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FOREWORD 

Renewable Energy Sources: Let There Be Light! 

άCƛŀǘ ƭǳȄέ ƛǎ ƴƻǘ ŀ ƴŜǿ ƳƻŘŜƭ ƻŦ car, but a Latin phrase meaning άƭŜǘ ǘƘŜǊŜ ōŜ ƭƛƎƘǘέΦ tŜr-

haps the best known quote from the Bible can be found at the very beginning of Chapter 

мΥ άbƻǿ ǘƘŜ ŜŀǊǘƘ ǿŀǎ ŦƻǊƳƭŜǎǎ ŀƴŘ ŜƳǇǘȅΣ ŘŀǊƪƴŜǎǎ ǿŀǎ ƻǾŜǊ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ ŘŜŜǇΣ 

and the Spirit of God was ƘƻǾŜǊƛƴƎ ƻǾŜǊ ǘƘŜ ǿŀǘŜǊǎΦ !ƴŘ DƻŘ ǎŀƛŘΣ ά[Ŝǘ ǘƘŜǊŜ ōŜ ƭƛƎƘǘΣέ 

and there was light. God saw that the light was good, and he separated the light from 

ǘƘŜ ŘŀǊƪƴŜǎǎΦέ όGenesis, Chapter 1, NIV) 

This quote originally referred to the creation of the whole world, but it can also be used 

to describe the introduction of renewable energy into the power grid. In this case too, 

we have to shed more light on the issue and separate the light from the darkness or the 

facts from the myths. 

There is ongoing debate over whether power grids with a higher share of renewable 

energy can function properly and deliver the service required. Sometimes it seems the 

consensus is that they can work everywhere except the Czech Republic. Czechs are in-

deed very good at finding reasons why things are not possible. We can identify many 

obstacles: Frequency stability, overvoltage, line wires thermal limits, jumps and drops, 

harmonics and distortion, disruption of phase voltage symmetry, short circuit behavior, 

reaction to changes in frequency, impact on centralized ripple control system, voltage 

fluctuation (flicker) etc. 

When it comes to finding solutions to the problems, however, we are somewhat lagging 

behinŘΦ ¢ƘŜ ǊŜǎǳƭǘǎ ƻŦ 9ƴŜǊƎȅƴŀǳǘƛŎǎΩ modelling of the impact on the Czech power grid of 

phasing out coal by 2030 are therefore essential, as they shed light on previously dark 

territory. 

So, thanks for άǘƘŜ ƭƛƎƘǘ ŀǘ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ǘǳƴƴŜƭέΣ and thankǎ ŦƻǊ ŀƭƭ άǘƘŜ ƎƻƻŘέ ƭƛƎƘǘ ǘƘŀǘ 

άǎŜǇŀǊŀǘŜǎ ǘƘŜ ƭƛƎƘǘ ŦǊƻƳ ǘƘŜ ŘŀǊƪƴŜǎǎΦέ 

 

WƛǌƝ .ŜǊŀƴƻǾǎƪȇ 

Senior Analyst, Partner & Executive  

EkoWATT CZ s. r. o. 
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1. INTRODUCTION 

Introduction 

Just a glance into international energy statistics reveals a clear trend of past years: elec-

tricity production from renewable energy sources is rapidly growing in all major econo-

mies across Asia, the Americas and Europe. Installed capacity of renewables has in some 

countries grown so significantly that they can now cover a substantial part of all electric-

ity needs. In 2017 renewable electricity already made up 30 % of EU electricity produc-

tion, a doubling from 15 % in 2007. Nearly all of this growth has come from wind, solar 

and biomass, which made up a very low share of production a decade ago, whereas 

hydro - the more established source of renewable electricity ς remained stable. 

This trend also has implications for the management of the power grid. The convention-

al logic of the power ǎȅǎǘŜƳ ŦŜŀǘǳǊŜŘ ΨōŀǎŜƭƻŀŘΩ ǇƻǿŜǊ ǎƻǳǊŎŜǎ ŎƻǾŜǊƛƴƎ Ƴƻǎǘ ƻŦ ǘƘŜ 

basic electricity demand and additional sources adjusting their production to cover vari-

able electricity demand throughout the day. The new logic of power systems with high 

shares of wind and solar energy production features variable electricity supply by wind 

and solar, accompanied by flexible power plants, demand side management and energy 

storage. 

The Czech Republic is lagging behind this trend so far. In a time of rapid transformation 

in many electricity markets in Europe, Czech decision makers both in governmental bod-

ies and key energy companies continue to hinder the energy transition while highlight-

ing the security of electricity supply as a main obstacle. However, policy assessments 

also provide absolute clarity on the need to decarbonize the power sector in the Czech 

Republic in order to address climate change. In other words, despite the Czech Repub-

ƭƛŎΩǎ ƭƻƴƎ ƘƛǎǘƻǊȅ ƻŦ ŜƭŜŎǘǊƛŎƛǘȅ ǇǊƻŘǳŎǘƛƻƴ ŦǊƻƳ ŎƻŀƭΣ ŀǘ ǎƻƳŜ Ǉƻƛƴǘ ŀƭƭ Ŏƻŀƭ ǇƻǿŜǊ Ǉƭŀƴǘs 

have to be shut down (only a small part of CHP with a preference towards heat produc-

tion should be considered operational in 2030). There is simply no way to comply with 

the Paris Agreement on climate change while continuing to operate coal power plants 

ǎǳŎƘ ŀǎ tƻőŜǊŀŘȅΣ tǊǳƴŞǌƻǾ ƻǊ /ƘǾŀƭŜǘƛŎŜΦ ¢ƘŜǎŜ ŜŦŦƻǊǘǎ ǘƻ ǇƘŀǎŜ ƻǳǘ Ŏƻŀƭ ǎƘƻǳƭŘΣ Ƙƻw-

ever, not be seen as a utopic vision for a distant future. About ten European countries 

including the UK, Italy or France have already put forward concrete plans to stop pro-

duction of electricity in their coal power plants within several years or a decade. The 

Czech Republic is simply not among them yet. 

One challenge on the road to making this possible will be to gain the support of Czech 

grid operators. While it should come as no surprise that a coal phase out is generally not 

favoured by the owners of the plants, the grid operators join them vocally with their 

concerns. This caution is understandable as the power system in the Czech Republic has 

seen only gradual change in past decades and provides a reliable service to customers 

with few exceptions, for example in cases of extreme weather events. The idea of retir-

ing power plants that have served as the foundation of the conventional power system 
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is viewed with skepticism by grid operators that are managing a complex technical sys-

tem and are not yet familiar with this new operating paradigm. It is seen as even less 

attractive that this foundation may be largely replaced by energy sources that can no 

longer be fully controlled by the grid operator, but rather produce electricity according 

to prevailing weather conditions. 

On the other hand, there is no doubt as to the potential of the new grid management 

techniques enabled by advanced IT infrastructure and smart regulation. Experiences 

from countries with high shares of renewable energy sources demonstrate that security 

of supply does not have to be compromised by the uptake of significant power produc-

tion from wind or solar power plants. In fact, renewable energy giants like Germany or 

Denmark also score best regarding average length of power shortages affecting their 

customers. 

Nonetheless, as the management of the grid is always system specific, the question of 

how to maintain the stability of the power grid in the Czech Republic if all coal plants are 

replaced by variable renewable electricity sources remains open. Will electricity produc-

tion fall short on cloudy winter days with no wind? What will happen to the system on 

sunny summer days with a large supply of solar electricity but limited demand? Provid-

ing a full answer to these questions is of key importance in developing support for the 

energy transition in the Czech Republic from all relevant stakeholders. 

The stability and security of power grids has been at the heart of 9ƴŜǊƎȅƴŀǳǘƛŎǎΩ work for 

many years. The company has developed software that enables modelling a simulation 

of the power grid operation. The results of the modelling are promising: a closure of coal 

power plants by 2030 and utilization of the potential of renewable energy would not put 

the Czech power grid (as part of the European network) at risk. Moreover, the Czech 

Republic would remain a net exporter of electricity although with reduced amounts. The 

supply of electricity to end users would be secured even in such an exceptional case as 

ǘƘŜ ǳƴǇƭŀƴƴŜŘ ǎƘǳǘ Řƻǿƴ ƻŦ ŀ ōƭƻŎƪ ƻŦ ǘƘŜ ƴǳŎƭŜŀǊ ǇƻǿŜǊ Ǉƭŀƴǘ ¢ŜƳŜƭƝƴΣ ǘƘŜ ōƛƎƎŜǎǘ 

source in the power system. 

The Czech Republic is neither pioneering in the integration of the renewable energy 

sources nor in shutting down its coal fleet. The share of renewable sources in electricity 

production remains below the European average, while the share of coal is significantly 

above the European average. In fact, at times Denmark already supplies more than 

100% of its electricity demand from wind power for entire days, and the United King-

dom ς the cradle of the industrial revolution ς has already gone several days in the last 

year with no coal production and plans to close all coal power plants by 2025. There is 

nothing to prevent the country from a gradual replacement of the existing coal capaci-

ties with cleaner alternatives. The simulation presented in this study reaffirms this point, 

by confirming that grid stability is not a barrier to the decarbonization of the power sys-

tem in the Czech Republic. 
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2. SCENARIO AND METHODOLOGY 

2.1 SCENARIO 

2.1.1 Installed Capacities 

The basic scenario investigated in this study for the year 2030 was based on data pro-

vided by the Czech Renewable Energy Association. The main characteristics of the sce-

nario are the decommissioning of most of the coal fired power plants, which are re-

placed with increased renewable capacities: 

¶ 6185 MW of lignite and 800 MW of hard coal fired generation are decommis-

sioned;1 

¶ 1825 MW of lignite and 696 MW of hard coal fired CHP (including industrial cap-

tive power plants) remain operational. 

Moreover, nuclear power plants remain online, gas fired capacities are increased by 

both new large CCGT installations as well as small gas fired CHP (see Table 1).  

Table 1: Installed conventional and hydro capacities.  

Fuel and technology Installed 2017 Installed 2030 Comment 

Nuclear, VVER-440/213 2040 MW  2040 MW Old Soviet baseload units 

Nuclear, VVER-

1000/320 
2250 MW 2250 MW Potential for some flexibility 

Lignite 8707 MW 1825 MW CHP with preferred heat remain 

Hard coal  1496 MW 696 MW CHP with preferred heat remain 

Natural gas CCGT 1043 MW 1646 MW Includes some CHP 

Natural gas OCGT 170 MW 170 MW Peak / backup plants 

Natural gas small CHP 220 MW 980 MW Dispatched by heat demand 

Hydro 1090  MW 1142 MW Both run-of-river and reservoir 

Pumped storage 1130 MW 1175 MW  

 

                                                           

 

1
 List of decommissioned units can be found in the annex.  
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Renewable capacities are expanded and distributed to the regions as given in Table 2. 

Table 2: Installed renewable capacities in MW per region.  

Region PV Wind Geothermal Biomass Biogas 

¨ǎǘŜŎƪȇ 361 170 25 135 30 

±ȅǎƻőƛƴŀ 460 486 0 72 52 

YŀǊƭƻǾŀǊǎƪȇ 218 116 0 27 9 

YǊłƭƻǾŞƘǊŀŘŜŎƪȇ 324 28 0 54 31 

aƻǊŀǾǎƪƻǎƭŜȊǎƪȇ 366 225 0 36 28 

{ǘǌŜŘƻőŜǎƪȇ  864 158 0 72 89 

hƭƻƳƻǳŎƪȇ 355 130 0 99 34 

tŀǊŘǳōƛŎƪȇ  313 134 0 63 32 

tƭȊŜƶǎƪȇ 537 82 0 54 41 

Praha 34 0 0 0 2 

Libereckȇ 215 45 25 45 10 

WƛƘƻőŜǎƪȇ 687 149 0 81 50 

WƛƘƻƳƻǊŀǾǎƪȇ 502 291 0 117 57 

½ƭƝƴǎƪȇ 265 35 0 54 20 

Total 5500 2050 50 900 485 

Installed 2017 2100 278 0 426 332 

 

2.1.2 Grid Status 

It is assumed that the reinforcements currently projected by CEPS will be implemented 

by 2030.2 These include most notably the following EU Projects of Common Interest3: 

¶ PCI 3.11.1: New double circuit 400 kV line ōŜǘǿŜŜƴ ±ŜǊƴŞǌƻǾ ŀƴŘ ±ƝǘƪƻǾ; 

¶ PCI 3.11.2: New double circuit 400 kV line ōŜǘǿŜŜƴ ±ƝǘƪƻǾ ŀƴŘ tǌŜǑǘƛŎŜ; 

¶ PCI 3.11.3: Additional 400 kV circuit on existing line ōŜǘǿŜŜƴ tǌŜǑǘƛŎŜ ŀƴŘ YƻőƝƴ; 

¶ PCI 3.11.3: New double circuit 400 kV line between YƻőƝƴ ŀƴŘ aƝǊƻǾƪŀ; 

¶ PCI 3.11.3: Additional 400 kV circuit on existing line between aƝǊƻǾƪŀ ŀƴŘ 2ŜōƝƴ; 

The phase shifting transformers recently installed in Hradec substation remain in opera-

tion and govern the flows on the DE-CZ interconnector to reflect the actual trade vol-

umes. 

For the rest of Europe, it is assumed that the long term projects specified in the Ten Year 

Network Development Plan (TYNDP) 2016 published by ENTSO-E are built and commis-

                                                           

 

2
 http://www.ceps.cz/en/transmission-system-development 

3
 http://www.ceps.cz/en/pci-projects-of-common-interest 
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sioned by 2030.4 For the sake of sensitivity analysis, a more pessimistic scenario is also 

analyzed in which the German HVDC corridors linking northern wind generation and 

southern load centers are assumed to be delayed until after 2030. 

2.1.3 Operational Regimes 

Considering the operational regimes of the dispatchable power plants, the following 

assumptions are taken: 

¶ Biomass and biogas power plants are dispatched according to a heat demand 

curve (see Figure 1), but can provide some flexibility if necessary. 

¶ Small gas fired CHP are under a must run constraint for the winter months, but 

may be dispatched for electricity only in summer. 

¶ Most of the remaining coal units, ca. 1250 MW of (old) lignite and 410 MW of 

hard coal are operated as CHP but may be operated for electricity production 

without heat demand (with less efficiency).  

¶ Three out of four blocks at Dukovany are always operating, resulting in a utiliza-

tion rate of 75% for the entire plant. 

¶ The two blocks at Temelin have planned downtime for maintenance during low 

demand periods in summer (individually, never both at the same time), resulting 

in a utilization of 80%. 

¶ Nuclear units run at full power, but the two more modern blocks at ¢ŜƳŜƭƝƴ Ŏŀƴ 

reduce their output by 60 MW each if absolutely necessary. 

 

                                                           

 

4
 http://tyndp.entsoe.eu/ 
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Figure 1: Per unitized heat demand per month. [1] 

 

2.1.4 Neighboring Countries 

Renewable energy development in neighboring countries can have a significant impact 

on cross border transactions with the Czech system. The following scenarios were as-

sumed for the neighbors: 

¶ Germany: NEP 2017 scenario B for 2025 onwards with high wind and solar ca-

pacities and a partial coal and full nuclear exit [2]; 

¶ !ǳǎǘǊƛŀΥ {ǘǊƻƳȊǳƪǳƴŦǘ mǎǘŜǊǊŜƛŎƘ нлол ǎŎŜƴŀǊƛƻ ǿƛǘƘ ŀŘŘƛǘƛƻƴŀƭ ǿƛƴŘ ŀƴŘ ǎƻƭŀǊ 

capacities on top of the current hydro/gas fleet [3]; 

¶ Poland: Reduced coal capacities with high wind capacities according to Forum 

Energii 2030 scenario [4]; 

¶ Slovakia: Business as usual with the 2017 generator fleet continuing operation 

and slight increase in wind and solar capacity.  

All other European countries were modelled with the installed capacities from Green-

ǇŜŀŎŜΩǎ 9ƴŜǊƎȅ wŜǾƻƭǳǘƛƻƴ ǊŜŦŜǊŜƴŎŜ ǎŎŜƴŀǊƛƻ [5]. 
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Table 3: Variable renewable capacities in neighboring countries. 

 PV installed Wind installed 

Germany 55 GW 63.8 GW onshore, 10.5 GW offshore 

Austria 12 GW 7 GW onshore 

Poland 2 GW 9 GW onshore, 1 GW offshore 

Slovakia 1 GW 1 GW onshore 

 

2.2 MODELS AND SIMULATIONS 

2.2.1 Grid Model 

The European Grid Model is an aggregated model of the ENTSO-E transmission grid (see 

Figure 2), representing major load and generation centers in Europe as 200 nodes, con-

nected by more than 400 large transmission corridors. The model was developed during 

studies of the entire European system, with the Czech system within the model highly 

aggregated. As the focus on this study is on the Czech transmission grid (see Figure 3), a 

more detailed model had to be developed and integrated into the framework.  
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Figure 2: Energynautics' aggregated European Grid Model. 
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Figure 3: Czech transmission grid.
5
 

With detailed data not available, the Czech model had to be developed based on publicly available data 
such as the map given in  

Figure 3 (which specifies the line lengths, number of circuits and number of transform-

ers) and data available through ENTSO-E. Line parameters had to be approximated using 

the same standard parameters used in the development of the European grid model 

(see Table 4). [5] 

Table 4: Line parameters for the European Grid Model. 

 Rated current [A] 
Reactance 

[ʍκƪƳ] 

Resistance 

[ʍκƪƳ] 

Thermal limit 

[MVA] 

400 kV OHL, single 2575.8 0.2460 0.0297 1695 

400 kV OHL, double 5151.6 0.1255 0.0149 3390 

220 kV OHL, single 1290.0 0.3010 0.0594 491 

220 kV OHL, double 2580.0 0.1495 0.297 982 

                                                           

 

5
 Source: http://www.ote-cr.cz/statistics/long-term-balance/download/download 
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For 400/220 kV transformers, a standard type with a Yy0 configuration, a capacity of 500 

MVA and 3 % short circuit voltage was used. 

The resulting model as given in Figure 4 displays the characteristics of the Czech trans-

mission grid as best as possible at the available data. The model is set up in DIgSILENT 

PowerFactory and can be improved with additional data, should such become available 

through the TSO. 

 

Figure 4: Model of the Czech transmission grid (400 kV lines in orange, 220 kV lines in green). Includes the 
grid reinforcements planned by CEPS until 2030 (see section 2.1.2). 

The model is capable of calculating full non-linear power flows using the Newton-

Raphson method. However, in this study, a linearized approach neglecting voltage dif-

ferences and reactive power was used to approximate the line loadings within the secu-

rity constrained optimal power flow (SCOPF) of the dispatch model described in section 

2.2.2. Full non-linear Newton-Raphson calculations were performed for a number of key 

situations to confirm the validity of the linearized model. 

Phase shifting transformers are not modelled in the AC grid model itself (as no detailed 

calculations were performed using the actual AC model). To emulate the behavior of the 

installed phase shifters, the flows on the lines through Hradec are modelled as control-

lable (within the thermal capacity of the lines) in the DC model. 

2.2.2 Dispatch Model 

ENAplan is a software tool developed in-house by Energynautics that uses a linearized 

grid model (in this case, the European grid model with the more detailed Czech model as 

described in section 2.2.1), unit commitment heuristics and linear optimization to de-



 

METHODOLOGY 

 www.energynautics.com 15 

 

termine the least cost generator dispatch possible without violating applicable grid con-

straints6 and generator parameters.  

Linearized grid models are chosen for such optimization calculations ς both for the line-

ar optimization with heuristics chosen here, as well as for more advanced mixed-integer 

based tools ς as optimization algorithms require convex solution spaces. A full power 

flow calculation typically uses the Newton-Raphson algorithm, which is iterative, as a 

single step calculation of the highly non-linear problem is not possible. Such an iterative 

process is inherently incompatible with optimization problems, as it not only requires 

high computation capabilities, but also impacts the shape of the solution space. 

For a linearized model, voltage differences and the resistive components of lines are 

neglected. Both are usually rather small, the flows of active power are mostly deter-

mined by the reactive component of the line impedance. The power flow problem can 

thus be linearized with relatively little error to form a simple linear matrix, the Power 

Transfer Distribution Factor (PTDF) matrix that specifies the impact of a change in power 

balance at each node on each line in the system. This, however, also neglects the reac-

tive power flows. Reactive power is typically provided locally, as reactive flows cause 

unnecessary grid losses, it is thus permissible to neglect it in the first iteration. Typically, 

the results from such a linearized calculation are loaded into a full non-linear model to 

check for additional reactive power constraints (this is the way utilities and grid opera-

tors also operate, and some outlook is provided in section 3.3.1). A full non-linear power 

flow thus always a multi-step approach relying on operational experience and heuristics.  

[ƛƴŜŀǊƛȊŜŘ ǇƻǿŜǊ Ŧƭƻǿ ŎŀƭŎǳƭŀǘƛƻƴǎ ŀǊŜ ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ŀ ά5/ ǇƻǿŜǊ Ŧƭƻǿέ ŀǎ ǘƘŜ 

properties resemble a DC system (while it is in reality a simplified AC system that is be-

ƛƴƎ ǎƛƳǳƭŀǘŜŘύΣ ǿƘƛƭŜ ǘƘŜ Ŧǳƭƭ ƛǘŜǊŀǘƛǾŜ ǇǊƻŎŜǎǎ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ŀƴ ά!/ ǇƻǿŜǊ ŦƭƻǿέΦ 

ENAplan provides the following outputs: 

¶ Unit commitment and generator dispatch optimized for least cost; 

¶ Renewable dispatch and curtailment (if allowed); 

¶ Line loadings and necessary grid reinforcements; 

¶ Cross border trades and flows, including exports of renewable energy. 

Conventional generators with more than 10 MW output are listed individually according 

to fuel and technology, with the single blocks of large power plants being treated as indi-

vidual units, and connected to the node closest to the real location.  

                                                           

 

6
 ENAplan is capable of full (n-x) safe security constrained optimal power flow (SCOPF) dispatch for smaller 

systems. For the European system, (n-1) security is approximated by limiting allowed line loading to 70 %, 

which has proven to deliver reasonably accurate results, see section 3.2. 
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Technical properties such as startup and shutdown times, minimum up- and downtime 

and allowed ramp rates during operation are assigned to each category. Selected data is 

given in Table 5. The given ramp rates are the maximum ramp rates, which especially 

large fossil fired steam units cannot sustain all the way through their allowed area of 

operation (see Figure 5). Moreover, Czech nuclear units are considerably less flexible 

during real operation than indicated in Table 5, mostly running at full output power (see 

section 4.1 for more information and recommendations on the issue).  

Table 5: Modelling parameters for conventional generation. 

 
ɲtƳŀȄ 

[% of Pn / min] 
Pmin 

[% of Pn] 
Tstart, cold 

[h] 
Tstart, hot  

[h] 

Lignite CHP 1 ς 3 50 ς 60 5 ς 8 2 ς 3 

Hard coal CHP 2 ς 4 25 ς 40 3 ς 5 1 ς 2 

VVER-1000
7
 4 ς 6 25 ς 50 12 1 ς 2 

VVER-440/213 0.5 ς 1 80 24 - 

CCGT 7 ς 9 25 ς 40 1 - 2 0.5 

OCGT 12 ς 15  40 0.25 0.1 

 

 

Figure 5: Ramp rates of different conventional units (Germany) between70 and 100 % power output, 
showing different ramping speeds in different areas of operation. 

                                                           

 

7
 Flexibility in VVER-1000 reactors is very rarely used in real life, as they are used for baseload operation in 

all countries that have them installed. It is theoretically possible to load-follow with this reactor type, 

though (even to below 80 % of rated output). More information is provided in section 4.1. 
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Generation costs were originally taken from [6]. Larger and newer fossil fuel fired power 

plants were assumed to be more efficient and less expensive than older and smaller 

units, with the sensitivities taken from [7]. For all of Europe, nuclear, lignite and run-of-

river hydro units come first in the merit order, followed by large hard coal and CCGT 

units, small hard coal units and small CCGT, gas fired steam turbines and open cycle gas 

turbines (OCGT.) The costs of reservoir and pumped storage hydro generation are de-

pendent on the reservoir level and in the range slightly below gas-fired peaking plants for 

most of the year. 

Renewable feed-in is given priority, with curtailment allowed in case of grid overloading. 

Conventional generators go online according to generation cost, with the schedule being 

determined the day ahead and based on the residual load, assuming perfect foresight. 

Redispatch and renewable curtailment during the day are determined using optimal 

power flow (OPF) calculations. Unit startups are implemented as must-run ramps until 

stable minimum loading is reached, at which point the OPF optimizer takes over and as-

signs a desired power output to the unit, which can vary at each step according to the 

allowed ramp rate. Reservoir and pumped storage hydro as well as OCGT can be started 

and shut down by the optimizer, while all other units are started and shut down accord-

ing to the pre-determined day-ahead schedule. Nuclear power plants are only shut down 

for maintenance, but their output can be varied by the optimizer within the allowed 

boundaries. The generation for each node by technology is recorded as well as the load-

ing of each individual unit. [8] 

2.2.3 Weather and Load Time Series 

Historical wind speed and solar irradiation data from reanalysis for the year 2012 (aver-

age wind and solar year in central Europe) in 15 minute resolution available at Ener-

gynautics is used in conjunction with standard wind and solar power plant models to 

calculate the power output for each node for each hour of the year. 

Load time series data is taken from ENTSO-9Ωǎ ǘǊŀƴǎǇŀǊŜƴŎȅ ǇƭŀǘŦƻǊƳΦ 

The load distribution inside Czech Republic was determined based on population density 

(NUTS-3 regions) and data published by ERU. [1] 

2.2.4 Simulation Methodology 

The scenario is run two different simulations: 

¶ Simulation across one year with renewable curtailment allowed to estimate how 

much wind and solar power would be curtailed with no grid expansion; 

¶ Simulation across one year with no curtailment and optimization of grid expan-

sion to estimate the investments in the grid necessary without curtailment. 

Both cases are simulated in hourly step across an entire year. 
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2.3 ANCILLARY SERVICES 

The power system model used does currently not contain detailed models for ancillary 

service provision. However, results can be used to provide some insight on possible is-

sues arising with the decommissioning of the coal powered generator fleet and the 

transformation into a renewable based system. 
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3. RESULTS 

3.1 DISPATCH 

3.1.1 General Results 

The following results of the security constrained optimal power flow calculations in 

ENAplan are found to be true independent of curtailment and grid reinforcement re-

gime: 

¶ Very little curtailment of renewable energy occurs, and no grid expansion is 

strictly necessary for renewable energy. 

¶ Czech Republic remains a major exporter of electricity estimate for net electrici-

ty consumption in 2030 is 65 TWh ς see Table 7 on page 24). Exports go mainly 

to Poland and Germany, while the import/export balance with Slovakia is almost 

even, and slightly more power is imported from Austria than exported there 

(mostly sold on to Poland). 

¶ In winter, exports are more continuous, while in summer, exports depend most-

ly on the fluctuations of PV feed-in. Congestions on the cross border intercon-

nectors cause a small amount of wind and solar curtailment. 

¶ The phase-out of coal generation capacity transforms the conventional power 

fleet away from baseload coal and toward a more balanced generation mix with 

flexible and mid-merit generation capacity. While nuclear power and biomass 

continue to more or less provide baseload power at a high level of utilization, 

gas fired units, reservoir hydro and pumped storage provide flexible generation. 

3.1.2 Examples 

In Figure 6 through Figure 11, results from three different dispatch situations (in the 

basic scenario without any additional reinforcements, but HVDC in Germany in place) 

are plotted. Each one is presented in two different plot styles: 

¶ ά9ȄŎŜǎǎ ƎŜƴŜǊŀǘƛƻƴ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴέ ǎƘƻǿǎ ƭƻŀŘ ŀƴŘ ƎŜƴŜǊŀǘƛƻƴ ǇƭƻǘǘŜŘ ŦǊƻƳ Ȋe-

ro up. Where generation exceeds load, exports occur. Pumping is represented as 

negative generation. 

¶ ά5ŜƳŀƴŘ ŎƻǾŜǊŀƎŜ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴέ ǎƘƻǿǎ ƎŜƴŜǊŀǘƛƻƴ ǇƭƻǘǘŜŘ ǘƻ ŜȄŀŎǘƭȅ ƳŀǘŎƘ 

the load, exports are shown as negative, imports as positive generation. Pump-

ing is represented as generation exceeding load. 

Figure 6 and Figure 7 show seven days in January. Except for the second day, where a 

small amount of wind power is imported from Germany, Czech Republic generates on 

average 1 GW more than it needs, exporting during most hours. Renewables and gas are 
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actually able to cover the load alone, but the remaining (expensive) coal power plants 

are ramped up to boost exports due to the high loads and low renewable availability and 

correspondingly high prices in the neighboring countries. Wind and solar power contri-

butions are small. 

 

Figure 6: Dispatch for a week in January, excess generation representation. 

 

Figure 7: Dispatch for a week in January, demand coverage representation. 

Figure 8 and Figure 9 show seven days in July with considerably higher PV feed-in. A 

large amount of solar power is exported, while pumped storage does not act as bulk 

storage for PV energy, but merely provides some regulating capacity during the morning 

and evening ramp, when CCGT units are started up and ramp up slower than the 
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pumped storage, and during the evening load ramp, where units are being switched off 

slower than demand goes down. During the low load weekend (middle of the graph), 

almost no fossil fired generation (save the two industrial coal power plants) are running, 

no pumped storage is engaged and a part of the PV power is exported. 

 

Figure 8: Dispatch for a week in July, excess generation representation. 

 

 

Figure 9: Dispatch for a week in July, demand coverage representation. 

Figure 10 and Figure 11 show seven days in October with mostly little solar, but higher 

wind availability. Notably, pumped storage is now used to store excess wind (and to 


























































