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Abstract: Forests are a potentially carbon-negative energy source and function as carbon sinks. How-
ever, both of these functions have become threatened significantly by spruce bark beetle infestation
in Czechia. This paper assesses how this ecological issue may affect the future energy mix, and in the
process, affect carbon emission reduction targets and the available share of renewable energy sources
(RESs). We assess several forest development scenarios with three policy incentives: subsidising
wood pellet production, striving for climate neutrality, and adhering to ecological constraints. We
build a spatially enriched energy system model, TIMES-CZ, based on Eurostat’s NUTS3 regions. We
find that the spruce bark beetle infestation may not exert a lasting influence on overall decarbonisation
pathways, the energy mix, or system-wide costs in any forest scenario. The RESs share is affected
only until 2030, and the effect is minimal, at <1.5 percentage points. Nevertheless, Czechia’s RES
contribution is far below the 45% 2030 EU target. Subsidising wood pellet production is a costly
transition that does not contribute to meeting the target. Limiting forest biomass availability and
adhering to ecological constraints increase the overall system costs and worsen the chances of meeting
decarbonisation targets.

Keywords: energy system modelling; TIMES model; biomass energy; spatial granularity;
decarbonisation; spruce bark beetle infestation

1. Introduction

One way to combat climate change is to promote renewable energy sources (RESs).
Most countries worldwide support RES investment and have set targets to increase their
share in total energy consumption. The European Parliament agreed—on 17 September
2023—to boost the deployment of renewable energy in line with the European Green Deal
and REPowerEU plans. This update of the Renewable Energy Directive (RED) increases
the share of renewables in EU final energy consumption to 42.5% by 2030, whilst the EU
Member States should strive to achieve 45%.

Following this legislation, in September 2023, the Czech government prepared the
actualisation of its National Energy and Climate Plan, which relies heavily on combining
renewable and nuclear energy sources. To date, biomass has been the most crucial source
of clean energy in Czechia, as has been the case in most central European countries. Due to
the limited capacity of biomass, other renewable energy sources—wind and, in particular,
solar energy—will become more important sources of clean energy in the future energy mix.
However, biomass has the potential to be a flexible source, unlike many other RESs, because
it can be burnt in conventional power plants. One drawback, though, is that forests can be
some distance from power plants, and transporting biomass can be costly [1], limiting its
economic potential.

Moreover, the central European region has recently experienced a spruce bark beetle
infestation [2], which has cast doubt on the medium and long-term accessibility of forest
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biomass for energy production. This paper analyses the role of forest biomass in the
decarbonisation of the Czech energy system, considering the EU requirements, ecological
constraints, and economic limitations, by using a spatially enriched energy system model.

The need to practice reliable and science-based energy system modelling (ESM) has
been growing as a direct response to policymakers’ calls for strategies and plans to reach
a carbon-neutral future. Although many such models have been built and applied for
decades, they still face multiple modelling challenges to providing realistic and effective
energy transition plans. Energy system optimisation models search to identify cost-minimal
pathways, assuming perfect behaviour from a central planner’s perspective and neglecting
decision making under uncertainties or biased perceptions and behaviour. This modelling
feature often leads to inaccurate assumptions regarding the requirements of a successful
energy transition. As a result, ESM underestimates the required capacities for power
generation, storage, and transmission compared with real-world energy systems, which is
a phenomenon known as the “economic granularity gap” [3]. Furthermore, a review by
Fodstad et al. [4] identifies four main challenges in ESM: the handling of several energy
carriers within the system analysed, how uncertainty is dealt with, the integration of energy
transition dynamics and energy behaviour, and the integration of different scales regarding
time and space; the latter aspect has also been most frequently identified as the main
modelling challenge in previous reviews.

The first contribution of our paper is to enrich the literature that deals with spatial
resolution in cost-optimisation ESM. In principle, the spatial granularity of the model can
be improved by linking ESM to a Geographic Information System (GIS) or by increasing the
resolution of the model with respect to space. While the former involves an assessment of
meteorological conditions, and the deployment and expansion of energy infrastructure or
land availability, the latter modifies model granularity to realistically map the potential and
availability of RESs or to analyse optimal power-plant siting (see more in ref. [5]). Because
transporting biomass to a power/heat plant can entail considerable costs, GIS linkage or
finer spatial granularity allows the model to consider distances directly in energy system
cost optimisation.

There are several examples of studies that have implemented regional aggregation of
electricity and climate data: see, for instance, refs. [6—-12]. Maimd-Far et al. [13] analyse the
effects of spatial granularity on an optimal renewable (wind and solar) energy portfolio
in Spain. However, literature on spatially enriched ESM is relatively recent and sparse [5].
Resch et al. [14] and Ramirez Camargo and Stoeglehner [15] discuss the integration of
spatial resolution and ESM but mainly focus on GIS applications, while other studies
have aimed to investigate how spatial data aggregation improves the precision of results
(e.g., [16]). A very recent review by Martinez-Gordén et al. [5] identifies several ESM
applications based on a finer spatial resolution in biomass energy; however, the majority
of the applications aim to analyse optimal locations of biomass power plants based on
proximity to biomass sources, including transportation costs. Three other studies have
aimed to calculate the potential and availability of certain types of biomass; however,
these studies have focused only on limited biomass sources, such as residual biomass [17],
biomass from agricultural land [18], or biomass planted on marginal lands [19].

We enrich the TIMES [20-22] energy system optimisation model by splitting three
components of the otherwise country-wide ESM—forest biomass availability, power and
heat, and industry production and energy services consumption—into 14 relatively small
sub-systems (~23000-11,000 km?) defined by EUROSTAT’s NUTS3 regions. This allows us to
vary the transportation costs of biomass by distance from the sources to the generation units
(grouped into 14 sub-systems) and, hence, to evaluate the economic costs of biomass more
precisely. The level of granularity in the TIMES-CZ model is beneficial in a number of ways.
Because forest biomass is not evenly distributed throughout the country, a regionalised
model more accurately reflects the costs associated with transporting forest biomass. For
example, forest biomass is abundant in southwestern Czechia. As the cost of transporting
biomass increases with distance, a regionalised TIMES-CZ model can make more informed
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decisions on where to establish new biomass-burning or co-burning facilities. Increasing
spatial granularity also brings our TIMES-CZ model closer to the real-world energy system.
To the best of our knowledge, no comprehensive regionalisation of any optimisation ESM
has been conducted prior to this study.

The second contribution of this paper is its evaluation of the potential impact of the
spruce bark beetle infestation on the Czech energy system until 2050. Before the infestation,
spruce trees made up roughly half of Czech forests [23]. Prolonged periods of drought and
increased temperatures, together with bark beetles, have been quickly destroying spruce
trees since 2012. The paths through which the spruce bark beetle infestation may evolve up
to 2070 have recently been conceptualised by the Institute for Forest Ecosystem Research
(IFER), which built four possible scenarios on the availability of forest biomass given the
spread of spruce beetles and the Land Use, Land Use Change, and Forestry (LULUCEF) [24].
Based on these scenarios, we quantify the potential availability of forest biomass for energy
purposes. Because forest biomass is unequally distributed across regions and the spruce
beetle infestation is not uniform [25], our regionalisation of forest and energy system
modelling was performed using the same spatial granularity.

Applying our spatially enriched TIMES-CZ model, we analyse impacts on the energy
mix, decarbonisation efforts, and final allocation of forest biomass resources up to 2050.
Specifically, we incorporate forest biomass projections, based on Cienciala and Melichar [24],
into our regionalised TIMES-CZ model. The previous version of the TIMES-CZ model [26]
had limited ability to distinguish energy production and demand technologies by location.
The model employed in this paper offers a spatial resolution that more effectively accounts
for potential transportation costs. It identifies a more realistic allocation of final energy
resources and the decisions on where to install new heat and power plants.

Third, our paper contributes to the current literature by examining the role of forest
biomass in achieving greenhouse gas emission (GHG) reduction targets in Czechia, con-
sidering that forests have become heavily infested with spruce bark beetles in the last ten
years. We analyse energy system pathways, GHG emissions, and RES targets for four main
‘ecological’ scenarios on forest development in Czechia: RED anticipates that the spruce
beetle infestation will subside, GREEN assumes the infestation will end soon, and 6% more
timber can be harvested. In BLACK, the infestation will continue to spread in Western
regions, and in BLACK-REDP, it will resurge every ten years. We then change policy mea-
sures and GHG emissions targets in the following three RED scenarios: RED-P50 assumes
a 50% production cost subsidy on wood pellets, RED-HH requires the exclusive use of
biomass in households, starting from 2035 in accordance with ecological requirements, in
order to maximise biomass remaining in forests, and RED-0 is the only scenario in which
GHG emissions are set to be reduced to near-zero, reaching a maximum emission balance
of 2.2 Mt by 2050. Our main research question is whether the availability of forest biomass
affected by the bark beetle infestation and biomass costs could pose challenges for Czechia
to contribute sufficiently to the EU’s 2030 RES target and to achieve climate neutrality
by 2050.

The rest of this paper is structured as follows. Section 2 describes the model and data.
The next section describes the scenarios and the key assumptions. Section 4 presents and
discusses the results of the modelling. Section 5 concludes.

2. The Regionalised TIMES-CZ Model and Biomass Availability

TIMES is an energy system optimisation model that operates from a bottom-up per-
spective. It seeks the most cost-effective path to fulfil energy service demands under given
constraints. The TIMES is developed and maintained as part of the Energy Technology Sys-
tem Analyses Program (ETSAP) by the International Energy Agency (IEA) [27]. Originally,
the TIMES-CZ model was based on the Czech region of the pan-European TIMES PanEu
model, which was developed by the Institute of Energy Economics and Rational Energy
Use at the University of Stuttgart [28]. Since the introduction of the initial version, the
TIMES-CZ model has undergone enhancements, including the incorporation of individual



Energies 2023, 16, 7380

40f18

facilities operating within the scope of the EU Emission Trading System (EU ETS) [20,21]
and the inclusion of a comprehensive transportation module [26].

In this paper, we update and extend the TIMES-CZ model considerably in several
ways. We update the base year of the model to 2019. Although data for 2020 were available,
we chose 2019 to avoid bias caused by the COVID-19 pandemic restrictions in 2020. We
split three components of the otherwise country-wide ESM—forest biomass availability,
power and heat, and industry production and energy services consumption—into 14
relatively small sub-systems (~3000-11,000 km?) defined by EUROSTAT’s NUTS3 regions.
We use individual data on facilities participating in the EU ETS scheme, annual reports
on electricity and heat grids [29,30], regional energy balances [31], and sample surveys
on energy consumption in households [32] to divide data on power, heat, and industry
production and energy services consumption into 14 NUTS3 regions. Figure 1 represents
regionalised Czechia. Only transport and non-energy-intensive industry production remain
aggregated at the level of Czechia as a single region due to a lack of regionalised data in
this area.

Figure 1. Czech NUTS 3 regions: the building blocks of our regionalised TIMES-CZ model.

We categorise forest biomass based on both the harvesting method and its form of
energy utilisation. Additionally, we incorporate the forest biomass development scenar-
ios projected by Cienciala and Melichar [24] to estimate biomass availability for energy
purposes. Further elaboration on this biomass extension is provided in subsequent sections.

Spruce bark beetles have become a major problem for Czech forests since 2012 [23].
These beetles destroy massive areas of forests, as spruce is one of the most widespread
species of trees [33]. With climate warming, bark beetles multiply even faster [25], and
the pace of felling trees and removing them from the forests has failed to keep pace. The
infestation threatens the availability of biomass for various purposes, including energy.
Our paper focuses exclusively on forest biomass and does not consider biomass from
agricultural and marginal lands, unlike Knédpek et al. [18]. Therefore, when we mention
biomass in the text, we imply solely forest biomass.

IFER analysed possible pathways for managing and adapting Czech forests to respond
to the challenge [24]. They designed four possible scenarios envisioning forest develop-
ment and the amount of timber harvested, taking into account probable changes in forest
management and the impact of spruce bark beetle infestation. Considering these scenarios,
we calculated the percentage of biomass available for energy purposes, factoring in the past
patterns of all potential uses of forest biomass (e.g., energy, timber, production of furniture,
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pulp, and paper). These scenarios include all types of biomass, both softwoods and hard-
woods, which are referred to as conifers and broadleaf, respectively. Biomass is classified
into three narrower categories based on its most likely use: firewood, forest chips, and
white chips. This classification indicates the quality of the wood itself but not necessarily its
final state. For example, white chips are raw materials and can be transformed into wood
pellets, but they may be used for other purposes—retaining their original state.

In the following, we define all four scenarios. The RED scenario, which we use as the
baseline, anticipates that the spruce beetle infestation will subside. The GREEN scenario
predicts that the infestation will end sooner than in RED and enable a 6% greater timber
harvest than in the other scenarios. The BLACK scenario conjectures that the infestation will
spread into more western regions given the riskiness level involved, and finally, the BLACK-
REP scenario envisions that the infestation will repeat every decade. Figure 2 depicts the
maximum possible amount of biomass harvest for energy purposes by categories under
these four scenarios.

2019 2025 2030 2035 2040 2045 2050

L
!_l!
EESE
EEEE
. | biomass
. Fiirewood broadleaf
. Firewood conifer
. Forest chips
White chips

1601

140+

1204

1004

80

PJ

60

40+

201

— — — — — — —
o o o o o o o

w w w w w w w

x Z @ x Z x Z x x Z @ x Z o x Z x Z
oow J o ooQow 3 o oooQow 300w 3o o0ow o o0oow o0 w
WX WX WXy WOI WX WXWx WLy Wxlyx mogWx
¥ J ¥ O X J x o ¥ J ¥ O ¥ Jx o ¥ Jx o ¥ Jx o ¥ J o O
o O < o O < o 0 < o O < o O < o O < o O <

3 =5 3 ] 3 S 3

o [1a] m o [1a] o [1a]

Scenario

Figure 2. Biomass availability for energy purposes 2019-2050, broken down into four products based
on their most likely use. Source: Authors” computations based on Cienciala and Melichar [24].

Figure 2 shows four biomass products. For firewood, the authors consider the dis-
tinctions between broadleaf and conifer relevant, while such a distinction is not crucial
for forest chips and white chips. In the model, firewood and white chips are primarily
used in the residential sector, because most white chips are transformed into wood pellets.
In contrast, forest chips are favoured for power, heat production and industrial sectors.
Figure 2 depicts the maximum possible supply of each type. To avoid the unnecessary
conversion of biomass into more expensive products, such as wood pellets, the model
directs unprocessed white chips to power, heat, and industry. From Figure 2, it is clear that
the largest differences between forest biomass development scenarios occur in 2025-2035.
Nevertheless, the magnitude may not be large enough to create significant differences in
the final allocation of resources. The figure also demonstrates the lasting nature of the
infestation, especially up to the year 2035. This infestation significantly diminishes biomass
availability by more than 14% in both the RED and BLACK scenarios. The biomass flows
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in the TIMES-CZ model are shown in Figure 3. To produce biomass products, we assume a
stepwise cost function with decreasing returns to scale in Table 1.

— Residential

Conifer
Firewood

Broadleaf Industry
Biomass i -
products Forest chips
Commercial
Agriculture

White chips \
Wood pellets

Figure 3. Biomass flows in the TIMES-CZ model from biomass products to the power and heat (P&H)
sector and final energy consumption sectors.

Table 1. Costs of biomass production, stepwise cost function, in €/GJ (2015 prices).

Biomass Product Cost Steps

Firewood conifer 0.1,9.5,11.1,12.7,14.3

Firewood broadleaf 10.8,15.0

Wood Pellets 12.0,12.5,13,13.5,14.1,14.6,15.1, 15.6
White chips 6.3

Forest chips 4.7,5.1,5.5,5.9,6.3

Note: We assume a stepwise production cost function of biomass products with decreasing returns to scale.
The number of equal steps in the production cost function within each biomass product increases with the total
availability of the biomass product. The biomass available for energy purposes, estimated on the basis of IFER
data [24], is 27 PJ less than the biomass consumption in the energy balance in 2019 [34]. This gap is assumed to
represent the households” own firewood production, which we have assumed to have close to zero cost. Source:
Czech Statistical Office accessed on 5 August 2023 https://www.czso.cz/csu/czso/indexy-cen-v-lesnictvi-
surove-drivi-4-ctvrtleti-2019 [35].

Our regionalised TIMES-CZ model considers distance-specific and time-variant trans-
portation costs. Our assumptions on moisture, gross calorific value, weight, and truck
volume capacity to calculate average transportation costs for different biomass products
are described in Table 2.

Table 2. Assumptions used to calculate transportation costs of biomass per trip.

Gross Calorific

Biomass Product Volume (m®) Weight (kg/m3) Moisture (%)

Value (M]/kg)
Firewood conifer 9 340 15.6 15
Firewood broadleaf 9 475 14.6 15
Wood pellets 4-5* - 18 10
Forest chips 85 170 16.4 10

Notes: * Tons, rather than cubic metres, are used to measure the size of wood pellets per trip. Typical homeowners
use about 4-5 tonnes of wood pellets per year. Forest chips are primarily used in the power, heat, and industrial
sectors, where transporting larger quantities in one trip is more likely; we assume the maximum capacity of a
track at 85 m® [36]. Source: [36-41].

Wood pellets and briquettes made from white chips are available from online shops
for fixed transportation costs of around €55. Given our assumptions listed in Table 2, the
transportation of wood pellets costs about 0.8 €/G]J regardless of the distance.
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Calculating the transportation cost of firewood is more complex. Firewood is typically
sold in one-cubic-meter pallets, where depending on whether the wood is stacked or not,
weight and embodied energy will differ [39]. Coniferous firewood is lighter and has less
embodied energy than broadleaf firewood per cubic meter. Furthermore, the maximum
transportation volume by service providers is limited. We rely on average figures and
assume nine cubic meters of capacity (if stacked) to calculate the total embodied energy
transported per trip. According to ref. [39], one cubic meter of wood pallet contains
roughly 475 kg of broadleaf wood with a gross calorific value of 14.6 M]/kg and 340 kg of
coniferous wood with a gross calorific value of 15.6 MJ/kg with a moisture content of 15%.
The embodied energy Ej carried per trip is then a product of volume, weight and gross
calorific value (and 1000 to obtain GJ).

To calculate the total biomass transportation cost per trip, we first derive a 14 x 14
distance matrix between the centres of Czech regions to allow for trade between them.
Because transportation companies typically charge for both the outbound and inbound
transportation of biomass, we double the distance between regions i and j (D;;). Based on
a review of the offers by transportation companies, we obtain the average transportation
cost per kilometre (Cp) that is increasing over time t due to pricing fuel within the EU
ETS2 (column 3, Table 3) and k = 1.08 kg CO,/km (we assume large transport trucks
consume roughly 0.4 L of diesel per kilometre [40] and each litre of diesel produces 2.7 kg
of CO; [41], giving k = 1.08 [kg CO, /km]). Dividing the total transportation cost between
two regions i and j by the embodied energy E; of transported biomass product b, we obtain
transportation costs TCpy;;, which are expressed in €/G]J between regions i and j by biomass
products b:

2 X Dij X (Co + EUA2; x k)
Ep

In the model, we also assume the transport of biomass from the regions to the aggregate

region of Czechia. We calculate the distance from each region to the Czechia region as an

average of all distances, excluding Prague and Brno, where the availability of biomass is
not significant. For the rest of the calculations, Equation (1) applies.

TCprij = , 1,j€[0,14] M

Table 3. EUA carbon price trajectory.

Year EUA1 EUA2
2030 75 47
2035 113 131
2040 235 216
2045 339 301
2050 386 386

Notes: The EUA ETS prices are expressed in €2015/tCO,. The EUA’s projections are based on the recommendation
of the European Commission on Harmonised Common Trajectories for the With Additional Measures (WAM)
Scenario, HCT 2023 WAM [42]. EUA2 represents the revised ETS price trajectory linked to the ETS2 package,
commencing at €47 and linearly converging to match EUA1 prices by 2050.

3. Scenarios

This paper primarily examines how different trajectories of forest biomass develop-
ment will influence the overall energy composition of the Czech economy and Czechia’s
efforts to attain climate neutrality. We do not present a business-as-usual scenario, as seen
in Re¢ka et al. [26]. Our scenarios share common assumptions about prices, the potential
of photovoltaic (PV) and wind energy, and the potential of electricity and hydrogen im-
ports, along with energy service demand projections. The variable availability of biomass
depicted in Figure 2 is the only difference among our first four scenarios (RED, BLACK,
GREEN, BLACK-REP).

We also evaluate three policies using the RED scenario as a baseline. RED-0 requires an
exogenous reduction in GHG emissions, resulting in a maximum of 2.2 megaton emissions
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balance in 2050. The purpose of the policy evaluation is to see whether increased pressure
to reduce emissions would encourage renewable production. The RED-HH assumes that
starting from 2035, biomass available from forests can only be used by households, meaning
that forest chips are no longer available for power, heat, and industrial sectors. This scenario
aligns with ecological requirements, maximising the biomass that remains in the forest. The
goal of this scenario is to see how the ‘ecological’ requirements—limiting the availability
of biomass—would affect the overall energy mix and annualised system costs. Finally,
RED-P50 considers a 50% production cost subsidy on wood pellets for households from
2025 onwards. Here, the objective is to investigate whether these subsidies facilitate the
full utilisation of biomass resources. All the scenarios are briefly described in Table 4.

Table 4. Description of scenarios.

Scenario Name Carbon Pricing GHG Cap Biomass Consumption Subsidies

RED HCT WAM NO ALL sectors NO

Green HCT WAM NO ALL sectors NO

Black HCT WAM NO ALL sectors NO

Black-REP HCT WAM NO ALL sectors NO

RED-P50 HCT WAM NO Residential (since 2025)  50% production cost
RED-0 HCT WAM 3Mtin 2050 ALL sectors NO

RED-HH HCT WAM NO Residential (since 2035) NO

The prices of fossil fuels and emission allowances (EUAs) follow the trajectory of the
WAM scenario according to the recent HCT trajectory [42]. The price of EUA2 for buildings
and transport starts at €47 in 2030 and then converges linearly to the current EUA1 price
of 2050 (see Table 3). We assume energy-saving potentials in buildings according to the
progressive scenario of the Czech Strategy of Building Renovation [43]. The development of
new nuclear power plants is not constrained; however, our assumption is that 1450 MW of
new capacity will be installed around 2035. This assumption aligns with the expectations of
the Czech Ministry of Industry and the Ministry of Environment. The optimisation problem
within the model determines any potential installations beyond this 1450 MW threshold.
The profile of possible electricity imports is described according to the Czech Transmission
System Operator (CEPS) and assumes no bottlenecks. The maximum installed capacity of
wind farms and solar PV is limited to 7 GW and 30.1 GW in 2050, respectively. Hydrogen
imports are assumed to rise to 36.7 TWh in 2050. Carbon capture, use, and storage (CCUS)
is limited to 18 Mt of captured CO, emissions.

4. Results
4.1. Greenhouse Gas Emissions

Figure 4 illustrates greenhouse gas (GHG) emissions across all scenarios, which are
categorised by their primary sources of emissions. Meanwhile, the total GHG emissions
decline in all scenarios, reaching 10-20 Mt of CO,e in 2050. The exception is RED-0, which
reaches the pre-defined (exogenous) cap of 2.2 Mt of COye in 2050. We note that the near
zero-carbon level in RED-0 is achieved without any further increase in bioenergy with
carbon capture and storage (BECCS).

It is evident that even with a European Union Allowance (EUA) price of €386 (ex-
pressed in 2015 euros), climate neutrality by 2050 remains unattainable. The red dashed
line signifies the EU’s binding target of a 55% reduction in greenhouse gas emissions
for member countries by 2030 compared to 1990 levels, which is a goal that Czechia is
realistically poised to achieve across all scenarios.

In the RED-0 scenario, GHG emissions align with the 2.2 Mt COze cap in 2050, with this
cap being the sole driver of emissions reduction compared to other RED scenarios. Notably,
the RED-HH scenario exhibits relatively higher GHG emissions. In this scenario, only the
residential sector utilises biomass as an energy source starting from 2035, prompting other
sectors to replace biomass with alternative energy sources, primarily natural gas. In this
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particular situation, BECCS, which could have reduced GHG emissions by 4-4.5 megatons
in 2045 and 2050, as seen in other scenarios, is unavailable.
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Figure 4. Total greenhouse gas emissions, Czechia, 2025-2050. Notes: ETS1 represents the current
scope of EU ETS. LULUCF accounts for emissions or carbon savings associated with Land Use, Land
Use Change, and Forestry. ESR covers the remaining sectors and small industrial installations. BECCS
refers to biomass combustion installations equipped with carbon capture and storage (CCS), resulting
in a negative emissions balance. The red dashed line indicates the EU target to reduce greenhouse
gas emissions by 55% in 2030 compared to 1990 levels.

The emissions associated with facilities included in the current EU Emission Trading
System (ETS1) substantially contribute to reducing GHG emissions. Additionally, sectors
covered by the extended system Effort Sharing Regulation (ESR), which includes areas
like agriculture, small industrial facilities, transportation, and buildings, also demonstrate
noteworthy reductions in GHG emissions [44]. Meanwhile, emissions linked to Land Use,
Land Use Change, and Forestry (LULUCF) are the primary factors driving variability in
GHG emissions across forest biomass development scenarios RED, BLACK, GREEN, and
BLACK-REP. This underscores the crucial role of forests in sequestering carbon emissions,
which appears to be more influential than fluctuations in forest biomass availability for
energy use. Therefore, based on Figure 4, it can be concluded that the spruce bark beetle
infestation does not impact decarbonisation pathways in the long term. In the BLACK-REP
and GREEN scenarios, LULUCF GHG emissions are negative in 2025 and 2030, while other
scenarios incur GHG emissions from forests. Lastly, it appears that using subsidies to
promote wood pellet use by households in the RED-P50 scenario does not contribute to
achieving GHG emission reduction goals compared to the RED scenario.

4.2. Primary Energy Sources

Figure 5 shows primary energy sources (PES) consumption spanning 2019 to 2050.
An estimation of all modelled scenarios delivers approximately a 30% decrease in the
consumption of PES. From 2040, there is a significant decrease in gas consumption, which
is primarily replaced by hydrogen, whereas brown coal will be almost phased out by 2035.
Limiting biomass to household consumption RED-HH and pursuing ecological constraints
primarily involves substitution by natural gas and nuclear energy, with a GHG cap of a net
2.2 Mt in 2050. Conversely, in the RED-0 scenario, the primary replacements for natural gas
and oil include hydrogen, nuclear, and ambient heat technologies. Solar and wind energy
are maximally utilised in all scenarios. The degree of availability of biomass significantly
influences its usage in all scenarios, with only a temporary deviation occurring in 2040,
where biomass demand lags behind its increased availability.
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Figure 5. Primary energy sources, Czechia, 2019-2050.
4.3. Final Energy Consumption

Final energy consumption according to the model results is illustrated in Figure 6. As
a result of improvements in energy efficiency, there is a substantial reduction in total final
energy consumption across the entire timeframe, and this trend is consistent across almost
all scenarios. The sole exception is the RED-0 scenario, which notably exhibits lower final
energy consumption than the other scenarios, starting from 2040. In this scenario, there is a
decreased reliance on natural gas and an increased utilisation of hydrogen. The overarching
trend across all scenarios involves a shift away from more environmentally hazardous
technologies, such as petroleum-based fuels and coal, in favour of cleaner alternatives.
Figure 7 also highlights an overall increase in renewable energy shares across all scenarios.
In the RED-HH scenario, where biomass is allocated solely to residential use, there is a
reduction in biomass consumption in the final energy sector compared to the other scenarios.
In general, it seems that the spruce bark beetle infestation has no discernible impact on the
overall energy mix when we examine the forest biomass development scenarios, including
RED, BLACK, GREEN, and BLACK-REP.

2019 2025 2030 2035 2040 2045 2050

1000

Energy
Ambient heat

Biofuels

.lllll. ll..ll- Biogas

800

. Biomass

600

PJ

400
200

- Black coal

. Brown coal
Natural gas

. Coke

. Petroleum fuels

. Electricity

- Geothermal
Heat

. Hydrogen
Other
Solar
Waste

RED
BLACK
GREEN
BLACK_REP
RED_P50
RED_0
RED_HH

RED

BLACK

GREEN
BLACK_REP
RED_P50

RED_0

RED_HH

RED
BLACK
GREEN
BLACK_REP
RED_P50
RED_0
RED_HH

RED
BLACK
GREEN
BLACK_REP
RED_P50
RED_0
RED_HH

3
Q
@
1
2
°

RED_P50

RED
BLACK
GREEN
BLACK_REP
RED_0
RED_HH
RED
BLACK
GREEN
BLACK_REP
RED_P50
RED_0
RED_HH
RED
BLACK
GREEN
BLACK_REP
RED_P50
RED_0
RED_HH

Figure 6. Final energy consumption, Czechia, 2019-2050.
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Figure 7. Share of renewable energy sources in gross final energy consumption, Czechia, 2019-2050.

4.4. Share of Renewable Energy Sources

As depicted in Figure 7, the proportion of renewables within the overall energy mix
exhibits a consistent upward trajectory. By 2050, the model’s average projection anticipates
a 55% share of renewables. The RED-0 renewables reach almost 65% in 2050. However,
achieving the EU’s recommended target of 45% renewables by 2030 appears unlikely across
all scenarios. In Figure 7, it is noteworthy that subsidies aimed to encourage household use
of wood pellets (RED-HH) do not contribute significantly to achieving renewable energy
objectives. This intriguing observation prompts further investigation, and we will seek to
clarify this in the next subsection.

While the proportion of renewable energy sources is strictly increasing throughout the
period, the proportion of forest biomass within the overall renewable energy mix follows a
contrasting pattern. To illustrate, in 2019, the average share of biomass in total renewable
energy is approximately 12%, but it diminishes to an average of 7% by 2050. Within
the range of forest development scenarios, the more optimistic GREEN and BLACK-REP
scenarios stand out, with the share of renewable energy in gross final energy consumption
increasing by about one percentage point between 2025 and 2030 compared to the other
scenarios. Clearly, the spruce bark beetle infestation will exert only a transient, relatively
limited influence on renewable energy goals.

4.5. Biomass

Focusing on forest biomass, first, we repeat the claim that the regionalised TIMES-CZ
model increases the spatial resolution of the Czech energy system. In Figure 8, forest
biomass supply for energy purposes is more abundant in southwest Czechia. Due to the
increasing transportation costs with distance, regionalised TIMES-CZ allows more realistic
choices for locating new biomass-burning or co-burning plants. As the southwestern
regions of Czechia have the highest availability of forest biomass, it would be advantageous
to locate new biomass CHP plants in these regions.
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Figure 8. Forest biomass supply in RED scenario, by region, 2025-2050.

Figure 9 shows the final consumption of forest biomass by sectors, contrasting it
with the availability of biomass according to Figure 2. The utilisation of biomass as an
energy source does not fully align with the available biomass resources by 2040. This
discrepancy arises because timber harvesting experiences a slowdown between 2025 and
2035. With the reduced availability of biomass, the model adapts by incorporating new
technologies that are less reliant on biomass. Even though timber harvesting experiences a
significant resurgence in 2040, the replacement of previously installed technologies is not
instantaneous. Consequently, biomass consumption does not catch up as quickly as timber
harvesting recovers in 2040.
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Figure 9. Forest biomass consumption by sectors (bars) and its availability (black dots), 2019-2050.
Note: P&H stands for power and heat sector.

Another explanation for this mismatch is that some steps on the cost curve of the
broadleaf firewood and white chips are more expensive than natural gas. Subsidies of
biomass production may be one avenue that would help to unlock the full potential of
biomass, as illustrated in the RED-P50 scenario in 2040. Nonetheless, in other years, biomass
resources are already fully utilised, necessitating a thorough cost-benefit analysis before
subsidies are implemented. In fact, in the years 2045 and 2050, the subsidy policy seems
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counterproductive: the full potential of biomass is no longer being exploited compared
to the RED scenario. This occurrence can be attributed to the rise in household wood
pellet consumption, displacing other sectors and compelling them to consider alternative
technologies utilising different fuels.

Figure 9 also reveals other crucial trends. In all scenarios, the residential consumption of
biomass steadily declines over the period under review. The opposite is true for the power
and heat sector. Hence, large sources can absorb available biomass even at the expense
of households; nevertheless, from a system-wide perspective, this may appear to be more
efficient. A more detailed overview of the residential sector follows in Figures 10 and 11.
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Figure 11. Final energy consumption in the residential sector by purpose in Czechia 2019-2050.
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4.6. Residential Sector

The residential sector consumed more than 62% of all biomass energy in Czechia
in 2019. As this is substantial, we present detailed results of energy consumption in the
residential sector.

In all scenarios, residential sector energy consumption generally shows a downward
trend over time. Starting from 2035, district heating and biomass are predominantly
replaced by ambient heat and electricity used by heat pumps. Interestingly, in scenario
RED-0, which involves an exogenous reduction of GHG emissions to a net of 2.2 Mt in
2050, biomass does not appear to be the preferred choice in the residential sector. Instead,
ambient heat and solar energy gain prominence. This shift is influenced by the fact that the
power and heat sector and industry absorb most of the available biomass.

This observation is further supported by the RED-HH scenario, where the residential
sector does not face competition for biomass consumption from other sectors. As a result,
its biomass consumption exceeds that of the other scenarios. However, in this scenario, the
residential sector is not able to fully utilise the available potential of biomass energy.

Figure 11 offers a detailed breakdown of energy use within the residential sector,
which is categorised by its intended purposes. The ‘other’ category includes small electric
appliances like televisions. Notably, the most substantial portion of household energy
consumption is attributed to heating. The decline in energy demand by households is a
result of advancements in appliance efficiency and enhanced building insulation.

4.7. Annualised Costs

Figure 12 shows the difference in total annualised system-wide costs compared to
a reference scenario, which is RED. The annualised total system-wide costs include the
sum of investments, expenditures for energy and EUAs, and fixed and variable costs
of technologies) and are shown from an energy system perspective, i.e., after deducting
subsidies for clean technologies or wood pellet production. The subsidy for wood pellet
production is included in the price of wood pellets, i.e., in the energy category. The bars
show the costs per category, and the black dots show the totals. When the bars or black dots
appear below (above) the zero line, the costs are lower (higher) than in the RED scenario.
For example, the total annualised costs in RED-P50 are around €175 million lower each
year in 2028-2032 than in RED; cumulatively, these costs are €875 million lower over the
same five years.

It is noteworthy that none of the four forest development scenarios differs significantly
from the others, indicating that the impact of the spruce bark beetle infestation on energy
system costs is very limited.

However, regarding the three policy scenarios, we observe notable spikes in annualised
total costs, particularly in the case of the RED-HH and RED-0 scenarios. The RED-HH
scenario is the only one in which annual costs significantly exceed the costs of all four forest
scenarios, starting from 2035. This occurs because adhering to ecological constraints forces
the system to rely on costlier and more carbon-intensive fuels, substantially increasing
the system costs. Because the availability of forest biomass is constrained in the RED-HH
scenario, higher carbon emissions result in higher payments on EUAs. The scenario is the
most expensive, costing €16 billion more than RED.

For the RED-0 scenario, total annualised costs significantly surpass the costs in RED
baseline only in 2050, because the scenario requires reducing greenhouse gas emissions to
a net 2.2 million tons by 2050. This requirement triggers investments in costly abatement
technologies like nuclear power and energy-saving measures, resulting in €3.3 billion
higher overall annual costs up to 2050.

RED-P50 seems to be the least costly scenario, which is mainly due to the expenditures
on energy use, which are €3.1 billion (cumulatively, until 2050) smaller than in all four
scenarios on forest development. Lower energy bills are partly due to subsidies for wood
pellets, which cost €4.54 billion cumulatively until 2050. Annually, these subsidies amount
to €227 million during 2023-2027. Then, as a result of increased energy efficiency in
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residential buildings and resulting lower energy consumption, wood pellet subsidies fall to
€143 million around 2040 and €80 million around 2050. This subsidy is implicitly reflected
in reduced energy bills. This scenario is, however, not the least costly from a social planner’s
perspective when all subsidies are factored in the annualised total costs. Including subsidies
in the annualised costs, the total costs are €0.9 billion higher than the costs in the baseline
scenario, whereas GREEN and then BLACK-REP are the cheapest ones, with €1.4, and €1.0
billion lower annualised total costs than in the baseline.
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Figure 12. Difference in total annualised energy system—wide costs compared to the RED scenario.
Note: Negative bars signify that the particular cost component is lower than its counterpart in the
RED scenario.

5. Conclusions

Forest biomass is the main source of renewable energy in Czechia. This precious
resource is currently facing challenges from spruce bark beetles. In this paper, we explore
the impact of possible forest biomass development pathways on the Czech energy system,
taking the current spruce bark beetle infestation into account. In particular, we evaluate the
impact on greenhouse gas reduction efforts, renewable objectives and the final allocation
of resources. We use a spatially enriched energy system optimisation model, TIMES-
CZ, enhancing its spatial resolution by regionalising biomass availability, power and
heat generation, and energy service demands, following Eurostat’s NUTS3 levels. Our
regionalised model accounts for the fact that forests are unevenly distributed across the
country and that transporting biomass over long distances is not economical. Our updated
model informs more realistic choices for locating new biomass-burning or co-burning
plants. More broadly, regionalisation incorporates various constraints, specific details,
and heterogeneities across regions, improving the accuracy of our results. This type of
incorporation of spatial granularity in optimisation ESM is notably lacking in the literature,
particularly when considering the relatively small and compact nature of the TIMES-CZ
regions. This contribution to the existing literature is quite evident.

This paper underscores several key findings. Firstly, it highlights that even at an EUA
price of €386, Czechia is unlikely to achieve climate neutrality by 2050 across all scenarios. Fur-
thermore, attaining climate neutrality by 2050 necessitates investments in costlier technologies.
Regarding pathways for reducing greenhouse gas emissions, neither the impact of the spruce
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bark beetle infestation nor special subsidies aimed at promoting wood pellet consumption by
households seem to influence the outcomes significantly. Instead, the primary drivers con-
cerning biomass are the adoption of BECCS technologies, which could lead to a reduction of
4-4.5 megatons in emissions during the period of 2045-2050, along with sustainable activities
related to land use, land use change, and forestry.

Regarding ecological constraints, it becomes evident that at times, there is a need
to prioritise specific objectives over others. Limiting the use of biomass to households
and conserving the remaining biomass in forests does not align with the goal of reducing
greenhouse gas emissions. This misalignment has a significant impact particularly by
constraining the potential of BECCS.

The disparities among biomass development scenarios are substantial until 2035.
However, these distinctions do not seem to have a long-lasting impact on the overall energy
mix. Nonetheless, the more optimistic scenarios permit an additional 1 percentage point
increase in the share of renewable energy sources (RESs) in total final energy consumption
compared to other forest biomass development scenarios in 2025-2030. Consequently, the
spruce bark beetle infestation does exert a negative influence on medium-term renewable
energy objectives.

Irrespective of the spruce bark beetle infestation, our results suggest that the energy
system will make full use of biomass potential with the exception of a temporary deviation
in 2040 when biomass demand will likely lag behind increasing availability. In this context,
one could suggest the implementation of subsidies to encourage household adoption of
biomass. However, this policy does not appear to yield positive changes in key variables
of interest, including greenhouse gas emission reduction, the achievement of renewable
energy targets, or cost savings. In addition, such subsidies seem to distort the allocation of
this precious resource by crowding it out from sectors that could use it more efficiently.

Author Contributions: Conceptualisation, L.R. and M.S.; methodology, L.R. and D.T.L.; software,
L.R. and D.T.L.; validation, L.R., D.T.L. and M.S.; formal analysis, L.R., D.T.L. and M.S.; investigation,
L.R. and D.T.L.; resources, L.R. and M.S.; data curation, L.R., M.S. and D.T.L.; writing—original draft
preparation, D.T.L.; writing—review and editing, L.R., M.S. and D.T.L; visualisation, L.R. and D.T.L.;
supervision, L.R. and M.S.; project administration, L.R. and M.S.; funding acquisition, L.R. and M.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Technology Agency of the Czech Republic, grant num-
ber TL02000440: “Modelling of Sustainable Forestry Scenarios Contributing To Climate Change
Adaptation—Examining the Impacts on Energy Sector and GHG Emissions in the Czech Republic
and Public Acceptability of These Scenarios by Czech Population”.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations

The following abbreviations are used in this manuscript:

BECCS Bioenergy with Carbon Capture and Storage
CCUS Carbon Capture, Use, and Storage
ETSAP Energy Technology System Analyses Program

ESM Energy System Modelling
ESR Effort Sharing Regulation
EUA European Union Allowance (EUA)

EU ETS EU Emission Trading System
GIS Geographic Information Systems
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HCT Harmonised Common Trajectories

IEA International Energy Agency

IFER Institute for Forest Ecosystem Research
LULUCF Land Use, Land Use Change and Forestry
NUTS Nomenclature of Territorial Units for Statistics
PES Primary Energy Sources

RESs Renewable Energy Sources

TIMES The Integrated MARKAL-EFOM System
WAM With Additional Measures

WEM With Existing Measures
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