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About FlexPlan 

 

The FlexPlan project aims at establishing a new grid planning methodology considering the opportunity to 

introduce new storage and flexibility resources in electricity transmission and distribution grids as an 

alternative to building new grid elements. This is in line with the goals and principles of the new EC package 

Clean Energy for all Europeans, which emphasizes the potential usage of flexibility sources in the phases of 

grid planning and operation as alternative to grid expansion. In sight of this, FlexPlan creates a new innovative 

grid planning tool whose ambition is to go beyond the state of the art of planning methodologies, by including 

the following innovative features: integrated T&D planning, full inclusion of environmental analysis, 

probabili stic contingency methodologies replacing the N-1 criterion as well as optimal planning decision over 

several decades. However, FlexPlan is not limited to building a new tool but it also uses it to analyse six 

regional cases covering nearly the whole European continent, aimed at demonstrating the application of the 

tool on real scenarios as well as at casting a view on grid planning in Europe till 2050. In this way, the FlexPlan 

project tries to answer the question of which role flexibility could play and how its usage can contribute to 

reduce planning investments yet maintaining (at least) the current system security levels. The project ends up 

formulating guidelines for regulators and for the planning offices of TSOs and DSOs. The consortium includes 

three European TSOs, one of the most important European DSO group, several R&D companies and 

universities from 8 European Countries (among which the Italian RSE acting as project coordinator) and N-

SIDE, the developer of the European market coupling platform EUPHEMIA.  
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Executive Summary 

This document describes the Monte Carlo (MC) scenario generation and reduction methodology developed 

within the FlexPlan project. The developed methodology is used to first generate a large variety nodal 

generation and demand scenarios in terms of hourly time series, respectively. The generated time series are 

further reduced to a representative set of time series which are used as input for the advanced planning tool 

implemented within  FlexPlan.  

The intermittent generation from variable renewable energy sources, the generation of hydro power 

plants and the electricity demand are considered as stochastic inputs with respect to the grid expansion 

ÐÌÁÎÎÉÎÇ ÐÒÏÂÌÅÍȢ &ÌÅØ0ÌÁÎȭÓ ÁÄÖÁÎÃÅÄ ÐÌÁÎÎÉÎÇ ÁÐÐÒÏÁÃÈ ÉÎÃÏÒÐÏÒÁÔÅÓ ÓÔÏÒÁÇÅ and demand flexibilit y as 

alternatives to classical grid expansion. As such, time series data is required as input for the advanced 

planning tool in order to accurately represent the intertemporal constraints linked to the operational 

characteristics of demand flexibility and storage. Thus, the developed scenario generation and reduction 

methodology needs to provide hourly time series for all stochastic inputs of the planning problem at hand. 

The developed methodology and implemented prototype consist of the following building blocks: 

¶ A geographic reference system based on approximately 290 locations in Europe for ti me series 

data 

¶ A database, containing meteorological and hydrological information for 40 years 

¶ A time series generator for wind, solar and hydropower generation sampling 

¶ A time series generator for demand sampling 

¶ A method to model temporal and spatial correlations of the aforementioned time series 

¶ A methodology to reduce a huge amount of operational scenarios formed by the aforementioned 

generation and load time series to a representative set 

To develop the proposed methodology, significant work has been done on the modelling of temporal and 

spatial correlations between the stochastic inputs influencing expansion planning, on the identification  of 

sufficient data sources (considering the limited availability of publicly available high quality historic power 

system data) and on finding a compromise between the required level of detail and the computational 

complexity by modelling uncertainties in large scale expansion planning problems. 

State-of-the art literature was reviewed with regard to the advantages and disadvantages of different 

modeling methods and their suitability to be used in the context of FlexPlan. Furthermore, the designed 

methods for scenario generation and reduction were analyzed and validated for a proof-of-concept test case. 

 



 

 

Copyright 2020 FlexPlan    Page 1 

 

FlexPlan 

1. Introduction 

The transmission and distribution grid planning tool developed within  FlexPlan aims at finding optimal 

grid reinforcement and expansion measures including storage and demand flexibility over several decades 

(2030-2040-2050) on a pan-European level and on regional levels. The future energy system analyzed with 

the FlexPlan tool is characterized by a number of long-term visions, describing possible developments of the 

energy system as well as divergent European energy policies. 

The Pan-European scenarios developed in FlexPlan include macro-assumptions on the generation mix and 

the projected demand on a country level. Using the Model of International Energy Systems (MILES) [1]  [2]  [3]  of 

TU Dortmund, these macro-assumptions are broken down to smaller regions. Thus, national installed 

capacities per generation and load category are spatially disaggregated to significantly smaller sub-regions in 

each country (see &ÌÅØ0ÌÁÎȭÓ D4.1 [4] ). Furthermore, large scale technological trends with regard to 

generation technologies and the development of conventional power plants have been considered as part of 

the Pan-European macro scenarios adopted by FlexPlan. 

The regionalized Pan-EU scenarios describe the evolution of the energy system on a level that is not 

sufficient to carry out detailed grid expansion studies. In order to determine the optimal grid expansion on a 

nodal and zonal level, the pan EU-scenarios have to be disaggregated to individual nodes in the transmission 

and distribution grid s such that they can be used by the advanced planning tool. Furthermore, the dependency 

of non-dispatchable units, e.g. wind, solar and partly hydro power generators, on local climatic conditions 

have to be considered in order to obtain realistic results within the regional studies. Therefore, a scenario 

generation approach is used, determining the hourly power generation of non-dispatchable units considering 

uncertainties. To ensure maximum consistency  between the macro-assumptions taken with in the pan-EU 

scenarios and the detailed nodal operational states considered in the regional cases, the detailed sub-regional 

output of the MILES platform is used as input for the developed Scenario Generation and Reduction Approach 

presented in this deliverable.  

1.1. Situation of this deliverable within the FlexPlan project 

The conceptual block diagram depicted in Figure 1-1 ÖÉÓÕÁÌÉÚÅÓ &ÌÅØ0ÌÁÎȭÓ ËÅÙ ÒÅÓÅÁÒÃÈ ÑÕÅÓÔÉÏÎÓ ÁÎÄ ÔÈÅ 

ÉÎÔÅÎÄÅÄ ÁÐÐÒÏÁÃÈ ÔÏ ÔÁÃËÌÅ ÔÈÅÍȢ #ÅÎÔÒÁÌ ÑÕÅÓÔÉÏÎÓ ÏÆ ÔÈÅ ÎÅ× ÐÌÁÎÎÉÎÇ ÔÏÏÌȭÓ ÃÏÎÃÅÐÔÕÁÌ ÄÅÓÉÇÎ ÁÒÅ 

addressed in WP 1. Furthermore, technologies for flexibility provision are analyzed in depth in WP 2 utilizing 

a pre-ÐÒÏÃÅÓÓÏÒ ÔÏÏÌ ÔÏ ÅÖÁÌÕÁÔÅ ÆÌÅØÉÂÉÌÉÔÙ ÅÌÅÍÅÎÔÓȭ characteristics, e.g. CAPEX, OPEX and expected lifetimes. 

The same pre-processing tool is utilized to provide indications on the sizing and location of storage 

candidates, as well as candidate connections that are finally provided as an input to the optimization model 

implemented in the advanced planning tool of WP 3. 
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In parallel to the development of the new planning tool, Pan-European scenarios  are created in WP 4. 

These Pan-EU scenarios are elaborated for the years 2030-2040-2050 based on well-established EU and 

ÎÁÔÉÏÎÁÌ ȰÖÉÓÉÏÎÓȱ ÁÓ ×ÅÌÌ ÁÓ ÏÎ ÔÈÅ ENTSO-E's Ten-Year Network Development Plan (TYNDP) [5] , European 

targets for the upcoming decades, national regulations and other relevant aspects such as climate targets. The 

developed scenarios consider different restrictions concerning primary energy resources, e.g. coal, gas or 

nuclear fuel, due to sociopolitical and economic aspects. While Pan-EU scenarios study potential key 

indicators affecting system planning and operation, the development of a fully pan-EU optimization of grid 

expansion case would require extensive simplifications due to computational restrictions, which are not 

suitable for detailed network planning studies. 

Thus, starting from the results of the Pan-EU macro-scenarios, six Regional Cases are developed in WP 5 

in order to carry out detailed planning studies for the main European macro-zones considering the 

transmission and distribution grid infrastructure in detail. The ÐÒÅÃÅÄÉÎÇ 70ȭÓ ÉÎÔÅÒÉÍ ÒÅÓÕÌÔÓ ÁÒÅ ÃÏÍÂÉÎÅÄ 

in the regional cases to obtain the optimal grid expansion plan for each considered region. To do so, one hand, 

the macro-scenarios in terms of installed generation capacities, power demand and expected interzonal flows 

calculated by WP 4 Pan-EU scenarios are considered as input parameters for the planning tool. On the other 

hand, the pre-processor toolȭs results in terms of flexibility characteristics, potential locations of storage 

devices and potential transmission expansion candidates are considered as optimization variables. 

Additionally , the new planning tool of WP 3 that is implemented based on the specifications elaborated in 

WP 1 is utilized to carry out the regional case studies, which includes advanced modelling techniques, in 

particular:  

¶ Multi criteria optimization  

¶ Probabilistic security analysis 

¶ Consideration of envir onmental aspects 

¶ Monte-Carlo scenario generation and reduction 

Task υȢψȭÓ scenario reduction approach  will be directly integrated in the new advanced planning tool 

that is implemented in WP 3 as an optional module. Thus, potential expansion candidates are identified with 

WP ςȭÓ ÐÒÅ-processor tool based on the initial power flow results of WP υȭÓ regional cases considering the 

Figure 1-1: FlexPlan project conceptual block diagram 
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WP τȭÓ ÒÅÆÅÒÅÎÃÅ macro-scenarios which are defined and time series data for a specific year without detailed 

consideration of stochastic inputs. As such, the methodology presented within this task provides the 

necessary link between Pan-EU macro-scenarios and the time series input required by the planning tool, 

including the stochastic representation of renewable generation and demand.  

Objectives  of this document  

This document is the final deliverable of Task 1.4: Scenario Generation and Reduction Approach. The 

document: 

- describes the approach to generate operational scenarios for wind, solar and hydro generation as well 

as load time series based on pan-EU scenarios of WP 4, 

- describes the approach to identify a sub-set of representative operational scenarios by clustering 

techniques and thereby reduce complexity and calculation time of the planning problem, 

- discusses the modelling choices that have been taken against the background of long-term pan-EU grid 

expansion studies, 

- discusses state of the art techniques to model uncertainties in long-term grid expansion studies, 

- presents a literature review highlighting alternative methods to the proposed method, 

- and demonstrates the applicability of the method using a small-scale test case. 

  



 

 

Copyright 2020 FlexPlan    Page 4 

 

FlexPlan 

2. Definitions and applied Data 

In this section, individual essential terms and parameters are defined and the specific input and output data of 

the methodology is described. 

2.1. Sets, indices and data model 

Variables Symbol Indices 

Set of planning horizons  Ὓ ώᶰὛ 

Set of periods in the planning horizon  Ὓ ὸɴ Ὓ 

Set of nodes Ὓ ὲᶰὛ 

Set of generators  Ὓ ὫᶰὛ 

Set of flexible demand elements  Ὓ όᶰὛ 

   

Set of time steps Ὓ ὸɴ Ὓ 

Set of specific time periods  ὛЎ  Ўὸɴ ὛЎ  

Set of macro scenarios Ὓ  άᶰὛ  

Set of historic observations  Ὓ ίɴ Ὓ 

Set of NUTS-2 regions  Ὓ ὶɴ Ὓ 

Set of countries  Ὓ ὧɴ Ὓ 

 

Variables  Symbol Cardinality  Unit  Comment 

Specific period of time  
ЎÔ 

 Hours  

Typical duration until a 

unit is back in operation  
ɝὸ  

 
Hours 

 

Change in electricity 

demand in country c in 

hour t  due to heating  

Ўὖȟ
ȟ  

 

MW 

 

Change in electricity 

demand in country c in 

hour t  due to heating  

Ўὖȟ
ȟ  

 

MW 

 

Positive absolute  

difference in  ambient 

temperature of a country  

c in hour t  in operational 

scenario s and reference 

scenario sRef 

Ўȟȟȟ‮  
 

°C 
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Negative absolute 

difference in  ambient 

temperature of a country  

c in hour t  in operational 

scenario s and reference 

scenario sRef 

 Ўȟȟ‮  
 

°C 

 

Capacity factor of a 

technology in a specific 

period of time ЎἼ 

ὅὊЎ  
 

p.u. 

 

Capacity factor of a 

technology in a specific 

NUTS-2-region r  in hour t  

in an operational 

scenario s  

ὅὊȟȟ  
 

p.u. 

 

Hydro capacity factor in 

a specific country c in 

hour  t  in an operational 

scenario s  

ὅὊȟȟ
ȟ  

 

p.u. 

 

Number of day in year  
d 

 -  

Active energy produced 

in a specific period of 

time Ў◄ 

ὉЎ  
 

MWh 

 

Linear l oad-temperature 

sensitivity factor for 

heating in country c  

ὒὊ  
 

MWh/°C 

 

Linear l oad-temperature 

sensitivity factor for 

cooling in country c 

ὒὊ  
 

MWh/°C 

 

Failure probability  of 

thermal power plant  

ὴ   
% 

 

Total active power 

generation in NUTS-2-

region r  in hour t  for  

macro -scenario m and 

operational scenario s 

ὖȟȟȟ  

MW 

 

Installed run of river 

hydro generation 

capacity at node n in 

ὖȟ
ȟ ȟ   

MW 
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macro -scenario m 

Active hydro power 

generation at node n in 

hour t  for  macro -

scenario m and 

operational scenario s 

ὖȟȟȟ
ȟ   

MW 

 

Installed generation 

capacity at node n in 

macro -scenario m 

ὖȟ   

MW 

 

Total installed 

generation capacity in 

NUTS-2-region r  in 

macro -scenario m 

ὖȟ   

MW 

 

Total active power 

demand at node n in 

hour t  for  macro -

scenario m and 

operational scenario s 

ὖȟȟȟ  

MW 

 

Maximum active power 

generation  

ὖȟȟ  ὫᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ 
MW 

 

Total active power 

demand at node n in 

hour t  for  macro -

scenario m and reference 

operational scenario sRef  

ὖȟȟȟ
ȟ   

MW 

 

Active power reference  ὖȟȟ  ὫᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ 

MW 

For renewable 

generators (PV, Wind, 

Hydro), the active 

power reference equals 

the maximum active 

power generation. 

Reference demand ὖȟȟ όᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ MW  

Average proportion of 

time in which a unit is 

out of order  

ὶ   

% 

 

Random number 

between 0 and 1  

x  
% 
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2.2. Geographic scope 

In the FlexPlan project, six regional cases  (RC 1 ɀ RC 6) are developed, which will serve for both 

validating the practical application of the advanced planning tool, and also to create results which are 

necessary to analyze the order of magnitude of the expected benefits of flexibility for the system in the 

medium-long term horizon. The six regional cases depicted in Figure 2-1 cover the main macro-European 

zones, having each typical generation and network characteristics: Iberian Peninsula, France and Benelux, 

Germany, Switzerland and Austria, Italy, Balkan region and Northern Europe. 

The fundamental input for the regional cases is provided by TU $ÏÒÔÍÕÎÄȭÓ MILES simulation framework, 

for smaller sub-regions in each country. A more detailed description of MILES can be found in the appendix of 

&ÌÅØ0ÌÁÎȭÓ D4.1 Pan-European scenario data  [4] .  

The regionalization module of MILES calculates installed capacities at zonal level as well as time series for 

Renewable Energy infeed for 34 countries in Europe, starting from National level installed capacities defined 

in the Pan-EU scenarios. To distribute installed capacities of RES, MILES applies a top down approach. The 

National territory of each country is divided into a number of sub-regions. Subsequently, various statistical 

parameters for each region are analyzed carefully to generate specific regionalization factors. The considered 

statistical parameters include socio-structural data, land use, location of existing plants and climate 

characteristics. In a second step, MILES calculates feed-in time series for each region based on historical 

weather data and the assigned installed capacities. The weather data processed in MILES is taken from the 

regional model COSMO-EU of Germany's National Meteorological Service [6] . A historical load profile is broken 

down by means of regionalization factors and scaled to the targeted annual consumption, to generate spatially 

Figure 2-1ȡ &ÌÅØ0ÌÁÎȭÓ ÓÉØ regional cases 
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disaggregated time-series of the electrical load in each sub-region. For the electrical load, a distinction must be 

made between the load of households, the service and industry sectors. Based on available data, either the 

number of households or the population of every region is used as main parameters to distribute  residential 

demand. The regional distribution of the electrical load of the service sector is described by several 

parameters without considering any weighting parameters. The gross domestic product and population 

density are major indicators for the electrical energy demand. Other main parameters are the area of 

commercial buildings and related open space, as well as the working population of each sub-region. Table 2-1 

provides the considered number of sub-regions for each country considered in the FlexPlan regional cases. 

Table 2-1: Number of considered sub-regions per country per regional case 

Regional Case Country  sub-regions  [#]  

1 
Spain 599 

Portugal 404 

2 

France 766 

Netherlands 37 

Luxembourg 11 

Belgium 46 

3 

Denmark 162 

Norway 168 

Sweden 175 

Finland 70 

4 Italy 728 

5 

Serbia 79 

Macedonia 103 

Albania 165 

Montenegro 67 

Bosnia Herzegovina 240 

Croatia 233 

Slovenia 174 

6 

Germany 732 

Austria 70 

Switzerland 126 

 

To ensure maximum consistency between the macro-assumptions taken in the pan -EU scenarios of 

MILES and the detailed nodal operational states that will be considered in the regional cases, detailed 

information on the sub-regional level is used as inputs for the scenario generation and reduction described in 

the present report. The detailed output of MILES provides the installed generation capacity for each node of 

the transmission grid provided by ENT SO-E as an individual sub-region  the pan-EU results. A full time-

series of 8,760 hours is provided for each macro-scenario. This feature of MILES helps us to avoid extensive 

zonal to nodal data transformations in the following tasks and work packages. The spatial distribution of the 

considered transmission grid nodes in Europe is visualized in Figure 2-2. 
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(Ï×ÅÖÅÒȟ ÔÈÅ ÈÉÇÈ ÌÅÖÅÌ ÏÆ ÄÅÔÁÉÌ ÉÎ ÔÈÉÓ ÔÁÓËÓȭ ÉÎÐÕÔ ÄÁÔÁ ɉapproximately  5,100 locations in regional 

cases and further locations in Eastern Europe) requires an adequate scenario generation and reduction 

approach considering generation and demand stochasticity on a similar spatial and temporal resolution.  

The Nomenclature of Territorial Units for Statistics (NUTS) forming, the so called ȰNUTS-Regionsȱ has 

been identified as a suitable geographic reference system  to model spatial and temporal uncertainties in 

this task, as there is sufficient data publicly available that can be integrated in the developed scenario 

generation and reduction methods. The geocode standard for the NUTS regions, is developed and regulated by 

the European Union, therefore it only covers the member states of the EU in detail. 

For each EU member country there are in total four NUTS levels that are established by Eurostat in 

agreement with each member state. The current NUTS classification (2018) covers 28 regions at NUTS-0 level 

(EU Member States), 104 regions at NUTS-1 level, 281 regions at NUTS-2 and 1,348 regions at NUTS-3 level. In 

most cases, the classification is identical with the administrative structure of the Member States. However, not 

all NUTS-regions correspond to administrative divisions. The four hierarchical levels are: 

¶ The population of all European NUTS-1 regions is between 3 and 7 million inhabitants. However, 

there are exceptions to this rule, particularly in smaller EU states (e.g. Luxemburg, Cyprus, 

Estonia), where the NUTS-0 region (Member State) often also represents the NUTS-1 and 

Figure 2-2: Transmission grid nodes in Europe considered as sub-region in MILES 
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sometimes even NUTS-2 level. In Germany for example the NUTS-1 regions correspond to the 

federal States (Bundesländer). 

¶ NUTS-2 regions usually have between 800,000 and 3 million inhabitants. In the United Kingdom 

for instance, this level represents mainly the level of the counties.  

¶ NUTS-3 regions generally have a population of 150,000 to 800,000 inhabitants. In France, this is 

the level of the departments, whereas in Belgium it is the level corresponding to the 

Arrondissements. 

The NUTS-2-Level offers a good compromise in terms of spatial accuracy, data availability and data 

handling complexity. The regions of the NUTS-2-Level (2013) are visualized in Figure 2-3. 

  

Figure 2-3: NUTS-Regions (Level 2) in Europe (2013) used as geographic reference system to model uncertainties 
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3. State of the Art in Scenario Generation and Reduction 

The aim of transmission and distribution network  expansion planning is to find a set of reinforcement and 

expansion measures forming a robust grid configuration that serves the load reliably at minimum cost for a 

large variety of grid use cases.  

3ÉÎÃÅ ÔÈÅ ÐÏ×ÅÒ ÓÙÓÔÅÍȭÓ ÄÅÇÒÅÅ ÏÆ ÐÅÎÅÔÒÁÔÉÏÎ ×ÉÔÈ ÎÏÎ-dispatchable renewable energy sources 

increases more and more, the total bandwidth of possible grid use cases has grown significantly. As a 

consequence, traditional planning appr oaches considering only a few selected hours as inputs, e.g. the 

hours with highest and lowest load, are no longer suitable  ÔÏ ÁÓÓÅÓÓ ÆÕÔÕÒÅ ÅÎÅÒÇÙ ÓÙÓÔÅÍȭÓ ÁÄÅÑÕÁÃÙ ÁÎÄ 

reliability.  Thus, advanced methods have to be applied in power system planning to incorporate the extended 

bandwidth of possible grid use cases in the future. 

As the share of non-dispatchable RES in the system rises, power system operation, control and planning 

have to cope with increasing amounts of uncertainties. Uncertainties in the field of power systems that are 

considered in FlexPlan and its scenario generation approach respectively: 

o unplanned outages of thermal units,  

o intermitting generati on of renewable energy sources,  

o weather / t emperature sensitive electrical load and  

o amount of available hydro power  generation ; 

These uncertainties, referred to as stochastic inputs of the planning problem , are significantly impacting 

power system operation as well as power system reliability  already today and will continue to do so in the 

future. Thus, advanced transmission and distribution grid  expansion planning methods have to incorporate 

these stochastic inputs in an adequate way to be able to deliver a robust solution. A solution is considered as 

robust, if it the determined grid infrastructure is able to supply the demand in all conceivable credible 

situations. To model such kind of extraordinary conditions, adequate stochastic inputs have to be chosen 

incorporat ing credible conditions, such as droughts, cold spells, windstorms, high-pressure weather 

conditions and random combinations of the aforementioned conditions resulting in critical events by so called 

scenarios . 

Optimization methods and/or heuristics are often used to determine the subset of cost-optimal grid 

reinforcement and expansion measures and their optimal positions in the existing infrastructure. The existing 

methods differ mainly in the applied solution algorithms as well as in the considered time period. In the field 

of mathematical programming optimization, decomposition approaches according to Benders (cf. [7]  [8]  [9]  

[10] ) are often applied, whereas evolutionary algorithms [11]  [12]  are widely used in the field of heuristic 

solution algorithms. The grid expansion problem often only considers one specific target year (static 

planning)  [11]  [12] . Increasingly, however, the time-coupled consideration of several consecutive planning 

periods is getting in the focus of attention, whereby so-called dynamic approaches (cf. [10] ) are gaining in 

popularity. However, the complexity of the problem increases significantly, especially when several 

periods (dynamic planning) are considered [13] . In existing approaches to solve the grid expansion 

problem, uncertainties in the input variables are often represented only insufficiently or in a very simplified 

form in order to keep the problem complexity at an acceptable level.  
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A scenario  typically includes forecasts of the installed capacity per generation technology and the load in 

the target year based on a so-called storyline, which qualitatively describes the political and legal framework. 

In order to depict the totality of all possible future scenarios, typically three to four extreme or marginal 

scenarios are defined, which form the largest possible scenario funnel and thus cover the broadest possible 

spectrum of uncertainties. Based on the identified extreme/border scenarios, detailed investigations are 

typically carried out on an hourly basis for one year (8,760 hours), considering historical climatic and 

hydrological conditions with regard to the necessary grid expansion requirements. Recently, a large number 

of historical weather years  for modelling the supply-dependent generation from wind and sun have been 

taken into account in electricity market -based analyses of ÓÙÓÔÅÍȭÓ ÁÄÅÑÕÁÃÙ [14] , whereas even today only 

one typical weather year is taken into account in detailed studies of grid expansion requirements  [15]. 

In addition to the scenarios published by transmission/distribution system operators for the development 

of the national and international energy supply system, there are a large number of other scenarios [16] , 

which have been developed by research institutes and other institutions. It should be noted that the 

forecasts contained therein for the future d evelopment of the system sometimes differ significantly from 

the established extreme/border scenarios. As such, we can conclude that the frequently practiced use of 

only three to four extreme or boundary scenarios in network planning is not sufficient to c over the entire 

range of uncertainties in the input data.  

3.1. Consideration of uncertainties in power system planning 

The model-based determination of the future grid load under uncertainty is the subject of numerous 

studies and research projects. A fundamental distinction must be made between the operational and 

planning perspective s. In the context of transmission system operation, uncertainties in the short term have 

to be considered as exactly as possible in order to adequately consider risks of critical grid situations in 

advance. On the other hand, uncertainties in long-term grid planning must be considered in order to reduce 

risks associated with extensive investments in the grid infrastructure. In the field of long-term grid planning 

in particular the risk of sunk cost and stranded investments are present. The main focus of this research 

project is on long term grid planning. As such, the modeling of stochastic input variables is more focused on 

long-term uncertainties  (climatic and hydrological conditions) and less on short-term uncertainties, e.g. 

wind and load forecast errors or power line and power plant outages. 

There are several different approaches to model the long-term uncertainties and their interactions with 

each other in the context of grid planning. On the one hand, uncertainties in the input parameters can be 

explicitly represented by their stochastic properties. Therefore, it is necessary to define a probability  

distribution function  for all uncertain input parameters. On the other hand, the consideration of all 

combinatorial possibilities  of the uncertain input parameters (at least in theory) represents a further 

option. Thereby, all theoretically possible combinations of ÕÎÃÅÒÔÁÉÎ ÐÁÒÁÍÅÔÅÒÓȭ ÒÅÁÌÉÚÁÔÉÏÎÓ are examined. 

This procedure is equivalent to a brute force method or an exhaustive search  approach. Furthermore, it is 

possible to represent the uncertainties in the overall problem only by a limited number of deterministic 

extreme scenarios , assuming these extreme conditions include all possible realizations. Setting up a 

(multivariate) distr ibution function is often very complex and not applicable to all problems. However, 

multivariate distribution functions are able to model all dependencies between the uncertainties in a compact 

way. In contrast, a limited number of extreme scenarios is easily set-up, but they are obviously not able to 
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model the full range of the uncertainties. Furthermore, the consideration of all combinatorial possibilities is 

often not possible due to the large number of uncertainties and their individual characteristics, such that a 

problem reduction is carried out by selecting presumably extreme scenarios. 

For the consideration of uncertain input variables, such as intermittent renewable energy sources, 

variable hydro generation or temperature -dependent loads, stochastic modelling techniques were 

developed. In contrast to deterministic methods, all (or a selected sub-set) of input and output variables 

are treated as random variables.  By assuming that uncertainties or variations in the input variables can be 

estimated or measured, the probability density functions of the input variables are known [17] . In case 

uncertainties in the respective input variables cannot be estimated or measured, assumptions have to be 

made. The aim of the probabilistic methods is to determine probability density functions of the output 

variables to measure their respective variability . Meanwhile, many different probabilistic procedures exist, 

which can be divided in two main groups: Monte-Carlo simulations and analytical procedures. 

If the uncertainties were described in terms  of scenarios, only the Monte-Carlo simulation  can be 

applied or a transformation of the scenarios into a multivariate distribution function is necessary.  Most 

of the existing probabilistic approaches require known, continuous probability density functions comparable 

to a normal distribution as input variables. If the input variables are only partially  known or discretely 

distributed, most of the probabilistic methods become inaccurate. Thus, they are no longer applicable.  

The Monte -Carlo simulation  is often used in the analysis of energy systems. It is regarded as the simplest 

solution method for probabilistic problem formulations and is able to deliver precise results [17] . At the 

beginning of each iteration, random values are sampled from the input variables, subsequently a deterministic 

problem is generated and solved. With the Monte-Carlo simulation, there are no limitations regarding the 

description of input variables. On the one hand it is possible to use probability density functions and on the 

other hand time series data can be used with Monte-Carlo approaches as well. Thus, Monte-Carlo approaches 

are very flexible with regard to the inputs and therefore can be perfectly adapted to specific problem types. 

However, a large number of iterations is required to achieve convergence [18] . Consequently, the 

computational effort is very large [17]  and increases with growing number of input and output variables [19] . 

In contrast to the Monte-Carlo simulation, analytical methods  are computationally more effective. They 

determine the relations between the input and output variables by simplifying the probabilistic problem by 

mathematical assumptions. Analytical methods include convolution, Fast Fourier Transformation and fuzzy 

logic [18] . The convolution method is a common widely used method. With this approach all possible 

combinations are considered, but it has two major disadvantages. On the one hand, a linearization of 

nonlinear relations is necessary. The second disadvantage is the assumption of complete statistical 

independence of the input data. It is therefore difficult to apply to real life uncertainties. 

Furthermore, the incorporation of uncertainties in probabilistic models can be differentiated in analytical 

approaches that completely rely on probability density functions  as inputs whereas some Monte-Carlo 

approaches work with huge amounts of time series  data coming from a significantly large data pool of 

(historical) observations or measurements. Especially, modeling uncertainties in power generation of 

intermittent renewable energy sources as well as in the electrical load can be used to illustrate these two 

fundamentally different approaches.  
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To model the power generation of wind turbines, historic weather conditions are used in some cases, i.e. a 

time series  of historic wind speed near the plants' locations. The recording of one historic year consisting of 

8,760 hours is used subsequently to determine the dispatch as well as the grid utilization  [20] . On the one 

hand, this procedure requires a high computational effort compared to an analytical approach using an 

adequate distribution function to generate the same number of samples. This is especially the case, if 

probability distributions are treated analytically rather than numerically in the subsequent analysis. On the 

other hand , it is known that the consideration of only one historic  year (resulting in 8,760 samples) is not 

representative for future years, as climatic conditions (especially wind speed) can vary considerably 

from one year to another . However, the consideration of the full time series is advantageous, as the 

inter temporal structure is not lost, against the background of the resulting gradients in wind power 

generation from one hour to another. In [18]  and [21]  the wind speed is represented by a Weibull distribution. 

The dependencies are modeled by the Pearson coefficient and a small number of wind turbines is considered. 

Some research works use copulas, which allows a flexible modeling of dependencies. The concepts of Copulas 

was introduced in 1959 by Abe Sklar and is mainly used in the fields of actuarial and financial mathematics. 

However, more recent works [22]  apply the concept of copulas as well in the field of energy system modelling. 

A copula is a function that models the dependency structure between different random variables. Here, the 

marginal distribut ions and the dependency structure are modeled independently. The Copula is a flexible tool 

to consider both linear and nonlinear dependencies [23] . In the previous work , only small Copula models are 

built, which consider a small number of dimensions. Usually only two or three variables are connected by a 

copula [24]  [25]  [26]  [27] . A much higher number of dimensions is necessary by considering realistic large-

scale infrastructures as the European transmission grid. Each uncertain variable at a specific location or node 

goes along with an additional dimension, resulting in a complex high-dimensional copulas. In [28] , 

uncertainties of power plant and line failure as well as in the load forecast are illustrated by scenarios. 

Uncertainties in the load are often represented by Gaussian distributions, e.g. in [29]  [30]  [31] . In [30]  the load 

is additionally modelled with a gamma distribution. Furthermore, many different uncertainties are 

ÒÅÐÒÅÓÅÎÔÅÄ ÂÙ Ȱextreme scenariosȱȟ ÅȢÇȢ ÉÎ [32] . However, the generation of these multiple scenarios (in 

terms of different generation and load time series) does not follow a closed methodology . Thus, there is a 

need for further research on  how to incorporate uncertainties in time -series based large -scale 

transmission expansion planning by a closed scenario generation and reduction method.  

In summary , it can be concluded that analytical methods work  comparably quickly, but have only limited 

flexibility with regard to problem formulation. The use of analytical methods and the associated 

determination of probability density functions is often accompanied by unavoidable simplifying assumptions. 

In contrast, the iterative solution algorithm by means of Monte-Carlo simulation takes comparatively long 

time. However, iterative problem solving offers a higher degree of flexibility with respect to the problem 

formulation  itself, whereby individual input variables can be treated separately with respect to their 

individual uncertainties. In addition, the complexity of implementing an analytical approach increases 

disproportionately with increasing size of the considered system compared to a Monte-Carlo simulation, 

because all uncertain input data - with their respective stochastic properties - have to be modelled explicitly , 

including  their correlations. Furthermore, the consideration of intertemporal properties, such as hydro 

reservoirsȭ levels of storage, in analytical procedures is only possible with additional considerable effort 

(sequential approaches, e.g. [33] ). By deterministic consideration of the problem per iteration in a Monte-

Carlo simulation, it is comparatively easy to model intertemporal properties that couple several time steps. 
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For the reasons mentioned above, the modeling of the stochastic input variables by the consideration of a 

broad variety of historical  weather conditions  a Monte-Carlo approach  is therefore chosen within the 

framework of this project.  

3.2. Scenario generation techniques (time series based) 

As the FlexPlan projects aims at explicitly incorporating storage and demand flexibilit y in the planning 

process, the consideration of consecutive time steps, i.e. time series data, is essential. Hence, hourly time 

series are generated  for the afore-mentioned stochastic input parameters.  Spatial and temporal 

correlations need to be incorporated correctly when generating time series for intermit tent renewable energy 

sources and the electrical load as well. 4ÈÕÓȟ ÅÁÃÈ ÔÉÍÅ ÓÅÒÉÅÓȭ ÉÎÄÉÖÉÄÕÁÌ ÓÅÁÓÏÎÁÌÉÔÙ ÁÎÄ ÔÒÅÎÄ ÈÁÓ ÔÏ ÂÅ 

identified as well as correlation between the time series.  

Basically, there are two approaches to tackle the problem of spatial and temporal correlations in the 

scenario or especially the time series generation process. One the one hand statistical methods can be used 

to analyze historical data to identify the intrinsic characteristics of each time series namely wind, solar and 

hydro power generation and load. Numerical weather models  can be applied to model the feed-in of 

intermitting renewable energy sources bottom-up on the other hand. 

3.2.1. Statistical methods 
Statistical methods make use of historical measurements to train a statistical model  (e.g. neural network 

or comparable machine learning algorithms) to transform the data. However, the application of statistical 

methods in the field of power system planning has several problems, as it is heavily depends on high quality 

training data to learn the intrinsic characteristics of the respective generation and load time series as well as 

their correlations. On a national level, historic data of total variable Renewable Energy Sources (vRES) feed-in 

and total load might be publicly available for several years, but spatially disaggregated feed-in and load time 

series (e.g. per sub-station) are typically not publicly available, especially not for several years. As a 

consequence, statistical methods could be used to identify and learn the intrinsic characteristics on an 

aggregated level, but due to the lack of adequate training data (spatially disaggregated wind, solar and hydro 

power generation) it is not possible to identify spatial correlations. Especially, by analyzing the future energy 

system it is not possible to have detailed past production data of vRES, as they will be built in the future. Thus, 

the application of statistical methods is not applicable for prospective system studies. Furthermore, individual 

production data of vRES generators, e.g. wind farms, is typically not publicly available, as it is treated as 

confidential in most cases. Hence, alternative methods and techniques have to be applied to generate 

consistent scenarios in terms of detailed spatial and temporal vRES feed-in and load time series of future the 

future energy system. As a consequence, the transformation of numerical weather data into electrical 

power outputs has become an independent field of research: energy meteorology; delivering suitable 

techniques to generate temporal and spatial correlated vRES time series. Thus, the FlexPlan scenario 

generation approach makes u se of numerical weather ÍÏÄÅÌȭÓ data  as well as physical models to create 

consistent scenarios. 

For the sake of completeness, a detailed review of statistical methods for scenario and time series 

generation can be found in [67]  [68] . 
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3.2.2. Energy meteorology and physical models 
Due to the predominantly fossil-based energy system, which uses storable and transportable energy 

sources (coal, lignite, oil, gas and nuclear), meteorological topics were for a long time only of minor 

importance in energy system analysis. This situation already changed fundamentally at the turn of the 

millennium with the beginning of the increasing use of renewable energy sources. This led to the foundation 

of the still young field of energy meteorology. In particular, the renewable primary energy sources wind and 

solar PV are planned as fundamental components of energy generation in the future energy system. However, 

these cannot be stored and are volatile in their supply. Due to this increasing weather-dependent energy 

production, comprehensive information about the spatial and temporal availability of these energy sources is 

needed to simulate the energy system [34] . 

In addition, a detailed understanding of the influence of meteorological parameters is necessary in the 

planning of the future energy system. Power generation of intermittent renewable energy sources is mainly 

determined by their  location and the corresponding local climatic conditions. To capture and describe these 

interactions between meteorological and energy processes, existing meteorological models are used. These 

numerical simulation models map the physical effects of the atmosphere based on the basic equations for 

momentum, mass and energy conservation as well as further balance equations for cloud water, rain water 

and precipitation particles. One result is a three-dimensional wind field, which considers the influence of 

orography in layers close to the ground. For example, the influence of forests or settlements is mapped as well 

as the increase of wind speed over crests and mountain ridges. Thus, by the application of numerical weather 

models inaccurate extrapolations of data from near-ground measuring stations to determine the wind speed 

at different heights, e.g. hub height of a wind power plant, can be avoided, as this process typically goes along 

with increasing uncertainty depending on the height [35]  [36]  [37] . 

There is a multitude of weather models  in the literature. The calculation results of some of these models 

are publicly available. An overview of selected models can be found in the following Table 3-1. 

Table 3-1: Overview of publicly available weather models (reanalysis datasets) 

Institution  Model  Coverage 
Time 

resolution  
Spatial resolution  Model heights [m]  

DWD COSMO-DE 2005 present 1 h 2.8 km x 2.8 km 10, 36, 73, 122, 184 

DWD COSMO-EU 2006 2016 1 h 7 km x 7 km 10, 35, 69, 116, 179 

DWD ICON 2017 present 1 h 7 km x 7 km 10, 43, 99, 174 

ECMWF ERA40 1957 2002 6 h 80 km x 80 km 10, 60 

ECMWF ERA-Interim  1979 present 6 h 80 km x 80 km 10, 60 

ECMWF ERA-20C 1900 2010 3 h 80 km x 80 km 10, 91, 100 

ECMWF ERA5 1979 present 1 h 30 km x 30 km 10, 100, 137 

JMA JRA-25 1979 2004 6 h 60 km x 60 km 10, 40 

JMA JRA-55 1958 present 6 h 60 km x 60 km 10, 60 

NASA MERRA-2 1980 present 1 h 55 km x 70 km 2, 10, 50, 72 

NCEP R2 1979 2012 6 h 278 km x 278 km 10, 28 

NCEP CFSR 1979 2010 1 h 35 km x 35 km 6, 10 

NCEP CFSv2 2011 present 1 h 38 km x 38 km 6, 10 

NOAA 20CRv2 1871 2011 6 h 222 km x 222 km 10, 28 
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The models differ in the available historical time range, the temporal and geographical resolution and the 

model heights. All listed models are constructed according to similar principles, but differ in the scope of the 

systems of equations, the type and number of parameterization or the initial and boundary conditions. For the 

modelling of the feed-in of the wind energy plants, however, the regional resolution and the simulated height 

layers of the models are particularly decisive. The weather models of the organizations National Aeronautics 

and Space Administration (NASA), Global Modeling and Assimilation Office (GMAO), National Oceanic and 

Atmospheric Administration (NOAA), National Centers for Environmental Prediction (NCEP), Japan 

Meteorological Agency (JMA) and European Centre for Medium-Range Weather Forecasts (ECMWF) simulate 

the entire earth's atmosphere and are therefore called global models. Due to the large amount of data and the 

required computing power, only models with a less detailed spatial resolution are available. The models of the 

German Weather Service (DWD) are local models and focus on Germany or Central Europe. The models and 

the simulated data are provided by government institutions and are freely accessible to the public.  

Some of these global models are already being used as a database to simulate the supply of 

renewable energies  [38]  [39]  [40]  [41]  [42] . An evaluation  of the models ERA5, MERRA-2 and COSMO-

REA6 (successor of COSMO-EU) with regard to their applicability in power system simulations can be 

found in  [43]  where a detailed case study for wind production in France was carried out. Furthermore, a 

detailed comparison of the applicability of the aforementioned weather models to simulated intermittent 

renewable energy feed-in can be found in [44] .  

3.2.3. Transforming numerical weather data in electrical power outputs 
Power system studies such as transmission expansion planning need power generation of all generators as 

an input. Thus, the feed-in of non-dispatchable renewable energy sources like wind and solar has to be 

modeled in the scenario generation approach. Therefore, the meteorological information of numerical 

weather models has to be converted in electrical power outputs.  

In contrast to the statistical models, physical models  make use of turbine power curve functions to 

transform the wind speed at hub-height to electrical power generation. The application of physical models 

requires at least some fundamental information on the technological parameters. On the one hand, the model 

or type of the wind turbine is used to identify an adequate matching power curve. On the other hand, the hub-

height of the plant has to be known to extrapolate the wind-speed at this level. One major drawback of 

physical models is the potential bias included in the underlying wind -speed data. As a result, physical 

models tend to over or under -estimate the power outputs. Thus, physical models are typically combined 

with bias correction approaches , e.g. [39]  by comparing modelled data with historic data to derive 

correction factors [43] . The need for bias correction techniques results from the fact that weather reanalysis 

data is calculated with computer models that are less than perfect and include systematic errors (biases) due 

to errors in the underlying numerical weather model [39] . 

Physical models  - Wind power  

Currently, reanalysis data sets for the simulation of feed-in time series of wind turbines are increasingly 

being investigated. First investigations of wind power generation using reanalysis data sets were carried out 

for selected sites in Hungary [45]  and Northern Ireland [46] . In recent years, studies with larger areas of 

consideration, typically national studies, have been carried out, e.g. for UK [47]  [48]  [49]  [50] , Denmark [51]  
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and Sweden [52] , in order to validate the simulated time series by comparison with recorded data. It should 

be noted, however, that the previous studies only concentrated on comparatively small and geographically 

similar areas. Furthermore, these studies only validate the modelled data on the basis of wind speeds and not 

on the basis of generation data, thus neglecting the essential part of the model - the transformation of 

meteorological data into electrical generation data [39] . A comprehensive overview of current studies and the 

validation methods used in them can be found in [50] . In addition, there is an increasing number of 

publications [54]  [55]  [56]  [57]  [58]  that deal intensively with the transformation of meteorological data into 

electrical generation time series, but do not deal with the validation of the results. Wind energy capacity 

factors throughout Europe are over- or underestimated by up to ±50%, as [39]  noted. 

Physical models ɀ Solar power  

As stated in [38]  MERRA and MERRA-2 of NASA [59] , ERA-Interim of the ECMWF [60]  and JRA-55 of the 

Japanese Meteorological Agency [61]  are frequently used for global reanalysis of the latest renewable 

generation. There are numerous new publications on the use of reanalysis data for wind energy simulation 

(e.g. [47]  [49]  [50]  [51]). There seem to be two main reasons why reanalysis data is not used often for 

modeling solar generation. Firstly , the installed capacity of photovoltaics (2012) reached a level of 100 GW 

worldwide much later than wind energy (2008) [62] . Secondly, satellite images are an alternative open data 

source to obtain data on solar radiation in high spatial and temporal resolution. In addition, it is also possible 

that the modelling of solar feed-in is regarded as less challenging due to its typical recurring structure in the 

seasonal and diurnal course. 

Nevertheless, there are some recent studies [55]  [63]  [64]  [65]  that use reanalysis data to simulate solar 

feed-in. However, these studies do not validate the weather data itself, as they accept it as it is. In [66] , PV time 

series generated by MERRA are validated on the basis of two historical years of national aggregated PV 

production in Germany. In view of the fact that the suitability of reanalysis data for the simulation of PV feed-

in for Europe-wide studies has not yet been conclusively clarified, since no validation against historical data 

with spatially and temporally high-resolution simulations for Europe has been carried out, [38]  has made up 

for this. In [38]  it was found that solar irradiance data of reanalysis models is basically suitable and adequate 

to be applied in energy system modelling. However, solar irradiance data of reanalysis is subject to 

fundamental biases and should be corrected, just as wind speed data [38] . 

Conclusion  

As there is a multitude of weather models as well as temporal and spatially resolved production data derived 

from them publicly available, the scenario generation approach of this project makes use of data coming 

from MERRA-2 and physical models transforming numerical weather data in electrical outputs . 

3.3. Scenario reduction techniques 

The objective of the network expansion planning tool is to find the optimal network expansion measures 

that will allow the network to operate reliably for a range of uncertain future conditions, spanning several 

decades (2030-2040-2050). These future conditions are characterized by several long-term visions, 

describing possible developments of the energy system as well as divergent European energy policies. 
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As stated above, uncertainties in the planning problem are introduced by the presence of renewable 

generation resources, temperature-dependent loads and hydro-condition dependent storage and production. 

With the robust approach in mind, the expanded network found as solution by the planning problem must be 

able to supply the demand in most, if not all, possible situations. As explained above, the approach chosen 

within FlexPlan is to provide a representative set of inputs, referred to as Monte Carlo years (MC years), to the 

planning tool to make sure that the solution is calculated based on a representative set of possible uncertain 

input scenarios, mainly characterized by the weather conditions.  

However, due to the fact that the FlexPlan tool aims at covering a time horizon of multiple decades, 

including many technologies and spanning a large geographical area, solving this problem is a 

computationally demanding task. Therefore, the chosen set of MC-years must be limited as to allow for a 

computationally tractable planning problem. However, it is difficult to determine which scenarios are relevant 

a priori.  

Before renewable generation became a substantial part of grid operations, it was often considered 

sufficient to evaluate new transmission lines only for the hour of the year with the highest load. Any 

transmission network that allowed for adequate operation during this hour was considered likely to operate 

at least as well during any other demand scenario. ThiÓ Ȱ×ÏÒÓÔ ÈÏÕÒȱ ÁÐÐÒÏÁÃÈ ÔÏ ÓÅÌÅÃÔÉÎÇ Á ÔÅÓÔ ÓÃÅÎÁÒÉÏ ÉÓ 

still deceptively appealing, but in modern systems, it is not obvious which hour is most likely to cause issues 

that severely threaten the reliability and /or security of supply. Also, the worst hour may vary by region or 

change as new lines are added and reliability issues are resolved. The inclusion of storage (and other flexible 

technologies) into the transmission expansion plan, require representative time series as input scenarios to 

the planning problem to enable a correct modeling of the intertemporal constraints of the flexible assets. 

In the literature on transmission expansion planning, a variety of strategies is described to reduce the 

overall space of possible network operating conditions to a smaller subset of single-hour operating conditions, 

ÏÆÔÅÎ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ ȬÔÉÍÅ-ÓÌÉÃÅÓȭ [73] . These include the use of heuristics [77] , Monte Carlo sampling, Latin 

hypercube sampling, forward and backward scenario selection [74] , K-means clustering [72]  [78]  [75] , robust 

optimization formulations, importance sampling [79] , and various hybrids of the above methods [69] . 

However interesting, those techniques are focused on ÆÉÎÄÉÎÇ Á ÌÉÍÉÔÅÄ ÎÕÍÂÅÒ ÏÆ ȬÓÉÎÇÌÅ-ÈÏÕÒȭ ÓÃÅÎÁÒÉÏÓȟ ÁÎÄ 

disregard the required time dimension of the scenarios for a planning problem including flexibility and/or 

storage. Moreover, it has been shown that for systems with a high penetration of RES, using a limited number 

of single-hour time-slices as input to a generation expansion planning problem leads to an underestimation of 

the variability of RES, hence to an underestimation of the value of flexible technologies [82] . 

Multiple ways to improve the modeling of the temporal dimension have been developed. Mainly in the field 

of generation expansion planning (e.g. LiMES-EU [71] ) or energy system optimization models (e.g. TIMES 

[70] ), scenario reduction is used to obtain a limited set of representative time series that reflect the variation 

of overall demand and generation over time. In the literature focusing on transmission network expansion 

planning, the topic of scenario generation and reduction is less discussed, as within these works the focus 

mainly lies with the mathematical formulation of the planning problem itself, rather than retrieving suitable 

scenario inputs. Although the transmission network itself is mostly ignored (or simplified) in the energy 

system optimization  or generation expansion planning models, the scenario inputs required for these models 

are to a large extent similar to the inputs required for transmission network expansion planning. Moreover, 
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the conditions that define a representative set of input scenarios are largely similar for transmission network 

expansion planning as for the energy system optimization  models. 

Within the generation expansion or energy system optimization  models, often a set of (well-chosen) 

representative days is used to represent an entire year. In many works, these representative days are 

obtained by using simple heuristics [83] [84] . Generally, in most of these simple heuristic approaches, a 

number of periods with different load and/or meteorological conditions is selected in order to capture a 

variety of different events. For example, to select three representative days, one could select the day that 

contains the minimum demand level of the year, the day that contains the maximum demand level and the day 

that contains the largest demand spread in 24 hours, as used in [84] . 

A more advanced technique is to use clustering algorithms to find periods with similar load/generation 

patterns. With clustering-based scenario reduction techniques, the aim is to group the overall space of 

possible scenarios into a (smaller) number of clusters, based on a metric that characterizes the scenario. Then, 

one scenario from each cluster has to be selected to feed into the planning problem. !ÌÔÅÒÎÁÔÉÖÅÌÙȟ Á ȬÓÙÎÔÈÅÔÉÃȭ 

ÓÃÅÎÁÒÉÏȟ ÆÏÒÍÅÄ ÁÓ ÔÈÅ ȬÁÖÅÒÁÇÅȭ ÏÆ ÔÈÅ ÓÃÅÎÁÒÉÏȭÓ ÐÒÅÓÅÎÔ ÉÎ ÔÈÅ ÃÌÕÓÔÅÒȟ ÃÁÎ ÂÅ ÃÒÅÁÔÅÄ ÁÓ ÃÌÕÓÔÅÒ 

representative to feed in to the planning problem. Additionally , to indicate the importance or probability of 

the scenario, these can be assigned a weight. This weight equals the size of the cluster (i.e. the number of 

periods that are present in the cluster)1. Clustering approaches may thus implicitly determine the weight 

assigned to every selected representative period, which allows to appropriately account for both common and 

rare events. This is the major advantage compared to the heuristic approaches. Many clustering algorithms 

exist, and are used to cluster input data for network expansion planning problems. For example, in [75]  

7ÁÒÄȭÓ ÈÉÅÒÁÒÃÈÉÃÁÌ ÃÌÕÓÔÅÒÉÎÇ ÉÓ ÕÓÅÄȟ ÁÎÄ +-means clustering is used in [85]  and [86] . 

A third method to select representative periods for planning problems are so-called probability distance-

based scenario reduction techniques. With this approach, the selection procedure is directly based on 

evaluating the full set of representative periods using a pre-ÓÐÅÃÉÆÉÅÄ ȬÃÏÓÔ-ÆÕÎÃÔÉÏÎȭȢ 4ÈÉÓ ÃÏÓÔ ÆÕÎÃÔÉÏÎ 

ÒÅÐÒÅÓÅÎÔÓ ÔÈÅ ȬÄÉÓÔÁÎÃÅȭ ÂÅÔ×ÅÅÎ ÒÅÐÒÅÓÅÎÔÁÔÉÖÅ ÓÅÔÓȢ The idea is then to solve an optimization  problem to 

find the reduced set of representative scenarios with the minimal distance with respect to the full original set. 

The distance or cost function includes the impact the scenario has on the final solution of the problem. This is 

a hard problem to solve, for which possible solution techniques described in literature make use of the fast 

forward and backward algorithm [87]  [88]  [89] . The drawback of these methods is that they are 

computationally heavy, since they involve solving an often complex optimization  problem. 

In [73]  an assessment of different scenario reduction techniques used for generation expansion planning 

problems is made. One could argue that for transmission expansion planning, similar requirements exists on 

the selection of representative input scenarios. In [73] , it is shown that on a limited test case the use of 

heuristics to determine a representative set performs worst, whereas the probability distance -based 

technique performs best, but at a high implementation and computation cost. The clustering-based technique 

performs sub-optimal, although much better than the heuristics-based method, and at a much lower 

computational cost. Therefore, in this project is opted to base the scenario reduction method on 

clustering.    

                                                                    
1 The underlying assumption is taken that all scenarios in the original set of scenarios have the same 

probability weight.  
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4. Scenario Generation Approach 

On the pan-European level a number of long-term visions, describing possible developments of the energy 

system and divergent European energy policies exist. Within the FlexPlan project, three visions for each target 

year based on diverse storylines, resulting in a total number of nine pan-EU scenarios (see D4.1 [4] ) have been 

defined. #ÏÎÓÉÄÅÒÉÎÇ ÔÈÅÓÅ ÖÉÓÉÏÎÓ ÁÓ ÐÒÏÊÅÃÔÉÏÎÓ ÏÆ ÔÈÅ ÅÎÅÒÇÙ ÓÙÓÔÅÍÓȭ ÄÅÖÅÌÏÐÍÅÎÔ Á scenario funnel  is 

spanned, as depicted in Figure 4-1. 

The Pan-EU scenarios developed within FlexPlan include macro-assumptions with regard to 

¶ generation mix and demand per country,  

¶ installed generation capacities and their technical properties, e.g. efficiencies, 

¶ technical lifetime of power plants and expansion projects, 

¶ fuel prices and availability of (synthetic) fuels, 

¶ land usage and area potentials for renewable energy sources, 

¶ new consumers and technologies impacting the total electricity demand. 

It has to be noted that some macro uncertainties, especially in the field of installed capacities and 

technological progress, are already covered by the different visions in WP τȭÓ 0ÁÎ-EU scenarios. These macro 

uncertainties are referred to as first stage uncertainties  that are out of the scope of the tasks of scenario 

generation and reduction approach, which is dedicated to generate operational scenarios including second 

stage uncertainties in terms of climatic and hydrological conditions. 

To obtain operational scenarios, the Pan-EU scenarios on country level provided by MILES of 

TU Dortmund, are broken down to smaller geographic regions. Thus, national installed capacities per 

Figure 4-1: Scenario funnel formed by WP ψȭÓ 0ÁÎ-EU long-term macro-scenarios 










































































































