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Kurzfassung

Introduction

Quo vadis, Netzstabilitéte

Herausforderungen wachsen mit der
Verdnderung des Erzeugungsportfolios

Das Stromerzeugungsportfolio im deutschen
Hochspannungs-Ubertragungs- und Verteilnetz
verdndert sich seit 2011 stdndig. Nach mehre-
ren Jahrzehnten mit einer relativ konstanten
Segmentierung in Grund-, Mittel- und Spitzen-
last und einem entsprechend darauf ausgeleg-
ten Kraftwerkspark haben sich in den letzten 10
Jahren deutliche Verdnderungen ergeben. Als
wichtiges Ergebnis der sogenannten Energie-
wende, die 2011 mit der Abschaltung der ersten
deutschen Kernkraftwerke (KKW) nach dem
Reaktorunfall in Fukushima begann, werden
die letzten KKWs bis Ende 2022 endgiiltig vom
Netz gehen.

Das Kohleausstiegsgesetz vom 8. August 2020,
eine weitreichende Anderung mit Bedeutung
fiir die Energiewirtschaft in Deutschland, ver-
langt die Abschaltung aller Kohlekraftwerke bis
spdtestens 2038.

Spdtestens ab diesem Zeitpunkt wird es im
deutschen Kraftwerkspark keine grofSen, in-
duktiven Kraftwerke zur Erzeugung von
Grundlast mehr geben.
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The power generation portfolio in the Ger-
man high voltage transmission and distri-
bution system has been constantly chang-
ing since 2011. After several decades with
relatively constant segmentation into base-
, medium- and peak-load and a power plant
park designed accordingly for these pur-
poses, significant changes have occurred in
the last 10 years. As an important result of
the so-called Energiewende!, starting in
2011 with the shutdown of the first German
nuclear power plants (NPP) after the reac-
tor accident in Fukushima, the last NPPs
will go eventually offline by the end of
2022.

The Coal Phase-Out Act of August 8th,
2020, a far-reaching edit with significance
for the energy industry in Germany, re-
quires the shutdown of all coal-fired power
plants by 2038 at the latest.

From this point in time at the latest, there
will be no large, inductive power plants for
generating base load in the German power
plant park.

Basic mechanism for a stable
electrical power grid

The electrical power grid is stable when
generation and consumption are balanced
within the overall system. Excess electrical
energy cannot be stored directly, and the
grid itself cannot store any energy. Gener-
ated electricity needs to be consumed in-
stantaneously. Indirect storage in pumped
hydroelectric energy storage, battery stor-
age systems, or by other storage technolo-
gy are possible in principle, but are only
implemented to a limited extent in today’s
electricity supply system [1].

The biggest Battery Energy Storage System
(BESS) in central Europe is in Jardelund/
Germany close to the German offshore
wind farms in the North Sea. The BESS
Jardelund has a power of 48 MW, fully
charged, and provides 50 MWh of energy
before needing to be recharged [2]. In
comparison to the power class of a
conventional 1,100 MW coal-fired power

plant or even a 1,300 MW NPP, the capacity
of BESS Jardelund would be exhausted af-
ter 2min 44sec of the coal-fired power
plant respectively after 2min 18 sec of the
NPP full load operating time.

In principle, BESS could make a contribu-
tion to storing energy resulting from excess
generation by renewables. A review of en-
ergy storage technologies in cooperation
with wind farms is given by Rabiej [3].
Many publications are produced around
the globe which investigate the poten-
tial contribution of BESS. Those BESS
should be used to enhance the stability
of the power grid, ensuring system reliabil-
ity, increased grid flexibility, and to
make further expansion of renewable en-
ergy possible — all in regard to the chang-
ing electricity market’s growing influ-
ence of renewables [2, 4, 5, 6]. The appli-
cation of BESS is promising, but still at a
deployment level in terms of maturity,
power spectrum and recharge/discharge
capacity [7, 8].

A brief assessment of the power spectrum
illustrates the current situation of BESS:
the annual total net generation in Germany
in 2018 was 592.3 TWh [9], which means
an average net generation of about 1.6 TWh
on a daily basis is required, orders of mag-
nitudes greater than the storage capacity of
the largest European BESS Jardelund. The
prognoses of storage requirements in Ger-
many vary widely from only?> 8 TWh up to
61 TWh in [10], 16 TWh in [11]3, and
22TWhin [12] or even 80 TWh in [13] de-
pending on the deployment level of renew-
ables. It is questionable if studies offering
lower capacity prognoses have considered
that weather phenomena like the Dunkel-

1 German energy transition.

2 Even the smallest prognose 8 TWh storage ca-
pacity means unbelievable 160,000 times the
BESS Jardelund.

3 Authors of [11] are assigned to the affirma-
tives of the energy transition. It is noteworthy
that they deny explicitly the statements made
in [12]. The smaller numbers were obtained
since curtailment of renewables has also been
considered but not in [12]. In that case, the
comparison is hampered.
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Fig. 1. Covering daily demand before appearance of renewables (left), coping with renewables with leftover demand [19].

flaute* will never occur with fully charged
batteries, which would additionally in-
crease required demand.

Cost estimates are given in [17] referenced
in [16] and can be projected to 750 Euro
per kWh capacity in 2020, to 300 Euro per
kWh in 2030 and to 150 Euro per kWh in
2050 due to economies of scale. With to-
day’s prices, the commission of the small-
est storage capacity (8 TWh) would cost 6
trillion (10'?) Euro, operational costs
excluded. These enormous costs must be
additionally associated with the compara-
bly short lifetime of BESS, approximately
10 years (seei.e. [18]).

Currently, the only mature, fully commer-
cialized energy storage technology within
a seriously considered power is pumped
hydroelectric energy storage. Dis-
advantages in comparison to other gener-
ating units is, that they turn to consumers
when it is necessary to recharge their up-
per located water reservoirs; in contrast,
they have no fuel costs except the power
needed for pumping mode. Thus, economi-
cal aspects come into play regarding
variable costs.

Particularly in Germany with its north-
south divide of coast and mountains,
pumped hydroelectric energy storages ap-
pear in the south by reason of necessary
geodetical height, whereas wind farms are
in the flat northern countryside, or off-
shore, along the coast, with enhanced up-
stream flow conditions due to the lack of
mountainous “obstacles.”

In addition, there is another relevant
north-south divide in Germany” in terms of

4 Dunkelflaute is a compound German word
combining “Dunkelheit” (darkness) and
“Windflaute” (little wind). It is used in the
context of energy sector and describes periods
when solar and wind power generation is very
low. In Germany a Dunkelflaute may last about
2 weeks, particularly in winter season. Refer-
ence is given i.e. to [14] and [15].

5 There are a lot of north-south divides in Ger-
many but that is beside the topic.
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high industrialization in the south (and
west) and the northern regions, generally
characterized as more rural and agricul-
tural. Thus, in the south, pumped hydroe-
lectric energy storage predominates near
huge industrial consumers. In the north,
wind farms (particularly those located off-
shore) tend to be further from load centers.

In today’s overall climate of expansion of
energy storage systems, the introductory
statement remains valid: generated elec-
tricity needs to be consumed instantane-
ously.

From a technical point of view, the power
balance is maintained when the grid fre-
quency is kept within a very narrow range
around the setpoint of 50 Hz. If consump-
tion exceeds generation, energy is with-
drawn from the rotating generators of the
power plants, and consequently grid
frequency drops, with the obverse true if
generation exceeds consumption. Control
systems must have access to controllable
power generating units or controllable
consumption devices in order to be able to
return the current imbalance in a targeted
manner [1].

The scale-pan of consumption is character-
ized by the day-to-day constant consumer
load profile for ordinary working or week-
end days with seasonal and predictable
long-term fluctuations over decades. At
times, special events take place and charac-
terize the consumer load profile differently
to the ordinary day (viz., the “roast goose-
peak” or the “church attendance-sink” at
Christmas or the finale of a soccer game
with German participation). These events
are singular, predictable, and therefore
easy to handle for the control systems in
charge of the operational readiness of ad-
ditional generating units, if available in the
system.

The scale-pan of power generation tends to
follow suit regarding the consumer energy
demand profileillustratedinFigure 1.In
previous decades, prior to the growth of
renewable energy, (left-hand side of Fig-
ure 1), the power supply was divided into

the three categories: 24h night and day
base load, load following during daytime,
and peak load for a short daily period®.

The electrical power generation system
consists of a range of units utilizing varying
fuel sources for electrical generation, up to
and including auxiliary power for pumped
hydroelectric energy storage used for re-
charging. In balancing generation and de-
mand, it is customary to operate the gener-
ating units in that sequence to minimize
overall operating costs. Therefore, the gen-
erating units with the lowest marginal pro-
duction costs are operated at full load as
long as possible to cover the baseload.
Generating units with higher marginal pro-
duction costs are operated with changing
electrical output to match generation with
residual demand beyond baseload. The
generating units with the highest marginal
production costs are only operated during
day peaks, with pumped hydroelectric en-
ergy storage having recharged upper water
reservoirs during low price base load peri-
ods. This cost-optimal employment se-
quence of the generating units is known as
merit order.

All available generating units are sorted in
ascending order according to calculated
marginal costs, and plotted against the cu-
mulative installed electrical power, see
Figure 2. Current demand indicates the
generating unit which must be employed.
It then becomes the marginal power plant
with the highest current costs. The left
panelin Figure 2 shows sorted generat-
ing units covering demand with the mar-
ket-clearing price of the marginal power
plant. The units indicated to the right of
the current demand are not requested,
since demand is already covered, and they
cannot provide power for price. Generating
units with marginal production costs that
are lower than the market-clearing price
benefit from earning incremental reve-

6 For example, at the early evening homecoming
from work but with still running and power
consuming industry.
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Fig. 2. Principle of merit order in former times without renewables (leff) and with mustrun renewables (adapted from [21]).

nues, which contribute to their fixed costs.
The marginal power plant is only able to
cover its variable operating and mainte-
nance costs [20].

With the deployment of renewable tech-
nologies, the merit order of generating
units is no longer driven by economic as-
pects. The legal framework for the expan-
sion of renewable energies in Germany is
found in the Renewable Energy Sources
Act [22]. On one hand, it regulates the pri-
ority supply of electricity from renewable
sources into the power grid. On the other,
the law determines a guaranteed feed-in
remuneration for renewables which ele-
vates them to a special status. Whenever
wind is blowing or the sun is shining, the
operators can feed into the power grid,
without caring whether it is needed. The
status of renewables can be described as
“must-run”” in the merit order.

The “must-run” renewables with marginal
costs near zero are sorted at the beginning
of the ascending order and shift the whole
conventional fleet of generating units to
the right side of the diagram (right panel in
Figure 2). Due to the reduced residual
demand covered by the conventional fleet
(Figure 1, right-hand side), the thresh-
old for the last generating unit to be re-
quested will be a cheaper one than in the
previous example. The previous marginal
power plant, suffering from low capacity, is
forced out of the market, with the units
represented on the right coming into play
with increasing rarity. With fewer opera-
tional hours of the units forced out, fuel
costs per MWh rise, which make requests
for reemergence into the market even more
difficult.

Ultimately, it is always a matter of costs,
and, finally, if one may ruminate with a

7 The term “must-run” is not yet correct. The
privilege has been abridged by an amendment
of the Renewable Energy Sources Act. More
information will be provided in a further chap-
ter about misalignments.
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soupgon of bemusement, a matter of sooth-
ing the green conscience. At first glance,
nature seems to provide that much-vaunt-
ed win-win situation: the sun is shining, the
wind whips round the blades of windmills,
and costs are nil. Current demand should
thus dictate that expensive gas-fired power
generation be forced out by renewables,
which then engenders a reduction of
wholesale power prices, which in turn has a
negative impact on the profitability of con-
ventional power plants [23]. Thus, the
cheaper generating units on the left-hand
side must content themselves with lower
incremental revenues. This is known as the
merit order effect of renewables. The mat-
ter of minimizing costs would seemingly
appear to be settled. Furthermore, as fossil-
fired generating units are forced out of the
market, societal awareness of the environ-
ment, specifically of sustainable concepts
fomented to combat climate change, and
governmental strategies designed to reduce
carbon emissions, are on the ascent. The
matter of the soothing of the green con-
science might also seem to be covered, but
in truth this mollification is easier pontifi-
cated than achieved.

The main issue that counteracts the win-
win-consideration is that renewables have
largely intermittent output with limited
predictability, a result not correlated with
variations in electricity demand [19], if so,
it is pure coincidence. To posit these reali-
ties within the cant of pragmatic resigna-
tion, consider this idiom: “When wind is
there, it’s there:” [24]. Rather than steady-
ing supply, renewables disturb efforts to
maintain grid frequency stability due to
their unreliability — forecast deviations pre-
clude the energy from being dispatched.
The supply curve increases and decreases
depending upon climatological conditions.
The greater the penetration of renewables,
the larger the shift in the supply curve, cou-
pled with a rise in price volatility [20].

One of the core tasks of Transmission Sys-
tem Operators (TSO) is to ensure system

stability. TSOs fulfill this task through an-
cillary services, including, amongst others,
the maintenance of power balance and fre-
quency through the provision and applica-
tion of three different kinds of balancing
reserve in the continental European trans-
mission network [9].

The primary control reserve® immediately
stabilizes the frequency after a disturbance
within 30 seconds at a steady-state value
by joint action within the entire continental
European synchronous area. It is complete-
ly automated and delegated to the large-
scale power plants [25]. The subsequent
secondary control reserve? is triggered by
the disturbed load frequency area and re-
turns the frequency towards its set point
within 5 minutes. The primary control re-
serve remains activated until it is fully re-
placed by the secondary reserve in a ramp-
wise characteristic so that the work capa-
bility of the primary reserve control is
restored again for the next possible distur-
bance. Additionally, the secondary reserve
is replaced and/or supported by the ter-
tiary control reserve (or minute reserve)°
within fifteen minutes in a ramp form [26].

The dynamic hierarchy of the balancing re-
serve is illustrated in Figure 3.Inrecent
years, with growing deployment and pen-
etration of must-run renewables linked
with reduced inertia, grid maintenance
complexity has increased enormously.

Role of the nuclear power in grid
stability

NPPs belong to generating units with the
lowest marginal production costs. Thus,
following the rules of merit order, they are

8 Also called Frequency Containment Process
(FCR).

 Also called Frequency Restoration Process
(FRR).

10 Also called Reserve Replacement Process
(RR).
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Fig. 3. Dynamic hierarchy of load-frequency control processes [26, 27].

operated at full load when possible. The
public perception of NPPs suggests that
they are only made for baseload operations
and are too inflexible for any kind of load
change. Such pronouncements were aired
not just by anti-nuclear organizations but
also by the German Federal Environment
Ministry, which ascertained that NPPs are
the most inflexible facilities within the tra-
ditional power plant fleet due to their in-
flexibility and frequent starts and shut-
downs, and, if possible, should be avoided
for safety reasons [28] (in [29]). During
discussions in the late 2000s regarding life-
time extensions of NPPs, sloganeers sug-
gested that the plants might clog the power
grid and jeopardize the development of
renewable energies.

Among the curious myths surrounding nu-
clear energy that have been met with dis-
may and incomprehension by experts, al-
legations of inflexibility earn a special,
Stygian ranking, due to the simple fact that
the exact opposite is true [30].

Of course, due to low marginal production
costs, NPPs have reliably contributed to
base load demand over the decades since
their introduction. Due to market
mechanisms, there was never an economic
need to throttle the power of the NPPs if
more expensive generating units remained
in operation. A persistent canard suggests
that due to their supposed inability to man-
age load changes — not because of their
low-cost operational status — NPPs ran only
in base load. This supposition proved ap-
parently sturdy, however, and the percep-
tion that NPPs always operated at full pow-
er — or were only able to do so — became
entrenched. Even published power chart
illustrations mirrored the conjecture, that
NPP “always” or rather “only can” operate
at full power.

In fact, German NPPs are the most flexible

generating units in the portfolio, and were
particularly able to demonstrate that capa-
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through 1985 [31]. Regarding the ascend-
ing order of generating units in the merit
order diagram, it would have led to a very
broad interpretation of the NPP category.
In the forward-looking 1985 scenario,
NPPs would have undertaken duties be-
yond baseload operation, including load
following operations. The design of NPPs
already had to be adapted for that purpose
in their planning phases to have the flexi-
bility to meet the requirements of the des-
ignated scenarios with large shares of
nuclear power. In the end, the commission
of 50 GW installed capacity was not real-
ized, but constructed NPPs have been given
the capability of flexible operation by
design (and not by retrofit).

The load change rate over time is shown in
Figure 4 for various thermal generating
units. The NPPs have the largest load
change rate, paired with the biggest power
generation per single unit. Load following
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Fig. 4. Comparison of load change rates of conventional generating units (adapted from [33] with

data from [32] and [34]).

bility in practice. In the case of renewables’
high feed-in, it more frequently occurs that
a huge part of current demand is covered
by renewable sources, with one of the NPPs
then becoming the marginal power plant,
and all fossil-fired plants located on the
right-hand side of the NPPs in the merit or-
der diagram (Figure 1 right-hand side)
not being employed at that moment —
always a snapshot —and are thus forced out
of the market. In that case, even the NPPs
must throttle power generation. Due to the
geographical imbalance, NPPs in the north
are particularly affected to conduct load
following operations.

Their high flexibility remains an open ques-
tion. Due to the oil crisis and its tremen-
dous dependency on foreign energy re-
sources, Chancellor Willy Brandt’s govern-
ment launched the first German energy
program in 1973. Among other issues, the
intention of the initiative was to in-
crease the capacity of NPPs up to at least
40GW, and preferably up to 50GW,

down to 50% can be conducted in NPPs
with a gradient of 5% of nominal power
per minute, down to 80 % (but not be-
low) even with a gradient of 10 % per min-
ute; thus, with an enormous 140 MW/min.
The operating manuals'! of the KWU-type
PWR, which contain all operational
and safety-related instructions, indicate
even higher performance ranges. Load
changes of up to 80 % of nominal power —
thus, down to 20% — are permitted (pub-
lished e.g. in [32]). This strong load re-
duction comes at the expense of the
load change rate. It decreases to a gradient
of 3% of nominal power per minute
(42MW/min), which is, however, still
competitive with the fossil-fired power
plants.

The fastest non-nuclear units are a small
number of new fossil-fired power plants,
which were designed in consideration of

1 Not publicly accessible.
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the increased demands of flexibility. With
changing markets and the prioritized, fluc-
tuating feed-in of renewables, efforts were
made to enhance the design of coal-fired
plants to more suitably meet load following
requirements. Enhancements were imple-
mented to further lower minimum permis-
sible power, but not expressly to increase
the load change rate [35]. Factors limiting
an increase of load change rate in coal-fired
power plants include combustion perfor-
mance, the mass flow of fossil fuel through
the coal mill, and particularly the thermal
stress of thick-walled components. Fluctu-
ations of pressure and vapor temperature
due to declining control accuracy also play
roles as limiting factors [36]. The best per-
forming units reach a gradient of around
40 MW/min'2.

The load change in NPPs is not limited to a
mass flow of fuel. Due to the high energy
density of a nuclear core, a smooth inser-
tion or withdrawal of control rods leads to
a strong load change. The thermal stress of
components as limiting factors for the load
change rate is not that significant in NPPs
as well. Regarding secondary circuit, wa-
ter-moderated NPPs do not superheat
steam to obtain high efficiency, as do fossil-
fired plants!®. The steam generation in
water-moderated NPPs is limited to the
saturated vapor line. Temperature differ-
ences are not as high as in power plants
with superheating capabilities.

One of the hallmarks of KWU-type pressur-
ized water reactors (PWR) is the constant
average coolant temperature over a wide
range of their partial load reactor power
levels, resulting in minimal changes of
pressurizer level. Figure 5 schematically
depicts the partial load diagram of a KWU-
type PWR. It shows the temperature of the
primary coolant at inlet/outlet of the reac-
tor pressure vessel, as well as the average
cooling temperature, depending on the re-
actor’s power [37, 38]. Particularly in the
upper power range, under special focus for
load following operation, the average cool-
ant temperature remains constant more
than half of the entire power range.

This enables quick, subtle load changes
with precise control behavior and minimal
thermal stress and fatigue on the primary
circuit components [29, 30]. In regard to
safety, all physical reactor parameters such
as neutron flux, power density and power
distribution are kept under constant dou-
ble surveillance by the reactor limitation
systems and the reactor protection system.

With the capability of fast and nimble load
changes, NPPs fulfill the technical require-
ments to provide varying levels of balanc-
ing energy as requested by the TSO [29,

12 One must keep in mind that the coal-fired
plants are often build as multi units at one
site.

13 Some of the coal-fired plants even operate
with supercritical water.
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Fig. 5. Partial load diagram of a German PWR (simplified) [38].

39] illustrated in Figure 3. The NPP can
be operated automatically by controlling
the power set point of the generator. The
primary side follows suit with the demand
of the secondary side and regulates the av-
erage coolant temperature. Figure 6
shows the power control in practice due to
fluctuations of solar and wind power.

PWRs have the ability to automatically
counteract changes in coolant temperature
resulting, for example, from a requested
power ramp on the generator side, by
changing the reactor power accordingly,
see Figure 7. This feedback behavior is
adjusted by means of coolant temperature
control, based on the neutron-kinetic effect
of the negative coolant temperature coef-
ficient of reactivity GK.

A requested reduction of generator power
leads to a throttling of turbine admission
valves and an increase of upstream main
steam pressure. Due to thermal coupling of
the steam generators, particularly with the
primary’s cold legs, an increase of coolant
temperature results. In short, as the tur-
bine demands less power than is generated
by the reactor, the primary circuit becomes

temporarily warmer. With the rising tem-
perature of the coolant, density decreases,
and reactivity is consumed. Via neutron-
kinetics, the neutron flux j decreases and
hence reactor power as well. A decrease of
reactor power releases positive reactivity
via Doppler effect by a reduction of the av-
erage fuel temperature, and by an increase
of fuel density owing to reduced average
fuel temperature. Both effects are
subsumed in the power coefficient of reac-
tivity GP, which always automatically
counteracts any change of reactor power
AP. It is part of the inherent safety concept
of nuclear reactor design. In this case, the
gain in reactivity related to a decreased de-
mand in power balances the reactivity
consumed by the rising average coolant
temperature.

Decreasing reactor power has a feedback
on heat transfer, which counteracts the in-
direct increase of coolant temperature (re-
turning orange arrow) caused by the
throttling of turbine valves.

For a requested increase of generator pow-
er, the antipodal result occurs. An excess of
power prevails on the turbine side; more
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Fig. 6. Real example of power control in practice on first week of October 2018 (adapted from

[27]).
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power is extracted from the steam
generator towards the secondary side, and
the primary circuit becomes temporarily
sub-cooled. With lower coolant tempera-
ture, reactivity is gained, and reactor power
increases again. The heat transfer increas-
es and balances the drop of coolant tem-
perature. Part of the gained reactivity is
compensated in this case by the negative
contribution of power reactivity feedback.
An increase of power consumes reactivity
(Doppler effect and fuel density).

The requested change of the generator
power set point is initially buffered by the
reactivity feedback of changing coolant
temperature. If the coolant temperature
deviates from its dead band (in both direc-
tions), it is then transferred to the control
rod position controller.

KWU-type PWRs have control rods that are
functionally divided into two control rod
banks - the L. and D banks. The majority of
control rods are assigned to the L bank,
which remains at a high position during
power operation and preserves the shut-
down margin, an important parameter for
safety [38]. The four D banks, each
comprising four control rods, are used for
regulating integral reactor power. They are
weaker in comparison to those comprising
the L bank and do not markedly disturb
power distribution [40]. Depending on the
control rod maneuvering concept, one or
more of the D banks are partially inserted
or withdrawn, which accordingly elicit
prompt feedback on reactor power so that

14 In difference to the illustration in figure 7, the
reactivity contribution based on control rod
movement is +A,cg because of their removal
-As.

15 The reactivity contribution of the control rods
Aqcr is replaced by the reactivity contribution
based on boron concentration Ay
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coolant temperature returns smoothly to
its set point. Thus, during partial load op-
eration, the automatic movements of
control rod banks provide the method of
choice to ensure a balance of reactivity de-
spite load ramps.

For a considerably lengthier partial load
operation — and only in that case — the con-
trol rod banks tend to be withdrawn again
to avoid both a stronger peaking of the axi-
al power distribution and a burn-up imbal-
ance between bottom and top core regions.
For that purpose, the control rod bank con-
troller regulates the reactivity balance by
feeding boron into the coolant while the
bank is slowly withdrawn. The gained reac-
tivity from the removal of control rods'* is
compensated by an increase of the concen-
tration of the neutron absorber. The reac-
tor core will be operated in partial load

Cost of electricity production —»
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with fully withdrawn control rods, but
with increased boron concentration!®. In
case of a positive load change, deionized
water will be fed into the coolant to de-
crease the boron concentration, while con-
trol rod banks are partially inserted. The
increase or dilution of boron concentration
is quite slow, and this operation mode sig-
nificantly slows the possible load change
rate of the NPPs. Aspects of Xenon build-up
also come into play. Changes of boron con-
centration are not usually carried out if the
NPP is requested by the TSO for short-term
load following operation.

The German Energy Transition with public
incentives for more investments is leading
to a steadily growing share of renewable
energy in the German electricity mix. But,
particularly regarding the installed capac-
ity from wind turbines on land and sea, it
can be observed that there is still a clear
geographical imbalance between the loca-
tions of the prevalent, lower power plants
in northern Germany and the consumption
centers in the south. In addition to the ex-
pansion of renewable energies, the nuclear
phase-out in Germany is also progressing,
thus, huge conventional generating units
with high capabilities of load following op-
eration will exit the market by end of 2022.

In the case of other conventional genera-
tion technologies, a steady decline in the
capacities connected to the grid can also be
observed, due to market forces under the
rules of merit order making operation too
expensive. Should this occur, the costs of
power generation might not be able to be
covered, leading to a vicious economic cir-
cle prior to a new request. Since the mar-
ginal costs of production per MWh will rise
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Fig. 8. Marginal costs of specific power generation versus operating hours [21]. Operating hours
CCGT Irsching Unit 5 (commissioned 2010) [42]
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with reduced time of operation, see Fig-
ure 8, the affected power plant will be
ranked farther on right side in the ascend-
ing merit order, see Figure 2. In the case
of the highly efficient but expensive com-
bined cycle gas turbine (CCGT) Irsching
Unit 5, which was commissioned in 2010,
its operating hours have fallen tremen-
dously to a level of economic inefficiency
which prompted the utility to apply for
shutdown. Conversely, decline in capacity
can be observed due to stipulations in the
recently enacted German regulations for
the phase-out from the coal-fired power
generation by the end of 2038 [41].

The import of electrical energy from neigh-
boring countries in the north and Scandi-
navia with the simultaneous export of elec-
trical energy to neighboring countries in
the south creates a burden for the trans-
mission network. This north-south divide
of international electricity transport is su-
perimposed on the requirement to transmit
nationally generated electricity from wind
farms in northern Germany to the load
centers in southern Germany [43].

To avoid an overload of the transmission
grid, two main measures are adopted by
the TSOs: redispatch and feed-in manage-
ment measures. Both belong to the ancil-
lary services as well and have received in-
creasing importance in recent years.

Redispatch means the local reduction or
increase in the feed-in capacity of power
plants due to bottlenecks in the transmis-
sion network in order to relieve and stabi-
lize the grid. Negative redispatch is applied
to reduce feed-in capacity of conventional
power plants in northern Germany in cases
of excess power generation of must-run re-
newables in geographic proximity. In
strong wind phases, however, even wind
farms are assigned by the TSOs to reduce
power input and become part of the
negative redispatch measure. With the em-
ployment of ever-greater numbers of wind
farms, renewable energies are often obli-
gated to throttle their power feed-in as
well. As regulated in the Renewable Energy
Sources Act [22], the operator of curtailed
renewable generating units is entitled to
compensation for the lost power feed-in
with guaranteed remuneration.

Positive redispatch is performed on the
other side of the transmission grid — the
power sink — by running-up capacities in
the case of excessive transmission rates to
southern neighbors or in the case of the un-
foreseen trip of a power plant’®.

Energy provided or lost via redispatch is
counted in GWh. Figure 9 illustrates the
cumulative generated redispatch energy in
2018 and the most affected generating
units. The top ranking of power plants clear-

16 A pumped hydroelectric energy storage in a
currently restoring operation modus can also
be assigned to stop electricity consumption to
not wring out the power sink furthermore.
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2018
O Positive Redispatch 5467 GWh

|| Negative Redispatch 3817 GWh

—— /-?

Aol =

Fig. 9. Redispatch measures in 2018. Negative redispatch via reduction of power generation
(blue), positive redispatch via raise of power generation (both cumulated) (own illustration

with data from [44]).

ly shows that the “award-winning” units for
negative redispatch (Table 1) are located
in northern Germany, and the “award-win-
ning” units for positive redispatch (Table
2) in southern Germany. For example, the
hard coal-fired power plant Wilhelmshaven
(operated by Engie) was not allowed to
feed-in 866 GWh (data taken from [44]) of
energy in 2018 due to redispatch measures.
In relation to power capacity, the unit has
lost 1,185h (nearly 50 days) of power gen-
eration (full load hour equivalent in Table
1). Considering its hours of operation and
sensitivity to the costs distribution in Fig-
ure 8, it seems to be only a matter of time
before the unit is shut down for operational
reasons. The affected power plant receives
renumeration for energy not generated and
for its participation in the redispatch service
regulated in [45].

Table 2 for positive redispatch is headed
by the south German hard coal-fired power
plant Staudinger Unit 5, which usually can
be found more on the right-hand side of
the ascending merit order diagram. It was
requested for 517 GWh of additional ener-

gy. However, in the course of the German
act on the phase-out from the coal-fired
power generation, the utility has already
announced it will close Unit 5 in 2025 [46]
because of suffering from low capacity in
the regular market.

The top ten contains also Staudinger Unit 4,
a gas-fired plant, which has already been
taken from market and contracted by the
German Bundesnetzagentur!” (BNA) as a
network reserve power plant. Other affect-
ed sites in the top 5 list contain units which
were designated by the utility to close, but
are obligated to remain in operation by
the BNA, which classified the majority of
units south of NPP Grafenrheinfeld'® as sys-

17 German Federal Network Agency for Electric-
ity, Gas, Telecommunications, Post and Rail-
way.

18 The so called Mainlinie from the river Main
originates from historical and political bound-
ary of the two major powers Austria and Prus-
sia in the 19th century. Today it is used
amongst others by the BNA to divide the af-
filiation of power generating units to northern
or southern part of Germany.
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Tab. 1. Top ranking units 2018 for negative redispatch measures.

Reduction of power generation
Top ranking in 2018

1. Wilhelmshaven (Engie)
2 Janschwalde

3 Schwarze Pumpe

4. Boxberg

5 Wilhelmshaven (Uniper)

8 Moorburg

Negative redispatch

Full load hour/

Tab. 2. Top ranking units 2018 for positive redispatch measures.

Raise of power generation

Positive redispatch

energy day equivalent
866 GWh 1185h / 49.4d
658 GWh 219h/9.1d
635 GWh 397h/165d
606 GWh 236h/9.8d
377 GWh 498 h /20.8d
166 GWh 166 h/6.9d

Classified as

Top ranking in 2018 energy systemically relevant
1. Staudinger Unit 5 517 GWh Not, shutdown in 2025 [46]
2. Karlsruhe (RDK Unit 8) 448 GWh Not, but Unit 4S [47, 48]
3. Heilbronn (Unit 7) 413 GWh Unit 5, 6 (2018,2020) [49, 50]
4. Vorarlberger lllwerke (Austria) 365 GWh
(Hydro power)
5. Karlsruhe (RDK Unit 7) 347 GWh No, but Unit 4S [47, 48]
7 Staudinger Unit 4 173 GWh 2018 [51]
9 Mannheim (GKM) 157 GWh Unit 7 (2020)[52]

temically relevant for grid stability. For fur-
ther information, references are made in
Table 2.

Recently, power plants Moorburg (ranked
as#8inTable 1) and Mannheim (ranked
as #9in Table 2) were highlighted in the
national media and entered public discourse
[N1, N2, N3, N4]. Power plant Moorburg is
in Hamburg and belongs to the youngest
and therefore most efficient hard coal-fired
units. Unfortunately, it was constructed on
the “wrong side” of Germany. Although it

Domestic ¥ International
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was foreseen in [41] to run until the end of
2038 - the legally stipulated last year of
coal-fired power plants — Moorburg came to
the decision [N1] to apply for the first ten-
der of the BNA in 2020 to quit coal-fired
power generation against financial compen-
sation. Just recently, both units of Moorburg
had been awarded the contract to quit elec-
tricity generation from hard coal as early as
2021 [53, 54]. Conversely, power plant
Mannheim is in the south and Unit 7 has ap-
plied to the operator to be closed. It will not

11,430

8,383

7,660

3,024 I

6,598

7 A /1" ' A
Adown of NPP " Shutdown of Abolition of
Grafenrheinfeld, NPP Gund- the common
27.06.2015 remmingen B, bidding zone
) ) 31.12.2017 Germany-
/ .
/ 74 Austria

/
3. Application for
Shutdown of CCGT

Irsching 4 and 5 of CFPP Moorburg, 31.12.2021

2018/19 2019/20 2020/21

Application for Shutdown el

VGB PowerTech 512021

be allowed to do, however, since it has re-
cently been classified by the BNA as system-
ically relevant [52] until at least 2025. The
information was made available to a broad-
er audience by [N3] and [N4].

If hedged and market-based power plant ca-
pacities are not available in sufficient quan-
tities to carry out redispatch measures, the
TSO will procure the required capacities
from existing, inactive power plants to en-
sure the safety and reliability of the electric-
ity supply system (e.g., Staudinger Unit 4).

Network reserve power plants are not re-
quired because of insufficient generation
capacities, but because of excessive elec-
tricity transmission and the resultant
overload of the transmission network. Gen-
erally, these network reserve power plants
are only used outside of the energy market
to ensure grid stability, and thus are used
exclusively for redispatch [43].

The BNA regularly releases reports for fu-
ture reserve power plant requirements for
the upcoming winter, in additional to those
for the next few years (e.g. [43]). The
numbers of recent reports up to winter
2024/25 have been picked up and graphi-
cally illustrated by [55] as can be seen in
Figure 10. Certain discrete dates are in-
troduced within, including disturbance
values for the capacity planner. Based on
these reports, new build projects can also
be invited to tender. In the case of Irsching
[N5], the energy transition reaches absurd
extremes. It was even described as “insane”
by [N6]. Following a tender from the Ger-
man TSOs for a new network stability re-
serve, a new gas-fired power plant has been
awarded at the Irsching site — it will be
known as Unit 6 [56]. Curiously, the utility
applied for the shutdown of Unit 4 and the
highly efficient Unit 5 on several occasions,

10,647
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2022/23 2024/25

6,598 6,596

A A w o« Winters/Years
|
Shutdown Scheduled Shutdown
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Fig. 10. Totalized capacity of domestic and international grid reserve power plants and identified requirements for the winters/years (inMW)

(adapted from [55]).
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Fig. 11. Cost allocation of ancillary services in Million Euro with increasing share of grid stabiliz-
ing measures in % (sum of orange colored segments) (data taken from [9], [58], [62]).

see Figure 10. Even during the regula-
tory approval of emissions for Unit 6, the
application for mothballing Units 4 and 5
was incidentally alluded to [57]. Irsching
Unit 4 and 5 are also taken from market
and contracted by the BNA as network re-
serve power plants.

Eventually, the provision and application
of network reserve power plant capacities
as well as the shedding of loads is assigned
to the range of tasks of the TSOs [9]. For
further information, refer to the annual re-
ports of the BNA [58, 59, 60, 61]. The re-
dispatch of power plants and network re-
serve power plants, as well as the feed-in
management measures regarding curtail-
ment of renewables, not only play roles of
increasing importance for grid stability,
but have also claimed an increasing share
in the price of electricity over the last few
years,see Figure 11.Thisincreasing ser-
vice is paid for by a levy on electrical con-
sumption by the end user — the Renewable
Energies Act levy.

Due to the merit order effect of renewa-
bles, wholesale electricity prices have fall-
en below the marginal costs of even highly
efficient (but expensive) CCGT. Although a
cheaper portfolio of generating units cov-
ers the market as originally intended by the
Renewable Energy Sources Act, renewable
technologies are often not the cheapest in
terms of total cost (but not of marginal
cost). In markets with high penetration of
renewable energy, thisleads to a divergence
between the true cost of the system and the
evolution of the price of electricity in
wholesale markets. In the longer term, in-
vestors will be hesitant to reinvest or re-
capitalize electricity markets without suf-
ficient guarantees on returns [20]. In Ger-
many, incentives for investors are provided
by a public feed-in tariff subsidy program
with a guaranteed remuneration to boost
the deployment of renewables. These costs
are also borne as a further part of the Re-
newable Energies Act levy. Despite low
wholesale prices, the cost of the renewa-
bles levy causes the end consumer to pay
the most expensive retail prices across Eu-
rope. Due to the skyrocketing expense of
the levy in recent years, the German gov-
ernment decided to limit the levy for con-
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sumers in 2021 and 2022 by subsidizing its
residual costs with state aid from tax reve-
nues [63]. Without this subsidy, the levy
would increase by approximately 40 % in
2021 [N7].

The deployment of renewables will be
borne by consumers and taxpayers. But to
what extent? A 100% penetration of re-
newables cannot be achieved on stand-
alone basis without any subsidy program,
because investors of renewable generation
would be unable to earn a return on risk.
Electricity prices would be at the renew-
ables’ marginal costs, equal to zero, and
renewables could fall victim to their own
success, as stated by [20].

Conventional power generating units are
still required to provide security of power
supply, but suffer from low capacity or
have applied for shutdown. Investors
would be discouraged from continuing op-
eration of these units or even entering the
market following tenders for new reserve
power plant capacity. Thus, investments in
conventional generation capacities deemed
to be necessary in the long run have been
cancelled. In the end, potential investors
might even call for public support to build
conventional generation capacities. But
subsidizing renewables and conventional
capacities would contradict the idea of a
liberal market according to [23].

Another phenomenon has appeared in the
public arena in regard to the energy transi-
tion: negative electricity pricing [N8, N9].
Colloquially known in Germany as “Okos-
tromschwemme” (green power glut) or
“Okostromparadox” (green power para-
dox), the term implies that renewables are
responsible. In Figure 4 it can be seen
that conventional generating units have a
minimum permitted limit of partial load
operation. In those situations where the
limit is greater than the residual demand
— this can be for a few hours — exceptions to
the marked rules may be needed to avoid
shutdowns of generating units that may
not be available when demand increases
shortly thereafter [19]. The power over-
supply, with its simultaneous necessary
consumption, leads to negative prices in
the wholesale market. The concept of guar-
anteed feed-in remuneration for renewable

sources seems to be out of place during this
undesired situation of oversupply and neg-
ative electricity pricing. In an amendment
of the Renewable Energy Sources Act, the
6-hours-rule has been complemented in
2017. It notes the guaranteed feed-in
remuneration for renewables (with certain
power class determined in the law) will be
suspended, if the exchange electricity price
in day-ahead trading is negative for six
hours or more. If this happens, the renew-
able generating units do not receive any
remuneration retroactively from the first
hour with negative electricity prices. In-
centives to continue operation of renewa-
ble generating units are not only removed,
but operators, to ease the situation at the
electricity exchange, also throttle feed-in
of renewables. In this manner, the legisla-
tor adjusts one of the misalignments of the
energy transition.

Differing from the usual introductory sur-
vey, the paper opens with the question of
what will become of grid stability. For a
better understanding of why the question
arises, the scope of the inquiry has been
extended by explaining basic mechanisms
regarding a stable electrical power grid.
Differences have been elucidated for an
electricity sector operating within the “un-
disturbed” conditions of a competitive mar-
ket economy. The entrance and massive
deployment of electricity generation from
renewable sources, whose success is pri-
marily based on a public subsidy program,
undermines market economy principles.
Guaranteed feed-in remuneration elevates
renewables to a specific prioritized posi-
tion, forcing conventional generating units
out of the market.

Further deployment of highly volatile re-
newable sources, along with more conven-
tional generating units being forced out of
the market, makes the power grid
increasingly sensitive to weather-related
fluctuations. Unusual weather phenomena
like the Dunkelflaute constitute major chal-
lenges facing the power grid’s supply secu-
rity and stability. The largely intermittent
output of solar and wind farms is not cor-
related with variations in electricity de-
mand. The oversupply of renewables may
be buffered at low-power demand periods,
and the stored capacity may be fed-in again
to the grid at high-power demand periods
when fewer renewable sources are
available. However, large scale battery en-
ergy storage systems, already promisingly
announced, are still not in sight, due to
their low levels of capacity and maturity,
and because of their exorbitantly high costs
for deployment.

As long as economical energy storage sys-
tems are not established, even proponents
of the current alignment of the German
energy transition must admit that reliable
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conventional power plants will still be
needed for a long time.

However, new boundary conditions in the
electricity market are challenging for the
entire fleet in the conventional generation
portfolio. The merit order effect of rene-
wables allows them to suffer from low ca-
pacities, and incentives for a continuation
of operation, or even for investments in
new generating units, are lagging. All this
at a time when new capacity is particularly
required for grid stability.

The importance of nuclear power plants for
supply security in base load operations, as
well as their capability for highly flexible
concurrent grid operation with renew-
ables, has been demonstrated. The NPPs
seem to be made for the energy transition
towards carbon free power generation.
However, the Atomic Energy Act provides
an imminent end of nuclear power genera-
tion by end of 2022.

The carbon emission intensive coal-fired
power plants, which are ranked between
the NPPs and the expensive gas-fired pow-
er plants in the merit order chart, are also
doomed by the end of 2038 at the latest. As
envisaged by legislators, at least, if not by
being abandoned much earlier by utilities
due to operational or economic issues.

In a nutshell, unresolved questions remain
after the phase-out of the last NPP and the
imagined phase-out of coal-fired power
generation. Which units will be redis-
patched to release the grid if there are no
units left? Which unit is capable of conduct-
ing large load following operations? What
kind of incentives can be made to continue
the operation (or even for the new builds)
of unpopular but still required conventional
power plants? Who will pay for it?

In the perception of the public, the German
energy transition is also quite unpopular,
since the savings from the merit order ef-
fect of renewables (in which most
expensive units are forced out of the mar-
ket, leading to lower wholesale prices) do
not benefit end consumers. It is overcom-
pensated by the expenditures for ancillary
services of transmission system operators,
essentially the grid-stabilizing measures.

The misalignment of the energy transition
raises these questions, ones demanding ad-
equate and urgent address. Otherwise, the
initial question remains alarmingly open:
Quo vadis, grid stability?

BESS Battery Energy Storage System

BNA Bundesnetzagentur, German Feder-
al Network Agency for Electricity,
Gas, Telecommunications, Post and
Railway

CCGT Combined cycle gas turbine power
plant

CFPP Coal-fired power plant
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taillierte Analyse, jedoch blieb ebenso ein pragmatischer Ansatz tiber Vergleichstabellen Gegenstand
der Uberarbeitung.

Grundsatzliche Uberlegungen zur Verbesserung der Anwendbarkeit und zur Erganzung einer vereinfachten Ermittlung der dquiva-
lenten Betriebsstunden wurden einbezogen und eine generelle Uberprufung der Bewertungsfaktoren, insbesondere fir Start/Stopp
(T3), erfolgte.

Eine Beschreibung der Notwendigkeit zur Inspektion und Erstrevision (Garantierevision) fir Neuanlagen wurde integriert.
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