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Impact of the German nuclear phase-out on
Europe’s electricity generation

Kenneth Bruninx, Darin Madzharov, Erik Delarue and William D’haeseleer

Abstract—The combination of the ambitious German green-
house gas (GHG) reduction goals in the power sector and
the nuclear phase-out raises many questions concerning the
operational security of the German electricity generation system.
This paper focusses on the technical feasibility of the German
nuclear phase-out on the short term (2012-2022) and on a
European scale.

A detailed electricity generation simulation model is employed
to address the issues at hand, including the German transmission
grid and its international connections. Power plants are modelled
with a high level of technical detail. A range of different
renewable energy sources (RES) scenarios is considered. Results
are presented for the change in generation mix, on the flows in
the electric network and on operational reliability issues.

The simulations show that the nuclear generation will be re-
placed mainly by coal and lignite based generation. Furthermore,
the results indicate that export in 2012 on high demand - low and
medium RES infeed days will be problematic. Keeping the seven
oldest nuclear power plants (NPPs) online, would mitigate this for
days with medium RES infeed. If the capacity that is currently
licensed is built before 2017, the situation improves. However,
the situation on the northern part of the transmission grid stays
critical. In 2022, the assumed extension of the generation capacity
will not suffice. Keeping the NPPs due to shut down after 2017
on line would mitigate these contingencies.

Index Terms—Power engineering and energy, Energy, Energy
management, Power generation, Germany, Nuclear phase-out,
UC model

I. NOMENCLATURE

A. Sets
I Set of power plants (index i)
J Set of time steps (index j, one time step is one hour)
K Set of minimum up-times (index k)
L Set of minimum down-times (index l)
M Set of nodes in the transmission grid (index m)
N Set of lines in the transmission grid (index n)
R Set of pumped storage power plants (index r)

B. Parameters
Ci Fuel cost of plant i when running at minimum load level
MA1

i Marginal fuel cost for the lower load range of power plant
i

MA2
i Marginal fuel cost for the higher load range of power

plant i
CO2P CO2 price
Bi CO2 emissions of power plant i when running at mini-

mum load level
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MB1
i Marginal CO2 emissions for the lower load range of

power plant i
MB2

i Marginal CO2 emissions for the higher load range of
power plant i

demandj,m Demand at time step j on node m
importj,m Import-injections on node m at time step j
curj,m Relative curtailment of the wind infeed on node m at

time step j; value between 0 and 1
gwind
j,m Wind infeed at node m at time step j
gsolarj,m Solar infeed at node m at time step j
εr Overall efficiency of pumped storage plant r
Pmin
i,m Minimum load level of power plant i
P int
i,m Intermediate load level of power plant i
Pmax
i,m Maximum load level of power plant i
AVi,j Availability of power plant i at time step j
∆max,up

i Maximum ramp-up of power plant i
∆max,down

i Maximum ramp-down of power plant i
muti Minimum up-time of power plant i
mdti Minimum down-time of power plant i
PTDFn,m PTDF between node m and line n
capn Capacity of line n
puctmax

r,j,m Maximum energy level of the upper basin of pumped
storage plant r

puctmin
r,j,m Minimum energy level of the upper basin of pumped

storage plant r

C. Variables
Cost Total cost of the electricity generation over the simulated

time period
FCi,j,m Fuel cost of plant i on time period j, located at node m
SCi,j,m Start-up costs of plant i on time period j, located at node

m
CO2Ti,j CO2 emission costs of plant i on time period j
gai,j,m Lower load range of power plant i
gbi,j,m Higher load range of power plant i
gi,j,m Load level of power plant i
injj,m Injection in node m at time step j
pdr,j,m Power injection from pumped storage plant r on node m

at time step j
flowj,n Power flow on line n at time step j
puctr,j,m Energy level of pumped storage plant r on node m at

time step j
pupr,j,m Pumping load level of the pumped storage plant r

D. Binary variables
zi,j,m On-off state of the power plant; equals 1 if the plant is

on line
pr,j Pumping state of the lower load level; equals 1 if pumped

storage plant r is pumping water to the upper basin
tr,j Turbine state of the lower load level; equals 1 if pumped

storage plant r is injecting power in the grid

II. INTRODUCTION

AFTER the events in Fukushima in 2011, the German
government decided to revise their nuclear policy. The

seven oldest and the Krümmel nuclear power plants (NPPs),
in total about 8.8 GW in capacity, have been shut down mid
March 2011. The remaining nine NPPs (12.7 GW in total)
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will be shut down before the end of 2022 [1].
The NPPs in Germany were amongst the most productive

in the world. In 2010, the seventeen nuclear power plants
generated over 140 TWh, over 4 percent more than in 2009 [2].
This amounted to a quarter of the total electricity consumption
in Germany. The two smallest NPPs had been off line for
several years due to safety concerns but were to produce
electricity again after repairs had been completed. The five
other nuclear power plants, shut down in 2011, produced 30%
of the nuclear electricity in 2010.

Nevertheless, the German government has set out on an
ambitious path to reduce greenhouse gas (GHG) emissions
by 40% in 2020 compared to 1990 levels. By 2050, the aim
is to reduce this further to 5 to 20% of the 1990 levels,
leading to a virtually carbon-free electricity sector. Renewables
(RES) should contribute 35% in 2020 and 80% in 2050 in
the electricity generation [3]. The combination of these steep
climate goals and the nuclear phase-out raises many questions
concerning the impact of these decisions on the operational
security of the electricity system – on a German and on a
European scale, on the short and the long term [4]–[19]. In
fact, the debate on the nuclear phase-out in Germany dates
back to the late 1990s [20]–[24].

This paper focusses on the technical feasibility of the nu-
clear phase-out on the short term (2012-2022) on a European
scale. With this objective in mind, first the literature is re-
viewed in section III. Second, a detailed electricity generation
simulation model is developed to address the issues at hand in
section IV. Subsequently, a range of different RES scenarios
is considered as described in section V. In section VI, results
are discussed and compared to what is available from the
literature (where often a more simplified approach – with less
focus on technical issues – is employed). Results are presented
for the change in electricity generation (which capacity is
used to compensate for the nuclear loss), on the flows in the
electric network, and on operational reliability issues (e.g. is
the system able to guarantee a safe operation in all scenarios,
curtailment of RES infeed). Finally, a conclusion is formulated
in section VII.

III. LITERATURE REVIEW

A few studies have already examined the effect of the
nuclear phase-out on the electricity generation, cost, emissions
and security of supply in Germany. The German regulator
Bundesnetzagentur released in 2011 a series of reports [4]–[6],
in which scenarios under different conditions are analysed. The
conclusion is that Germany’s backup power will be sufficient
to cover the electricity needs, but Germany can no longer
support security of supply in the European interconnected
grid to the extent it has done so far. Moreover, the reports
indicate that on certain winter days (high demand, low wind)
some transmission lines could experience overloading due to
the insufficient generation capacity in some parts of Germany.
For example, such critical loading can occur between regions
Rhein-Ruhr and Rhein-Main-Neckar. In addition, the phase-
out in Germany will affect the European electricity network
(especially the neighbouring countries), as Germany turns

from a major electricity exporter (approx. 58 TWh in 2010) to
a net importer. These conclusions are affirmed by CONSEN-
TEC [7].

Matthes et al. [8] report that the shutdown of the seven
oldest nuclear power plants, plus the unutilized NPP Krümmel,
can be replaced by currently available reserve systems. Ac-
cording to the same reference, the total nuclear power plants
capacity of 20.5 GW (accountable for approx. 23% of the
total generated electricity in Germany according to Matthes
et al.) could be replaced by existing reserve and newly built
coal and gas power plants in Germany, amounting to 21 GW.
The analysis also suggests that in the next years Germany
will rely more on gas power plants, which in the case of
urgent electricity needs can be quickly additionally built. The
analyses preformed by Matthes et al. is based on empirical
data.

The work of Kunz et al. [9] takes into account the interaction
of generation and network conditions in Central Europe,
simulating a phase-out of the seven oldest power plants plus
NPP Krümmel and a complete phase-out on a particular
winter day. The model employed in this paper is based on
the European electricity market model ELMOD, developed by
Leuthold et al. [10]. The simulation results show that in the
partial phase-out case the total electricity exports decrease by
nearly 25% and the imports rise approximately by 25%. In
the complete phase-out case the exports drop to 20% of the
previous levels and the import increases by up to 200%. In the
partial phase-out case, the imports from France and the Czech
Republic increase by 20% and the exports to the Netherlands
and Austria decrease substantially. These countries become
exporters to Germany in the complete phase-out case. This
trend continues and by 2022 Germany exports electricity only
to Poland and Switzerland. Regrettably, no analysis has been
made for a harsh winter day.

In a similar study by Fürsch et al. [11] this conclusion is
confirmed. The authors use a dynamic investment and dispatch
model for the European electricity and combined heat markets
(DIME). Each year is accounted for by simulating three typical
days per season, considering load and RES. They conclude
that the German long term climate protection targets can be
reached, even under a accelerated nuclear phase-out scenario.

Analyses by Entso-E and Prognos A.G. indicate that prob-
lems might arise in the winter, as France then relies on imports
from Germany to meet its electricity demand. At the same
time, Germany will now rely on imports in order to meet
its demand under certain conditions, which was not the case
before the phase-out [12], [13]. Prognos A.G. further reports
a rise in electricity generation from fossil fuel fired power
plants, mainly coal, until 2020.

The German Association of Energy and Water Indus-
tries (Bundesverband der Energie- und Wasserwirtschaft -
BDEW) also indicates that the phase-out will trigger signifi-
cant changes in the electricity generation not only in Germany,
but also in the surrounding countries [14]. They report that
after the nuclear moratorium the export to France and The
Czech Republic dropped by, respectively, 60% and 40%.
In addition, the export to the Netherlands, Switzerland and
Austria decreased significantly.
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This paper combines the technical limitations of the power
plants and the constraints on the transmission network with a
large number of scenarios. In this manner, we try to cover the
full effect of the nuclear phase-out not only on a single typical
reference day, but as well under more extreme conditions. As
will be demonstrated below, the results presented in this paper
are generally in line with the studies above. The more extreme
scenarios that weren’t under consideration in the previous
studies, will however lead to deviating results and conclusions.

IV. MODEL

This section describes the model used for the simulations.
The MILP (mixed integer linear programming) model has
been based on the UC model as described by Delarue [25],
[26]. This model has been implemented in GAMS 23.7 and
Matlab 2011b, using the Matlab-GAMS coupling as described
by Ferris [27] and Wong [28]. The first subsection treats
the development of the model. Second, the data used are
presented. The third subsection contains the assumptions.
Lastly, the model is calibrated and validated.

A. Description of the model

The power plants are dispatched in such a way that the
overall cost of generating the demanded electricity is mini-
mized. This cost consists of fuel cost (FCi,j,m), start-up costs
(SCi,j,m) and CO2-emission costs (CO2Ti,j). The objective
function reads

min Cost =
∑
i

∑
j

∑
m

FCi,j,m +SCi,j,m +CO2Ti,j (1)

where I is the set of power plants (index i), J is the set of
time steps (index j, one time step is one hour) and M the set
of all the nodes (index m) present in the model. The fuel cost
(FCi,j,m) is determined by the fuel price and the efficiency
of the power plant:

∀i, ∀j,∀m : FCi,j,m = Ci · zi,j,m +MA1
i · gai,j,m (2)

+MA2
i · gbi,j,m

where Ci is the fuel cost for running the plant at its minimum
power level and zi,j,m is the commitment status of plant i.
MA1

i and MA2
i are the marginal costs for the additional

generation levels gai,j,m and gbi,j,m (see also equation (5)-(8)).
These approximate the quadratic cost curve of a power plant.
The CO2 cost (CO2Ti,j) is based on the emissions, the load
level and a fixed CO2 price CO2P .

∀i,∀j,∀m : CO2Ti,j,m = CO2P · [Bi · zi,j,m (3)

+MB1
i · gai,j,m +MB2

i · gbi,j,m]

The CO2 cost consist of a fixed part (the emissions when a
plant is running on its minimum power level Bi) and two terms
accounting for the marginal emissions of different generation
levels (MB1

i and MB2
i ).

This optimization is subject to a number of constraints.
First, the demand (demandj,m) and supply of electricity
should be equal at all times. Import and export (importj,m)
and intermittent renewable sources (gwind

j,m and gsolarj,m ) are

endogenous input parameters of the model. The variable pdr,j,m
below describes the injection of power from the pumped
storage power plants, while pupr,j,m is the power demand of
a pumped storage plant.

∀j,∀m : demandj,m =
∑
i

gi,j,m + injj,m (4)

+ importj,m + curj,m · gwind
j,m

+ gsolarj,m +
∑
r

εr · pdr,j,m − p
up
r,j,m

Here R is the set of pumped storage power plants (index r).
εr is the overall efficiency of the pumped storage plant. The
curj,m variable stands for the relative curtailment of wind
energy. This value varies between 0 (full curtailment) and 1
(no curtailment).

Second, the power plants have several technical constraints.
These are different per fuel and technology. The operational
range of power of a power plant is split up in a minimum
generation level Pmin

i,m , the lower generation range gai,j,m and
a higher generation range gbi,j,m:

∀i,∀j,∀m : gi,j,m = gai,j,m + gbi,j,m + Pmin
i,m · zi,j,m (5)

∀i,∀j,∀m : gi,j,m − gbi,j,m ≥ P int
i,m · zi,j,m (6)

∀i,∀j,∀m : gbi,j,m ≤ [Pmax
i,m − P int

i,m] · zi,j,m (7)

∀i,∀j,∀m : gai,j,m ≤ [P int
i,m − Pmin

i,m ] · zi,j,m (8)

where gi,j,m stands for the total generation of power plant i
(Equation 5). In this equation, the binary zi,j,m depicts the
on-off state of the power plant. Furthermore, gai,j,m and gbi,j,m
are restricted to positive values. Each power plant is limited to
its maximum (Pmax

i,m ) and minimum power level (Pmin
i,m ). The

AVi,j parameter stands for the availability of a power plant.
This parameter is used in a derated power approach for the
calibration of the model.

∀i,∀j,∀m : gi,j,m ≤ Pmax
i,m · zi,j,m ·AVi,j (9)

∀i,∀j,∀m : gi,j,m ≥ Pmin
i,m · zi,j,m ·AVi,j (10)

The ramp-up and ramp-down rates of the power plants have
been included as follows:

∀i,∀j,∀m : gi,j,m ≤ gi,j−1,m + ∆max,up
i (11)

∀i,∀j,∀m : gi,j,m ≥ gi,j−1,m −∆max,down
i (12)

The ∆max,up
i and ∆max,down

i values are derived from the
maximum ramping rates of the power plants1. The minimum
up- and down-times have been included in the model via the
sets K (index k) an L (index l). With muti the minimum
up-time and mdti the minimum down-time of plant i, the sets
K and L are defined as follows:

K = {1, 2, . . . ,muti − 1} (13)
L = {1, 2, . . . ,mdti − 1} (14)

The constraints on the up- and down-time than read:

∀i,∀j,∀k : zi,j − zi,j−1 − zi,j+k ≤ 0 (15)
∀i,∀j,∀l : zi,j−1 − zi,j + zi,j+l ≤ 1 (16)

1These ramping constraints are adapted for starting up and shutting down
the power plant (∆max,down

i = ∆max,up
i = Pmin

i,m ).
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Third, the network constraints are taken into account via a
DC–load flow. The first of these constraints encompasses the
sum of the injections (injj,m):

∀j :
∑
m

injj,m = 0 (17)

Via the PTDF-calculations [29], [30] the flows in the network
are calculated as follows:

∀j,∀n : flowj,n =
∑
m

PTDFn,m · injj,m (18)

In this equation N stands for the set of lines in the model
(index n). The flows (flowj,n) over these lines should respect
the maximal capacity (capn) of these lines:

∀j,∀n : flowj,n ≤ capn (19)
∀j,∀n : flowj,n ≥ −capn (20)

Lastly, there is a considerable amount of pumped storage
present in the German electricity system. The energy stored
in the upper basin puctr,j,m can be written as

∀r, ∀j,∀m : puctr,j,m = pupr,j,m−p
d
r,j,m+puctr,j−1,m (21)

for each pumped storage power plant (PSP) r (set R). In the
equation above, pupr,j,m is the amount of energy contained in the
water that is being pumped up in hour j and pdr,j,m the energy
that is drained from the upper basin in the same hour. This
energy level is limited to a maximum puctmax

r,j,m and minimum
amount puctmin

r,j,m:

∀r, ∀j,∀m : puctr,j,m ≤ puctmax
r,j,m (22)

∀r, ∀j,∀m : puctr,j,m ≥ puctmin
r,j,m (23)

At a certain time step, the PSP can act as a turbine or as
a pump, but it cannot combine the two operating modes.
Furthermore, the power added or extracted to the reservoir,
is limited to pspmax

r,j, . These constraints are combined in the
following three equations:

∀r, ∀j,∀m : pupr,j,m ≤ psp
max
r,j, · pr,j (24)

∀r, ∀j,∀m : pdr,j,m ≤ pspmax
r,j, · tr,j (25)

∀r, ∀j,∀m : pr,j + tr,j ≤ 1 (26)

with pr,j (pumping) and tr,j (turbine) binaries.

B. Data

The generation system is based on the data as provided by
the Umweltbundesambt [31]. The grid in Germany and the
surrounding countries is represented by means of 26 nodes, as
done in the ELMOD model [10].

C. Assumptions

The controllable renewable energy sources, such as hydro
and biomass power plants, are treated as must-run systems.
The must-run hydro capacity does not include the pumped
storage systems. As explained in section IV-A, these systems
are treated separately. In addition, the cogeneration and in-
dustrial power plant capacity present in the German system
has been excluded from the optimization. They are treated as

TABLE I: Validation and calibration of the model based on the
2010 performance of the German electricity generation system
- one day simulation. On the left, the results as reported by
Eurelectric [3]. On the right, our own results.

Eurelectric [3] Simulation
[%] [%]

Total 100 100
RES 14 14

Fossil fuels 58 60
Coal 20 21

Natural gas 14 12
Lignite 23 26

Oil 2 1
Nuclear 23 24

Must run 18 18
Pumped storage 1 0

Other (e.g. derived gas) 2 2

must-run power plants and have an assumed constant output
over the simulated period.

The demand for the whole of Germany is assumed to be
known. This demand is split up over the different nodes as
in the regional transmission grid model, released by the four
German TSO’s [32], [33]. The same reasoning is applied to
the uncontrollable RES. In this case, this generation is divided
over the different nodes based on the installed capacities
according to the 2010 DENA grid study [34].

The boundary constraints of the optimization problem - e.g.
for the dynamics of the power plants and the energy levels of
the pumped storage - have been assumed cyclic.

The assumptions on the technical limitations of the power
plants, the fuel prices and the properties of the transmission
grid can be obtained from the authors upon request.

D. Validation and calibration of the model

The model has been calibrated based on the historical RES
shares, the total demand and the shares of different fuels in the
generation for 2010 from ENTSO-E [35]. To get a coherent
data set, the original data for the demand and generation
capacity has been scaled to the Eurelectric ‘Power Statistics
2010’ values [3]. The infeed of RES electricity and the must-
run systems have been assumed constant and equal to the
yearly average value. Furthermore, the nuclear power plants
yearly average output is known [2]. This allows us to fix the
availability of each of these power plants. Using the demand
profile of the day with an overall energy consumption the
closest to the yearly average, the availability of the fossil fired
power plants can be calibrated to their 2010 performance. This
has led to the following modifications in the availability of the
power plants:

• The coal and lignite based power plants have a maximum
capacity factor of 85%;

• The natural gas fired capacity has been scaled up to
115%;

• The derived gas fired capacity has been doubled.
Throughout this analysis, a CO2 price of 15 EURO

ton CO2
has been

assumed and the import/export balances with the neighboring
countries have been assumed equal to their average 2010 val-
ues, as reported by ENTSO-E [35]. The results are summarized
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in Table I. Due to the low variability in the demand and the
assumed flat profile of RES infeed, pumped storage plants
or fast starting peaking units (oil, natural gas) have fairly
low utilization rates in the calibration. Cheaper, larger units
(coal, lignite) have slightly higher utilization rates compared
to Eurelectric data.

V. SCENARIOS

In this section, the various parameters varied in the scenarios
are presented. Every scenario is run for the years 2012,
2017 and 2022. Each time, one day is considered. Combining
the different demand profiles, assumptions on the generation
capacity, RES infeed and import-export profiles for the three
years results in a total of 162 scenarios.

A. Generation capacity

In the scenarios a distinction is made between the sce-
narios with the nuclear phase-out (‘non-nuclear’ scenario) as
described in section II and with a postponed nuclear phase-out
(‘nuclear’ scenario), assuming all nuclear capacity is available
until 2022. In the scenarios with the prolonged nuclear life
time, the capacity factors from 2010 have been assumed for
the NPPs.

In 2011, generators had received licences for or were
constructing an additional 22889 MW of conventional capacity
in Germany, mostly coal-fired power plants [36]. All this
capacity is due to come on line before 2017. For the 2022
scenarios, it is assumed that this additional capacity doubles.

B. Demand

The hourly electricity consumption data for every day in
2010 were taken from the Entso-E database [35]. Three days
were selected for the scenarios, based on the total energy
demand of each day: the day with the highest energy demand
(‘high demand’), the day with the lowest energy demand (‘low
demand’) and the day with the energy consumption the closest
to the yearly average in 2010 (‘medium demand’).

The collected data were further scaled with respect to the
total demand and peak demand in Germany from Eurelectric
[3] to obtain the projected load profiles in the three years under
investigation.

C. RES infeed

Data for the RES generation (wind, solar and biomass) was
obtained for 2010 from the German TSO’s [37]–[40]. From the
2010 data, three days were selected: the day with the highest
RES production (‘high RES’), the day with the lowest RES
production (‘low RES’) and the RES production closest to the
average RES production in 2010 (‘medium RES’).

The electricity generated from RES in 2010 represents 14%
of the total German electricity production [3]. In this study we
assume that this number will reach 17% in 2012. Based on
Germany’s plans for strong expansion of the RES share in
the electricity generation mix, it has been assumed that this
number will reach 30% in 2017 and 40% in 2022. This is in

TABLE II: The import/export scenarios.

Country Node ‘import scenario’ ‘export scenario’
[MW] [MW]

France 3 1700 3200
The Netherlands 4 3000 3850

Belgium 5 0 0
Denmark 7 1500 950

Switzerland 9 2300 800
Austria 10 2000 2200
Poland 12 1100 1200

Czech Republic 13 2300 800

line with the German governments goal of a 35% RES share
in the electricity generation in 2020.

As the same hourly generation profiles are assumed in 2012-
2017-2022, the profiles were preserved and the values were
scaled up to the projected Eurelectric generation [3].

D. Import - export

Three import/export scenarios have been selected. In the
first scenario, no import or export is allowed (‘no import’).
The two other scenarios are the two extreme cases as reported
by ENTSO-E [12]. In the ‘import case’, Germany draws
power from all its neighbouring countries where a connection
between Germany and that country exists. The power levels
are chosen equal to the 2012 NTC values [12]. On the other
hand, in the ‘export case’, it is assumed that Germany exports
via all its interconnections – thereby augmenting the demand
on the German market. Again the power levels are assumed
equal to the NTC values (see Table II).

The combination of low RES, high demand and export
could be seen as unlikely as demand-import/export and RES-
import/export are correlated. For the sake of completeness
however, all possible scenarios are taken into account.

VI. RESULTS AND DISCUSSION

The simulations have been run with an assumed CO2 price
of 15 EURO

ton CO2

2. In the first subsection the scenarios without
any import/export are considered. The shares of the different
fuels in the electricity generation and the need for curtailment
of RES infeed are described. Afterwards, import and export
scenarios are evaluated.

A. No import or export

1) The shares of the different fuels in the electricity gen-
eration system: The results are shown for the three different
simulated years, each time with another RES penetration in
Fig. 1. In these figures, the scenarios with the nuclear phase-
out as currently planned are found on the left. The right hand
side of the figures displays the prolonged nuclear case.

In Fig. 1a, the situation in 2012 with a low RES infeed
is shown. In the nuclear phase-out case, the predominant
fuels are coal and lignite. Gas fired plants cover the peaks
in the demand in absence of high or medium RES shares.

2Simulations can be run with other CO2 prices. However, due to the already
high number of scenarios, this is not included in this paper.
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(a) Low RES - 2012
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(b) Medium RES - 2017
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(c) High RES - 2022

Fig. 1: The different fuel shares in electricity generation for
different years and RES scenarios - one day simulation. On
the left, the scenarios with the nuclear phase-out, on the right
without.

If the recently closed power plants were kept open, this
nuclear capacity would push mainly coal fired plants out of the
generation mix. The share of gas would diminish considerably
as well.

Looking at 2017 – Fig. 1b – the RES shares are considerably
higher. Once more, the same effects are present in the results.
In the nuclear phase-out case, the closed down nuclear capacity
is replaced mainly by coal and lignite fired generation. The
share of gas fired production is somewhat higher as well and
rises as demand increases.

In 2022, no nuclear capacity is present in the nuclear phase-
out scenario. In Fig. 1c the situation with a high RES share
is shown. As can be seen from the figures, the two cases
look very similar. The nuclear base load generation however
is replaced by lignite fired production, if nuclear capacity is
present.

Comparing Fig. 1a-1b and 1c, an inversion concerning
the nuclear generation becomes apparent. In Fig. 1a-1b, the
share of nuclear generation goes down as the demand rises.
In these scenarios, the nuclear capacity is running at full
power. As demand rises, other power plants have to come
on line to satisfy demand. In 2022 ‘low demand’ scenario, the
high RES injections are sufficient to satisfy demand. Only in
peak demand hours, some flexible coal and gas generation is
required to satisfy demand. In these situations, it is not feasible
to bring a NPP online due to their high minimum on-times.
As demand rises, some nuclear capacity is brought online as
base load.

2) Curtailment of the RES infeed: Currently, the German
law obliges the TSO’s to put every MWh generated from RES
on the grid. However, these large quantities of uncontrollable
power put stress on the transmission system. Therefore, one
could wonder if it would be desirable to curtail some of
the RES electricity – in particular wind energy – when an
overcapacity exists or when the transmission grid is over-
loaded. In the simulations, full curtailment of RES electricity is
allowed (see equation (4)). Recall that the objective function
is the overall cost, not CO2 emissions or RES shares. The
curtailment of wind is free of charge – the only cost is the
opportunity cost of not utilizing available free power.

In 2012, optimal dispatching in the high RES scenarios
requires curtailment in nodes 822 (Hamburg) and 881 (Berlin).
This is due to the relatively high share of RES, low demand
and weak interconnections with the other nodes – as illustrated
in Fig. 2. The figure shows the load flows at 1 p.m.(j = 13),
when the total demand equals 56341 MW. The average3

percentage of curtailed wind power stays below 1%.
A similar result is found for the 2017 scenarios. Again, the

high RES scenarios require curtailment of the wind energy in
the 822 and 881 zones. Due to the lower demand [3], the high
RES – high demand nuclear scenario will need curtailment
of wind energy as well. On average, 3.71% to 5.33% of the
wind power is curtailed. Notice that although only two lines
are congested in Fig. 2, this is not necessary the case in the
other scenarios.

In 2022, curtailment of RES electricity becomes necessary

3This is the average over all time steps and all nodes.
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TABLE III: Nodes where curtailment is needed to ensure safe
grid operation in 2022.

RES
Demand Low Medium High

No Low - - 821-824,841,871,874,875,881
nuclear Medium - - 821-823,881,882
capacity High - - Infeasible

With Low - 822,881 821-824,841,871,874,875,881
nuclear Medium - 822,881 821,822,826,875,881
capacity High - 822,881 821,822,881

even in the medium RES infeed scenarios if nuclear capacity
still is present. In these medium RES scenarios, curtailment
is only needed in nodes 822 and 881. For the 2022 high
RES scenarios, the nodes where curtailment is needed are
listed in Table III. In the ‘high RES’ scenarios, average
curtailment percentages are situated between 6.2% and 17%.
When nuclear capacity is present, in ‘medium RES’ scenarios,
average curtailment percentages stay below 1%.

These results affirm the need for a rapid expansion of the
German transmission grid, mainly in North - South axis, as
advocated by [4]–[6].

B. Import - export

In recent history, Germany has been a net exporter of
electricity. In particular during the winter months, as the
demand and the infeed of renewable energy (e.g. wind) are
high, Germany exported large quantities of electricity. This
leads to high strains on the transmission grids in Germany and
its neighboring countries. However, as Germany is phasing out
its nuclear capacity, it will become a net electricity importer.
This effect is already visible in the data from ENTSO-E for
the end of 2011 [35].

1) No room for export in 2012: The high demand scenarios
combined with an export scenario result in an infeasible4

situation. Including the export, the maximum demand amounts
to 89300 MW. Although there is sufficient generation capacity
in the German system to cover these peaks – even without the
nuclear capacity – congestion on the transmission grid does
not allow for this power to be transmitted to the consumers.
The cross border lines are, even without import or export,
already stressed under the high RES infeed and the high load
due to the loop flows.

During peak demand, there is insufficient generation ca-
pacity in zones 876, 883 and 884 (see Fig. 2). Adding the
extra demand from abroad further increases the stress on
the transmission grid. The transmission lines around zones
876, 883 and 884 get congested and the demand cannot
be covered. During the winter, this situation might become
critical on the France-German border. Domestic heating in
France is predominantly electric due to the historical low
electricity prices. France relies therefore heavily on electricity
imports, especially from Germany, during some of the coldest
weeks in the year. A simulation of a high demand in France

4A scenario is ‘infeasible’ if under the assumptions of that scenario, demand
can not be satisfied due to the constraints (line capacities, generation capacity
etc.) imposed on the system.
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(b) Production in node 881
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(c) Production in node 822

Fig. 2: Illustration of the need for curtailment of RES (Fig.
2b-2c). The overloaded lines and the flows are shown (Fig. 2a)
in red at 1 p.m. (j = 13) for the scenario with low demand,
high RES and with the nuclear phase-out in place.
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and Germany, together with low RES infeed, shows that the
demand cannot be covered under those conditions. Combined
with a high demand in the Netherlands, this leads to critical
load levels on the interconnection between the Netherlands
(node 4) and Hamburg (node 822).

Even more pressing however is the situation on the eastern
boarders. The weak connections between Germany and the
Czech Republic and Poland will be the limiting factor in
the safe operation of the grid. In the export scenario, the
connection Germany-Poland (nodes 881-12) becomes over-
loaded, causing the infeasibility. The overloading of the line is
caused by loop flows from the northern to the southern parts
of Germany via the international connections on the eastern
border of Germany (Poland, Czech Republic, Austria).

Keeping nuclear capacity (Biblis B, Isar I, Neckarwestheim
I or Philipsburg I) in the system mitigates these effects - the
medium RES scenario becomes feasible. This result is in direct
conflict with the recent decision not to keep a NPP as back-
up capacity [4]–[6]. However, if a day with export, low RES
infeed and high demand coincide, even the capacity in the
‘nuclear’ scenario will not be sufficient to satisfy this demand.

2) The situation gets better by 2017 . . . : As about 2.5 GW
of nuclear capacity is phased-out, over 20 GW of additional
capacity is due to come on line by 2017. Combined with the
decreasing demand as projected by Eurelectric [3] and the
increasing share of renewables, this will relax the stress on
the German system by 2017. Only one scenario is infeasible
in 2017: the combination of high demand, nuclear phase-out,
a medium RES infeed and import.

Due to the phase-out, the generation capacity, especially
in the southern regions, where most of the phased-out nu-
clear power was concentrated, is insufficient. Demand in the
southern part of Germany cannot be covered only by the
generation capacity installed in these regions and the local
RES infeed. Therefore, excess power from the North has to
be transmitted to the South. In addition, electricity is imported
from the Netherlands (NL, node 4) into the northern regions.
This increases the stress on the transmission lines, which leads
to congestions on the lines between nodes 882-821, 823-882
and 822-871. This result is consistent with the warning of
ENTSO-E [12], which reports possible congested lines in the
region around Hamburg. If the NPP Gundremmingen B or
Grafenrheinfeld could be kept online, this contingency would
be resolved – although line 822-871 would still be congested.
This further shows that simply installing replacement capacity
is not sufficient – the location of this capacity and the
transmission grid connecting it to the load centers is of crucial
importance to the safe operation of the system.

A solution to this problem during the weeks of high demand
would be to install and increase the transmission capacity of
the grid connecting the northern and the southern parts of Ger-
many. This is a recommendation that was strongly advocated
by Bundesnetzagentur [4]–[6] and our results confirm these
observations.

Another possible solution is to limit the electricity import
in the northern regions (Poland and/or the Netherlands) during
hours of high demand and medium or high RES infeed. This
would alleviate the stress on the transmission lines in the north

and the excess power in the North will be transmitted to the
South. The likelihood of these events however can be debated,
recall paragraph V-D.

3) And worsens again by 2022: The simulation results
show that after the complete nuclear phase-out three scenarios
become infeasible. Firstly, the infeasible scenario concerning
2017 is once more problematic. Electricity has to be transmit-
ted to the southern parts in order to meet the demand there.
If this is combined with import of electricity into the northern
zones, the transmission lines, connecting the North with the
South, get congested and demand in the southern parts cannot
be met.

Second, the high export - high demand scenarios become
infeasible, if combined with a low to medium RES infeed and
the nuclear phase-out. Again, a prolonged operational lifetime
of the NPPs that are phased out after 2017 could mitigate this
contingency.

Some attention should be paid to the assumption on the
growth of RES and replacement capacity. First, it is uncertain
in these troubled economic times, with low incentives for
investors, to build capacity that will be used mainly as mid
or peak load units. It will be therefore important that the
right incentives are given by legislators to the utilities, as
this capacity will be crucial for the stable operation of the
German and European electricity system. Second, the location
of the additional capacity is assumed to be the same as for the
additional capacity built in 2012-2017. Other locations will
lead to other load flows and therefore other results. In addition,
it is unclear how much conventional capacity will be retired
over the next decade. In 2005, Schumacher et al. [41] reported
that around 40 GW of fossil fuel fired capacity would be taken
off line between 2005 and 2025. This has not been accounted
for in our simulations.

VII. CONCLUSION

This paper focuses on the effects of the German nuclear
phase-out in Germany and its neighboring countries. After a
thorough review of the current literature, a MILP model was
developed, incorporating a reasonable level of technical detail
on the generation side and a DC load flow on 26 nodes. This
model was validated based on Eurelectric data [3].

A number of scenarios were developed for this analysis.
Three years (2012-2017-2022), three demand profiles, three
RES profiles and three import/export scenarios were taken
into consideration, each of them with and without the nuclear
phase-out - resulting in 162 scenarios in total.

These simulations lead to three conclusions. First, the sim-
ulations clearly show that in the absence of import/export, the
nuclear generation that is currently phased out will be replaced
by mainly coal and lignite based generation. The share of gas
in the generation mix will rise considerably as well, mainly
to cover peak loads. Second, the simulations have shown the
need for curtailment of RES infeed. When no import/export
is considered, in some high RES scenarios the curtailment of
RES infeed is needed to prevent the transmission network from
overloading. As the RES shares increase, the number of zones
where curtailment will be needed increases assuming the cur-
rent transmission capacities. Finally, import/export scenarios
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were reflected upon. In 2012, export of electricity on high
demand – low RES infeed days will become problematic. A
prolonged lifetime of the NPPs now shut down would mitigate
this to some extent: whereas even with a medium RES infeed
the system becomes infeasible without the seven oldest NPPs,
this situation becomes technically feasible with this nuclear
capacity. In the future, problems may arise in the area around
Hamburg (node 822, in particular the interconnection with
the Netherlands). Under high demand the network around
this load center may become congested. In addition, on the
interconnection Berlin-Poland (881-12) congestion may arise
as well. The likelihood of the combination of these events
may however be low. Furthermore these infeasible scenarios
may be resolved by demand curtailment. This has not been
considered in this paper.

In conclusion, the results indicate that especially the coming
years will be tricky. The 2017 and 2022 scenarios show that
new generation capacity and the expansion of the transmission
grid will be necessary. Legislators and utilities will have to
work together closely to ensure careful planning and timely
realisation of these extensions of the German electricity sys-
tem.
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