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Abstract: The European Green Deal declares climate neutrality as a goal for the year 2050. It
establishes an EU binding target to reduce greenhouse gas emissions by 55 percent by 2030 compared
to 1990. The market, through the EU Emissions Trading Scheme, will determine how EU member
states contribute to this target. The Effort Sharing Regulation defines binding national targets to
reduce the remaining GHG emissions not covered by the EU ETS. In this paper, an energy optimization
model is applied to analyze the capability of Czechia to meet the climate change targets by 2030
and 2050. We define a baseline scenario derived from the National Energy and Climate Plan and
three policy scenarios to assess impacts of the extension of the EU ETS to buildings and transport
(EU ETS 2) and the coal phase-out on the Czech energy system. One of the policy scenarios aims at
approaching climate neutrality in 2050. In addition, another scenario does not assess the impacts of
the EU ETS 2 and coal phase-out but searches for the optimal path to achieve climate neutrality in
2050. Given the high level of GHG emissions in 1990 and the significant reduction in GHG emissions
in the 1990s, Czechia could achieve a 55% reduction by 2030. However, further decarbonization will
be quite challenging.
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1. Introduction

The European Green Deal aims to achieve climate neutrality by 2050 and sets a binding
EU target of a 55% reduction in greenhouse gas (GHG) emissions by 2030 compared to
1990 levels. The Fit for 55 package, which includes a series of legislative initiatives across a
range of sectors to put the EU on track to meet its 2030 climate target of 55%, got close to its
final approval during 2022. The EU-wide impact assessment of the Climate Target Plan [1]
preceding Fit for 55 package and the subsequent ‘core policy scenarios’ with Member State-
level details [2] have been followed by other studies. While Pietzcker et al. [3] focus only
on the on EU Emissions Trading System (EU ETS) sectors, Kattelmann et al. [4] analyze the
optimal share of GHG emission reductions between EU ETS and Effort Sharing Regulation
(ESR) sectors and the optimal GHG emission reductions in ESR sectors for each EU Member
State. Other studies assess the impacts of the Fit for 55 package on a specific sector (e.g.,
metallurgical silicon industry [5], households [6], transport [7], airports [8], shipping [9]) or
on one sector or more sectors in a single country, e.g., [10,11].

This paper aims to enrich the literature with a case study of Czechia. Czechia signifi-
cantly reduced its greenhouse gas emissions during the 1990s [12] but remains one of the
two most industrialized EU member states [13] with the third highest GHG emissions per
capita [14], a high energy intensity of industry and a relatively lukewarm attitude towards
climate change mitigation measures [15–17]. So far, there is one study that evaluates the
possibility of reaching a 55% reduction in GHG emissions by 2030 and climate neutrality
by 2050 in Czechia [18], which does not evaluate any policy but searches for a suitable
path towards Czech decarbonization. Other studies focus only on the Czech electricity
sector [19–21], renewable energy sources [22,23] or industry [24], all with a 2030 horizon.
Older Czech studies [25,26] model the whole energy system but evaluate mainly a lifting

Energies 2023, 16, 2152. https://doi.org/10.3390/en16052152 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16052152
https://doi.org/10.3390/en16052152
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-3115-5884
https://orcid.org/0000-0001-7069-443X
https://orcid.org/0000-0001-5040-1281
https://doi.org/10.3390/en16052152
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16052152?type=check_update&version=1


Energies 2023, 16, 2152 2 of 24

of the brown coal mining limits in Czechia. Therefore, we analyze Czechia’s ability to meet
its climate targets not only in 2030, but also in 2050.

We apply the energy optimization model TIMES-CZ to analyze the impacts of the
extension of the EU ETS to buildings and road transport (EU ETS 2) and of a coal phase-out
on the Czech energy system. We also assess the capability of Czechia to achieve climate
neutrality by 2050 without biomass or hydrogen imports. We evaluate a baseline scenario
derived from the National Energy and Climate Plan [27] and four policy scenarios. We
find that Czechia should be able to achieve a 55% reduction in total GHG emissions in
2030, mainly due to GHG emission reductions in the EU ETS sectors. The effort required
to reach this target is reduced by the high level of GHG emissions in the base year 1990.
The energy efficiency and renewable energy targets for 2030 are more difficult to achieve.
Further decarbonization is quite challenging and climate neutrality in 2050 cannot be
achieved without additional measures or higher imports of renewable energy. We evaluate
the GHG emission savings and relate them to the EC REF2020 scenario [28] to assess
several alternative policy scenarios and to show how ambitious the EC REF2020 scenario is
for Czechia.

The rest of this paper is structured as follows. In Section 2, we describe the model
and data used in the analysis. The modeled scenarios and their assumptions are described
in Section 3. We then present our scenario analyses in Section 4. Finally, we provide a
discussion of our results in Section 5, and Section 6 concludes the paper.

2. Model and Data

TIMES-CZ is a technology-rich, bottom-up, cost-optimizing integrated assessment
model built within the generic and flexible TIMES (The Integrated MARKAL-EFOM Sys-
tem) model generator’s General Algebraic Modeling System (GAMS) code. TIMES has
been developed and maintained within the Energy Technology System Analyses Program
(ETSAP) by the International Energy Agency (IEA) [29]. TIMES searches for an optimal
solution for an overall energy mix that will satisfy exogenously given energy service de-
mand with the least total discounted costs in a given timeframe with a perfect foresight
principle [30].

TIMES-CZ is based on the Czech region of the Pan-European TIMES PanEu model
developed by the Institute of Energy Economics and Rational Energy Use at the University
of Stuttgart [31], but its base year is updated to 2015 and its structure is modified. The
modeling horizon spans from 2015 to 2050, split into 5 year-time steps. A year is divided
into 12 time slices, 4 seasons and 3 time periods in a day (day, peak and night). GHG
emissions (CO2, CH4, N2O) and other pollutants (SO2, NOx, NMVOC, PM) are included in
the model.

The TIMES-CZ model covers the entire energy balance of Czechia from the supply
of resources to the energy service demand. The structure of the TIMES-CZ model is
significantly extended in four ways. First, all EU ETS sectors are disaggregated into
individual units. The non-ETS parts correspond to the structure of the TIMES-PanEu
model. Based on data from EU ETS emission reports, unique multi-fuel mixes are created
for each ETS source according to their actual consumption. Other input data for the
individual EU ETS sources are obtained from the Register of Emission and Air Pollution
Sources [32] (REZZO database), which is compiled by the Czech Hydrometeorological
Institute, and from the Energy Regulatory Office. Second, the emissions trading mechanism
takes into account the transition to auctioning and the derogation (free allowances for
existing power plants for a transitional period until 2019 according to Article 10c of the
EU ETS Directive [33]). Third, both district heating demand and supply are regionalized
into 36 regions based on zip codes. Fourth, a detailed transport module is developed.
In the base year, the transport module contains 135 technologies for road vehicles by
COPERT categories [34] (i.e., distinguishing vehicle category and type, fuel and EURO
norm). Transport technologies for future years include both new and second-hand vehicles.
The module includes biofuel production.
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The technical and economic characteristics of new technologies are taken from TIMES-
PanEu [31] and JRC-EU-TIMES [35] models and [36], with a few exceptions. The investment
costs of solar photovoltaic (PV) and wind power plants are adjusted according to Czech
conditions; see Table 1. The investment cost of new nuclear power sources is forecasted
at EUR2015 6317 per kW; these investment costs are derived from those of the Hinkley
Point C nuclear power plant. The assumed discount rates, taken from the JRC-EU-TIMES
model [35], vary by sector and technology type, ranging from 7% for energy carrier distri-
bution up to 12% for most heat and power generation technologies.

Table 1. Estimated investment cost of PV and wind turbines (EUR 2015/kWp).

2020 2025 2030 2035 2040 2045 2050

PV
residential 1398 1176 1103 915 760 630 523

PV large 770 649 601 499 414 343 285
PV industrial 1015 852 793 658 546 453 376
Wind turbine 1917 1864 1812 1776 1208 1196 1184

Source: Alliance for Energy Self-Reliance, own adaptations based on https://www.pv-magazine.com/module-
price-index/ (accessed on 5 March 2021) and IEA World Energy Outlook—World Energy Model 2020 [37].

The GHG emissions from the land use, land use change and forestry (LULUCF),
agriculture, waste and F-gas sectors are not modeled by TIMES-CZ, but are included in the
overall GHG balance, following [4,28,38–41]; see Table 2.

Table 2. Exogenous assumptions about the evolution of GHG emissions from agriculture, waste, and
F-gas and LULUCF [kt CO2ek].

2015 2020 2025 2030 2035 2040 2045 2050

Agriculture 8483 8639 9124 9682 9899 9899 9899 9899
Waste and

F-gases 8837 9557 9255 7181 4774 3230 2119 1605

LULUCF −6641 17,823 6127 2315 −4366 −6880 −6454 −6105

Note: GHG emissions from agriculture are taken from the emission projection by Czech Hydrometeorological
Institute [38], assuming a constant level from 2040 onwards. This assumption on GHG emissions from agriculture
is very conservative. The EC REF2020 scenario [28] and many studies (e.g., [4,39]) assume that the number of
livestock and thus GHG emissions will be reduced by about half by 2050 due to lifestyle changes and better
farming practices. Assumptions of GHG emissions from waste and F-gases combine historical values from
emission inventories [40] and their trends from the EC REF2020 scenario. The GHG emissions from the LULUCF
sector and forest biomass potentials are taken from the Red scenario projection of the Forests-ADAPT project [41].

3. Scenarios

We define a baseline scenario, called NECP, derived from the National Energy and
Climate Plan [27] (hereafter referred to as the National Plan) and three policy scenarios to
assess impacts of the extension of the EU ETS to buildings and transport (EU ETS 2) and of
coal phase-out on the Czech energy system. One of the policy scenarios (REG) also aims to
approach climate neutrality in 2050. On top of that, another scenario (NECP_zero) does not
assess the impacts of the EU ETS 2 and of coal phase-out but searches for the optimal path
to reaching climate neutrality by 2050.

In all scenarios, demands for energy services and energy-intensive products are de-
rived from the National Plan [27]. We assume an increase in iron and steel recycling by 10%
by 2050; thereby, the availability of steel scrap as an input for steel production is up to 2 Mt
in 2050 (this is a conservative assumption that limits the decarbonization of iron and steel
production through direct reduction by hydrogen). We conservatively assume Czechia is
self-sufficient in all renewables and hydrogen production for the following reasons. (1)
The main Czech renewable energy source is biomass, which is not suitable for long-range
transportation for energy purposes for cost and biodiversity protection reasons. (2) The
existing State Energy Policy [42] aims to maintain the Czech Republic’s import dependence

https://www.pv-magazine.com/module-price-index/
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in the area of gaseous and liquid fuels at no more than the current level. (3) Czechia’s
Hydrogen Strategy [43] assumes imports of hydrogen but is very general about the cost
and source of the imported hydrogen. The adoption of proposed amendments, which are
likely meant as set targets for the deployment of hydrogen in industry and transport, in the
EU Renewable Energy Directive has been stuck for a long time due to a disagreement over
the definition of renewable (and low-carbon) hydrogen [44]. Additionally, according to the
IEA, northwest Europe will face a shortage of hydrogen by 2030 even in a conservative
scenario [45]. The hydrogen supply from North Africa is limited by existing pipelines to
9.5–23.2 TWh/a [46]. At the same time, it is estimated that excess electricity will be not
sufficient to provide substantial amounts of hydrogen in Europe by 2050 [47].

A description of individual scenarios follows.
The NECP scenario, derived from the National Plan [27], assumes the decommission-

ing of the Dukovany nuclear power plant between 2036 and 2037 and its simple replacement
with a new nuclear power source. GHG emissions are capped in 2030 at 98.5 Mt CO2ek in
total and 52.3 Mt CO2ek under Effort Sharing Regulation (ESR, i.e., outside the EU ETS and
LULUCF sectors), representing a 50% reduction in GHG emissions compared to 1990 and a
14% reduction compared to 2005 under ESR. After 2030, the evolution of GHG emissions is
the result of cost optimization by the TIMES-CZ model. The electricity export balance (net
imports) is fixed according to the National Plan, as seen in Table 3.

Table 3. Net electricity imports (TWh).

Reference 2020 2025 2030 2035 2040 2045 2050

National
Plan [27] −10.2 * −8.4 −8.4 −7.4 −4.6 −2.9 0.0

EC REF2020 −10.2 * −1.1 8.1 2.2 −1.6 −1.8 −1.6

Note: * The value for 2020 is adjusted according to the Annual Report on Electricity System Operation for 2020
[48].

The NECP_zero scenario has the same assumptions as the NECP scenario, but it aims
to approach climate neutrality in 2050.

The REF scenario is derived from the European Commission’s REF2020 scenario (EC
REF2020) [28], including nuclear power generation and net electricity imports. The share of
RESs in gross final consumption is at least 22.6% from 2030. The electricity export balance
(net imports) is fixed according to the EC REF2020 scenario, as seen in Table 3.

The CPRICE scenario is derived from the CTP2030 CPRICE scenario (EC CPRICE).
From 2026 onwards, the CPRICE scenario foresees the extension of the EU ETS to buildings
and transport (EU ETS 2), and the EUA price is the same in both parts of the EU ETS.
The decommissioning of the Dukovany nuclear power plant is assumed in 2036 and the
installation of new nuclear sources is the result of cost optimization in the TIMES-CZ model.
The assumption about the electricity export balance is relaxed and net electricity imports of
up to 20 TWh/year are allowed from 2030. Within this range, the resulting electricity export
balance is the result of the cost optimization of the model (assuming 70–80 EUR/MWh for
the import and export of electricity).

The REG scenario is derived from the CTP2030 REG scenario (EC REG). The REG
scenario assumes a shift away from coal after 2030: the end of brown coal mining and
consumption and the end of domestic and energy coal consumption. The scenario assumes
the decommissioning of the Dukovany nuclear power plant by 2036/2037 and its simple
replacement with a new nuclear power source. The electricity export balance (net imports)
is fixed at the same levels as in scenarios NECP and NECP_zero. The REG scenario aims to
approach climate neutrality in 2050.

In the NECP and NECP_zero scenarios, the assumptions about fossil fuel prices and
EUA prices are identical. The other scenarios differ mainly in the assumptions about EUA
prices (Table 4) and fossil fuel prices (Table 5), which are important factors influencing the
consumption of each primary resource and production of GHG emissions.
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Table 4. EUA emission allowance price (EUR 2020/t CO2).

Scenarios 2020 2025 2030 2035 2040 2045 2050 Reference

REF 26.6 28 32 53 85 127 159 EC REF2020
REG 24.8 29 34 55 87 129 161 EC REG, REF2020

NECP, NECP_zero 24.8 24 36 45 53 60 70 NECP 2019
CPRICE, NECP_C 24.8 55 64 83 115 157 189 EC CPRICE, REF2020

Sensitivity
Anal-
ysis
(SA)

90 24.8 70 90 90 90 90 90
140 24.8 70 90 100 110 120 140
200 24.8 80 120 145 170 185 200 WEO 2021 (APS, SDS)
250 24.8 90 130 165 205 230 250 WEO 2021 (NZE)

Note: APS—announced pledges scenario, NZE—net-zero scenario, SDS—sustainable development scenario.

Table 5. Fossil fuel prices (EUR 2020/PJ).

Scenarios 2020 2025 2030 2035 2040 2045 2050 Reference

NECP
NECP_zero

Oil 11.2 14.8 16.3 17.0 18.0 18.8 19.8 NECP 2019
Natural gas (NCV) 7.9 10.1 11.0 11.7 12.1 12.7 13.2

Black coal 2.7 3.0 3.6 3.8 3.9 4.1 4.3

CPRICE REG
Oil 7.3 8.0 10.0 9.3 9.3 10.0 8.6 CTP2030

Natural gas (NCV) 4.4 4.9 5.1 5.3 6.0 6.0 5.6
Black coal 2.3 2.5 2.6 2.7 2.7 2.7 2.7

REF
Oil 5.3 8.0 10.6 12.0 12.9 14.0 15.7 REF2020

Natural gas (NCV) 2.6 4.0 5.3 5.9 6.9 7.4 7.6
Black coal 1.2 1.8 2.3 2.5 2.7 2.8 2.9

SA_200
Oil 5.2 4.9 4.5 4.1 3.8 3.4 3.0 WEO SDS

Natural gas (NCV) 3.2 3.2 3.2 3.3 3.4 3.4 3.4
Black coal 1.4 1.5 1.6 1.6 1.6 1.6 1.5

SA_250
Oil 5.2 4.9 4.5 4.1 3.8 3.4 3.0 WEO NZE

Natural gas (NCV) 3.2 3.1 2.9 2.9 2.9 2.8 2.7
Black coal 1.4 1.4 1.4 1.4 1.3 1.2 1.2

For the NECP, CPRICE and REG scenarios, sensitivity analyses of the impact of the
price of EUAs and nuclear power development options (a pair of new reactors, different
times of closure and development according to cost optimization) on the Czech power
system are performed.

4. Results
4.1. Primary Energy Sources

The evaluation of all modeled scenarios shows a general trend of a 24–30% decrease
in the consumption of primary energy sources (PESs) by 2050 compared to 2015 (Figure 1).
The most rapid decline occurs in the CPRICE scenario, due to a rapid shift away from
brown coal. The CPRICE scenario also has the highest net import of electricity; it is the
only scenario that allows a net import of electricity of up to 20 TWh. In contrast, the
slowest decline in PES consumption (and specifically in brown coal) occurs in the NECP
and NECP_zero scenarios. After 2045, PES consumption is the highest in the REF scenario.
In the REF, REG and partly also CPRICE scenarios, brown coal is mainly replaced by natural
gas. In 2050, the total consumption of primary energy sources ranges from 1166 (CPRICE)
to 1273 PJ (REF).

The consumption of black coal and coke falls in all scenarios to between 65 and 70 PJ
in 2050, when it is almost exclusively used for iron and steel production. Consumption of
fossil liquid fuels falls in all scenarios to between 194 (NECP_zero) and 235 PJ (REF) in 2050.
In the REG scenario, brown coal consumption ceases from 2030 due to the cessation of
domestic mining (exogenous assumption). In the other scenarios, brown coal consumption
decreases to between 4.5 and 32 PJ (NECP). The NECP scenario is the only one wherein
brown coal is consumed to a greater extent elsewhere than in households, specifically in
electricity and heat generation.
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Figure 1. Consumption of primary energy sources.

Natural gas consumption is mainly influenced by assumptions about the future price
of natural gas. In the NECP and NECP_zero scenarios, natural gas consumption in 2050
is the lowest, at 255 and 279 PJ, respectively. In the CPRICE, REF and REG scenarios, a
significantly lower natural gas price is assumed (Table 5) and its consumption increases
significantly compared to the base year, peaking here between 2030 and 2040, from 339
(CPRICE) to 418 PJ (REG), and then natural gas consumption decreases to 303 (REF) to 327
PJ (REG).

In all scenarios, there is a significant increase in the consumption of flow RES, in the
case of hydro, solar and wind, to the level of their projected potentials in 2050. Geothermal
energy use ranges from 49 (REF) to 67 PJ (REG) in 2050.

4.2. Energy Transformation—Electricity and Heat

In the energy consumption for electricity and heat production, the different rates of
shifting away from coal are again evident in the scenarios (Figure 2). In the CPRICE scenario,
which assumes the highest allowance price while allowing for net imports of electricity
from 2025 onwards, there is already a significant decline in brown coal consumption in
electricity and heat generation (to 36 PJ) in 2025. In the REG scenario, brown coal is mostly
replaced by natural gas as soon as in 2030, while in the NECP scenario, it is still marginally
present (21 PJ) in 2050. In all scenarios, the representation of RESs develops gradually,
mainly in the form of solar, geothermal and wind energy; biomass use grows more slowly,
except for a significant increase in the REG (87 PJ) and NECP_zero (97 PJ) scenarios in
2050, which is related to the need for carbon capture and storage (CCS) from biomass and a
negative emission balance due to the scenario target of near to climate neutrality.



Energies 2023, 16, 2152 7 of 24
Energies 2023, 16, x FOR PEER REVIEW 8 of 27 
 

 

 

Figure 2. Energy input for heat and power generation. 

Table 6. Cumulative new installations of electricity generation capacities (GWe). 

 NECP NECP_Zero REF CPRICE REG 

Biomass 0.9 0.7 0.8 0.7 0.8 

Biomass CCS  0.8 0.1 0.3 0.8 

Biogas 1.2 1.2 1.0 1.2 1.1 

Geothermal 0.3 0.3 0.3 0.3 0.3 

Hydro 0.1 0.1 0.1 0.1 0.1 

Nuclear 1.6 1.6 2.7   1.6 

Waste 0.2 0.1 0.2 0.1 0.1 

Other 0.0 0.0       

PV 19.2 19.3 19.3 19.1 19.2 

Wind 3.9 3.9 3.9 3.9 3.9 

Natural gas 2.8 2.4 3.8 2.0 5.4 

Natural gas CCS  5.2 0.4 2.2 6.5 

Note: PV solar installations include re-installations of solar PV sources installed since 2009 at the 

end of their lifetime. 

Figure 2. Energy input for heat and power generation.

In all scenarios, there is a significant increase in flow RESs (i.e., geothermal, solar, wind
and hydropower) and hydropower, solar and wind reach their projected potentials in 2050.

New electricity capacity installations correspond to the energy consumption for elec-
tricity and heat production. Cumulative new installations of electricity generation through
2050 differ across the scenarios mainly in terms of natural gas (Table 6). The most gas-
consuming scenario—the REG scenario—installs cumulatively 5.4 GW of natural gas
sources and another 6.4 GW with CCS technology. On the other hand, the NECP sce-
nario, which relies most on brown coal for electricity, installs cumulatively 2.8 GW of
natural gas sources—none with CCS technology. CCS technology is also applied to biomass
sources in all scenarios except NECP. Cumulative new installations of wind turbines are
the same in all scenarios (3.8 GW) because the model fully uses the assumed potential
of wind energy. While the cumulative solar PV installations are very similar across the
scenarios—ranging from 19.1 to 19.3 GW—the pace of the installations differs (Figure 3),
including re-installations of solar PV sources installed in 2009 at the end of their lifetime.
The growth of solar PV is limited to 1 GW per year to ensure grid stability. This is a limiting
assumption in all scenarios in at least one 5-year period. No new nuclear units are built
based on the cost optimization in the CPRICE scenario, but this is compensated for by
increased electricity imports. In all other scenarios, new nuclear units are built around 2040,
according to the scenario assumptions.
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Table 6. Cumulative new installations of electricity generation capacities (GWe).

NECP NECP_Zero REF CPRICE REG

Biomass 0.9 0.7 0.8 0.7 0.8
Biomass CCS 0.8 0.1 0.3 0.8

Biogas 1.2 1.2 1.0 1.2 1.1
Geothermal 0.3 0.3 0.3 0.3 0.3

Hydro 0.1 0.1 0.1 0.1 0.1
Nuclear 1.6 1.6 2.7 1.6
Waste 0.2 0.1 0.2 0.1 0.1
Other 0.0 0.0

PV 19.2 19.3 19.3 19.1 19.2
Wind 3.9 3.9 3.9 3.9 3.9

Natural gas 2.8 2.4 3.8 2.0 5.4
Natural gas CCS 5.2 0.4 2.2 6.5

Note: PV solar installations include re-installations of solar PV sources installed since 2009 at the end of their lifetime.
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4.3. Final Energy Consumption

The total final energy consumption in all scenarios peaks around 2025 at approximately
1170 PJ. After 2025, total final energy consumption is on a declining trend, being 12.5 (REF)
to 20% (NECP_zero) lower in 2050 than in 2015. In all scenarios, the share of renewable
energy increases, especially ambient energy used by heat pumps. After 2045, the final
consumption of natural gas decreases to less than 30 PJ in the NECP_zero and REG scenarios.
The share of electricity in final energy consumption increases from 20% in 2015 to between
28% (NECP and REF) and 38% (NECP_zero and REG) in 2050 (Figure 4).
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the conservative assumptions preclude deeper industry decarbonization, which would
imply a further increase in electricity consumption.

4.4. Greenhouse Gas Emissions

Without the GHG emissions from LULUCF, all scenarios meet the target of a 55%
reduction in GHG emissions by 2030 compared to the 1990 levels. The NECP_zero scenario
has the slowest decline in GHG emissions up to 2040 and reaches an exact 55% GHG
emission reduction in 2030. Other scenarios reduce the GHG emissions even more than
the required 55% compared to 1990 levels. However, the GHG emissions from LULUCF
are projected to be positive at 2.3 Mt CO2ek due to forests’ recovery from the bark beetle
calamity [41]. As a result, the NECP and NECP_zero scenarios fail to meet the 2030 target
including the LULUCF, reducing the GHG emissions by only 53%.

The distribution of GHG emissions between ETS and non-ETS sectors is summarized
in Figure 6. In the ETS sectors, emissions decline fastest in the CPRICE scenario, while the
decline is slowest in the NECP and NECP_zero scenarios. The REF scenario assumes an
EUA price in 2050 that is more than double that of the NECP scenario, and also almost
half the price of natural gas. At the same time, due to decentralization and a deliberate
reduction in the rated thermal input of fossil fuel heat plants and CHPs below 20 MW,
individual installations are partially shifted from ETS to non-ETS. This shift of installations
between ETS and non-ETS sectors is one of the factors of the significantly faster decline in
GHG emissions in the ETS sector compared to the non-ETS sector.
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Outside the ETS sectors, the decline is also initially largest in the CPRICE scenario, but
after 2045, the largest reductions occur in the REG and NECP_zero scenarios, which aim to
achieve climate neutrality in 2050. However, carbon neutrality in 2050 is not achievable
under the given assumptions (no imports of biofuels, hydrogen or electricity, and increasing
emissions from agriculture). In the REG and NECP_zero scenarios, GHG emissions (not
including LULUCF) are reduced to 20 Mt CO2ek, and taking into account the 4.5 Mt CO2ek
captured from biomass sources, to less than 16 Mt CO2ek. Including the assumed LULUCF
sinks, the REG and NECP_zero scenarios reduce the GHG emissions to less than 10 Mt
CO2ek in 2050.

The GHG emissions decline fastest and most significantly in the energy sector, across
all scenarios. In the CPRICE, NECP_zero, REG and REF scenarios, the power sector even
has a negative GHG emission balance, thanks to CCS technology in biomass electricity and
heat production. In the scenarios with the lowest GHG emissions, NECP_zero and REG,
the most significant GHG emitter is agriculture (9 Mt CO2ek), followed by transport and
industry (Figure 7). GHG emissions from agriculture, waste, and F-gases are included in
the model as exogeneous assumption.
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The CCS is piloted in 2030 in the CPRICE and REF scenarios. It is used to the least
extent in the NECP scenario for lime production. In contrast, it is the most significant in the
REG (20 Mt CO2ek) and NECP_zero (17.5 Mt CO2ek) scenarios, where CCS is mainly applied
in the production of electricity and heat from natural gas and biomass, as shown in Figure 8.
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GHG Emission Savings and Comparison with the EC REF2020 Scenario

We evaluate the GHG emission savings and consider them in the context of the EC
REF2020 scenario to assess the policy scenarios and determine if the EC REF2020 scenario
is too ambitious for Czechia or not.

The overall GHG emission savings in 2030 of 55% compared to 1990 are realistic even
at the Czech level, but mainly due to emission reductions in the EU ETS sectors. Table 7
shows the savings in total GHG emissions compared to 1990 and the savings in non-ETS
sectors outside LULUCF (i.e., in ESR sectors) compared to 2005 for each scenario. The
NECP and NECP_zero scenarios are the only scenarios that do not achieve an overall GHG
emission reduction of 55% compared to 1990. The rate of GHG emission reductions in the
ESR sectors is slow in all scenarios, which is also due to the increasing demand for energy
services, and in 2030, GHG emissions in the ESR sectors are only reduced by 15 (REG) to
22% (NECP and NECP_zero) compared to 2005. After 2030, the rate of emission reductions
in ESR sectors increases until 2050.

Table 7. GHG emission savings compared to 1990 and 2005 levels.

2020 2025 2030 2035 2040 2045 2050

NECP_zero Total GHG incl. LULUCF (savings vs. 1990) 34% 44% 53% 57% 65% 75% 93%
non-ETS without LULUCF (saving vs. 2005) 17% 19% 22% 27% 29% 40% 75%

CPRICE Total GHG incl. LULUCF (saving vs. 1990) 38% 59% 66% 73% 78% 82% 86%
non-ETS without LULUCF (saving vs. 2005) 17% 17% 21% 28% 34% 45% 55%

NECP Total GHG incl. LULUCF (savings vs. 1990) 34% 44% 53% 57% 65% 74% 81%
non-ETS without LULUCF (saving vs. 2005) 17% 19% 22% 27% 29% 39% 45%

REF Total GHG incl. LULUCF (savings vs. 1990) 34% 49% 64% 65% 73% 79% 81%
non-ETS without LULUCF (saving vs. 2005) 16% 15% 19% 20% 26% 36% 43%

REG Total GHG incl. LULUCF (savings vs. 1990) 34% 45% 62% 68% 73% 78% 93%
non-ETS without LULUCF (saving vs. 2005) 17% 17% 15% 20% 24% 33% 75%
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In 2050, the savings in total GHG emissions including LULUCF emissions range from
81% (NECP and REF) to 93% (NECP_zero and REG).

Table 8 shows the GHG emission savings in the EC REF2020 scenario and compares
the main scenarios of this study with this scenario. We infer that the PRIMES model is
most likely not able to correctly distinguish between ETS and non-ETS sectors due to its
aggregation. In the REF2020 scenario, emissions in the ETS sectors are higher than the
verified EU ETS emissions [49] and, conversely, emissions from the non-ETS sectors are
underestimated (in 2005, ETS emissions in the REF2020 scenario are 8 Mt CO2ek higher
than verified emissions, in 2010 4.5 Mt CO2ek higher, in 2015 8 Mt CO2ek higher and in
2020 2 Mt CO2ek higher. Again, this results in the REF2020 scenario achieving higher GHG
savings in the non-ETS sectors than the scenarios modeled in this study.

Table 8. GHG emission savings in EC REF2020 and comparison of the scenarios of this study with
EC REF2020.

2020 2025 2030 2035 2040 2045 2050
REF2020 ETS (kt CO2ek) 56,978 44,305 35,350 34,767 25,233 21,767 22,753

non-ETS (kt CO2ek) 55,371 55,236 49,338 45,043 41,151 39,823 38,780
Total GHG without LULUCF (kt CO2ek) 112,349 99,541 84,688 79,810 66,384 61,590 61,533

LULUCF (REF2020) Globiom/G4M (kt CO2ek) 4.6 −4.9 1.6 −4.1 4.5 −2.4 5.1
Savings—total GHG incl. LULUCF (1990 level) 42% 49% 56% 59% 66% 68% 68%

Savings—non-ETS without LULUCF (2005 level) 16% 16% 25% 32% 38% 40% 41%
Difference in GHG emissions compared to REF2020 scenario

NECP_zero Total GHG incl. LULUCF 14% 8% 8% 5% 2% −20% −78%
non-ETS without LULUCF −1% −3% 5% 7% 14% 0% −58%

CPRICE Total GHG incl. LULUCF 7% −20% −22% −34% −37% −45% −56%
non-ETS without LULUCF −1% −1% 5% 6% 6% −9% −23%

NECP Total GHG incl. LULUCF 14% 8% 8% 5% 2% −19% −41%
non-ETS without LULUCF −1% −3% 4% 7% 13% 0% −7%

REF Total GHG incl. LULUCF 13% −1% −17% −14% −20% −32% −41%
non-ETS without LULUCF 0% 2% 8% 17% 19% 6% −2%

REG Total GHG incl. LULUCF 14% 6% −13% −22% −21% −32% −78%
non-ETS without LULUCF −1% −1% 14% 18% 22% 10% −57%

Note: REF2020 scenario results from the July 2021 PRIMES model [28]. The grey color highlights the target year of
the Fit for 55 package.

The NECP and NECP_zero scenarios have higher GHG emissions than the REF2020
scenario in 2030. The other scenarios, which apply additional policy measures on emissions,
have lower total GHG emissions than REF2020 in 2030. The difference in non-ETS emissions
between the modeled scenarios and the REF2020 scenario might be affected by the different
structure of ETS and non-ETS sectors between the models.

In 2050, even the NECP scenario reaches 41% lower total GHG emissions than the
REF2020 scenario.

4.5. Share of Renewable Energy Sources

Renewable energy sources (RESs) make an increasing contribution to meeting energy
needs in all scenarios. Table 9 shows the share of RESs in final energy consumption (RES)
and electricity generation (RES-E). In 2030, the share of RESs in final energy consumption
varies across scenarios from 21 (REF) to 25% (REG), and in 2050 from 39 (REF) to 49%
(NECP_zero). Compared to today, the use of ambient energy in heat pumps, solar energy
and, after 2040, geothermal and wind energy, increases in particular. The share of RESs in
electricity generation ranges from 22.6% (REF) to 31.6% (REG) in 2030 and from 38% (REG)
to 46.6% (NECP) in 2050. The second smallest electricity generation in the NECP scenario
(after CPRICE) increases the RES-E share in NECP.

4.6. Cost

The investment costs of the whole system are on an increasing trend and are the
most significant in the total cost structure of the whole energy system (including transport,
industry, households, etc.) for all scenarios. Figure 9 shows the overnight investment
costs by sector, always aggregated over a 5-year period (e.g., “2030” covers the period
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2028–2032), and Figure 10 shows their differences from the NECP scenario, which serves as
a reference scenario.

Table 9. Share of renewable energy sources in final energy consumption (RES) and electricity
generation (RES-E) (%).

2015 2020 2025 2030 2035 2040 2045 2050

RES

NECP_zero 15.5 16.8 18.8 23.7 27.5 29.9 35.4 48.6
CPRICE 15.5 17.2 18.7 24.1 27.7 32.4 37.3 41.1
NECP 15.5 16.8 18.7 24.2 27.3 31.1 36.1 40.6
REF 15.5 15.7 16.1 21.3 21.9 27.7 34.1 38.9
REG 15.5 16.3 16.7 25.2 27.6 29.5 33.1 47

RES-E

NECP_zero 14.1 14.1 16.6 23.4 26.2 30.8 40.4 41.5
CPRICE 14.1 15.7 17.6 26 28.8 32.8 40.4 45.2
NECP 14.1 14.0 16.6 24 26.4 31.4 41.3 46.6
REF 14.1 13.7 16 22.6 25.9 31.5 40.3 45.9
REG 14.1 13.8 16.2 31.6 32.9 34.9 42.2 38.2

Note: Share of renewables according to the Eurostat’s SHARES methodology 2020 manual. Share of RESs
in electricity generation (RES-E) calibrated to 2015 baseline. The calculation of the share of renewables in
final consumption does not fully include self-consumption for electricity and heat production, which causes
an overestimation of the RES value by about 0.5 percentage points compared to the RES share in gross final
consumption according to the SHARES 2020 manual. However, this overestimation decreases as the share of RESs
in electricity and heat production increases.
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Road vehicles account for the largest share of investment costs. The drop in investment
costs in road vehicles in 2045 is mainly due to the purchase of hydrogen vehicles in 2040
and partly due to some discrepancy in transport module, where detailed assumptions
about available technologies end in 2040. This discrepancy is common to all scenarios and
thus does not affect the assessment of the impacts of individual policies. All costs are the
same as 2020 prices, excluding VAT.

It should be emphasized that, given the age of most of the technological units in the
Czech Republic and the expected development of emission allowance prices, significant
investments in new energy sources and energy savings will be necessary in the coming
decades, regardless of the 2050 emission targets. Other significant investments are triggered
by the natural renewal of technologies, e.g., the vehicle fleet, again regardless of emission
targets. These (natural) investment costs (which would occur anyway) are quantified in the
NECP scenario, which is the reference scenario in this respect.

In the NECP scenario, over the monitored period from 2018 to 2052, the cumulative
investment costs in road vehicles—encompassing fleet replacement and partial transition
to electromobility—amount to EUR 359 billion (i.e., 61% of the total cumulative investment
cost and on average EUR 10 billion per year); in households, the cumulative investment
costs amount to EUR 126 billion (i.e., EUR 4 billion per year on average), in the tertiary
sector EUR 48 billion (i.e., EUR 1.4 billion per year on average) and in the electricity
and CHP sector EUR 39 billion (i.e., EUR 1.1 billion per year on average), and industrial
investments related to energy processes or energy management amount to EUR 19 billion
(i.e., EUR 0.5 billion per year on average). The total cumulative investment costs over
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35 years in the NECP reference scenario amount to a total of EUR 591 billion (EUR 17 billion
on average per year).

In terms of dynamics, investment in the energy sector for electricity and heat genera-
tion and in households grow the most over time (see Figure 11). Newly installed nuclear
units in 2040 in all scenarios (exogenous assumption) except CPRICE increase the invest-
ment in electricity and heat generation by EUR 13 billion (NECP_zero, NECP, REG) and
EUR 20 billion (REF). In the NECP scenario, investment in new nuclear power plants
accounts for one-third of all investment in the electricity and heat generation sector over
the whole period.
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In the NECP_zero and REG scenarios, which target GHG emission neutrality, the
investment costs in electricity and heat generation, households and the tertiary sector
increase significantly after 2045. In the last period between 2048 and 2052, investment costs
in the electricity and CHP sector are EUR 15 billion (+335%, i.e., EUR 3 billion per year on
average) higher in NECP_zero than in the NECP scenario. In the tertiary sector, including
public institutions, investment costs are EUR 6 billion (+75%, i.e., EUR 1.1 billion per year
on average) higher in this period.

In REG, investment costs in the electricity and CHP sector are EUR 16 billion (+365%,
i.e., EUR 3.2 billion per year on average) higher than in the NECP scenario over the period
2048–2052. In the tertiary sector, including public institutions, investment costs are EUR
5 billion (+63%, i.e., EUR 1 billion per year on average) higher in this period than in the
NECP scenario.

For comparison, the gross fixed capital formation of the whole Czech economy was
EUR 57 billion in 2020 [50], and the annual average of induced investment for the NECP
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reference scenario is around EUR 17 billion [50]. For the REG scenario in the period 2048 to
2050, in which the average annual additional investment costs are not higher, they represent
around 13% of the total gross fixed capital formation of the pandemic year 2020. In this
comparison, the average annual additional investment in the electricity and CHP sector
represents less than 6% of the total gross fixed capital formation in 2020.

The CPRICE scenario has the lowest total investment costs over the whole period,
with the largest decreases in investment in electricity generation and CHP (no new nuclear
units plus net electricity imports) compared to the other scenarios, while investment mainly
in households and fleet renewal is higher than in the NECP and REF scenarios, which also
do not have a 2050 emissions target.

Annualized costs spread the investment costs over time according to the expected
lifetime of the investment. In addition to the annualized investment, the energy (fuel) costs,
operating costs and the cost of emission allowances are added to the total annualized costs.

Investments before 2020 are not quantified in the model, so energy costs are higher
than annualized investment costs until 2025, after which annualized investment costs have
the largest share of total annualized costs and account for more than half of total annualized
costs in 2050.

Energy costs do not rise significantly over time. The cost of emission allowances
(EUAs) differs the most between scenarios. The CPRICE scenario has the highest projected
cost of an emission allowance and extends the emission allowance system to transport and
buildings from 2030 onwards; therefore, it has the highest cost of acquiring EUAs.

Annualized investment support includes support from envisaged subsidy programs.
We assume a total volume of investment support for energy savings and new sources of
heat and electricity in households and enterprises in the aggregate amount of 20 billion.
A previous study on the development of renewable sources in Czechia up to 2030 [23],
however, showed that even the scenario with the originally planned volume of RES support
from the Modernisation Fund of EUR 2.8 billion does not lead to a greater development of
RESs than that foreseen in the National Plan.

Figures 12 and 13 show the absolute level of annualized costs and their difference
from the NECP scenario.
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Compared to the NECP scenario, the increased annualized investment, variable and
fixed costs (and in the case of the CPRICE scenario also the cost of EUA emission allowances)
are offset by at least two-thirds by lower energy costs in all scenarios. Energy costs are
lower due to lower assumed fossil fuel prices and lower energy consumption compared to
the NECP scenario.

4.7. Composition of the Vehicle Fleet

The composition of the vehicle fleet does not differ significantly between the scenarios,
given the slow pace of its renewal. In 2030, there is a clear presence of battery electric
vehicles (BEVs), which gradually become the dominant powertrain in passenger cars
(Figure 14). Hydrogen propulsion is also represented from 2040 onwards but does not
grow significantly in the following years. Still, the number of ICE cars keeps growing in all
scenarios until 2035, after which they are displaced mainly by BEVs.

For other vehicles, the largest differences between scenarios are seen in the medium
and heavy goods vehicles and bus categories. In the NECP_zero and REG scenarios,
hydrogen buses account for about 15% of the total number of buses in 2050. Emission
trading extension to the transport sector (CPRICE) or a strict emission target (NECP_zero
and REG) leads to a higher share of electric vehicles in the medium goods vehicles category
at the expense of hybrids (Figure 15). For the same reasons, hydrogen vehicles are more
prominent in the CPRICE, NECP_zero and REG scenarios in 2050.
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5. Discussion

Our modeling shows that achieving a 55% reduction in total GHG emissions by 2030
is realistic for a small open economy such as that of Czechia, mainly due to emission
reductions in the EU ETS sectors. Only the NECP and NECP_zero scenarios fail to meet
the 2030 target due to positive GHG emissions from LULUCF. However, based on the
results of other scenarios and other studies, higher prices for EUAs or fossil fuels—which
Europe has been facing since the post-COVID recovery [51]—might lead to further GHG
emissions reduction. On the other hand, the pace of GHG emission reductions in the
non-ETS sectors is slow in all scenarios, which is also due to the increasing demand for
energy services. In 2030, GHG emissions in the ESR sectors are reduced by 15 (REG) to 22%
(NECP and NECP_zero) compared to 2005. In contrast, climate neutrality is not achieved in
any scenario by 2050, and 10 Mt CO2ek remains in the NECP_zero and REG scenarios even
when accounting for emission sinks from LULUCF and CCS. There are several reasons for
this, primarily stemming from modeling assumptions. First, all scenarios assume national
self-sufficiency in renewables, hydrogen production and electricity generation, and the
modeling results clearly show how restricting these assumptions are, especially for the
decarbonization of industry. Second, two sectors with non-negligible GHG emissions,
agriculture and waste, are not directly modeled and the emission trajectories used for
them are not in line with ambitious climate policies that will strive for deeper uptake of
circularity principles and waste hierarchy, progressive uptake of GHG abatement practices
in livestock and farming practices as well as profound dietary changes in the population.
Third, the imposed maximum potentials of solar and wind are rather conservative, and can
be overcome with the deployment of more advanced technologies and better coordination.
Fourth, the assumptions about the costs of emissions allowances and fossil fuels represent
an outlook prior to the Russian aggression on Ukraine. Everything that follows, including
full or partial embargoes on imports of coal, oil and gas from Russia and a large shift
to LNG imports, will likely have a lasting effect on energy prices, energy policies and
consequently entire energy systems.

Importantly, even under rather restrictive assumptions about self-sufficiency and the
maximal potentials of renewable energy sources, these are projected to make an increasing
contribution to meeting energy needs in all scenarios. The share of RESs in final energy
consumption rises to 21–25% by 2030 and to 39–49% by 2050. Compared to today, the use of
ambient energy in heat pumps, solar energy and, after 2040, geothermal and wind energy
increases in particular. It is worth noting that solar energy deployment is constrained by
the assumed maximum annual installation of 1 GWe of PV, with this limit being reached
in one or two five-year periods between 2025 and 2040 in all the scenarios. The RES
share predicted for Czechia in European Commission’s REF2020 scenario and the three
core policy scenarios presented along with Fit for 55 impact assessment [2] is broadly
comparable to our results. In the REF2020 scenario, the share of RESs in gross final energy
consumption is predicted to increase to 22.6% in 2030 and 32.1% in 2050. In core policy
scenarios, the RES share in 2030 increases to 27.9%, 28.5% and 31.3% in MIX-CP, MIX
and REG scenarios, respectively. The results of less ambitious scenarios for 2030 from
older Czech studies [18,21,23] are comparable to NECP and NECP_zero results in 2030; the
results of the most ambitious [19,22,23] are comparable to the CPRICE and REG scenarios
in 2030.

We also show that the costs of decarbonization will be substantial, but there will also be
savings, some of which we have estimated, and vast benefits from climate change mitigation
that are not reflected in the analysis. Savings and energy efficiency improvements are
crucial to achieving emission targets, and among other measures, the extension of the
ETS to buildings and road transport seems particularly relevant. A clear downward trend
in primary energy consumption is portrayed in all scenarios modeled, with a 24–30%
decrease in 2050 compared to 2015, with a slightly more moderate decrease in final energy
consumption, being 12.5 to 20% lower in 2050 than in 2015. In this respect, the REF2020
scenario predicts a 23% reduction in primary energy consumption by 2030 and beyond,



Energies 2023, 16, 2152 21 of 24

while core policy scenarios predict 28%, 30% and 30% reductions by 2030 in the MIX-CP,
MIX and REG scenarios, respectively. Final energy consumption is predicted to decline
by 10% by 2030 and 13% by 2050 in REF2020 scenario, and by 14%, 16% and 16% in the
MIX-CP, MIX and REG scenarios, respectively.

The huge volume of required investment costs is partly concealed by the fact that
the bulk of the investment goes into the renewal of the road vehicle fleet, which is largely
routine. This can be seen in Figure 10, where the difference against a baseline scenario is
portrayed. The other single investment item is the new nuclear power plant with estimated
overnight costs of EUR 13 or 20 billion depending on installed capacity. This roughly
corresponds to one-third of all investment in the electricity and heat generation sector in
the baseline (NECP) scenario, and when the decision on the investment is left to the cost
optimization algorithm, no new nuclear power plant is installed (CPRICE scenario), and
the import of electricity increases to almost 20%.

6. Conclusions

The paper applies the energy optimization model TIMES-CZ to analyze Czechia’s
ability to meet the climate targets by 2030 and 2050. The TIMES-CZ model covers the
whole energy balance of Czechia, including power, heat, industry and the residential sector,
and a vehicle module accounting for flow–stock. We define a baseline scenario (NECP)
derived from the National Energy and Climate Plan and three policy scenarios (CPRICE,
REF, REG) to assess the impacts of the extension of the EU ETS to buildings and transport
(EU ETS 2) and the coal phase-out on the Czech energy system. The REG scenario aims
at approaching climate neutrality in 2050. In addition, the NECP_zero scenario does not
assess the impacts of EU ETS 2 or coal phase-out but searches for the optimal path to
achieving climate neutrality in 2050.

Our results show that achieving a 55% reduction in total GHG emissions by 2030 is
realistic even in Czechia. Only the NECP and NECP_zero scenarios, which assume pre-
COVID prices for EUAs and fossil fuels, fail to meet the 2030 target due to positive GHG
emissions from LULUCF. In contrast, climate neutrality is not achieved in any scenario by
2050, and 10 Mt CO2ek remains in the NECP_zero and REG scenarios even when accounting
for emission sinks from LULUCF and CCS.

Emphasizing energy efficiency is one of the key measures for successful decarboniza-
tion. NECP_zero, the most ambitious scenario, reduces final energy consumption by only
20% compared to the 2015 levels and fails to meet carbon neutrality by 2050.

However, the scenario assumptions and model limitations should be considered in the
interpretation of the results. Scaling up green hydrogen production in the EU and imports
to the EU [52] would enable us to relax our conservative assumption about Czechia’s
self-sufficiency in hydrogen production. This would allow a deeper decarbonization of the
metallurgy and chemical industry.

From an investors’ point of view, the presented results should be taken with a grain of
salt. The TIMES-CZ model does not take into account the investment risks in addition to
differentiating the discount rate sector and technology type (from 7 up to 12%) to calculate
the net present value of the cost and revenue stream for the respective technologies. It does
not consider the predictability of national, regional and local policies, the stringency of
different state aid regimes or other political influences that may affect investment decisions,
the length of approval by public authorities or public acceptability. One can be wary in this
respect based on the previous de facto dismantling of the feed-in-tariff scheme for PV in
Czechia in several steps between 2010 and 2014 [53].

The cumulative capital cost of the baseline (NECP) scenario is EUR 592 billion, but
the largest difference in the cumulative capital cost from the NECP scenario is 6% or EUR
36 billion. At the same time, Czechia has a tremendous opportunity to use the substantial
financial resources available for climate policies from EU funds. It is estimated that the
key funds—European Structural and Investment Funds, Just Transition Fund, Recovery
and Resilience Facility, Modernization Fund, Innovation Fund and the newly proposed
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Social Climate Fund—will provide around CZK 450–800 billion (approx. EUR 18–32 billion)
by 2030 [54], and more funding in the subsequent Multiannual Financial Framework, to
support a rapid but socially just transition to climate neutrality in Czechia.
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23. Rečka, L.; Ščasný, M.; Máca, V.; Kopečná, V. Rozvoj Obnovitelných Zdrojů v ČR Do Roku 2030; Charles University Environment
Centre: Prague, Czech Republic, 2021.
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