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Highlights  

• Future security of power supply in Europe is assessed with an hourly dispatch model 

• A statistical analysis is provided using 300 variations of power plant availability 

• Hourly power plant availability is found to have high impact on security of supply 

• Results show a high relevance of load and renewable energy generation profiles 

• Shortfalls may result from a lack of transmission rather than generation capacity 
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Abstract  

Many power plants in Germany and Europe are approaching the end of their 
technical lifetime. Moreover, the increasing wind and solar power generation reduces 
the operation times of thermal power plants, making future investments in new 
generation capacity uncertain under current market conditions. Consequently, the 
future development of security of power supply is unclear.  
In this paper, we assess the impact of stochastic fluctuations in power plant 
availability, renewable generation and grid load on the future security of supply in 
Germany. We model variations in power plant availability by application of a 
combined Mean-reversion Jump-diffusion approach. Based on that and using Monte-
Carlo methods, we simulate 300 different time series of availability. These profiles 
are fed into the fundamental power system model REMix, applied to evaluate the 
appearance of supply shortfalls in hourly resolution. We assess six scenarios for the 
year 2025, differing in renewable generation and demand profiles, as well as grid 
infrastructure. Geographical focus of the analysis is Germany, but the electricity 
exchange with its European neighbours is modelled as well. Our results show that 
the choice of the power plant availability profile can change the loss of load 
expectation and loss of load hours by up to 50%. However, the influence of load and 
renewable generation profiles is found to be significantly higher. Assuming that no 
new conventional power plants are built and existing plants are decommissioned at 
the end of their empirical lifetime, we identify supply gaps of up to 2.7 GW in 
Germany.  

Graphical Abstract 
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1 Introduction  

Traditional goals of energy policy are sustainability, competitiveness and security of 1 

supply (SoS). Security of power supply and especially the provision of an adequate 2 

generation capacity level are of high interest for society and economy. The concept 3 

of reliability encompasses two attributes of the electricity system: security on the one 4 

hand, which describes the ability of the system to withstand disturbances and 5 

adequacy on the other, which represents the ability of the system to meet the 6 

aggregate power and energy requirement of all consumers in the future [1].  7 

Whereas the determination of the current SoS is quite a feasible task, the projection 8 

of the future SoS or generation adequacy heavily depends on the assumptions 9 

made. Most crucial assumptions include the future development of power generation 10 

capacity and demand peaks. This also concerns the consideration of planned 11 

capacities, which can be quite insecure in their realization.  12 

Another crucial aspect when estimating the future adequacy level is the availability of 13 

conventional power plants. Assuming a mean value for availability can lead to an 14 

overestimation or underestimation of SoS, as in critical situations a higher or lower 15 

level than the expected value of plant failures can occur. Furthermore, the 16 

contribution of transnational electricity transmission and variable renewable energy 17 

(VRE) sources depend on many factors such as the correlation between local 18 

weather and load [2]. Describing the appropriate impact on SoS by single capacity 19 

values or simply neglecting it becomes thus insufficient. This especially applies for 20 

scenarios of future energy systems relying on high shares of VRE and an increasing 21 

power exchange between countries. For regions of the United States studies have 22 

examined the system reliability of integrating large wind power generation capacities 23 

in the future. However, they rather focused on the stochastic characteristics of 24 

weather than the availability of conventional power plants [3,4,5]. Moreover, due to 25 

the high dependency on local weather conditions their findings on SoS cannot be 26 

generalized or applied to the European energy system. As elaborated in the 27 

following, recent studies have been evaluating the current and future SoS in the 28 

German and European market. They all consider the available power generation and 29 

storage capacities as well as the annual power demand and peak load. Further input 30 

includes the amount of interruptible loads and the availability of generation 31 

capacities, thus its capability to provide electric power.  32 

ENTSO-E publishes a yearly “Scenario Outlook and Adequacy Forecast” to give an 33 

overview of the European electricity system of the members [6]. Two main scenarios 34 

are defined; Scenario A is a conservative scenario, considering only power plants 35 

that are already under construction, whereas Scenario B considers also planned 36 

power plants, implicitly assuming that market signals give enough incentives for 37 
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investors. The approach follows a static determination of the load balance. For every 38 

country and year, two critical times with high load are analysed and the free available 39 

capacity is determined. According to [6], the free capacity in the German electricity 40 

system becomes negative for the first time in 2018 (Scenario A) and 2021 (Scenario 41 

B) respectively. Assuming a net transfer capacity of 17.9 GW which will be increasing 42 

up to 27.9 GW, it can be stated that if there is excess capacity in the neighbouring 43 

countries, demand can still be covered by imports. The study considers a very low 44 

availability of VRE power generation, which potentially leads to an underestimation of 45 

the SoS level.  46 

Static load balance approaches give a first indication for the evaluation of generation 47 

adequacy. More elaborate evaluations may bring additional benefits for the power 48 

system analysis. As Germany is highly integrated in the European grid and market, a 49 

national view is not sufficient as well. Power demand and VRE power generation are 50 

very volatile, and variations can be balanced within the countries. Thus, the 51 

application of models reflecting temporal fluctuations and power transmission is 52 

preferable.  53 

A Monte-Carlo Simulation of VRE generation and an hourly market simulation model 54 

have been applied in [7]. The loss of load expectation and expected energy not 55 

supplied (for definitions see Section 2.3) is computed to evaluate SoS. For Germany 56 

there are no hours with lost load in 2015/2016 and 2020/2021. Similarly, generation 57 

adequacy for Germany and its electric neighbours for the years 2015, 2020 and 2025 58 

have been computed applying a dynamic analysis with probabilistic elements [8]. The 59 

development of power plant capacities is assumed according to Scenario B from [6]. 60 

Their results indicate a load balancing probability of almost 100% in all countries and 61 

scenario years, except for France and Belgium in the year 2025. Table 1 provides an 62 

overview of methodology and results of previous studies. 63 

Table 1: Summary of the considered studies on security of power supply in Europe. 64 
Reference [6] [7] [8] [9] [10] 

Time horizon 2015 to 2025  2015/16 and 
2020/21  

2015, 2020, 2025 2015, 2030 2030 

Area Europe Europe Europe Europe Italy 

Methodology Static load 
balance 

Optimization, 
Monte Carlo 
simulation 

Linear 
optimization and 
stochastic 
scenario 
variations 

Linear 
optimization 

Linear/mixed 
integer 
optimization 

Development of 

installed 

capacity 

Scenario A: 
existing capacities 
and those under 
construction, 
Scenario B: also  

[6], Scenario A [6], Scenario B Endogenous 
investment 
decisions 

Endogenous 
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including planned 
capacities 

Inner (German) 

grid restrictions 

No No No No Yes (Italy) 

First capacity 

deficit in 

Germany 

Szenario A: 2018 
Szenario B: 2021 

None None 2030 if no 
investments occur 

2030 (Italy) 

A methodology for deriving a consistent measure for supply adequacy in the German 65 

power sector has been derived in [9], especially considering renewables until 2030. A 66 

linear optimization model of the European electricity market is used. However, power 67 

imports are not considered as secured capacity. Results show that SoS is assured in 68 

the medium term but in the long run additional backup capacities are needed, as 69 

VRE technologies can provide secure capacity only to a limited extent. They 70 

conclude that a massive construction of gas fired power plants is needed to cover 71 

electricity demand until 2030 with sufficient confidence levels. To analyse SoS for the 72 

Italian market, an energy system model based on TIMES has been linked with a 73 

detailed power system model in [10]. Grid restrictions between the six Italian market 74 

zones are considered. The authors claim the results as indicative, as the model 75 

development and the linking of the models are still ongoing. They see a loss of load 76 

probability of up to 20% in 2030. A different approach is followed in [11]; the author 77 

assumes that a growing share of decentralized energy leads to a lower SoS and grid 78 

investments are needed. In a cost-benefit analysis, a business-as-usual scenario is 79 

compared with a scenario with high renewables which leads to higher costs. None of 80 

the existing assessments of the future SoS in Germany considers grid restrictions 81 

within the country. This leads to an overestimation of supply security, as regional 82 

bottlenecks are not accounted for.  83 

The temporal availability of power generation and storage plants is an important 84 

criterion in the evaluation of SoS [12,13]. In fundamental high-resolution power 85 

system models, available capacities are often exogenously defined as a static share 86 

of the overall installed capacities [14]. In supply systems with increasing share of 87 

VRE generation, this approach is not sufficient for an assessment of SoS, as the 88 

partially stochastic behaviour of power plant unavailability is not reflected. 89 

Unforeseen power plant outages can arise from technical defects of power plant 90 

components, transformers or the grid connection, and result in a total or partial 91 

curtailment of power generation. If and to what extent supply shortfalls appear then 92 

depends on the temporal coincidence of low power plant availability, low VRE 93 

generation and high demand. However, power plant outages may also result from 94 

foreseeable and thus predictable reasons, including necessary technical revisions 95 

and the operating strategy. This fundamental difference between unforeseen and 96 

planned power plant outages must be reflected in detailed assessments of SoS.  97 
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The scope of this paper is the application of an advanced methodology for the 98 

analysis of SoS in a scenario analysis for Germany and its neighbouring countries in 99 

the year 2025. It particularly focuses on the analysis of the uncertainty related to the 100 

stochastic occurrence of power plant outages and fluctuations in power demand as 101 

well as VRE power generation. Its methodological core comprises two parts: the 102 

generation of a large number of technology-specific power plant availability time 103 

series using a stochastic approach and the scenario-based evaluation of SoS for 104 

each of these time series with the high resolution energy system model REMix. The 105 

model-based assessment focuses on Germany, but also includes all neighbouring 106 

countries as well as Italy, Sweden, and Norway. Grid restrictions are considered not 107 

only for international interconnectors, but also between 18 regions within Germany. 108 

The methodology and data used are described in detail in Chapter 2 and 3, 109 

respectively. Results of the case study analysing the situation in Germany and 110 

Europe in the year 2025 for six different scenarios are presented in Chapter 4 and 111 

discussed in Chapter 5. Finally, Chapter 6 provides the most important conclusions 112 

drawn from the case study. 113 

2 Methodology  114 

The modelling approach consists of two main elements: a stochastic model for 115 

simulating hourly power plant availability, and a fundamental power system model for 116 

evaluating future SoS.  117 

Compared to reliability assessment approaches that are typically applied to systems 118 

consisting of large, dispatchable electricity generation units [12] our approach 119 

provides some significant benefits. The stochastic simulation of power plant outages 120 

based on historical data improves the analysis with a power system model that 121 

considers both time series of power plant availability and load balancing measures 122 

such as energy storage and transmission technologies on a geographical scale that 123 

goes beyond assessments on country level. Furthermore, for assessing the impact of 124 

outages of large power generators the demand that needs to be covered by 125 

conventional power plants must be known. Typically, in systems with relevant power 126 

supply from VRE this can be derived from the residual load curve. However, this 127 

could lead to an underestimation of required power generation from conventional 128 

power plants. Due to possibly congested power transmission capacities it appears to 129 

be not sufficient to assume that all VRE electricity generation can be fully used for 130 

covering the demand. In this study we tackle this issue by performing a simulation of 131 

the electricity market with a multi-regional power system model. The actual useable 132 

renewable electricity generation for each hour of the year can therefore be 133 

considered in the evaluation of the future SoS. In the following, both applied models 134 

are introduced in detail. 135 
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2.1 Stochastic modelling of power plant availability  136 

The simulation of power plant availabilities relies on the application of a combined 137 

Mean-reversion Jump-diffusion approach. Mean-reversion processes – also called 138 

Ornstein-Uhlenbeck processes – are stochastic processes used for simulating time 139 

series with a tendency to drift towards a long-term mean value [15]. Their behaviour 140 

is characterized by a random walk pattern, modified such that the tendency to return 141 

to a central location increases with the distance to this location. Jump-diffusion 142 

processes are stochastic processes that can be used for simulating time series 143 

composed of jumps of different heights [16]. They rely on a Poisson distribution 144 

describing the probability of the occurrence of a certain event in a certain period of 145 

time. The mathematical description of the Mean-reversion Jump-diffusion simulation 146 

approach of power plant unavailability is provided by Eq. 1.  147 

 

���� − �� = 		�		
 − ���		∆
 +	��		∆��,� + ��		∆��,�		∆��	��                                      (1) 

 
���� − ��:   				Intertemporal differences in unavailability 

�:                  Mean reversion rate, describing	the	stiffness	of	the	Mean	reversion	process 
	:                	Mean reversion level, equivalent to the long-term average of the Mean reversion process  

∆
	:              	Time step length (in this case one hour, ∆
 = 1) 

�' 	∆��,':    			Values of a Gaussian distribution, scaled with standard deviation �' ∆��	��:    				Values of a Poisson distribution with expected value and variance � 

 

The process parameters �, 
, ��, �� and � are determined based on historical data of 148 

power plant unavailability. The model analyses hourly changes in the recorded power 149 

plant unavailability and parameterizes the simulation accordingly. This implies that 150 

the simulated Mean-reversion Jump-diffusion process reflects the behaviour 151 

observed in the past. The model is parametrized independently for different power 152 

plant technologies on the one hand, and three classes of power plant outage 153 

durations. The latter are merged after each simulation, in order to obtain one profile 154 

of power plant unavailability for each technology. The data used for calibrating the 155 

model is introduced in Section 3.1.   156 

Using Monte-Carlo methods, the simulation is run V = 300 times for each power plant 157 

technology and outage duration class, generating the corresponding amount of 158 

samples for the power plant unavailability distribution function on the basis of 159 

uniformly distributed random numbers. Each sample consists of T = 8760 values, one 160 

for each hour of the year. In contrast to the simulation result, actual distributions of 161 

power plant unavailability exhibit an asymmetric shape. This follows from the fact that 162 

unavailability values have a lower boundary, as they cannot be negative. However, 163 

the average value of the underlying stochastic process can be smaller than zero. For 164 

this reason, an asymmetric accumulation of the simulated differences is considered. 165 
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For each variation (, technology ), and time step 
 it follows Eq. 2 and Eq. 3. 166 

According to Eq. 2, simulated unavailability values are only considered if they are 167 

equal or greater than the minimum of the historic time series *� used for the 168 

calibration of the model. In the opposite case, they are set to zero for the 169 

corresponding hour.  170 

�
,),(∗ = ,�
,),(	 , 				∀		�
,),( ≥ min
∈1,*
≠0 *

0, 									∀		�
,),( < min
∈1,	*
≠0 *
  (2)  

Equation 3 assures that a jump is considered only if the value of the Poisson 171 

distribution ∆��	�� is greater or equals a significance limit , which is represented by a 172 

value between zero and one (in Eq. 3 stated as p) times the maximum of all 173 

simulated Poisson values. If this is not the case, the previous value of unavailability is 174 

used again in the current time step.   175 

 �
,),(∗∗ = ,			�
,),(∗
	 ,											∀		∆�
 > 6 ∙ max
∈1 ∆�
 		

�
−1,),(∗
	 , 							∀		∆�
 ≤ 6 ∙ max	
∈1 ∆�
  (3) 

2.2 REMix modelling approach  176 

In the second modelling step, a methodology is required which first provides a time 177 

dependent dispatch profile of power generation technologies of an integrated energy 178 

supply system. Second, technologies for temporal and spatial load shifting such as 179 

transmission grids or energy storage systems need to be considered in order to cover 180 

the electricity demand with the whole set of technological options given in a real 181 

energy system. Traditional duration curve based approaches [12] do not meet the 182 

second requirement, especially for energy systems with increasing shares of 183 

intermittent and spatially distributed electricity generation by VRE. Therefore, in the 184 

current case study the energy system model REMix [17] is applied. Typically, this 185 

kind of energy system models is used for assessing flexibility requirements in 186 

renewable based energy systems [18,19]. REMix provides both, the calculation of 187 

technical potentials for renewable energy sources as well as the assessment of 188 

economic potential by minimizing the total system costs subject to technical and 189 

physical constraints. Although it is applicable for capacity expansion planning, the 190 

focus for evaluating SoS lies on an optimal hourly system operation for a specific 191 

model run. In this work, the model description is limited to those equations and 192 

inequalities relevant for the definition of SoS indicators in Section 2.3. A detailed 193 

description of the power generation, storage, and direct current transmission 194 

technology representation as well as the model’s objective function appears in [17]. 195 
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Additionally to the model description provided there, the model version applied in this 196 

work considers alternating current transmission using a direct current power flow 197 

approach [20]. To consider the hourly technology specific availability of power plants 198 

from Section 2.1, the maximum output power constraints in the model are modified to 199 

be time dependent according to Eq. (4). To each model region :, a different 200 

stochastic availability time series is applied.   201 

 6;,�,' ≤ �<;,' ⋅ >	1 − �;,�,'∗∗ ? 

6;,�,' ≥ 0 

∀
 ∈ 1, : ∈ @, ) ∈ A 

(4) 

 �<: 
p: 

 

n: 

t: 

x: 

Installed capacity  
Variable of energy provision, including power generation, import, and storage 
discharging 
Index of model regions N 
Index of time steps T 
Index of technologies X 

 

Consequently, in addition to time series of electricity generation by VRE, regional 202 

load profiles and technological and economic parameters, time series of the hourly 203 

power plant availability for each technology ) and region : are inputs of the 204 

operational optimization. 205 

For ensuring that power generation and consumption are equal for each time step 
 206 

an artificial electricity generator B;,� is introduced to the power balance constraint in 207 

Eq. (5). 208 

 C>6;,�,' − D;,�,'? + B;,�
E

'F�
= G;,� 

D;,�,' ≥ 0		, 		B;,� ≥ 0 

∀
 ∈ 1, : ∈ @ 

 

(5) 

 d: 

 

l: 

g: 

Variable of electricity demand, including exports, storage charging, storage losses, 
and transmission losses 
Total load 
Variable of artificial electricity generation 
 

 

By assigning the highest specific costs to the artificial electricity generator, the 209 

occurrence of values B;,� > 0 indicates that all options for power provision are 210 

exhausted, which can be interpreted as a situation of uncovered load. Therefore, the 211 

primary results of each model run are the amount and the frequency of uncovered 212 

load in one computed year (Figure 1). 213 
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 214 

Figure 1: REMix model components and structure. The specific inputs and outputs for 215 

the evaluation of system reliability are highlighted in extra boxes. 216 

2.3 Power supply security indicators  217 

Using the H = 300 different sets of power plant availability obtained according to 218 

Section 2.1, the SoS is assessed by the application of the REMix model. In doing so, 219 

one model run – in the following labelled as variation ( – is performed for each 220 

scenario I and power plant availability simulation. Since the optimization aims at a 221 

least-cost solution and artificial electricity generation causes heavy fines, power 222 

supply outages are tried to be avoided. The analysis of SoS relies on the hourly 223 

values of uncovered load in each region. Based on the whole of 300 variations for 224 

each scenario, five different system adequacy measures are derived. Besides the 225 

typical annual loss of load indicators the intensity of these events is assessed in 226 

terms of missing power generation (capacity deficit) as well as with regard to not 227 

supplied energy (expected energy not supplied): 228 

The capacity deficit (CD) is determined with respect to the uncovered load g in each 229 

model region, scenario, hour and variation. It allows for the identification of the 230 

maximum supply gap during the year. 231 

JK;,L = 	 max�∈M,N∈O 	B;,L,�,N 				 , ∀	: ∈ @, I ∈ Ω, (6) 

I: Index of scenarios Q 

v: Index of variations V 

As the availabilities of generation capacities are already considered as input 232 

parameter of the power system modelling step, the loss of load probability (LOLP) 233 

is determined differently compared to conventional approaches that use capacity 234 

Modelling

Energy Data Analysis Tool REMix-EnDAT 

Quantification of energy demand, VRE 

resources and potentials

Energy System Optimization Model 

REMix -OptiMo

Least-cost system configuration and 

operation, assessed by 

linear optimization

Output

• Generation, 

storage and grid 

capacity 

expansion

• Hourly system 

operation 

• Supply system 

costs 

• CO 2 emissions

Input

• Climate and 

weather data

• Technology 

characteristics

• Economic 

parameters 

• Load profiles 

• Installed capacities

Power plant 

availability 

profiles

Uncovered load
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outage probability tables [12]. Instead, time series with hourly LOLP values are 235 

generated for each region using the variable B of artificial electricity generation. 236 

However, its meaning remains the risk of a supply shortfall in each hour of the year. It 237 

is calculated for each model region, scenario and hour as the ratio of the number of 238 

variations with a capacity deficit and the overall number of variations.   239 

RSR�;,L,� = 1H C BT;,L,�,N
O

NF�
				 , ∀	: ∈ @, I ∈ Ω, t ∈ T 

with: BT;,L,�,N = V1		, ∀B;,L,�,N > 0	0			, ∀B;,L,�,N = 0 

(7) 

The loss of load expectation (LOLE) represents the number of hours with 240 

uncovered load in each model region and scenario:  241 

RSRW;,L = C RSR�;,L,�
M

�F�
				 , ∀	: ∈ @, I ∈ Ω (8) 

The expected energy not supplied (EENS) is calculated as the overall sum of 242 

uncovered load over one year in each scenario and model region. Based on the V = 243 

300 variations, meaningful average values, as well as probability distributions can be 244 

calculated for CD, LOLE and EENS. 245 

WW@�;,L = 1H C C B;,L,�,N
M

�F�

O

NF�
	 ∙ 	∆
			, ∀	: ∈ @, I ∈ Ω 

 

(9) 

In order to assess the power system’s capability to balance load and intermittent 246 

power generation from renewable energy sources with the given technological 247 

balancing options we also define the load balancing probability (LBP) according to 248 

[8]. It is calculated from the ratio of LOLE and overall number of T = 8760 hours. It 249 

considers all variations of power plant outages at a time and provides one value for 250 

each scenario and model region. 251 

RX�;,L = 1 − Y 1H ⋅ 1 C CBT;,L,�,N
M

�F�

O

NF�
Z				 , ∀	: ∈ @, I ∈ Ω (10) 

3 Model input data and scenarios 252 

This chapter provides an overview of the data input of the models. It introduces the 253 

historic data used in the parametrization of the stochastic model of power plant 254 

availability (3.1), the future development of the power system (3.2), and the scenarios 255 

assessed (3.3).  256 
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3.1 Input data to the modelling of power plant availability  257 

The model used for the stochastic simulation of power plant availability is calibrated 258 

using historic data. Since 2013, power plant operators in Germany have to report 259 

their planned and unplanned unavailability to the European Energy Exchange [21]. 260 

This information includes specifications of the affected power plant block, control 261 

area, time, duration and amount of unavailable capacity. This data allows for the 262 

simulation of stochastic distributions of future power plant availability with a similar 263 

pattern. Table 2 summarizes the minima, maxima and averages of absolute and 264 

relative unavailability of power stations in Germany during the years 2013 and 2014 265 

according to the reported data. During this period, the overall unavailability of 266 

dispatchable power plants reaches up to 18% of the installed capacity for unplanned 267 

outages and up to 40% for planned outages.  268 

Table 2: Reported power plant unavailability in Germany during the years 2013/2014, 269 

subdivided by power plant fuel according to [21] in absolute values and relative to the 270 

net capacity. Total net capacity and number of events refer to the year 2014. 271 

Technology 

Unplanned unavailability Planned unavailability 
Total net 
capacity Minimum Average Maximum 

# of 
events Minimum Average Maximum 

# of 
event

s 

Lignite 
20 MW 499 MW 2.560 MW 

567 
66 MW 2.584 MW 9.665 MW 

993 20.443 MW 
0% 2% 12% 0% 13% 47% 

Hard coal 
30 MW 

1.193 
MW 

5.143 MW 
752 

25 MW 2.957 MW 12.284 MW 
873 29.607 MW 

0% 4% 18% 0% 10% 42% 

Natural gas 
100 MW 565 MW 2.894 MW 

121 
539 MW 3.297 8.099 MW 

458 23.996 MW 
0% 3% 14% 3% 16% 40% 

Oil 
37 MW 179 MW 772 MW 

21 
120 MW 357 MW 1.134 MW 

152 3.629 MW 
1% 7% 31% 5% 14% 45% 

Nuclear 
10 MW 508 MW 1.567 MW 

26 
80 MW 2.277 MW 4.744 MW 

96 12.068 MW 
0% 4% 13% 1% 19% 39% 

Reservoir 
hydro 

72 MW 381 MW 860 MW 
17 

30 MW 381 MW 620 MW 
36 1.266 MW 

6% 30% 68% 2% 30% 49% 
Pumped 
storage 
hydro 

55 MW 245 MW 1.680 MW 
124 

55 MW 892 MW 3.552 MW 
293 5.471 MW 

1% 4% 30% 1% 16% 63% 

The historic data reflects the characteristics of both planned and unplanned power 272 

plant unavailability. Planned outages result from revisions and operation strategies, 273 

whereas unplanned outages arise from technical defects. This distinction between 274 

planned and unplanned power plant unavailability is made as well in the model. For 275 

planned outages, we assume the same temporal pattern as it has been reported in 276 

the year 2014. On the contrary, unplanned outages are simulated in Monte-Carlo 277 

method applying the Mean-reversion Jump-diffusion approach introduced in Section 278 

2.1. In doing so, four different power plant technology classes are considered 279 

separately: nuclear, lignite-fired and coal-fired power plants, as well as combined 280 

cycle power plants (CCGT) relying on natural gas. Pumped storage hydro stations 281 
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need to be charged to be available for power generation and are limited in their 282 

discharging duration; given these special characteristics, we assume a constant 283 

availability during the year. The same assumption is made for hydro stations and oil-284 

fired power plants, which do not have a significant share in the overall power plant 285 

park. As unplanned outages are rarely reported, we only consider planned outages 286 

for nuclear power stations. Table 3 summarizes the assumptions on power plant 287 

availability. 288 

Table 3: Consideration of outages by power plant technology class.  289 

 Unplanned unavailability Planned unavailability 

Lignite Modelled Historic data 

Hard coal Modelled Historic data 

Natural gas CCGT Modelled Historic data 

Oil Not considered Constant 

Nuclear Not considered Historic data 

Reservoir hydro Not considered Constant 

Pumped storage hydro Not considered Constant 

The reported power plant outages differ significantly in their duration. Figure 2 shows 290 

the relative frequency of events, as share of total events and weighted with the 291 

corresponding unavailable capacity. Most outages last for less than one day. 292 

However, there are also a few that stretch over more than a week. Based on the 293 

reported data, three different classes of outages are considered in the Monte-Carlo 294 

simulations, distinguishing events of lasting for less than one day, between one day 295 

and seven days, and longer than seven days. The model is parametrized separately 296 

for each power plant technology class and unavailability duration class. Given that 297 

the simulated unavailability profiles are applied to all power plants within a country or 298 

model region (see Section 3.2), this procedure can be considered a top-down 299 

approach. As data on power plant unavailability of a comparable level of extent and 300 

detail is not publicly available for other countries as well, the calibration of the model 301 

only relies on the reported data from Germany.  302 

 303 

Figure 2: Relative frequencies of the reported unplanned power plant unavailability. 304 
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Historic and simulated data show a high congruency. This is shown exemplarily for 305 

the relative frequency and relative cumulative frequency of one simulation run for  the 306 

unavailability of coal-fired power plants with duration between one and seven days in 307 

Figure 3. The resulting profiles of power plant outages are shown exemplarily in 308 

Figure 4. When comparing historic and simulated data, it has to be considered that 309 

the data basis for calculating historic distribution functions only consists of two-years-310 

data. As no long-term unavailability data is available yet for the European electricity 311 

generation and as comprehensive announcements of all power plant operators 312 

cannot be guaranteed, the simulative distributions do not have to be totally congruent 313 

with historical distributions but should be within reasonable distances hereunto. 314 

Moreover, each simulation run results in a slightly changed frequency distribution. 315 

 316 

Figure 3: Exemplary comparison of historic and simulated unplanned outages with 317 

durations between one and seven days of coal-fired power plants. 318 

 319 

 320 
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 321 

Figure 4: Exemplary results of the simulation of unplanned power plant unavailability. 322 

Results are shown for coal-fired power plants and durations of less than one day (top), 323 

between one and seven days (centre) and longer than seven days (bottom). The 324 

reported historic data is shown in blue, the simulation results in red.  325 

For further processing, the simulated profiles are normalized with the installed power 326 

plant capacity of the corresponding technology, thus to values between 0 and 1. For 327 

each power plant technology and outage duration class, V = 300 Monte-Carlo 328 

simulations are performed. To consider outages with different duration, the resulting 329 

profiles are than multiplied for each time step and power plant technology. These 330 

aggregated availability profiles are considered in REMix in the subsequent step of the 331 

analysis. 332 

3.2 REMix input  333 

In accordance with [22], REMix is parameterized making assumptions for the 334 

development of the power system in Germany and its neighbouring countries until the 335 

year 2025. Due to the important role of interregional and international power 336 

transmission, the REMix application is not limited to Germany, but includes all nine 337 

neighbouring countries as well as Norway, Sweden and Italy. The selection of 338 

countries is driven by their relevance for the power export and imports of Germany. 339 

Due to the very limited transmission capacity to France and long distances to 340 

Germany, the influence of the Iberian and British power markets is rather small. 341 

Furthermore, the annual power exchange between France and Germany is roughly 342 

balanced. In contrast, both concerning the available transmission capacity and the 343 

current power export, Italia (via Switzerland) is comparatively more important to the 344 

situation in Germany [23]. Within Germany, the SoS is assessed separately for the 345 

18 transmission grid regions used in [24] and shown in Figure 5. Limitations in grid 346 

net transfer capacities are considered at country border interconnectors, as well as 347 

between the regions in Germany. We assume grid capacities according to the current 348 

status and the grid extension scheduled in the German Netzentwicklungsplan [25], 349 

and the European Ten Year Network Development Plan [26]. Limitations in power 350 

transmission within the countries of the Nordel grid (Norway, Sweden and eastern 351 

Denmark) are considered. The assumed transfer capacities are listed in Table 5 in 352 

the Appendix.  353 
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  354 

Figure 5: Model regions considered in the REMix application. 355 

The SoS is to a high degree dependent on the annual peak load and the installed 356 

power plant capacities. Annual peak loads are calculated from the assumed annual 357 

electricity demand and normalized hourly profiles. We assume that efficiency 358 

measures allow for an average annual reduction of the electricity demand in the 359 

assessed countries by about 1%. The projection of future power plant capacities 360 

relies on two separate approaches: for renewable energy technologies as well as 361 

small CHP (< 5 MW) a capacity expansion is considered, whereas for conventional 362 

power plants a reduction of the current capacity due to decommissioning is 363 

considered. The assumed capacity expansion of renewable and CHP technologies 364 

relies on different scenario studies for Europe [27], Germany [25], as well as regions 365 

in southern Germany [28,29]. The development of conventional power generation 366 

capacities relies on an analysis of the current power plant park and empirical data of 367 

technology lifetimes [30,31,32,33]. Lifetimes are calculated separately for different 368 

fuels and technologies using the available data. We assume that power plants are 369 

decommissioned after reaching their technical lifetime. To all power plants that have 370 

already passed the average lifetime of the corresponding technology a longer lifetime 371 

is assigned based on empirical data. New power plant capacities are only considered 372 

to the extent they were already under construction in the year 2014. Power plant 373 

decommissioning for economic reasons is not considered. The assumed limits in 374 

technical lifetimes and their application to all power plants lead to a significant 375 

reduction in available capacities until the year 2025. In the overall assessment area, 376 

the reduction amounts to about 36% compared to the year 2015. Particularly high 377 

values are reached in Denmark, Sweden and Poland, whereas the Netherlands and 378 

the Czech Republic are much less affected. Table 6 in the Appendix provides the 379 

lifetimes obtained for different power plant fuels. To reduce the model complexity, 380 

conventional power plants are aggregated to five technology classes: nuclear, coal, 381 

lignite, gas turbines and CCGT. The latter includes also units running on oil or other 382 
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fuels. Power plants with optional CHP operation are treated as conventional stations. 383 

This implies the assumption of a power-controlled operation and thus availability of 384 

additional heat producers as CHP backup, which is also applied to small CHP units.  385 

The consideration of electricity storage is limited to the pumped hydro storage 386 

capacity already existing or under construction. Both generation and storage 387 

capacities are considered with their net capacity. Another measure for reducing 388 

generation capacity is demand response [34,35]. In this work, load reduction 389 

potentials in industrial processes are considered. They are determined based on 390 

[36,37,38].  391 

To account for the provision of spinning and non-spinning reserve, we reduce the 392 

overall power plant and storage capacities by the operating reserve required in the 393 

year 2013. In doing so, we assume that the reserve demand amounts to 20 GW in 394 

the overall study area (5 GW in Germany) and remains constant in the future. These 395 

values are kept constant throughout the year. Reductions in available capacities are 396 

applied to the most flexible generation capacities, which were mostly hydro and gas 397 

power plants. The resulting power plant and storage capacities, as well as load 398 

reduction potentials for the year 2025 are summarized in Table 7 in the Appendix.  399 

3.3 Considered scenarios 400 

In the evaluation of SoS, the appropriate reflection of temporal variations is not only 401 

important concerning the outages of conventional power plants, but also concerning 402 

electricity demand and VRE power generation. For this reason the scenarios 403 

assessed in this work focus on the distinction of different time series of variable 404 

demand and generation. We consider two different sets of historic load profiles, 405 

reflecting the hourly electricity demand in the years 2012 and 2014. The load of 2012 406 

represents a case in which the peak loads of the considered European countries are 407 

highly coinciding, reaching a maximum of 365 GW. This implies situations of very 408 

high loads in the overall assessment area and thus a demand for power generation 409 

capacity. On the contrary, national peak loads are less coinciding in the load profile of 410 

the year 2014, and the maximum load amounts to only 344 GW. We choose this 411 

year, as it is used as reference for the calibration of the model calculating the 412 

stochastic availability of conventional power plants (see Section 3.1). The hourly 413 

power generation of wind turbines and photovoltaic panels depends on solar 414 

irradiation and wind speed, respectively. Due to the highly intermittent characteristics 415 

of these resources, their output shows very different pattern during the year, but also 416 

for selected months and years. For this reason, we consider three historic weather 417 

years. They rely on measured high resolution solar irradiation and wind speed data 418 

for the years 2006, 2009 and 2010. Both for Europe and Germany, 2006 represents 419 

a year with an average availability of wind and solar power, compared to the other 420 

years in the period 2006 to 2012 [39]. In contrast, the year 2010 was characterized 421 
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by a relatively low availability. The solar and wind power generation in the year 2009 422 

was particularly low in the winter months and thus in the times of highest demands. 423 

We mix different load and weather years to construct particularly challenging 424 

situations of a high peak load and low availability of wind and solar power. Even 425 

though cold winter periods are often accompanied by a cloudy and windless weather, 426 

there is no clear correlation between solar irradiation and wind on the one hand, and 427 

grid load on the other.  428 

To evaluate the impact of the stochastic power plant availabilities it is compared to 429 

one scenario with constant availabilities. It uses the average values of the variable 430 

power plant availabilities. An additional scenario assesses the impact of a reduced 431 

power transmission capacity within Germany. We assume that until the year 2025 432 

only the westernmost of the three planned high-voltage direct current (HVDC) 433 

transmission lines can be realized. This reduces the net transfer capacity from 434 

northern to southern Germany from 10 GW to 2 GW. Table 4 provides an overview of 435 

the scenario input. 436 

Table 4: Summary of the considered scenarios. 437 

Scenario Historic load 

profile  

Power plant 

availability 

Wind and solar 

power generation 

profile 

North-South 

HVDC power lines 

Base 2012 Stochastic 2006 3 lines 
Constant Avail. 2012 Constant 2006 3 lines 
Load 2014 2014 Stochastic 2006 3 lines 
Weather 2009 2012 Stochastic 2009 3 lines 
Weather 2010 2012 Stochastic 2010 3 lines 
Reduced Grid 2012 Stochastic 2006 1 line 

4 Results  438 

With regard to the focus of this paper, the analysis of the model results is restricted to 439 

the SoS indicators introduced in Section 2.3. The evaluation of further model output, 440 

including technology-specific capacity factors, power flows, CO2 emissions and 441 

supply costs is beyond the scope of this work. Furthermore, the detailed analysis of 442 

supply shortfalls is limited to the situation in Germany. Additional results for the other 443 

countries are shown in [40]. 444 

The appearance of supply shortfalls is directly indicated by the LBP. Values below 445 

100% imply that in at least one hour of at least one variation the load cannot be 446 

completely covered by the available power plant and storage capacities considering 447 

the available demand response and installed grid capacities. REMix results show that 448 

the load can always be covered in all scenarios and variations for all countries except 449 

Germany, France and Poland (Figure 6). Within Germany, supply shortfalls appear in 450 
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only three of the 18 model regions: Amprion-5 and Amprion-4 in the western part of 451 

the country and TenneT-3 in the centre (see region map in Figure 5). The region 452 

most affected is Amprion-4. There, shortfalls appear in all scenarios, in Amprion-5 in 453 

all scenarios except Constant Availability and Load 2014, in TenneT-3 only in 454 

scenario Reduced Grid. With the exception of Poland, where they hardly exceed 455 

80%, LBP values of more than 96% are found in all regions and scenarios.  456 

Comparing the scenarios, the highest LBP values for Germany are found in Load 457 

2014, where in most variations only one hour is affected. On the contrary, with the 458 

load profile of the year 2012 (scenario Base), a significantly lower value is detected 459 

for region Amprion-4. The consideration of weather years with lower availability of 460 

solar irradiation and wind both during winter (Weather 2009) and during the whole 461 

year (Weather 2010) has different regional impacts. In region Amprion-5 it leads to 462 

the appearance of supply shortfalls, whereas the LBP is increased in Amprion-4. The 463 

assumption of constant power plant availability has a negative effect on SoS in 464 

Amprion-4, but not in the other regions. Finally, lowest values occur in scenario 465 

Reduced Grid for all affected regions of Germany, indicating the importance of the 466 

planned transmission grid expansion for the SoS.   467 

 468 

Figure 6: Load balancing probability (LBP) in the different scenarios. Only regions 469 

with values < 100% in at least one scenario are shown.  470 

In accordance with the LBP, the loss of load expectation (LOLE) is highest in region 471 

Amprion-4 (Figure 7). Average values range from 1 h/a in scenario Load 2014 to 472 

151 h/a in Reduced Grid. In region Amprion-5, the LOLE is below 4 h/a in all 473 

scenarios and variations except Reduced Grid, where average and maximum value 474 

reach 22 h/a and 28 h/a, respectively. In scenario Base, the supply shortfalls of one 475 

hour appear only in eleven variations, leading to an average value of 0.04 h/a. 476 

Region TenneT-3 sees supply shortfalls only in scenario Reduced Grid, reaching an 477 

average duration of 1.4 h/a.  478 
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 479 

Figure 7: Annual loss of load expectation in the German regions where shortages 480 

occur.  481 

Figure 8 shows the probability distribution of the LOLE in region Amprion-4 for the 482 

300 variations of the scenarios. It underlines that the differences between the 483 

variations are comparatively small for scenario Load 2014, Weather 2009 and 484 

Weather 2010 and do not exceed 8 h/a. Broader probability distributions are found 485 

for scenario Base and especially Reduced Grid. It can be clearly seen that the range 486 

between maximum and minimum value increases with the average LOLE value. 487 

 488 

Figure 8: Probability distribution of annual loss of load expectation in region Amprion-489 

4.  490 

Due to the very few supply shortfalls, the expected energy not supplied (EENS) is 491 

very low in the regions Amprion-5 and TenneT-3 (Figure 9). It does not exceed 492 

1 GWh or roughly 0.0006% of the annual demand in most scenarios. Only exception 493 

is the scenario with reduced transmission capacity in Germany, where on average 494 

almost 13 GWh of demand remain uncovered in Amprion-5, equivalent to 495 

approximately 0.007% of the annual sum. Much higher values are found in region 496 

Amprion-4: up to 270 GWh of unsupplied load are detected in scenario Reduced 497 

Grid, accounting for almost 0.1% of the annual demand. The additional power lines in 498 

the Base scenario can reduce the EENS by more than half to an average of 499 

93 GWh/a. Such as for the LOLE, a higher value is found if constant power plant 500 

availabilities are considered. In scenario Weather 2009 and Weather 2010, only 501 

about 20 GWh/a cannot be provided, whereas in Load 2014 the EENS is even lower 502 

by another order of magnitude.  503 
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 504 

Figure 9: Annual expected energy not supplied in the German regions where 505 

shortages occur. 506 

The average and maximum capacity deficit are shown in Figure 10. Thereby, the 507 

average refers to all hours with unsupplied load. The maximum value indicates the 508 

demand for additional power generation or load reduction required to close the 509 

identified supply gaps. In region TenneT-3, only in scenario Reduced Grid a deficit of 510 

0.4 GW at most is detected. In region Amprion-5, the maximum capacity deficit 511 

reaches 1.7 GW in scenario Reduced Grid and is much lower in all other scenarios. 512 

The consideration of the below-average availability of solar and wind power leads to 513 

an increase from 0.1 GW in scenario Base to 0.5 GW and 0.6 GW in Weather 2010 514 

and Weather 2009, respectively. As supply gaps appear only in one hour, maximum 515 

and average capacity deficit are identical in scenario Base. In region Amprion-4, 516 

much higher capacity deficits are found. Also in the least challenging scenario Load 517 

2014, 1.8 GW of additional generation are required, equivalent to approximately 26% 518 

of the assumed regional peak load. In the Base scenario, the maximum gap reaches 519 

2.6 GW. Supposing a constant power plant availability or reduced grid availability 520 

even higher values of 2.8 GW and 3.3 GW are reached, respectively.  521 

 522 

Figure 10: Average and maximum capacity deficit in the German regions where 523 

shortages occur.  524 

Figure 11 shows the probability distribution of capacity deficits in region Amprion-4 in 525 

steps of 0.1 GW. In contrast to the other probability distributions, it shows a strong 526 

concentration only for scenario Load 2014. It can be explained with the very low 527 

number of hours with uncovered load of less than two. In all other scenarios, values 528 
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of a broad range are found. They include all steps from less than 0.1 GW up to the 529 

respective maximum gap of each scenario and are not clearly grouped around one 530 

single maximum value. This results from the more frequent supply gaps, which are in 531 

their extent to a higher degree influenced by the hourly profiles of power plant 532 

availability. 533 

 534 

Figure 11: Probability distribution of capacity deficits in region Amprion-4. Hours 535 

without deficit are not included here.  536 

Supply shortfalls are not equally distributed over the year. Figure 12 provides the 537 

hourly LOLP in scenario Reduced Grid for region Amprion-4. This scenario 538 

represents the case with lowest load balancing probability in Germany. In the graph, 539 

a value of one implies a supply shortfall during the corresponding hour in any of the 540 

300 variations, a value of 0.25 a shortfall in 75 of the variations and so on. The 541 

REMix results show a strong concentration of shortfalls to the winter months and 542 

particularly the first two weeks of February (hour 745 to 1080). In contrast, during the 543 

months March to September all demand can be satisfied. The LOLP is one in 130 of 544 

the 193 hours with a value greater than zero. This implies that more than two thirds of 545 

the shortages occur in all variations, independent of the stochastic availability of 546 

conventional power plants. 547 

 548 

Figure 12: Hourly loss of load probability in region Amprion-4 in the scenario with 549 

reduced transmission capacity. Values of 1 imply that a deficit appears in each of the 550 

300 variations of power plant availability. 551 

In region Amprion-5, shortfalls also appear only during the winter months and 552 

particularly in February, however at a much lower intensity and duration. There, only 553 
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14 of the 32 hours with unsupplied load in at least one variation have an hourly LOLP 554 

of one. A concentration to the first half of February can be found in all other scenarios 555 

as well. 556 

To further examine the load flows between the model regions, the hours with supply 557 

shortfalls are analysed in detail for a selected variation of scenario Reduced Grid. 558 

The analysis reveals that the existing grid capacity from Germany to Poland is fully 559 

exploited for exports during almost all hours with supply shortfalls in Poland. In times 560 

all demand is met in Germany but not in France, the transmission lines are used for 561 

power exports to France by at least 75% in case of the connection to region Amprion-562 

5 and 40% for the connection to region TransnetBW-2. On average, the grid capacity 563 

utilization in these hours reaches 94% and 49%, respectively. In hours with shortfalls 564 

in both France and region Amprion-4, these exports are reduced, but still remain at 565 

an average level of 66% and 35%, respectively. This does not change when supply 566 

shortfalls furthermore occur in region Amprion-5: the average capacity utilization for 567 

exports to France is then reduced to averages of 54% and 25%, respectively. A 568 

reduction of exports to levels of less than 20% of the grid capacity is observed only in 569 

very few hours with deficits in both Germany and France. There are also isolated 570 

events with a power import from France to Germany among these hours, using up to 571 

12% of the available grid capacity. The connection between the Netherlands and 572 

Amprion-4 is used for power imports to Germany at full capacity during all hours with 573 

supply shortfalls in Germany or France. The additional connections from the 574 

Netherlands to the regions Amprion-1 and Amprion-2 are also used for imports during 575 

these hours, however at lower capacity utilization. In the few hours with supply 576 

shortfalls, region Amprion-5 receives significant imports from TransnetBW-1. 577 

However, at the same time, it exports to TransnetBW-2. Region Amprion-4 receives 578 

power imports from Amprion-2 during all and from TenneT-4 during most hours with 579 

capacity deficits. However, at the same time it always exports to region Amprion-5. 580 

The utilization of generation and transmission capacities in critical situations is 581 

exemplarily shown in Figure 13 for a selected winter hour in one variation of scenario 582 

Reduced Grid. In this hour – 10 February, 7-8 PM – supply shortfalls occur in Poland 583 

(3.3 GW), France (3.8 GW), Amprion-4 (1.7 GW) and Amprion-5 (0.6 GW). Available 584 

dispatchable generation capacities – including nuclear, fossil, biomass and reservoir 585 

hydro power stations – are fully operational in Poland, Luxemburg, France and most 586 

regions in the western half of Germany. Free generation capacities are found in all 587 

other neighbouring countries as well as eastern and south-eastern Germany. 588 

Considering unlimited transmission, these capacities would be sufficient to close the 589 

supply gaps appearing in this particular hour. The analysis furthermore shows that 590 

many transmission lines are at their capacity limits, whereas others are used only to 591 

a minor extent. High grid utilization rates are found particularly for connections to 592 

Poland and Nordel as well as in the Alps region.  593 
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 594 

Figure 13: Utilization of generation capacities (pie charts) and transmission capacities (percent 595 

numbers) on 10 February between 7 and 8 PM in one variation of scenario Reduced Grid.  596 

In the detailed analysis of the capacity utilization of transmission lines in critical 597 

supply situations, it appears to be contra-intuitive that firstly, the transmission 598 

capacities are not always fully utilized when a region needs imports for meeting the 599 

demand and, secondly, certain regions are still exporting power while experiencing 600 

shortfalls. The reason for the first lies in the  application of direct current power flow 601 

constraints which make the desired power flow to a specific importing region not only 602 

dependent from the grid transmission capacity of the directly connected transmission 603 

line, but also from the limited power flow of transmission lines that are commonly 604 

connected to the exporting region. If one of these transmission lines is already fully 605 

utilized, further exports or imports are prevented. The second observation can 606 

moreover be explained by a limitation of the selected modelling approach that uses 607 

an aggregated extract of the existing high voltage transmission grid network. 608 

Although it is more likely that the cost intensive artificial electricity generator becomes 609 

active in regions with shortfalls, this is not necessarily the case as soon as more than 610 

a single region is running into shortfalls. Having in mind that also for times of 611 

unsupplied power demand the model produces a cost minimal solution, siting of the 612 

artificial power generator in a centrally located region that is able to export and, 613 

especially, pass through power to a high number of neighbouring regions appears to 614 
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be more cost-effective. This artefact of getting a kind of optimal plant siting problem 615 

thus causes the exports of centrally located and well-connected Amprion-4 while 616 

lacking of sufficient power supply at the same time. 617 

5 Discussion  618 

High resolution power system models are typically used for the assessment of 619 

specific generation or storage technologies, or the development and evaluation of 620 

supply scenarios. On the contrary, in this work the REMix energy system model is 621 

applied to an assessment of the SoS in the near future until the year 2025. A model 622 

endogenous installation of new generation capacities is not considered, and the 623 

system cost minimization is mainly driven by the aim to avoid supply shortfalls. 624 

The methodology for the stochastic simulation of power plant availabilities has proven 625 

to reasonably realistically reflect the occurrence of unforeseen power station outages. 626 

Due to the limited data availability, the simulated power plant availabilities can so far 627 

only reflect the pattern registered within a comparatively short period of two years. 628 

Furthermore, the model so far only relies on data for Germany. To strengthen the 629 

simulations results, future studies must consider additional empirical input data, 630 

including both longer periods and further countries. Moreover, a more detailed 631 

simulation of power plant unavailability both with respect to refine regional aspects 632 

and with respect to power plant specific aspects like fuel supply and river water 633 

temperature might bring additional benefit to SoS analysis. As simulation approaches 634 

should always cover the statistical behaviour of the basic population of real data, 635 

adjusted methodologies might be necessary. 636 

The validity of the results is increased by the analysis of other stochastic factors, 637 

namely the hourly development of power demand and VRE power generation. The 638 

comparison of different load time series shows that the occurrence of simultaneous 639 

load peaks can have significant consequences for the SoS in Germany. In the case 640 

of the historic data used here, an additional supply gap appears. The results of 641 

scenario Weather 2009 and Weather 2010 underline the vital importance of the 642 

consideration of different weather years in the evaluation of SoS in energy systems 643 

with high VRE share. Even though in the monthly and annual sums, less wind and 644 

solar irradiation are available, a reduction in supply shortfalls can be observed in one 645 

of the model regions. To gain deeper insight into the interaction between the different 646 

stochastic factors, future studies must consider additional load and VRE generation 647 

profiles, including both historic and synthetic data.   648 

Scenario Reduced Grid allows for an analysis of the importance of the planned 649 

HVDC transmission lines in Germany. The REMix results show that a reduction in 650 

transmission capacity increases the occurrence of unsupplied load in both northern 651 
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and southern Germany. However, the growth of the maximum capacity deficit – from 652 

2.6 GW to 3.3 GW – is much lower than the reduction in transmission capacity of 653 

8 GW. This underlines the results of previous REMix studies showing that additional 654 

grid capacities can contribute significantly to the integration of VRE power 655 

generation, as well as the reduction of emissions and supply costs, but only to a 656 

minor extent to a reduction of back-up capacity [41]. Other studies see less capacity 657 

deficit. In case of [7,8], the assumed realization of currently planned new power plant 658 

capacities and negligence of inner German grid restrictions lead to this conclusion.  659 

Present legislation in Germany foresees various components to ensure the currently 660 

high SoS also in the future [42]. Capacity mechanisms are so far not introduced. 661 

Despite of capacity payments the evolution of price spikes is favoured. As security 662 

measure, several reserves are introduced: A capacity reserve of 2 GW, a security of 663 

lignite power plants of 2.7 GW, and a grid reserve for southern Germany of 2 GW. 664 

Furthermore, decommissioning of system relevant power plants can be forbidden by 665 

the regulating authorities. If needed, reserves can be extended. If these measures 666 

are maintained until 2025, they would be sufficient to avoid the supply gaps identified 667 

in this work.  668 

In contrast to earlier analyses, this work considers grid restrictions within Germany. 669 

Bearing in mind the regional concentration of VRE power generation capacities, this 670 

implies a major improvement in the quality of the results obtained here. However, it 671 

can be expected that these results are to a high degree dependent on assumed 672 

transmission capacities between the regions as well as the regional distribution of 673 

power generation. Although it has been determined considering all available data 674 

sources, there may be uncertainty as to the actual development of decommissioned 675 

and mothballed generation capacity. The results of the case study not only rely on 676 

influential assumptions concerning future power plant capacities, but also concerning 677 

the future electricity demand. This is important for the overall annual demand, its 678 

regional allocation within Germany and even more for the hourly load curve during 679 

the year. The spatial disaggregation considered in REMix allows for the identification 680 

of regional shortages in power generation and transmission capacity and thus of 681 

particularly important power plants and transmission lines. According to the REMix 682 

results, supply shortfalls appear in only three of the 18 model regions considered in 683 

Germany and show a geographical concentration to the western part of the country 684 

close to Luxemburg and France. A more profound analysis of the results indicates 685 

that in time of supply shortfalls in those regions, there is still an availability of power 686 

plants in other parts within Germany. This result reveals that uncovered demand 687 

arises from limitations in transmission capacity within Germany rather than from a 688 

deficit in generation capacity. This has to be studied in detail in future work making 689 

use of a more detailed representation of the power grid. The use of grid reserve 690 

capacities for the purpose of re-dispatch measures is not modelled in this work. 691 
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Including these in further analyses might contribute to more robust model results, 692 

especially with regard to the regional occurrence of shortfalls. It is important to keep 693 

in mind that the SoS as it is defined here does not consider an N-1 criterion. 694 

Moreover, if the system is supposed to be secured against an unforeseen failure of 695 

the biggest generation unit, additional power plants or transmission lines are likely to 696 

be required.  697 

The results presented have been obtained using a simplified model representation of 698 

technologies. The REMix modelling approach does not reflect all restrictions in power 699 

station operation as well as power transmission. This includes the negligence of 700 

minimum operation and down times of thermal power plants, limitations in ramping 701 

speed or non-linear effects in power transmission and can lead to an overestimation 702 

of the flexibility provided by power plants [17].  703 

The model results emphasize the importance of an international assessment of SoS. 704 

Supply shortfalls are not only found in Germany, but also in Poland and France. It 705 

can be expected that the substantial capacity deficits in the neighbouring countries 706 

do have an effect on the SoS in Germany. On the other hand, an installation of 707 

additional generation capacity in those countries might also be available to reduce or 708 

even eliminate the uncovered load in Germany. The particularly high capacity deficits 709 

in Poland arise from the comparatively old power plant park found there, combined 710 

with the global assumption that all power plants are decommissioned end the end of 711 

their technical lifetime. Given that most supply shortfalls in Germany occur in the 712 

western part of the country and due to grid restrictions, it can be expected that 713 

additional generation capacity in Poland has only limited impact on the results 714 

presented here. In contrast to that, new capacities or longer lifetimes in France are 715 

likely to increase the SoS in southwestern Germany. The interrelation of the SoS in 716 

different countries is underlined by the results of scenario Reduced Grid. The 717 

reduced transmission capacity within Germany assumed there has a significant 718 

impact on the amount of unsupplied load in the neighbouring countries as well. In this 719 

regard, it is important to keep in mind that grid restrictions within the neighbouring 720 

countries are not considered, potentially causing an overestimation of SoS in these 721 

countries. 722 

The assumption of identical lifetimes for all power plants of a certain technology, 723 

independent of its location and the availability of substituting capacity, leads to 724 

substantial reductions in power plant capacity until the year 2025. These reductions 725 

do not have the same effect on the SoS in different countries. In spite of a shutdown 726 

of more than 55% of the respective conventional generation capacities, no supply 727 

shortfalls appear in Denmark and the Nordel region. On the other hand, the capacity 728 

reduction in France accounting for about 35% has a major impact on SoS. The 729 

methodology for the estimation of power plant lifetimes is consistent and transparent. 730 
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It does, however, neglect the possibility of lifetime extensions and construction of 731 

new power plants, whether they are economically or politically driven. In this context, 732 

it is important to emphasize that the results presented here are only valid for the 733 

assumed changes in power generation, storage and transmission capacity. This is 734 

particularly important for the applied reduction in conventional generation capacity, 735 

but also the development of renewable energy technologies, as well as the 736 

installation of additional storage and grid capacities. The impact of an even faster 737 

reduction of conventional power plant capacity is assessed in [40]. 738 

The assumption of a full availability for power generation of CHP plants in critical load 739 

situations might cause an overestimation of SoS. If heat cannot be provided 740 

completely by additional heat sources, such as boilers or thermal storage, but must 741 

be partially supplied by CHP units with variable extraction of useful heat, additional 742 

deficits might occur in winter times with high demand for both heat and power.  743 

This work does not address the questions of which technologies would be suited best 744 

for closing the identified supply shortfalls, and where those technologies should be 745 

deployed. Depending on the operation hours, periods of capacity deficits and 746 

geographic location, options might include a strengthening of the power grid, the 747 

activation of additional demand response potentials, an enhanced coupling between 748 

energy demand sectors, as well as the installation or retrofit of power generation or 749 

storage capacity. The evaluation of technology deployment paths is, however, 750 

beyond the scope of this paper and must be analysed in future research works.  751 

6 Conclusion  752 

Our analysis underlines that the evaluation of SoS in systems with substantial VRE 753 

shares requires the application of advanced methodological approaches. The 754 

stochastic simulation of power plant availabilities combined with the model-based 755 

analysis of 300 scenario variations in hourly and regional resolution clearly improve 756 

the methodological basis of SoS assessments, compared to the application of 757 

constant values. The REMix results show that the negligence of the variability of both 758 

regular and unforeseen power station outages can cause either an overestimation or 759 

underestimation of SoS. The temporal occurrence of unplanned power plant outages 760 

can be realistically reflected by the application of a combined Mean-reversion Jump-761 

diffusion process. 762 

The comparison of the scenarios and variations assessed here indicates that the 763 

fluctuations in power demand and VRE generation have a much higher influence on 764 

the frequency and extent of supply shortages than unforeseen power plant outages. 765 

Differences in the results are much bigger for the scenarios than for the variation in 766 

power plant availability.  767 
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Assuming the decommissioning of power plants at the end of their lifetime, the 768 

extension of renewable energy and the expansion of the transmission grid according 769 

to the scenarios considered here, at least 2.6 GW of additional capacity will be 770 

required in Germany by the year 2025 to guarantee SoS in certain market conditions. 771 

A delay in the installation of HVDC transmission lines in Germany increases this 772 

value to 3.3 GW. This underlines the importance of additional transmission capacity 773 

within Germany for the SoS. Even under the assumption of a delayed commissioning 774 

of the HVDC lines, the maximum supply gap in Germany stays below both the 775 

currently planned new installation of power plants and capacity reserve. Even though 776 

the realization of new generation capacities is not clear, there would still be enough 777 

time for further generation and infrastructure expansions.  778 

The methodology applied in this work can provide an improved but still coarse 779 

indication of when and possibly where supply shortfalls may appear in the considered 780 

scenarios. Any political or corporate decision on investments in generation or grid 781 

capacity must rely on models that are more detailed not only in the representation of 782 

technologies, but also in spatial and temporal resolution. The latter concerns 783 

operational restrictions of power plants, as well as short-term fluctuations in demand 784 

and VRE generation.  785 
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Additional Information 

Table 5: Assumed net transfer capacities between model regions in the scenario year 
2025. High voltage direct current lines are indicated by “HVDC”. 
International links Start-

End 
End-
Start 

Links within Germany  Start-
End 

End-
Start 

 MW MW  MW MW 
Austria - Czech Rep. 600 1000 Amprion 1 - Amprion 2 2900 2900 
Austria - Amprion 6 1000 1000 Amprion 1 - Amprion 3 2700 2700 
Austria - TransnetBW 2 1700 1700 Amprion 1 - TenneT 2 2900 2900 
Austria - TenneT 6 2800 2800 Amprion 1 - TenneT 3 2000 2000 
Austria - Italy 220 285 Amprion 2 - Amprion 3 3900 3900 
Austria - Switzerland 470 1200 Amprion 2 - Amprion 4 9300 9300 
Belgium - France 5300 6400 Amprion 3 - TenneT 4 1700 1700 
Belgium - Netherlands 2400 2400 Amprion 4 - Amprion 5 6500 6500 
Czech Rep. - TenneT 5 1800 1800 Amprion 4 - TenneT 4 2000 2000 
Czech Rep. - 50Hertz 4 1840 1840 Amprion 5 - TransnetBW 1 2900 2900 
Czech Rep. - Poland 800 1800 Amprion 5 - TransnetBW 2 4200 4200 
Amprion 1 - Netherlands 2400 2400 Amprion 5 - TenneT 4 4300 4300 
Amprion 5 - France 1100 1100 Amprion 6 - TransnetBW 2 4600 4600 
Amprion 5 - Luxemburg 1880 1880 Amprion 6 - TenneT 6 2200 2200 
TransnetBW 2 - France 1900 1900 TransnetBW 1 - TransnetBW 2 13000 13000 
TransnetBW 2 - Switzerland 4000 4000 TransnetBW 1 - TenneT 5 4200 4200 
TenneT 1 - Denmark_W 1500 1500 TenneT 1 - TenneT 2 5600 5600 
TenneT 2 - Netherlands 1283 1283 TenneT 1 - 50Hertz 2 1792 1792 
50Hertz 1 - Poland 600 600 TenneT 2 - TenneT 3 5800 5800 
50Hertz 4 - Poland 600 600 TenneT 2 - 50Hertz 1 150 150 
France - Italy 4975 3395 TenneT 3 - TenneT 4 5400 5400 
France - Switzerland 3200 1100 TenneT 3 - 50Hertz 1 3389 3389 
Italy - Switzerland 1810 4165 TenneT 3 - 50Hertz 2 2166 2166 
Amprion 4 - Netherlands 1200 1200 TenneT 4 - TenneT 5 4200 4200 
Luxemburg - Belgium 1300 1300 TenneT 4 - 50Hertz 3 2272 2272 
Amprion 2 - Netherlands 13900 13900 TenneT 5 - TenneT 6 4900 4900 
Netherlands - Nordel (HVDC) 700 700 TenneT 5 - 50Hertz 3 5752 5752 
Denmark_W - Netherlands (HVDC) 700 700 50Hertz 1 - 50Hertz 3 3320 3320 
Denmark_W - Nordel (HVDC) 2400 2400 50Hertz 1 - 50Hertz 4 5920 5920 
TenneT 1 - Nordel (HVDC) 2000 2000 50Hertz 3 - 50Hertz 4 10340 10340 
50Hertz 1 - Nordel (HVDC) 1200 1200 Amprion 3 - TenneT 3 300 300 
Poland - Nordel (HVDC) 600 600 50Hertz 2 - TenneT 2 1800 1800 
   50Hertz 3 - Amprion 6 (HVDC) 2000 2000 
   Amprion 2 - TransnetBW 1 (HVDC) 2000 2000 
   Amprion 2 - TenneT 2 (HVDC) 2000 2000 
   TenneT 1 - TransnetBW 1 (HVDC) 6000 6000 

 
 
 
Table 6: Calculated power plant lifetimes, subdivided by fuel 
 Hard coal Lignite Natural Gas Oil Other 

  All values in years 

Average lifetime of all power plants at decommissioning 39.7  46.9  34.5  39.2  37.3  
Average lifetime of power plants that have exceeded the 

average value at decommissioning 

43.3  51.2  40.7 40.1 40.4 
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Table 7: REMix model input: power plant capacities and electricity demand. 
 CCGT Gas 

turbine, 
Engine 
CHP, Oil 

Hard 
coal 

Lignite Nuclear Biomass Reservoir 
hydro 

Hydro run-
of-the-
river 

Total 
dispatchable 
capacity 

PV Wind 
Offshore 

Wind 
Onshore 

Pumped 
storage 
Hydro 

Load 
reduction 
potential 

Power 
demand  

Peak 
Load 
2012 

Peak 
Load 
2014 

 GW GW GW GW GW GW GW GW GW GW GW GW GW GW TWh GW GW 
Austria 1.60 1.35 0.46   1.12 3.79 6.89 8.32 0.87  4.51 4.29 0.06 60.6 10.2 10.1 
Belgium 6.66 0.45 1.16  2.82 1.78  0.18 12.86 4.30 2.35 3.52 1.31 0.35 75.1 12.6 11.7 
Czech Republic 0.98 0.47 3.35 6.10 3.73 0.67 0.74 0.45 16.03 2.04  0.35 1.15 0.09 54.6 9.4 8.8 
Germany Amprion 1 1.84 0.13 0.79   0.19  0.00 2.95 1.16  1.11  0.29 10.3 1.6 1.6 
Germany Amprion 2 2.57 0.59 2.51 2.29  0.26  0.03 8.22 2.19  1.58 0.15 1.33 50.4 8 7.9 
Germany Amprion 3 1.00 0.19 2.67   0.30 0.01 0.07 4.16 1.64  2.55  0.21 28.9 4.6 4.5 
Germany Amprion 4 2.23 0.56  1.32  0.19  0.12 4.31 1.92  2.09  0.37 42.1 6.7 6.6 
Germany Amprion 5 1.62 0.49 2.24 0.00  0.27  0.25 4.63 3.65  4.63  0.31 47.7 7.6 7.5 
Germany Amprion 6  0.18    0.25  0.60 0.43 2.65  0.23  0.23 9.7 1.5 1.5 
Germany 
TransnetBW 1 

0.54 0.33 2.37   0.20  0.32 3.44 1.52  0.85  0,04 15.2 
2.4 2.4 

Germany 
TransnetBW 2 

0.06 1.03 0.82   0.59 0.89 0.95 3.39 5.30  1.90 0.13 0.38 45.4 
7.2 7.1 

Germany TenneT 1 0.07 0.12 0.33   0.40  0.00 0.92 2.50  7.09 0.12 0.02 11.5 1.8 1.8 
Germany TenneT 2 0.61 0.22 1.20   0.64  0.00 2.68 2.88 8.80 6.42  0.25 21.7 3.5 3.4 
Germany TenneT 3 0.34 0.23 1.39 0.35  0.62  0.09 2.93 1.95  4.70  0.16 26 4.1 4.1 
Germany TenneT 4 0.09 0.54 0.14 0.03  0.27  0.06 1.07 2.51  2.73 0.87 0.07 17.7 2.8 2.8 
Germany TenneT 5 0.07 0.31 0.05   0.53 0.17 0.66 1.12 5.54  2.55 0.47 0.05 24.7 3.9 3.9 
Germany TenneT 6 1.91 0.28 0.80   0.75 0.05 1.13 3.79 6.70  0.07 0.11 0.12 29.2 4.7 4.6 
Germany 50Hertz 1 1.23 0.94 1.13   1.07  0.01 4.37 5.68 1.70 13.81  0.42 30.2 4.8 4.7 
Germany 50Hertz 2 0.29 0.19 2.11   0.01  0.00 2.60 0.09  0.08  0.39 8.7 1.4 1.4 
Germany 50Hertz 3 0.80 0.68 0.04 2.02  0.46 0.14 0.06 4.15 3.66  4.89 1.46 0.31 23 3.7 3.6 
Germany 50Hertz 4 0.22 0.59 0.01 6.28  0.42  0.09 7.52 4.27  2.92 1.16 0.16 23.5 3.7 3.7 
Nordel 1.76 1.19 0.62  2.39 6.28 35.96 10.60 48.19 1.13 2.75 9.61 1.46 2.12 242.6 43.8 44 
Denmark_W 0.65 0.85 0.44   0.29  0.01 2.23 0.07 1.56 3.16  0.00 17.7 3.2 3.2 
France 7.06 3.66 0.37  40.46 4.28 5.91 16.93 61.74 9.93 9.84 29.52 1.17 1.32 431.1 90.4 76.8 
Italy 39.20 8.45 2.80   4.40 3.57 15.26 58.42 25.34 1.98 16.02 6.44 0.84 275.1 46 46 
Luxembourg 0.40 0.03    0.09 0.00 0.04 0.52 0.35  0.26 0.66 0.06 5.4 0.9 0.9 
Netherlands 17.74 2.37 2.81  0.43 2.11  0.07 25.46 1.03 7.08 4.72  0.31 96.3 15.9 16 
Poland 0.16 0.16 7.90 4.40  1.29 0.23 1.03 14.15 0.35 2.08 6.25 1.47 0.27 126.7 20.7 20.4 
Switzerland 0.15 0.17   2.06 1.08 7.81 4.39 11.25 1.66  0.94 3.79 0.05 56.5 10 9.5 
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