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In order to achieve the Paris climate targets, the German government has
developed phased plans and anchored these in an amendment to the
Renewable Energy Sources Act (EEG). This not only defines expansion targets
for renewable energy producers, but also the additional amounts of energy that
must be available in the electricity grid in future if it is to supply the mobility and
building heating sectors, which are currently still powered by fossil fuels. While
the lack of grid transport capacities is recognized and discussed in the public
debate, another known and critical hurdle is rarely presented here. This is the
temporal distribution of power from renewable energies and its effects on the
processes involved in controlling the grid balance. By analyzing a target scenario
specified in the EEG for 2030 and another for 2040+, which a German economic
research institute recommends to policymakers, the aim is to investigate whether
their targets can be achieved under the conditions of the natural fluctuations
occurring in Germany and the quantities of renewable energy that can be
harvested with a reasonable use of resources. The focus is on simulating
future generation curves using historical data in such a way that they show
the typical weather-driven behaviour to be expected in Germany. Unavoidable
Surplus generation is used as efficiently as possible with electricity and hydrogen
storage systems. Both scenarios fall considerably short of their targets. CO2-free
coverage of the demand specified for the long-term future is only possible with a
quantity of generators that is at the limit of what is feasible. The reason for this is
that the current plans are obviously based on an unrealistic picture of the
temporal distribution of renewable energy output. Achieving the
transformation goals in Germany could be much more complex than
politicians currently believe and may require a change in strategy sooner or later.
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1 Introduction, aim of the work

In order to achieve the goals to which the German government has committed itself as
part of the Paris Climate Agreement, it has defined expansion stages of the German energy
transition and published them as part of the latest amendment to the Renewable Energy
Sources Act (EEG). These define, in almost annual increments, which energy segments that
are currently still powered by fossil fuels, such as building heating and electromobility, are to
be supplied via the electricity grid in the future through sector coupling, how electricity
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demand is to develop as a result, and what generation capacity is to
be installed for this purpose.

The aim of the study presented here is to analyse the consistency
of these requirements. In other words: Can the required supply be
achieved with the specified generators? This is not a matter of
course, as the characteristics of wind and solar power differ
significantly from those of fossil and nuclear power plants in
two respects.

Firstly, their power flow is subject to temporal fluctuations, the
distribution of which follows different typical patterns for sun and
wind. Unlike conventional turbogenerators, their output cannot be
controlled, except to limit or shut down. As the consumption and
production capacities in an electricity network must always be
exactly balanced, their energy cannot be used alone without
further measures; there is always either a surplus or a shortfall.

Second, while conventional power plants were built close to their
customers, renewable energy producers are widely dispersed and
much smaller in terms of individual output than conventional power
plants. The largest amounts of wind power come from the coastal
regions of northern Germany, while solar energy is more productive
in the sunnier south and south-west.

The resulting high demand for additional transport network
capacity has long been part of the public debate in Germany. In
contrast, less is heard about the fluctuations of renewable energy
producers and their integration into the electricity grid, even though
they could pose a greater risk to the success of the energy transition
than the transport problem. This paper therefore focuses on the
consequences of the physical minimum condition of grid
equilibrium. It should always be noted that this is a necessary
but not a sufficient condition for the success of the energy
system transformation, as transport constraints, which are
deliberately not considered in depth, are by no means negligible.
Transport bottlenecks will always exacerbate the results of the
analyses presented here.

Generation fluctuations have the same effect on the grid balance
as consumption fluctuations, except for the sign. With increasing
size, they do not require a different type of control system, but
increasingly more control power. Before the introduction of
renewable generators, disturbances in the balance between
generation and consumption were mainly caused by daily
fluctuations in consumer output. These occurred predictably on a
daily and weekly basis, so the grid balance was constantly adjusted
by matching generator output to the target output set by the
consumers. Even then, the grid control systems used before the
era of renewable energy generation were not trivial, as they always
had to be able to cope with the failure of large resources, such as
power plants or transmission lines, without jeopardising the stability
of the grid. Today, the impact of fluctuations in renewable
generation on the grid balance is much greater than that of
consumers. Since renewable generators cannot be controlled, they
can only be operated in combination with conventional turbines
whose output can be quickly adjusted.

Today, deviations are actively compensated by a system of power
plants that intervene with balancing power in different time cascades
and priorities ranging from seconds to minutes to hours. A large
increase in the share of renewable energy producers will require the
provision of much more balancing power, but this is not the subject
of this paper. The simple assumption here is that these issues can be

resolved and that stable grid control procedures and resources will
be available for a future grid.

However, even a perfectly functioning grid control system does
not change the consequences of using fluctuating power to supply a
defined load curve. Moreover, it can only work with the resources
available to it. We must therefore include flexible consumers such as
electrical storage, hydrogen storage, etc. in the analysis. As it is
ultimately important to produce electricity at an attractive and
affordable cost, the focus here will be on the resulting annual
energy balances and thus the economic viability of such a system
in different configurations. These energy balances are the necessary
basis for subsequent cost estimates. In the course of this work it will
be shown that the temporal power distribution of the fluctuating
generators has a significant influence on the costs incurred for
covering the consumer power curve. A key indicator of this is
the residual power that still needs to be supplied by turbines. A
realistic simulation depends heavily on a realistic and true-to-nature
representation of the fluctuations.

The distribution functions of energy from wind and sun have
been known for a long time. Having realistic model parameters that
apply to a defined geographical area with a specific expansion status
is another matter.

For this reason, offline full-year simulations are used here, based
on historical generation patterns from real weather years, whose raw
data are transformed to the installed capacity of the respective future
year. The simulation is limited to determining the partial
components of power that are inevitably generated as a result of
functioning grid control. These are then used differently and
subjected to an annual balance.

We will see that the key to achieving the targets is to minimise
the annual so-called “residual work,” as this must be generated either
from hydrogen, which is preferably generated from surplus
production and does not need to be purchased, or from fossil
fuels, which makes it more difficult to achieve the
CO2 emission targets.

The study focuses on two scenarios. One for the 2030 milestone
of the energy system transformation, as defined by the Renewable
Energy Act (BMJ, 2023), in which the expanded electricity grid is to
supply 80% RE. The other is a 100% RE scenario, as proposed to the
German government in 2021 for the period after 2040 in Policy
Recommendation 167 (Kendziorski et al., 2021) by the German
Institute for Economic Research Berlin (DIW) and published
separately in its weekly reports (Göke et al., 2021).

2 Materials and methods

2.1 State of the art

Since the late 1970 s, there has been a great deal of work on the
variability of wind power in particular. The Weibull distribution has
become established for modelling these fluctuations, e.g., Bowden
et al. (1983) and Stevens and Smulders (1979). Ahlborn (2015)
investigated whether a large number of generators with a Weibull
distribution can smooth the energy flow generated by wind turbines.
Using appropriate mathematical theory and real data, he shows that
the total output of a large number of wind turbines does not have a
lower variance compared to a small number, even if they are all

Frontiers in Energy Research frontiersin.org02

Redeker 10.3389/fenrg.2024.1240114

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1240114


statistically independent from each other, there is no real smoothing
of the power curve. In the case of critical weather phenomena, such
as large, stable high-pressure systems, it becomes even more difficult
because wind turbines are correlated even on a European scale.
Ahlborn (2023) shows the critical conditions for using excess
generation for Power-t-X conversion, as a large part of its energy
is contained in short but very high power peaks.

The so-called “Acatech study” (Ausfelder, 2017) on sector
coupling was presented as a joint project of three renowned
technical academies, a comprehensive study on the challenges of
the German energy transition, which looked quite deep at many
aspects, including the main challenges of dealing with fluctuating
generators. Among other things, it has already been stated here that
even with the highest level of RE expansion, there will still be too
many supply gaps to be able to allocate secure power to solar and
wind, and that there will still be a need to provide standby power
from conventional turbines at full consumer peak power (Ausfelder,
2017, p. 36).

Existing storage facilities in Germany currently only have a
limited capacity of 40 GWh as pumped storage with no significant
growth potential. Battery storage systems exist worldwide as pilot
plants, e.g., the Moss Landing Energy Storage Facility in Monterey
with a capacity of 1.6 GWh and an output of 400 MW. As electrical
storage systems are still far from acceptable costs, an important
aspect is how much excess energy can be economically shifted to
times of residual demand with how little storage.

Werner Sinn (2017) has pointed out the limits of the use of
volatile energy, based on annual observations with real generation in
the German grid. Using concrete examples of demand management
(shifting consumption), he shows that only a very limited part of
consumer demand can be shifted to times of surplus. His conclusion:
A future German electricity system with a high share of renewables
will not be able to use large amounts of volatile energy unless it has
storage capacity in the order of terawatt hours (TWh).

A team of authors from the German Institute for Economic
Research (DIW Berlin) disagrees (Schill et al., 2018) and accuses
Sinn of having methodological weaknesses, describing unrealistic
borderline cases and emphasising that the required storage
capacities could be one to two orders of magnitude smaller if
“moderate curtailment of RE peaks is permitted,” but does not
show a 100% scenario for this. However, another paper by the same
authors (Zerrahn et al., 2018; Figure 6) clearly shows that the
statement about one to two orders of magnitude lower storage
requirements only applies to electricity systems with low RE shares.
The 80% scenario presented there alone requires a capacity
requirement of 1.7 TWh despite a more than moderate
curtailment of 30% of the total annual generation and thus
actually confirms that Sinn’s analysis is not too wrong.

The DIW study cited above (Kendziorski et al., 2021) describes
and recommends to German policymakers a simulation system that
exploits the potential for RE expansion in Germany to a greater
extent than specified in the EEG for 2040. According to the authors,
it is based on the AnyModmodel framework of the TU Berlin (Göke,
2021), within which Germany is modelled as part of the European
interconnected grid. Electricity is balanced in 1-h cycles, heat in 4-h
cycles and hydrogen in 1-day cycles; imports and exports are used to
enable balancing with neighbouring countries. Hydrogen imports/
exports are allowed in any quantity. The assumed energy demand

for Germany is taken from the openENTRANCE project and
consists of 1,070 TWh of electricity and 139 TWh of hydrogen
for processes that are difficult to electrify. The study compares
sub-scenarios, considering a more centralised and a more
decentralised model, and evaluates their consequences in terms of
different resource requirements, such as grid transport. In particular,
the DIW study emphasises that its system approach for Germany
also works in times of lowest generation and supports this with a
time-power diagram of a winter week, which is shown here with
permission (Figure 1).

Prior to the DIW study, the Fraunhofer Institute for Solar
Energy Systems (ISE) in Freiburg had already published a similar
study (Philip, 2020) with a slightly different focus on the future
development of the German energy system. Depending on how
much wind and solar energy is acceptable to society, it describes
various scenarios and their possible consequences on the way to a
100% renewable energy supply.

This study also looks at operation with fluctuating generators
and describes different situations as power curves for critical weeks
of the year (e.g., pp. 31, 32).

2.2 Approach to testing the physical
feasability of the scenarios

2.2.1 General needs and premises
The purpose of sector coupling is to use directly generated

electrical energy from the sun and wind to bypass the conversion
processes of conventional thermal power plants, where 50%–70% of
the primary energy is lost as waste heat. This study will focus on
those conversion processes that are necessary to provide the
electrical energy quantities required by the scenario being
analyzed. The supply is to come from fluctuating generation,
whose installed capacities correspond to the scenario
specifications and whose fluctuations are to follow the temporal
course of real weather years in Germany. The representation of a
realistic and statistically correct time course of the total RE output is
therefore an essential pillar of this work.

The behavior of electricity consumers is also linked to the
balance of the grid. The reference value for the control of the
grid balance is currently dictated by the consumers by switching
on and off electrical loads, and it is the responsibility of the grid
operator to match this exactly with the required generation. With
fluctuating generation, at any given time there is either a power
deficit that needs to be filled with traditional turbo generators, or
there is excess generation that either needs to be quickly found a
consumer for, or needs to be curtailed.

One way to avoid curtailment of available power is to shift
consumption to times of surplus through demand management. So-
called flexible consumers do not decide when to use electricity, but
are allocated it while they are in a waiting position. As we will see
later, overgeneration is often characterized by high, short power
peaks whose energy content is by no means negligible, but whose
maximum values lead to poor utilization rates that hardly amortize
high investments such as batteries or electrolyzers. The storage of
process heat on time scales of days may offer some potential here. In
order to avoid huge transport network demands at these peaks, this
will often mean that sources and consumers need to be close to each
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other. However, where and how such industrial relocation and
restructuring will pay off and take place in the near future must
be decided by the companies concerned; it is neither foreseeable nor
calculable today. To avoid having to make speculative assumptions
about demand management, the following assumptions are
used here.

- Whatever new work and production structures emerge in the
future, the demand for competitiveness will lead to some form
of good and even utilization of human and machine resources,
and thus the need for regular and reliable supply will continue
to exist. This means that the majority of electricity demand will
continue to be requested at traditional times, resulting in an
electricity load curve that includes today’s daily, weekly, and
other seasonal periods. Therefore, we take the basic shape of
the load curve of the reference year and adapt it to the annual
amount of energy to be supplied in the scenario to be analyzed.

- Furthermore, it is assumed so far that flexible consumers will
be primarily battery storage systems and hydrogen
electrolysers.

- We are aware that there is further potential here that we cannot
quantify today. Perhaps it will be possible to use the simulation
results to identify desirable flexibilisation of customers at a
later stage.

When it comes to real investments to implement the energy
transition, absolute cost estimates will be necessary and important.

However, we will not discuss absolute costs here, as these are still
speculative. Instead, we will look at performance indicators from the
annual balance sheet, the utilisation of key resources such as
turbines, batteries or electrolysers. In particular, we will look at
how much surplus energy from fluctuations can cover the required
residual energy and whether the annual run of a scenario ends with a
profit or a loss. These figures will tell us a lot and form the basis for
future more precise cost derivation.

Before we describe the procedure for simulating a scenario in
more detail, let’s take a closer look at where weather years are similar
and different.

2.2.2 Description of static parameters and the
fluctuations of RE generators

Most descriptions of RE generators refer to their installed
capacity and annual energy output. In electrical engineering, the
term utilization rate is used for variable output over a billing period.
It is a dimensionless number that describes the ratio of the highest
peak power to the average power during that time. Electricity
customers who, like others, use a small amount of electricity each
year, but demand ten times the average instantaneous power for
short periods, require ten times the infrastructure of wires and
transformers for almost the same amount of energy paid for. That’s
why they get a surcharge on the tariff, which takes into account the
resulting higher infrastructure requirements and their poor
utilization. Fluctuating generators pose the same challenges for
grid operators. For annual balances, the term annual full load

FIGURE 1
Electricity supply and demand in Germany at the time of lowest generation according to the DIW Study (Göke et al., 2021) “100% Erneuerbare
Energien für Deutschland“ Source Deutsches Institut für Wirtschaftsforschung Berlin.
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hours is commonly used, which is calculated by multiplying the load
factor by the number of hours in a year, as seen in Eqs 1, 2.

AnnualEnergy � InstalledCapacity*UtilisationRate*24*365 (1)
AnnualEnergy � InstalledCapacity*AnnualFullLoadHours (2)

The term “annual full-load-hours” expresses in other words,
how many hours the plant would be utilised if its annual yield were
to occur continuously at nominal output.

In the case of resources whose utilization can be influenced, such
as turbo generators, the aim is to use them as much as possible in
order to minimize capital and fixed costs.

In contrast to that, the utilisation rates of RE generators are
determined by nature and their installation location. Once they
have been installed, the degree of utilisation can no longer be
influenced except by curtailing or switching them off. Typical
rough averages across Germany are 0.1 for solar, 0.2 for onshore
wind, 0.45 for offshore wind. These figures give rise to a further
challenge for the energy transition, which will not be pursued
here, but which is also worth mentioning because it is rarely
discussed. In a region where mainly solar energy is generated, the
distribution and medium-voltage lines must therefore be
designed for ten times the average annual power generated
there; for wind it is around a factor of five.

Together with the installed capacity, the utilisation resp. annual-
full-load-hours of RE Generators provide information about the
amount of energy to be expected annually, however it says nothing
about how this energy is distributed over the year.

In order to create realistic conditions, the idea here is to approximate
“real weather” using historical data sequences from a reference year,
which is extrapolated to the installed capacities of the target scenario.

An interesting question in this context is to what extent a
selected weather year can be representative and how it can be
categorised in comparison to other years. Another aspect is, will
the yields of future generators improve vs. the historic ones in a way
that it should be considered here.

A study by the IAEW at RWTH Aachen University (Schwaeppe
et al., 2022) has analysed the first question for a German grid
operator, forecasting the yields of wind and solar power plants for
the period up to 2027. The study estimates which plants with which
characteristics are likely to be retired and which new plants will be
added. It is also based on weather observations in Germany since
1958, while trend scenarios and upper/lower corridors are derived
from generation in the period 2011–2021. With the permission of
the IAEW, two tables from this study are shown as graphs
in Figure 2.

What they tell us:

- In General, the expected increases in full load hours are
marginal in relation to the usual weather variations within
a decade.

- With respect to the trend scenario, the upper/lower solar
corridors are about +/− 14%, while there is no significant
improvement in utilization or annual full load hours. The
authors expect slightly higher values from ground-mounted
solar parks due to better orientation compared to
rooftop panels

- The wind situation is different, with +40%–30%, the expected
variation corridors against the trend scenario are significantly
higher, probably due to the v3 dependency between wind speed
and electrical power. There is also some improvement in
utilization, not due to technological improvements, but to
the replacement of older wind turbines with higher ones
that benefit from higher wind speeds. However, the shown
improvement is marginal so far with less than 20 full load
hours per year. For the 2030 scenario, this results in a small
improvement from 1839 to 1992 h onshore. In contrast to the
large weather variations that can be expected, we are on the
verge of fictitious accuracy here.

The question is, if such development will accelerate or decelerate
beyond 2030.

FIGURE 2
Development of full load hours for Onshore wind and solar generation in Germany according to IAEW-Study [13].
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A study conducted by Deutsche Windguard on behalf of two
industry associations in the wind power sector examines the
complex influences on the long-term development of expected
full load hours (Borrmann et al., 2020). They consider higher full
load hours up to 3,000 as possible, but only in certain regions. For
a high installed capacity in Germany in the range of 200 GW,
where also many sites with moderate yields have to be occupied,
the study sees a potential with 40,000 turbines and an annual
yield of 500 TWh, which corresponds to 2,500 full load hours.

2.2.3 Timely power distribution of RE Generation
in Germany

A widespread idea of future RE generation, both in politics and
apparently also in parts of science, seems to be to set up such a large
number of RE generators that their total output power hardly falls below
the consumer need, even in times of low generation.Grid control will thus
become a simplematter of curtailing RE generation or diverting it to local
electrolysers to produce hydrogen from the abundant surpluses so that
turbines only need to intervene in extreme situations.

A closer look at the nature of the fluctuations will show that this
idea is far from reality. Instead of working with the commonly used
load duration curves, we will use the histogram tool, which shows
the same relationship more clearly. The statements wemake here are
not generally valid, but show the behavior of systems as they have
been installed in Germany in recent years.

The power sum of the RE output is a superposition of the
Weibull distributed wind power and solar power modulated by
cloud cover and the day/night rhythm of our rotating planet. The
histograms in Figure 3 show the time distribution of total
instantaneous power for the years 2019–2022 in Germany. The
data source for this analysis is the SMARD, 2023 portal of the
Federal Network Agency. Since the installed capacity of each energy

type is different in each of the last years due to the continuous
expansion of renewable energy generation, the raw data has to be
transformed to identical capacities for comparability. All annual
curves in Figure 3 correspond to the installed capacities of the
second scenario considered here.

With a sampling interval of 15 min, the year is represented by
35,040 or 35,136 data points with a power range of 0–300 GW.
According to its instantaneous power each data point is assigned to
one of 300 power classes with a bandwidth of 1 GW.

The histogram on the left shows the frequency per class plotted
against power class. It shows howmany of the annual data samples spend
their time in a given power interval. On the right is the total frequency.
Here we can see on the ordinate howmuch of the year the power curve is
below the power threshold on the abscissa. For 50 GW, this varies from a
total of 21% (77 days) to over 32% (117 days). We will come back to this
later and see that the real challenges for the future energy system lie in the
temporal EE power distribution itself.

2.3 Building future scenarios

2.3.1 Selection of the reference year
When this work began in mid-2022, 2021 was the most recent

fully documented year, and it was also the year with the highest
installed capacity of RE generators, so it was chosen as the reference
year for the study. In terms of energy yield per installed capacity, the
Fraunhofer ISE Annual Report 2021 (Burger, 2022) describes it’s RE
yield as about 10% below previous years. However, it’s far from
being an exceptional year as it’s position in Figure 2 is still much
closer to the trend scenario than to the lower scenario.

We know from Figure 3 that the basic yield distribution for
different years follows a very similar pattern. If we work with a

FIGURE 3
Comparison of 4 years’s annual power distribution, all transformed to the same installed Power of RE Generators.
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slightly weaker reference year like 2021 for the simulation of future
scenarios, we can easily correct such yield deviations with a linear
factor, but we have to keep in mind that the scope of the weather god
is much larger than the random deviation of the year 2021 from the
trend scenario. From the IAEW report we can conclude that he
occasionally takes advantage of this. We will play with such factors
while maintaining the statistical distribution in our result discussion
later. The same applies to the possible yield increases of future
wind turbines.

2.3.2 The time series of future RE generation and
consumption

Knowing the installed capacity in the reference year1 and the
specifications of the target scenario, the time series of the scenario
total curve can be extrapolated from the generation data of the
reference year. This applies to solar as well as offshore and onshore wind.

Biomass and hydropower make significant contributions today,
especially as they fluctuate much less, but it is generally agreed that
they have no growth prospects in Germany and will be adopted 1:1.

According to the premises shown in Section 2.2.1 the
consumption curve of the reference year is extrapolated in the
ratio of the annual energies of the target year and the reference
year. The individual calculations behind this are shown in the
Supplementary Material.

There is another aspect to consider: Since the diversity of
weather situations is reflected in the sum signal of the generators,
the question arises how much a future multiple of the plant capacity
will change their spatial distribution scheme in the coming years. It

is important to realize that the number of wind turbines is already
well over 25,000, while the number of solar installations is many
times higher. This means that there are virtually no unused areas left
in Germany. As we continue to expand, we will consolidate regions
that are already in use. Assuming that high-yield sites will be used
first and that 15,000 new sites will have to be found for wind power
in addition to replacing existing plants, a large proportion of these
will have to be located in the south, where investors have been
reluctant to invest due to lower yields than in the north. The same
will apply to solar plants in a north-south reversal. In later years, this
will partly counteract the improvement in yields of higher wind
turbines mentioned in Section 3.2.1.

According to the IAEW report, the assumption of the same
current full load hours for solar plants beyond 2040 seems realistic;
for onshore wind, an extrapolation was made from 2027 to
2030 with the trend scenario gradient. For the 2040+ case, the
estimate from the Windguard study (Borrmann et al., 2020) was
chosen and will be discussed in the context of the DIW scenario.

2.3.3 The energy system
For our analysis, we assume a simplified energy model as shown

in Figure 4. The large box in the center represents the electricity
network, including network control. It has three inputs for power
supply and three outputs.

Output Out_1 supplies classic grid consumers, which have
demand for private or commercial purposes at times that they
determine themselves by switching loads on or off. Battery
storage (Out_2) and hydrogen electrolyzer (Out_3) are flexible
consumers. Neither can determine their own operating times;
they are assigned quantities and times by the grid control system,
which must ensure that the sum of all injection and consumption is
equal to zero every second.

Since generation and demand are never equal, this condition can
only be enforced by using flexible consumers and storage. If the
generators are sufficiently sized, the storage systems only need to

FIGURE 4
Structure of the energy system.

1 The identification of the Installed capacities of the reference year is not

trivial in a fast growing setup of generators. The source of the information

and the detemined values are avilable in a document of the

Supplementary Material.
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absorb temporary imbalances over the course of the year; consumer
demand and storage losses are met entirely by renewable generation.
Since the core of the grid is balanced at any time by the grid control
system, this is also true throughout the year. To check if the RE
generation is sufficient, we just need to run a year-round simulation
and create a storage balance. At the end of the year, there should be
slightly more energy in storage than at the beginning of the year to
ensure security of supply.

The model shows the ideal situation with no fossil generators
and therefore only hydrogen storage. For an intermediate stage, as in
the 2030 scenario, a second storage facility for natural gas can be
used, but it can only be filled from the outside.

2.3.4 What happens in a simulation run
Looking at our energy model (Figure 4), it is driven by two

independently fluctuating and externally determined variables.
These are the total output of the RES generators and the
electricity demand of the electricity consumers. Both are
available as a time series of 1 year consisting of 35,040
(=4*24*365) samples transformed from the reference year to
the target scenario according to Section 2.3.2. The task of the
network control is to react to these variables and to deploy its
resources in such a way that the electricity demand of the
customers is matched at all times by exactly the same
generation power and the network balance is maintained.

Figure 5 shows the possible constellations of how RE generation
(PRE, green dashed line) and grid load (PNL, solid black line) can
relate to each other.

A few definitions first:
PRE: Total RE Power PRE1: part of RE directly inserted

into the Grid

Pmin_E: Minimum Power of Turbine PNL: Grid load,
consumption Power

POE: Overgeneration PRES, PTurb: Residual Load, Turbine Power
Here we need to understand the role of Pmin_E. The only

controllable generator resource apart from battery storage is the
gas turbine, which would not have to run at high RE output. For grid
stability reasons, a minimum of positive and negative regulating
power must be available in a power grid at all times. For this reason,
we must comply with a constraint that the turbine output never falls
below a certain value.

In order to solve the grid control task described above, the
simple algorithm described in the following equations is
implemented for each sampling.

First, it is clarified according to Eq. 3 whether we are currently in
over- or under-generation mode.

O-Zone = true if

PRE ≥PNL − Pmin E (3)
If this is the case, Eq. 4 is used to calculate the directly injectable

RE power, Eq. 5 determines the overgeneration and Eq. 6 sets the
turbine to minimum power.

If O-Zone:

PRE1 � PNL –Pmin E (4)
POE � PRE –PRE1 (5)
Pturb � Pmin E (6)

Here the addition of PRE1 and Pmin_E is the exact counterweight
to the customer Demand PNL.

In the other case (U-zone), the full renewable electricity can be
fed into the grid (Eq. 7) and must be supplemented with residual

FIGURE. 5
Grid eqilibrium conditions.
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electricity from the turbine (Eq. 8) in order to meet the electricity
customer demand.

If U-Zone

PRE1 � PRE (7)
Pturb � PRES � PNL − PRE (8)

The way in which the surplus generation (POE) is stored and how
the residual power (PRE) is drawn from the turbine and/or the
battery storage is determined by the storage strategy.

Electrical storage systems such as batteries have low losses, but
due to high costs they are limited to lower storage capacity. With a
gas grid in the background, long storage times and large capacities
are possible via hydrogen generation. Unfortunately, the
conversions are associated with much higher losses.

A simple but efficient storage strategy is used for our
investigation: As soon as excess power occurs and absorption
capacity is available in the electrical storage, it is filled with
priority; when it is full, hydrogen is produced and stored. In the
event of residual power demand, this is taken from the electrical
storage system first. Once these are exhausted, electricity will be
generated from gas turbines.

On this basis, the storage strategy is applied to each sample,
and after all annual slices have been processed, an energy balance
is built. Initially, these algorithms were implemented in Excel.
Due to the error-prone nature of 30′000 line large and
computationally intensive Excel spreadsheets, the algorithms
were reimplemented using a simulation tool based on Delphi
10. The purpose of this measure was to verify the results of the
Excel calculations and to perform more cross-checks on the
integrity of the results.

3 Results

3.1 The scenario 2030

As no significant amounts of electrical storage are expected by
2030, the energy model has been calculated here without such
storage. The right-hand side of Table 1 shows an estimate of the
possible yields according to the trend scenario from the IAEW study.
An increased number of full load hours of 1979 h was assumed for

the onshore capacity still to be added by 2030. The IAEW did not
show any significant increases for offshore and photovoltaic.

Even in the unlikely event that all RE can be used, a yield of
600 TWh would be required to achieve the target. An installation
that produces significant quantities at a high, difficult-to-use output
level, but only generates 590 TWh in total per year, must be
considered severely undersized.

A full year simulation run that processes the grid balance
equations Eq. 3 to Eq. 8 according to the previous chapter of this
scenario clearly confirms this with its producer-consumer balance
(Figure 6 right). Around 56 TWh of RE generation is a generation
surplus that can only be used if flexible consumers are available at
the exact time when this energy is generated (case #2). They have to
accept very difficult boundary conditions. If you take a closer look at
the time course of these 56 TWh, the energy is packaged in short,
high power peaks of up to 104 GW.

Without their use (case #1), the share of renewable energies in
generation is below 65% and is therefore far from the target. Full
utilization of these 56 TWh (case 3) would mean that an expensive
infrastructure would have to be provided to cope with such a high
output, while capacity utilization is extremely low (6%), not
economically viable and therefore very unlikely.

Limiting the maximum peak power to 15 GW (Case #3) would
improve the degree of excess utilization to 18%, but also discard
more than half of it. Hydrogen from electrolysis would leave us
about 8.4 TWh to replace fossil residual energy with state-of-the-art
efficiencies. The largest electrolysis prototypes (Shell REFHYNE I)
with a capacity of 10 MW are more than three orders of magnitude
away from 15 GW, making even case #3 by 2030 more than unlikely.

In the simulation, residual energy is generated from turbines
with natural gas that is partly replaced by generated hydrogen in the
cases #2 + 3. With 750 TWh delivered target work and RWA as fossil
generated Residual Work, the share of renewable energies is
calculated as in Eq. 9

EE − Ratio � 1 − RWA/750 TWh( ) * 100% (9)

As we are so far away from the target with the generation system
required by the EEG, the diagram in Figure 6 on the left shows what
additional installation of all RE systems would be required to bring
us closer to 80%. The x-axis shows a linear multiplier over the
capacities of all wind and solar generators, while the ordinate shows

TABLE 1 Targets of the 2030-Scenario and Yields according to historic utilization.

Target scenario 2030 Capacity [GW] Full load hours today/2030 Est. Yield [TWh]

Installed Power Solar 215 911 196

Installed Power Wind Onshore 115 1834/1979* 219

Installed Power Wind Offshore 30 3,899 117

Installed Power Biomass 8,40 3,765 32

Installed Hydropower 5,12 5,331 27

Yearly Electricity delivery 750 TWh

RE Share of Generation 600 TWh/80% 591

*applies for the new 50% of the Installation according to IAEW study
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the resulting values for cases #1 (bottom line, blue), #2 (top line, red)
and #3 (middle line, gray).

Here are three conclusions:

1. The EEG targets are inconsistent because the specified installed
capacity for 2030 is not nearly sufficient to supply the required
annual energy.

2. If neither the upper nor the middle characteristic curve can be
achieved in 2030 due to the unavailability of electrolysis
capacity, the future truth is likely to be slightly above the
lower blue line. In order to achieve the 80% target by simply not
using excess generation, the installed capacity planned for
2030 would have to be exceeded by more than 60%, which
is illusory. The key to getting closer to the 80% target lies in the
use of surplus energy.

3. The energy yield of the reference year was around 10%
below that of an average year, which would have been a
small amount closer to the target. According to the IAEW
study, even significantly lower yields can be expected within
a 10-year period. An industrialized nation should not base
its energy planning on the hope that the weather gods will
not use their leeway.

Given the current state of the energy transition, it is unlikely
that enough energy demand from building heating and
electromobility will actually be added to the grid by 2030 to
increase annual energy demand to 750 TWh. Missing the
transformation targets on the consumption will make it easier
to formally achieve the 80% renewable energy target, provided
that the development of renewable energy producers is
completed on time. Politicians will therefore be very interested
in reaching this target. If they are also interested in knowing how
much load can be added to today’s 550 TWh annual supply in this

case, the simulation system presented here can answer this
question: Almost none. This means that with the same
weather conditions as in 2021, with all generators operating
according to plan, with no further shift of energy from
mobility and heating to the grid, and with no further
economic growth, we would reach the target of 80% renewable
energy in our grid.

Since the failure to meet the targets is already built into the
specifications, it appears that the legislators were not sufficiently
aware of the consequences of the fluctuating nature of RE generation
when drafting the latest EEG amendment.

3.2 Results for the DIW-Scenario (2040+)

3.2.1 Estimation with the help of utilization rates
The second scenario examined here is that of the DIW Berlin study

cited above, which was intended as policy advice. It aims to show that
Germany can be largely self-sufficient in renewable energy without
having to rely on imports that exceed the usual level in the European grid.

The DIW recommends installed capacities for RE generation
(Table 2, left blue) and claims that they allow Germany to supply a
carbon-free annual electricity volume of 1,070 TWh for a sector-
coupled grid, including the production of 139 TWh of hydrogen for
processes that are difficult to electrify.

As in the previous scenario evaluation, the right-hand green
section of Table 2 shows the expected revenues from utilization
levels and the electricity requirements. Even with the assumption of
2,500 full-load hours onshore from the study by a wind power lobby
group (Borrmann et al., 2020) which can have no interest in
understaking here, the yield calculated via utilization factor is far
below requirement. This is true even without an obvious
miscalculation, which should be mentioned here. Designation of
a gas quantity in electrical units usually means calorific value.

FIGURE. 6
Results of the scenario 2030.
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Generating this quantity from electricity requires approx. 238 TWh
Electricity2 instead of 139 TWh.

Since the high deviation suggested a misunderstanding, the
author asked DIW for assistance in clarifying the issue. The DIW
responded through one of the authors (Kendziorkski, 2022).
According to this, they assume that by 2040, all the current wind
turbines in Germany will have been replaced by more powerful
turbines with higher annual full load hours. Therefore, a value of
3,500 full load hours for onshore wind was assumed for the
publication (today 1840 h).

It is difficult to understand what justifies such an assumption. In
its answer, the DIW refers to the Global Wind Atlas
(globalwindatlas.info) and the EU project OpenEntrance, but in
each case without any concrete indication as to how 3,500 full-load
hours are to be achieved as an average over the German landmass.
When answering such a core question, it is to be expected that the
most valid reason is given first. In the DIW response, this is the
reference to the IAEW study already cited here (Schwaeppe et al.,
2022). It does not support such an assumption at all, apart from the
fact that it was published only 1.5 years after the DIW paper. Since
wind turbines are largely aerodynamically designed, no major
progress can be expected from improved design. According to
the Windguard study, the expected increase in efficiency is solely
due to the fact that larger turbines are taller and protrude further
from the ground boundary layer.

Conclusion: The assumption of 3,500 full load hours on land is
far beyond reality. The estimate of 2,500 h made by a lobby group,
which has no reason to underestimate, but must also expect to be
called to account, is therefore categorized as being in the “cautiously
optimistic” range and not corrected here.

In view of the additional challenges posed by significantly higher
fluctuations than in the 2030 case, this scenario can already be
classified as severely undersupplied.

3.2.2 Simulation results for the DIW scenario
3.2.2.1 The storage balance

The results of an annual simulation of the DIW scenario are
shown in Figure 7. The energy model as per Figure 4 is consistently
applied here. All excess generation is first stored electrically; when
the storage is full, it is electrolysed up to the limit of 83 GW as
specified by DIW and then compressed to cavern pressure, the rest is
curtailed. Residual power is first generated from electrical storage
and then with hydrogen turbines. The right half shows the energy
balances of grid generation and consumption as well as the storage
balance after both the electrical storage and the hydrogen storage
have been restored to their annual starting levels.

In the summary of its publication, aimed at politicians, the
DIW states

“A full supply of renewable energies in Germany in the
European context is also possible with greater consideration
of decentralization and spatial proximity to consumption of
generation, without being dependent on imports of hydrogen or
other synthetic energy sources.”

Fulfilling this promise made by the authors, requires a positive
or at least neutral storage balance.

What we have examined here is an energy system for which
almost five times the capacity of today’s solar and wind power
generators must be installed compared to the reference year.
Furthermore, gas turbine capacity for almost the full grid load of
130 GW must be kept available all year round, but only 15% of it’s
capacity is utilized. In addition, 300 GWh of battery storage with a
capacity of 27 GW are required and 83 GW of electrolysers, which
are utilized at 50%. A screenshot of the simulation display with
further detailed information can be found in Supplementary Figure
S1 in the Supplementary Material.

In order to be able to generate the desired 1,070 TWh of grid
electricity and 139 GW of hydrogen with all these investments,
almost the same amount of electrical energy must be feeded in
from outside.

When faced with such a result, the first thing to do is to look self-
critically for errors in the assumptions and methods used in the
investigation. We can look for possible errors, or explain why the

TABLE 2 Targets of the DIW-Scenario and Yields according to expected utilization.

Target scenario 2040+ Capacity [GW] Full load h today/2040 Estimated yield [TWh]

Installed Power Solar 300 GW 911 273 TWh

Installed Power Wind Onshore 218 GW 1836/2,500 545 TWh

Installed Power Wind Offshore 20 GW 3,899 117 TWh

Installed Power Biomass 8,40 GW 3,765 32 TWh

Installed Hydropower 5,12 GW 5,331 78 TWh

Installed Electrolyzer 83 GW

Electric Storage 300 GWh/27 GW

Electricity + 139 TWh H2 obligation (calorific value) 1,070 + 238 TWh

Total annual generation required 1,308 TWh Total Yield: 1,045 TWh

2 According to the current state of the art, fluctuating generation requires

PEM electrolysis, best efficiency approx. 65%, compression to cavern

pressure takes place with 91% efficiency, so that 139/0.65/0.91 =

238 TWh have to be used.
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result is plausible, or both. The algorithms are disclosed here in the
paper and in the SupplementaryMaterial, they are far from complex.
To avoid computational errors, they were implemented using two
very different software systems. Addinionally, in each 15-min
sample, all energy subtotals are checked for violations of the first
main theorem, as well as at the energy components of all storage
units at the level of the annual balance.

However, errors can also occur due to a incorrect or weak
approach. It is certainly debatable whether the assumption of a rigid
load curve as it exists today is appropriate, or whether a much higher
degree of flexibility in the timing of customer demand cannot be
expected in the longer term. Werner Sinn (2017) has looked at the
possibilities that immediately come to mind and concluded that we
should not expect too much. However, it may be that in 15 years
time much more will be possible than we see today, for example, if
spatial changes bring processes closer together, making waste heat
usable where it is not today. Consumers and energy producers will
have to “shake things up” in lengthy optimisation processes, and this
will certainly not be achieved by government regulation. We do not
know today what can be achieved in the end.

So we are rigorously analysing where the energy losses are
coming from and looking for good reasons to explain why the
result is plausible.

3.2.2.2 The EE-Power distribution function and its impact
on residual work

A first look at the time courses of generation and consumption
provides an initial indication. Figure 8 shows the course of the first
4 months; individual days are still clearly recognizable in the
temporal resolution. The difference areas below the consumption
curve to the red generation curve represent the residual work to be
done, the areas above represent surplus. It can be seen with the
naked eye that the surplus areas are significantly smaller than the
residual areas. For hydrogen storage to lead to a neutral storage

balance, the areas above the blue curve would have to be about three
times as large due to the conversion losses. This is by no means the
case, for the rest of the year either.

The comparison with the power curve from the DIW
publication provides more information. The generation curve of
a week from the DIW paper shown in Figure 1 is described by the
authors as the time of lowest RE feed-in in the year. What the DIW
graph has in common with this one is the shape of the consumption
curve, which shows a similar daily rhythm and supports the
assumption of rigid demand. However, it is striking that the
instantaneous value of total EE power never falls below 50 GW
in a week of lowest generation. In contrast, the natural power curve
used here, partly shown in Figure 8, falls below the 50 GW threshold
more than 150 times in the course of the year. Histograms in
Figure 3, which are all transformed to the DIW target
generation, confirm that the total RE output is below the 50 GW
threshold for a total 77–117 days in all years.

The DIW graph can only be explained if the RE generation of the
calculation models used is based on a different, unrealistic power
distribution. This is presumably based on the expectation that if the
installed capacity is large enough, the power curve will flatten and
the remaining gaps below 50 GW will close. However, there are no
good reasons for such an expectation.

Using the example of wind energy, Ahlborn and Schuster (2018)
have shown that the added sum signal of independently fluctuating
wind generators leads to higher, and not smaller fluctuations than
the individual plant. This is similar to the differences in the
frequency of occurrence of different numbers of the die, which
are felt to even out over many rolls. In reality, the differences become
greater and greater as the number of throws increases.

In the case of RE generation, the mere increase in installed
capacity in the same region does not even mean the summation of
statistically independent but correlated sources. This is not much
different than the mere amplification of the same signal, from which

FIGURE 7
Result summary of DIW-Scenario.
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no change in dynamics occurs, if the term “dynamics” is understood
as the ratio between highest and lowest Power level.

The hope that high installed capacities would close the deeper
generation gaps is accompanied by the assumption that the required
residual energy would fall sharply with additional generation.

Knowing from chapter 4.2.1 that the system is underserved, we
need to test its response to increased generator output. Here we do
not have too many options.

In order to realize the expansion of onshore wind turbines
alone to the 218 GW already assumed here, around
40,000 turbines will be required, if only large wind turbines
with an average output of around 5.5 MW are used. According
to Destatis, Germany has an area of 357,000 km2; if you subtract
forests, bodies of water, traffic and populated areas, this leaves
around 200,000 km2. If the 40,000 turbines are distributed evenly
over the area, every corner of a grid length of 2.2 km would be
occupied by a wind turbine. This is considered to be already
beyond social acceptance. A further increase for offshore may be
possible, but very likely the 218 GW onshore are already beyond
limit. The expansion potential of solar generators is seen by the
Ministry of the Environment as 900 GW rooftop + 226 GW for
ground-mounted systems. Thus we decide to look at our system’s
response to more solar power.

Figure 7 on the left shows us how the important system
parameters respond on a successive increase of solar Installation:

- Despite an enormous expansion of solar capacity up to the
maximum possible rooftop installation of 900 GW (!), the
residual work is completely unimpressed by this. It is only
reluctantly and slightly decreasing.

- The amount of energy that can be shifted into the residual gap
by electrical storage remains largely constant. Here, either the
storage capacity, it’s power or both are limiting.

- Only a small proportion of the additional solar energy is fed
directly into the grid. The linear growth of surplus
generation indicates that it rolls almost completely off
the system and ends up in the electrolyzer and thus in
the hydrogen tank. However, even at maximum solar power,
it cannot cover the demand that is taken from the storage
system by generating the residual work. The deficit remains,

but has been reduced from 980 TWh to 610 TWh.
Screenshot SM-2 (Supplementary) shows more details of
DIW Scenario balance for 900 GW solar.

3.2.2.3 Why residual work is so resistent against increased
EE-Power

Two typical observations, which are representative of many
situations in summer and winter, make it clear why the residual
work with low generation is the main culprit for the poor storage
balance and why this has such a high resistance to high installed
capacities.

Figure 9 left shows the situation of a so-called tropical night,
which we have been experiencing with increasing frequency in
Germany in recent years. They occur during typical large-scale
high-pressure systems that calm the wind from the Alps to the
North Sea. The red solid line is the total RE output, which consists
mainly of solar power and very low wind power. The sky was quite
cloudy during the day, otherwise the solar peak would be more
intense. At night, there is only minor renewable energy power PRE
resulting from from low wind and the almost constant RE types
biomass and hydropower. From sunset to sunrise, almost the entire
residual load PRes must be supplied by hydrogen. As a thought
experiment, a doubled RE generation capacity is shown here as a
dashed red line. It can be seen that even this hardly reduces the
residual load in the decisive period. In popular scientific terms: Two
times nothing remains nothing. A further increase would only make
the solar flanks steeper here, but would only slightly reduce the power-
time areas responsible for the residual work.

The winter situation is not as extreme in the levels, but while the
sun is so weak, and stable high pressure weather often lasts for
several days, there is also a huge amount of residual work
accumulating.

Simply put, it is the large number of short and longer times at
which the total power is so low that the residual power is almost
independent of higher or lower installed power. The need for
residual work, which results from the statistical behavior of the
fluctuations, explains and confirms the system behavior observed in
the simulation.

In summary, it can be stated that the cause of the poor energy
balance results from the combination of two factors.

FIGURE 8
DIW-scenario consumer and EE power over the first 120 days of the year.
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- Due to the power distribution of natural generation, the
residual work required to operate the grid has a hard core
that cannot be cracked even by the highest installed capacities

- The poor efficiency of the hydrogen storage chain3

3.2.2.4 Improvement from electric storage applied to solar
enhanced scenario

The term “capacity” as a parameter is often used ambiguously in
English; in the case of a solar generator or wind turbine, it refers to
the “installed power” in multiples of watts. Therefore, it should be
specified here that, in the context of storage systems, “storage
capacity” refers exclusively to its ability to absorb energy in watt-
hours or multiples thereof, while “storage power” refers to the power
with which it can be filled or discharged. In order to get away from a
situation where two thirds of the storage energy are lost, it makes
sense to use electrical storage that has much higher efficiency.

“Politikberatung 167” only discusses the power of storage
systems, but makes no mention of their most important attribute:
capacity. The maximum power of a storage system determines how
much temporal residual power it can replace when it is discharged,
or how much excess power it can absorb when it is charged. Power
only represents the size of the tank cap, not the volume of the tank,
which would correspond to its capacity to hold an amount of energy
from which it derives its raison d’être. The DIW only states that a
power of 27 GW is required for their integrated scenario and 2 GW
for their efficiency scenario. However, without the unfortunately
cost-determining ability to absorb a certain amount of electrical
energy, storage is pointless. Kendziorki et al. (2021) do not explain

why no capacities are mentioned, in another publication (Zerrahn
et al., 2018) the partly same authors argue that storage in so-called
Residual Load Duration Curve (RLDC) strategies is only considered
as a power source/sink. This is true, but storage costs are mainly
determined by capacity. When expensive storage replaces expensive
hydrogen, it is important to achieve an economic optimum, which is
given by a sufficient energy turnover from times of surplus to times
of residual load demand. This optimum depends on the capacity, the
on-off performance of the storage and the temporal distribution of
the fluctuations. In battery storage systems, capacity and power are
not really independent design degrees of freedom, they are closely
linked by the technology. Limiting an existing on-off power due to a
storage strategy is technically straightforward. Expanding capacity is
a cost driver, it automatically expands on-off power, ultimately the
key to effectiveness and cost is adequate capacity.

In order to determine which capacity the DIW authors use here
but do not mention, it can be read from a diagramm of the policy
recommendation that is shown here with permission of DIW as
Figure 1. In a power-time diagram, area stands for energy
(=electrical storage capacity), the capacity of the storage used by
DIW can be estimated using the axis labels and a simple measuring
grid. The largest measurable battery area is at the edge of the picture,
i.e., larger than the part shown, which represents a minimum
capacity of about 300 GWh.

The DIW is tacitly presenting politicians here with a storage
facility that is about 200 times larger than the largest prototype
storage facility known today (which is located at the Vistra “Zero
Moss Landing Energy Storage Facility”) in Monterey/USA and has a
capacity of 1.6 GWh with an on-off storage Power of 400 MW. Of
course, it is basically okay to use something like this in a study of the
future. But when, right next to the publication (Göke, 2021), a co-
author (Kemfert, 2021) assures politicians that with enough wind
and solar generators Germany could be supplied 100% from

FIGURE. 9
Typical low-RE situation in summer and winter.

3 Detailed efficiency assumptions can be found in the

Supplementary Material.
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renewable energies in the shortest possible time (2030) and conceals
the fact that this requires the use of technologies of which we do not
know today whether they will ever reach an acceptable cost level, this
is misleading. Battery storage is fundamentally suitable and scalable,
but is still a long way from being competitive in terms of price.
Prototypes are only just above the 1 GWh capacity level, i.e. around
a factor of 1000 away from future demand. The same applies to
electrolysers; pilot installations in Germany are in the 10 MW range,
an order of magnitude further away from the 83 GW of the
DIW scenario.

For this investigation, typical data for lithium batteries are assumed
here. Charging and discharging efficiency, including converter losses, are
both 95%. Every TWh of electricity that can be shifted into the residual
gap with the help of electrical storage saves almost three TWh of
expenditure for balancing the hydrogen storage system.

Storage can only shift existing energy over time. As theDIW scenario
is fundamentally undersized, it must first be given additional generation
capacity, which, as already shown, is most feasible with solar power. At
900 GW, we have chosen the maximum possible value for rooftop
systems. The aim now is to determine how much surplus energy can
be shifted into the residual gap by running simulations with modified
storage capacity and storage performance.

Figure 10 shows the results. Each data point on the curve represents
the reduced residual energy of a full annual cycle after the application of
storage. Both axes of the graph have the unit TWh. For each operating
point on the storage curve, the ratio of ΔRW/ΔRC indicates the multiple
of its own capacity that the storage system can replace in terms of residual
energy over the course of a year.

Just below a capacity of 0.2 TWh, even storage facilities with low
charge/discharge power have a slope of around minus 215, i.e., they can
shift 215 times their capacity into the residual gap under the conditions of

this year. The higher the charge/discharge power, the wider the capacity
range inwhich this ratio is still favourable, before the curve starts to flatten
out. At a power of 150 GWand a capacity of 0.8 TWh, the storage can still
transport 174 times its capacity, or 139 TWh per year.

If we look at the energy balance of this scenario extended to 900 GW
of solar capacity and a storage capacity of 0.8 TWh/150 GW,we still have
an annual deficit of 426 TWh. This can be reduced to around 160 GW if
we could feed all the surplus into electrolysis, but this would require an
insane increase in electrolyser capacity from 83 to 550 GW. For more
details on the last two cases, see Supplementary Figures S3, S4.

3.2.2.5 Conditions for an energy neutral configuration
In many engineering disciplines, simulations like this are used to

iteratively determine technical target configurations with
multivariable influences. Here we iterate such a solution with the
remaining degrees of freedom of the DIW model. The aim is not so
much to recommend this for implementation. Rather, the aim is to
better understand and explain the associated challenges.

With the latest configuration, onshore wind is already exhausted and
solar potential also has little room for improvement. Offshore electricity,
is less pulsed than solar power and generates a higher yield per installed
capacity. So we are taking the expensive route here and increasing
offshore from 20 to 50 GW. We leave storage unchanged at 0.8 TWh/
150 GW.With a loss of only 18 TWh per year, we would already be close
to the target if we still did not have the need of 560 GW of electrolysis
capacity (Supplementary Figure S5).

Since RE generators do not have recurring fuel costs, Schill et al.
(2018) advocate the tactic of using a sufficiently high installed
capacity to release small amounts of energy through “moderate
curtailment” of power peaks, thus keeping storage and electrolysis
capacity low. We will see that this approach makes sense in

FIGURE.10
Dependency of residual load from Storage capacity and Power.
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principle, but that the orders of magnitude are different from those
described by DIW. To achieve a positive storage balance at all, we
choose the last option and install a further 300 GW of solar power
using all the remaining open space in Germany and a little more,
which would give us a positive balance of almost 100 TWh if we
could use all the energy (Supplementary Figure S6). Let’s look closer
at the temporal distribution of the remaining surplus energy in this
configuration before we start cutting back.

The histogram in Figure 11 shows us how the dwell times of
the over-generation are distributed across the power classes,
which here reach up to almost 800 GW. An almost linear
decrease in frequency (= dwell time) can be observed in the
upper power range. This should not lead to the misconception
that the energy content in the upper power classes is getting
lower and lower and that therefore only little energy is lost when
these are curtailed. The energy content of a single power band is
proportional to the product of frequency, power class and
bandwidth. As long as the increase in power class is
accompanied by a proportional decrease in frequency, the
energy contribution of the power classes remains constant.
As can be seen in the right-hand curve in Figure 11, this is
the case over a wide range of the power spectrum. It shows the
energy sum contained in the power classes up to the abscissa
value. The increase therefore remains linear as long as each
power class makes the same energy contribution.

Significant curtailment therefore always has a noticeable price.
However, curtailment at the level of power PX does not mean that all
peaks PX are lost, they just remain at PX. Limiting the output
therefore increases the degree of utilization for a connected
ressource like an electrolyser.

In our present configuration with a positive balance of 100 TWh,
the electrolyser has to process 778 TWh of surplus electricity, which

peaks at up to 755 GW. The capacity utilization is therefore a
disastrous 12%. If we curtail this for a 250 GW electrolyzer, we
end up at +18 TWh and achieve our target of a neutral or positive
balance. We lose 223 out of 778 TWh, while the elektrolyser
utilization rises to 25% (Supplementary Figure S7).

Table 3 presents a comparison where the DIW policy
recommendation and this study differ in the required ressources
to produce 1,070 TWh Electricity and 139 calorific TWh
of Hydrogen.

The question is what this has in common with a Pyrrhic victory,
given the incredible resources required.

3.2.2.6 Uncertainties of this analysis
The development of the future share of flexible consumption

on the electricity demand side has already been mentioned as an
uncertainty factor. Energy supply is an important factor in the
competitiveness of an economy. Competitive pressures often
result in the need for good and regular utilisation of human
resources and capital-intensive production facilities. This
continues to indicate a considerable inflexibility of demand
in terms of time, but the creativity of people should not be
underestimated; perhaps there will be good and creative
solutions to change this in the future.

The accuracy of the results of this study is also impacted by
several other factors. The data files available from the Network
Agency originate from the European Network of Transmission
System Operators for Electricity (ENTSO-E) and have been
corrected several times retrospectively. The changes observed so
far for generation data are at the very low end of the range. Slightly
larger revisions are observed for the annual installed capacity, with
revisions in the range of up to 5%. It is unsatisfactory that there is
only one value per year without further information on the time to

FIGURE 11
Temporal power distribution and cumulative energy of excess generation remaining after electric storage.
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which it refers, although it is clear that with current growth there
must be differences at the beginning and end of the year. As they
have an impact on the transformation into the target scenarios, they
have been evaluated from Fraunhofer ISE with more precise time
information, which allowed to assign a mid-year estimate (see
Supplementary Material). The remaining uncertainties are not
relevant for the conclusions of this study, in particular because of
the insensitivity of the difficult factor “residual work” to installed
capacity. In order to facilitate the replication of the results, the data
used are listed in detail in the Supplementary Material.

In general, it should be noted that this study assumes that all
energy generated can be fed into the grid and delivered to customers
at any time without any hindrance to transportation. Existing or
future transportation restrictions will affect the results.

The method used here of extrapolating the time course of real
generation to future installed capacity may contain deviations if
there were temporary curtailments in the reference year due to grid
transport problems and therefore reduced feed-in. As these
quantities must be remunerated in accordance with the EEG,
their magnitude is known. A press release fom ARD (2023)
quoted a figure of 5.8 TWh for 2021 with reference to the
Ministry of Economic Affairs. Such an error of around 1% of
annual generation is within the scope of the uncertainties already
present here and also does not call the presented results
into question.

4 Summary and discussion

The results from the analysis of the two planning scenarios are
summarized here.

- Scenario specifications are inconsistent, generation resources
do not meet desired supply.

- The statistical nature of generation is not taken into account.
- It can be clearly shown where the energy deficits occur and
what their causes are.

- Residual energy demand is very resistant to increased RE
installation and forces turbine capacity at full grid peak load.

- Hydrogen storage is associated with such high losses and
induces enormous additional demand for RE generators.

- Appropriate capacity utilization for capital-intensive
resources such as electrolysers forces considerable
curtailment of generation peaks. The losses induce
further demand for RE generators.

- Electric storage systems can only partially replace residual
energy from excess generation, but have a long way to go in
terms of cost and capacity.

- A CO2-free supply of the consumption specified in the long-
term scenario only appears possible if the limits for the
installation of RE generators in Germany are fully utilized
or even exceeded.

- If, the hydrogen from the unavoidable excess RE generation is
hardly able to close the remaining energy gap in the electricity
grid, it makes no sense to plan any further hydrogen
production in Germany.

Whether 1,070 TWh of electricity and 139 TWh of
hydrogen will be able to replace the primary energy demand
in Germany beyond 2040 is a question that this paper cannot
and does not want to answer. The required expansion of
renewable energy plants to cover such a demand with a
neutral energy balance is so excessive that it is probably far
beyond social acceptance.

If no serious methodological or technical errors can be
demonstrated in the study presented here, both scenarios will fall
far short of their targets.

It is meanwhile accepted that Germany will become a hydrogen
importer. What politics has not yet realized is the fact that achieving
the transformation goals in Germany is not so much endangered by
delays in the development of planned RE generators, but rather by
the fact that the desired goals cannot be achieved in this way. Sooner
or later, this will force a change in strategy, in which the fixed costs of
a poorly utilized but very complex parallel infrastructure of RE
generators, hydrogen turbines, storage facilities and greatly
expanded transport networks for electricity and hydrogen will
replace today’s recurring fuel costs. The study presented here
provides a basis for estimating some of these costs.
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