with the condition that the large consumers are
allocated in a manner that serves the grid and that they are operated in a grid-friendly way.
This measure has the goal of ensuring that consumption behaviour is in line with renewable feed-in
in order to stabilise the market. In addition, unnecessary grid expansion is avoided. Furthermore, this
measure creates a level playing field between electrolysers and PtH plants.

»

Electricity tax reduction to the minimum amount
The measure includes a reduction of the electricity tax to the minimum amount possible under EU law.
This allows for a reduction of the ancillary electricity costs for end consumers and an increase of the
proportion of the electricity price in the end customer electricity price.
The aim of this measure is to orient the electricity behaviour of end consumers more strongly towards
renewable feed-in via the larger share of the electricity price in the end customer electricity price.

9

»

Reduction of the EEG surcharge to 0 €/MWh
The measure includes a potential reduction of the EEG surcharge to 0 €/MWh. This allows for a reduction
of the ancillary electricity costs for end consumers and an increase of the proportion of the electricity
price in the end customer electricity price.
The aim of this measure is to lower the ancillary electricity costs for end consumers and to achieve a
higher proportion of the electricity price in the final customer electricity price.

»

Time-variable grid charge
This measure seeks to tie the grid charge for end customers to feed-in from renewable energy sources.
The aim of this measure is to encourage flexibility in the electricity consumption of end customers
through the market price-reducing effect of feed-in from renewable energy sources (merit order effect).

6.2 Storage flexibility
»

Reducing the ancillary electricity costs of electricity storage systems
This measure is intended to reduce ancillary electricity costs for storage systems by rendering the grid
charge exemption pursuant to Section 118 (6) EnWG applicable to all constellations of electricity storage,
and by applying the currently existing conditions for the grid charge exemption for electricity storage
systems, in particular the requirement that electricity in the storage system must be fed back into the
grid.
The aim of this measure includes the bivalent use of storage systems and an increase in the provision of
flexibility.

»

Investment cost subsidies for electricity storage systems
The intention here is that electricity storage systems should receive an investment subsidy of 10% of the
investment costs in order to stimulate the expansion of storage in addition to the measures for flexibility
described above.
Storage investment subsidies of this kind are to be provided for home storage systems in order to
compensate for the lower economic viability of self-consumption resulting from the proposed measures
to reduce ancillary electricity costs.

6.3 Producer flexibility
»

Increased overbuilding of bioenergy capacity and connection to gas storage facilities
The measure for compulsory capacity reserve by biogas plants stipulates that biogas plants must maintain additional capacity, so that an installed capacity of up to six times the annual average capacity (rated
capacity) must be incentivised.
This would generate a significant power capacity for biogas plants, which, in combination with a connection to gas storage facilities, would represent a significant controllable output and would thus be available at times of low volatile renewable energy generation, meeting the demand for electricity.
The aim of this measure is to substitute the demand for additional hydrogen gas turbines and other
flexibilities.
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»

Quantity-based subsidisation of renewable energy sources
Despite a massive expansion of flexible controllable sources (flexibility), several hundred hours of negative electricity prices still remain in the baseline scenario, which limit or prevent cost-effective operation
as a result of Section 51 of the Renewable Energy Sources Act 2021.
During these few hundred hours a year, cost-effective operation of consumer or storage flexibility is not
possible, so only production flexibility from renewable energy sources can be put to use. The proposal
provides for a quantity-based subsidy in which each installation of a technology receives a quantity quota
as a subsidy framework, which can be used up within the operating time of the installation.
As a result, operators will be able to react to market signals, such as negative electricity prices, and adjust
their production accordingly.
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Results of the reform scenario

The electricity load in Germany can be covered during every hour in the reform scenario. In this scenario, Germany remains a net exporter of electricity until the year 2030. The options for taking over the grid services of fossil
fuel power stations in order to shut them down are available as well.
The degree of utilisation of market-stabilising flexibilities increases due to the measures taken. This leads to a
significant increase in the market values of all renewable energy sources and, as early as the beginning of 2040,
to a competitive viability of ground-mounted PV and onshore wind turbines on the electricity market (see Fig. 7).
In the reform scenario, all negative electricity prices from the baseline scenario can be prevented by a quantity-based subsidisation of renewable energy sources, amongst other measures. At the same time, this market-stabilising effect also significantly increases the market value of renewable energy sources, which drastically reduces
the subsidy costs while supporting the continued operation of older power stations, and it permits an earlier
market entry of new power stations.
In addition, this measure prevents the emergence of Section 51 EEG 2021 time slots during which power stations
do not receive any subsidies under the EEG tariff, thereby ensuring the economic expansion of renewable energy
sources. The energy quantity curtailed beyond this increases only slightly compared to the baseline scenario, by
up to 0.3% in relation to the annual quantity of volatile renewable energy (Fig. 8).
In order to ensure security of supply, the reform scenario requires only 0.1 GW of additional hydrogen-fired power
stations in the decade 2050 (see Fig. 9). Despite this very low level of required capacity, these hydrogen-fired
Fig. 7: Market value results of the reform scenario

Fig. 8: Comparison of market-regulated electricity quantities
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Fig. 9: Comparison of the addition of conv. controllable facilities

Fig. 10: Annual load duration curves of electricity prices

power stations cause similarly extreme electricity prices as they do in the baseline scenario (see Fig. 10). With a
potentially greater flexibility in the bioenergy sector than assumed in the measures, additional hydrogen-fired
power stations could be dispensed with for security of supply purposes, and extreme prices could be prevented.
Despite this price-raising effect of additional hydrogen-fired power stations, the current system costs of the
German energy system can be significantly reduced in the reform scenario by implementing the energy transition.
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Sensitivity of flexibility

The results of the baseline and reform scenarios are based on the calculated expansion of flexibilities. As a means
of demonstrating the significance of this expansion in the context of the energy transition, both the baseline and
the reform scenarios were simulated once again as part of the study, but with modified framework conditions.
The market values of renewable energy sources would fall significantly due to the lower degree of flexibility in the
85% framework of the baseline scenario, as can be seen in Fig. 11. Whereas volatile renewables in the baseline
scenario (left-hand group of bars) could be operated economically in 2050, this would just barely be the case with
15% less flexibility. If, in addition, an artificial limit on electrolysis capacity were to come into effect in Germany,
profitable operation of these technologies on the free electricity market would still not be possible in 2050.
A similar situation emerges in the reform scenario (Fig. 12), although it is more robust due to the measures taken
and even in the sensitivity with 15% reduced flexibility and an artificial limitation of the electrolysis capacity in
Germany to 50 GW in 2050, it just about guarantees economic viability on the free electricity market.
While the measures taken in the reform scenario do not lead to negative electricity prices, the reduced flexibility
in the sensitivities considered leads to significantly higher increases in the baseline scenario (see Fig. 13). The
negative electricity prices in the 85% framework would double in 2050. If an artificial limit in the form of a 50 GW
limit on electrolysis in Germany were to be added, negative electricity prices would double again to over 1,000
hours per year.
Along with an increase in negative electricity prices, the proportion of production volume in percent based on
Section 51 of the Renewable Energy Sources Act 2021 would also increase. As Fig. 14 illustrates, the share in the
85% framework would almost double compared to the baseline scenario. If an artificial limitation of 50 GW of
electrolysis capacity were to come into effect, this would affect 15% of the energy quantities in the wind sector
and significantly more than 30% of the energy quantities in the solar sector. Economic operation and expansion of
renewable energy installations within the EEG remuneration framework would likely not be possible under this
baseline scenario framework.
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Fig. 11: Market value comparison versus sensitivity - baseline scenario

Fig. 12: Market value comparison versus sensitivity - reform scenario

Fig. 13: Development of neg. electricity prices in the sensitivities of the
baseline scenario

Fig. 14: Development Section 51 energy quantities in the baseline
scenario
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Results of the grid calculations

Grid expansion strategy and grid operation management were optimised for the respective years based on the
assumptions and results of the electricity market simulation.
The starting grid used for the simulations includes the AC measures specified in the Federal Requirements Plan
Act (Bundesbedarfsplangesetz), the Power Line Expansion Act (Gesetz zum Ausbau von Energieleitungen) and the
DC measures specified in the Grid Development Plan for 2030 from 2017.
Despite a significantly increased production of renewable energy of around 25-35% compared with the scenarios
for the 2019 grid development plan, the results of the optimised grid expansion plans for the baseline and reform
scenarios in 2030 show a total grid expansion demand of a similar magnitude.
Compared to BMWI’s long-term scenarios (TN Strom), BEE's electricity market design study for 2050 shows a
similar total expansion requirement in the transmission network area despite a significantly increased renewable installation (+214 GW). In contrast, there is a significantly reduced expansion of coupling point capacity
to other countries (-54 GW) but a significantly higher flexibility potential through electrolysers (+62 GW). From
an acceptance point of view, this underlines the sensible use of decentralised renewables close to the point of
consumption.
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The costs of optimised grid operation in 2030 in this study amount to approx. 250 to 375 million euros. Compared
to the current costs for grid and system security measures in 2020 with over 1,380 million euros, this translates
into a saving of 72-82%.
The energy quantity that is affected by optimised grid management is also 53-70% lower in both scenarios for
2030 than in the current framework for 2020. Comparing this energy quantity with the current grid development
plan for 2030, the latter is lower by 1.2 and 5.0 TWh, respectively, albeit under the framework of 19% and 27%
lower renewable generation compared to the 2030 scenarios of this study.
In the scenario year 2050, the changed energy quantities in grid operation management increase significantly in
both the baseline and reform scenarios due to the central focus on supply-dependent renewable energy sources
and their 230% higher feed-in level compared to the scenario year 2030.
At the same time, the reform scenario exhibits a higher altered energy quantity than the baseline scenario, which
is due to the additional degrees of freedom given with optimised grid operation management, as it is primarily
the consumer side that can be involved here. This avoids an otherwise comparatively expensive variation of feedin by generators while improving the usability of renewable energy feed-in.
Despite this increased altered energy quantity in grid operation management in the reform scenario compared to
the baseline scenario in the scenario year 2050, the costs in the reform scenario for grid operation management
are approx. 32%
lower than they are in the baseline scenario. The reason for this also includes the additional controllable generators required in the baseline scenario, which are needed for the electrolysis plants in southern Germany. This
highlights the economic benefit of the measures taken in the reform scenario.
Secured power is required for a secure electricity supply, which within the study is provided by combined heat
and power stations (biomass, geothermal, green gas), bioenergy, gas-fired power stations, electrical storage facilities and controllable hydroelectric power stations.
The study was also able to demonstrate qualitatively how today's system services (frequency and voltage maintenance, supply restoration), which are currently provided by fossil fuel power stations, can be ensured in the
future through renewable energy sources and flexibilities. This will allow fossil fuel power stations to be safely
disconnected from today's electricity market.
The study also examined the special nature of Section 51 of the Renewable Energy Sources Act 2021, which sets
incentives for short-term curtailment of renewable electricity quantities in the event of negative electricity prices.
The study's calculations show that short-term artificial changes in feed-in (net output drop) of a few GW may lead
to severe grid problems and even frequency-dependent load shedding.
Since Section 51 of the Renewable Energy Sources Act is a political construct, it would make sense to abolish
Section 51 of the Renewable Energy Sources Act 2021.
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10 Core results
This study's central approach is to implement the energy transition while making extensive use of domestic
potential, as this reduces Germany's dependence on imports and at the same time increases regional value
creation.
Fig. 15: Summary of the core results of the BEE electricity market design study

In order to realise this, a high degree of renewable energy expansion in Germany is of central importance. At the
same time, this requires an accelerated expansion of PtH and electrolysis in Germany. This would bring about the
necessary sector coupling and also stabilise the market for renewable energy sources.
The phase-out of coal can be moved as close as 2030 if supply security remains the same as it is today.
It was possible to almost entirely forego hydrogen gas turbines in the reform scenario to ensure security of supply
due to the flexible application of bioenergy (including coupling to the gas storage facilities) and by using electrical
storage systems. This reduces the scope of transformation required in the German energy landscape and allows
the hydrogen volume otherwise in use there to be shifted to other areas.
The market values of renewable energy sources can be increased significantly through the measures taken in the
reform scenario. This greatly lowers the differential costs of renewable energy sources in the coming decades and
at the same time paves the way for a subsidy-free financing framework, probably from 2040 onwards.
In the reform scenario, negative electricity prices can be entirely avoided through the measures taken, ensuring
economic viability of subsidised renewable energy sources, and thus their necessary expansion as mandated by
climate policy.
The results of the present study reveal solutions that are not covered by BMWi’s long-term scenarios. This is
attributed to the fact that the assumptions for the level of expansion of renewables within the long-term scenarios were too modest, and to the requirement that bioenergy utilisation for energy purposes be very strongly
limited until 2050. In addition, BMWi's long-term scenarios presume that significant production capacities for
the German market will be developed in third countries. This is why BMWi's long-term scenarios for mapping out
the solution space required to implement the energy transition need to be expanded to include another main
scenario, similar to the framework of the present study.
Significant and long-term grid operation savings can be achieved with decentralised, local renewable generation
and with hydrogen production that is close to the location of power generation and geared to the residual load.
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The marketability of volatile renewable energy sources is already feasible from 2040 onwards with the help of the
market-stabilising factors of sector coupling (PtH, electrolysers, heat, etc.).
The impact of a lower level of flexibility expansion has a pronounced effect on the results. Even a 15% lower level
of flexibility expansion than envisaged in the optimal scenario leads to a significant reduction in the market value
of renewable energy sources. This causes revenue shortfalls in the market amounting to several billion euros per
year. For this reason, it is crucial that the required flexibility in terms of capacity and time frame is determined
and implemented in parallel with the further expansion of renewable energy sources.
A further reduction of flexibilities via an artificial limitation of the electrolyser capacity installed in Germany to 50
GW (average expansion framework of the long-term scenarios) would lead to additional and significant economic
deterioration for renewable energy sources within the framework conditions of the present study and thereby
limit the expansion of the renewable energy sector as mandated by climate policy.
The grid calculations have shown that a secure grid operation in the electricity sector can be ensured by renewable energy sources and flexibilities.
The total demand for grid expansion in 2030 is of a similar order of magnitude as in the 2019 grid development
plan, despite a significantly increased installation of renewable energy in the present study.
The costs of operating the grid in the 2030 scenario year can be reduced by over 70% compared with 2020.
Thanks to the additional degrees of freedom in grid operation management in the reform scenario, the consumer
side in particular can be harnessed to this end. This improves the integration of renewable energy sources and at
the same time lowers annual grid costs by several billion euros in the decade 2050.
The electrolysers in southern Germany envisaged in the baseline scenario, as in the grid development plan, create
additional controllable generation capacity (including gas turbines) for optimised grid operation management.
This incurs additional annual costs in the billions compared to the reform scenario. This emphasises the economic
necessity of the measure taken in the reform scenario to exclusively build electrolysers in northern Germany.
In the present study, the provision of secured power for security of supply is realised via CHP stations, bioenergy,
controllable hydroelectric power stations and hydrogen-fired power stations. Within the reform scenario, hydrogen-fired power stations can be almost entirely be dispensed with due to a higher level of bioenergy capacity
overbuilding.
The system services of today's fossil fuel power stations can be provided by renewable energy sources and flexibilities. A safe shutdown of fossil power stations is therefore feasible.
The problem of strong regional electricity gradients for grid operation, caused among other things by Section 51
of the Renewable Energy Sources Act 2021, must be addressed at an early stage with suitable flexibility measures.
The BEE electricity market design study shows that there is no need to import green hydrogen for direct use in
Germany. PTL import demand can also be reduced by more than 50% compared to the long-term scenarios of
BMWi and AGORA Energiewende.
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