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Abstract
The European Union Emission Trading System (EU ETS) is a market mechanism that prices CO»
emissions, driving decarbonisation in the EU energy sector and carbon-intensive industry. To
further enhance the EU ETS and prevent carbon leakage, the EU has introduced the Carbon
Border Adjustment Mechanism (CBAM). CBAM imposes a duty levy on importing certain
CBAM goods, such as electricity, into the EU from third countries and territories without
implementing the ETS mechanism or carbon pricing. This paper examines the impact of
introducing CO; pricing in Bosnia and Herzegovina (BA), a third country connected to the EU
electricity market without an ETS, and its electricity trade with Croatia (HR), an EU member
state with an established EU ETS. The analyses are conducted using the multi-zonal and multi-
sector unit commitment optimisation model Dispa-SET, with the primary goal of providing
insights into the implications of CO; pricing on the energy market interactions between Bosnia
and Herzegovina and Croatia under the CBAM framework. The study examines 100 scenarios,
each considering various CO3, lignite, and fossil gas prices, and analyses factors such as
electricity import/export dynamics, average electricity prices in the zones, total system costs,
and load duration curves for fossil power plants in each zone. Results indicate that low fossil
gas prices reduce lignite plant operations in Bosnia and Herzegovina, and introducing CO;
pricing causes a transition from an electricity exporter to an importer. Cross-border line
congestion analysis reveals that higher CBAM factors increase congestion, necessitating

infrastructure upgrades. Electricity costs in the HR-BA zone rise substantially under high CO;
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prices, emphasising the need for balanced CO; pricing strategies and more deployment of

renewables.

Keywords: Dispa-SET; Carbon Border Adjustment Mechanism (CBAM); ETS; Electricity
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1. Introduction

The introduction of the European Union Emissions Trading System (EU ETS) has significantly
contributed to achieving the EU's climate goals. At the same time, carbon emissions were
displaced to countries not bound by the EU ETS system, especially in carbon-intensive
industries and the power sector [1]. In order to reduce the risk of "carbon leakage" and to
increase the decarbonisation of specific sectors in countries that do not have the Emission
Trading System (ETS) implemented, the EU started designing various environmental policy
measures such as the Carbon Border Adjustment Mechanism (CBAM) [2]. The CBAM will cover
six sectors, which are all energy and carbon-intensive: aluminium, cement, electricity,
fertilisers, iron and steel, and hydrogen. However, measures could be expanded to other
sectors and industries [3]. While the impact of CBAM on third countries has been analysed in
several studies, these analyses primarily focus on the import/export dynamics of high-volume
goods such as aluminium, cement, fertilisers, iron, and steel [4] and [5]. In contrast, the
impact of CBAM on electricity imports has not been extensively studied, with only a few
analyses, such as implementing the CBAM mechanism in California for electricity import from

other USA States, Canada and Mexico [6].

The introduction of CBAM, or national carbon policy, has significant implications for
underdeveloped and developed countries. Analysis conducted in [7] indicates that
implementing a carbon tariff will negatively impact the economic development, trade levels
and social welfare in India, China, Brazil and South Africa unless they adopt different carbon
tax policies across sectors and actively reduce emissions in the power sector and carbon-
intensive industry. Authors in [8] analysed the emissions of electric power systems in Europe
and their development throughout history. Analyses have shown that the electrical systems
of the Energy Community Contracting Parties have the highest emissions and the most
significant potential for reducing emissions in these countries, but also the most significant
threat of introducing CBAM, or national carbon policy. However, potential support for
implementing CBAM is very high due to historical trade relations, the Common But
Differentiated Responsibilities (CBDR) principles within the Paris Agreement and EU aid

policies for lower-income countries [9].
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Previous research has examined how CO; emissions and policies influence carbon market
prices. The findings suggest the need to develop national ETS or carbon taxation levies [10],
enhance national and cross-border transmission networks, and transition to an electricity
supply portfolio with lower carbon intensity [11]. The introduction of CO; taxation
significantly impacts transmission capacity expansion, cross-border electricity exchange,
economic trade benefits, renewable energy development, and CO; reduction [12]. CO;
taxation is identified as a key element in reducing electricity costs and CO, emissions in the
power sector based on a high share of fossil fuel power plants [13]. Additionally, national ETS
and carbon pricing are key policies for supporting the low-carbon transformation of carbon-
intensive industries, and the introduction of emissions taxation should be considered as a
fundamental strategic response to mitigate climate change [14]. Analyses conducted in
previous studies indicate that the introduction of national ETS or carbon taxations would
increase the cost of electricity supply and could adversely impact consumers in some
countries unless the revenue from the carbon tax is utilised as a protective measure, i.e. the
fees collected are used for the installation of new technologies and investment in research
and development. The countries or territories where carbon emission trading mechanisms
are introduced should use their regional advantages and establish an integrated carbon
emission trading market [15]. Moreover, international cooperation regarding the
export/import of electricity is needed, primarily because domestic electricity does not

necessarily provide net economic benefits [16].

A planning modelling tool is needed to analyse the impact of the introduction of CBAM or
national carbon policy on cross-border energy flows, energy transition pathways, and long-
term energy planning of future power systems with a high share of renewable energy [17].
The energy system analysis tool EnergyPLAN [18] is used to design future sustainable energy
solutions, such as a strategy for a fully decarbonised Danish society based on a smart energy
system approach [19]. The modelling of electricity trade among interconnected energy
markets, day-ahead energy markets, and the development of long-term energy planning
strategies for countries or territories in the interconnected energy market has been analysed
with the multi-zonal unit-commitment power-dispatch model DispaSET [20]. In order to
identify a cost-optimal decarbonisation pathway for the Italian energy system until 2050 and

assess how renewable technology cost scenarios affect the optimal solution, the long-term
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bilevel optimisation model of the energy system H2RES is used [21]. The H2RES model is also
used to assess the importance of hourly variability of renewable energy in evaluating carbon
neutrality scenarios until 2050 [22]. Analyses conducted in previous studies using the models
mentioned above indicate that evaluating the influence of the introduction of CBAM or
national carbon policy is complex, and the integration of different technologies, sectors and
policies can significantly impact the evaluation of scenarios and development of strategies

and recommendations for policymakers.

This study focuses on Bosnia and Herzegovina (BA) and Croatia (HR) due to their strong cross-
border electricity exchange, long-standing infrastructure integration, and contrasting carbon
pricing regimes. As an EU member state, Croatia participates in the EU Emissions Trading
System (ETS), while Bosnia and Herzegovina, although a Contracting Party to the Energy
Community, has not yet implemented a formal CO, pricing mechanism. Despite this
regulatory gap, Bosnia and Herzegovina exported approximately 2.23 TWh of electricity to
the EU via Croatia in 2023, placing it under the EU's CBAM obligations for electricity [23]. This
physical and economic interdependence creates a strategically relevant case for evaluating
the implications of introducing carbon pricing in a non-EU country under the CBAM
framework. Moreover, the countries differ significantly in generation structure: Croatia relies
on imported fossil gas and has advanced its renewable energy deployment, while Bosnia and
Herzegovina's energy mix remains dominated by domestically sourced lignite [24]. This
contrast provides a robust basis for modelling diverse decarbonisation dynamics and
assessing the operational and economic consequences of CBAM across interconnected but

asymmetrical electricity systems.

The main objective of this paper is to assess how the phased implementation of the EU Carbon
Border Adjustment Mechanism (CBAM) affects electricity trade patterns, system operation,
and CO, emissions in interconnected EU and non-EU regions. The analysis focuses on Bosnia
and Herzegovina and Croatia as a representative cross-border case study, marked by strong
physical interconnection and electricity market coupling but contrasting carbon pricing
regimes. This unique configuration, where the countries are "linked" in market terms but
"non-aligned" in climate policy, creates a compelling context for evaluating CBAM

enforcement in the electricity sector. The novelty of this research lies in shifting the analytical
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focus from industrial goods such as steel, cement, and aluminium, which dominate existing
CBAM literature, to the electricity sector, where carbon pricing asymmetries have immediate
and measurable effects on cross-border trade, system operation, and emissions. Despite its
regulatory inclusion in the CBAM scope under Regulation (EU) 2023/956, electricity remains
underexplored in scenario-based modelling studies, particularly in interconnected but policy-
divergent systems. By modelling 100 scenarios that combine varying CO,, lignite, and fossil
gas prices, the study provides a granular assessment of how CBAM influences dispatch
behaviour, cross-border flows, electricity price formation, and emissions intensity. By
simulating the phased introduction of CO, pricing in a non-ETS country, the study offers a
transferable modelling framework that supports the alignment of third countries with EU
climate policy. This alignment is critical for mitigating carbon leakage, safeguarding cross-
border electricity trade, and ensuring competitive neutrality within the integrated European
energy market. The methodological approach is adaptable to other "linked but non-aligned"
electricity systems, making this work broadly relevant for international energy policy

development and decarbonisation planning.

The remainder of the paper is structured as follows. Section 2 provides a policy overview of
the Carbon Border Adjustment Mechanism (CBAM) and details the methodological approach,
including the modelling tool and CO, pricing assumptions. Section 3 outlines the design of the
CBAM scenarios, the energy system configuration of Croatia and Bosnia and Herzegovina, and
the key input data used for simulation. Section 4 presents the scenario analysis results,
covering electricity generation, cross-border flows, load duration curves, system costs, and
CO, emissions under varying policy and fuel price assumptions. This section also includes a
discussion of infrastructure constraints and system limitations. Finally, Section 5 concludes
the paper with a synthesis of findings and provides policy recommendations relevant to the

EU and its neighbouring electricity trading partners under the CBAM framework.
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2. Method
2.1. Modelling tool

The multi-zonal and multi-sector unit commitment and power dispatch optimisation model,
Dispa-SET [25], is used to analyse power system operations under different CBAM exemption
scenarios. This open-source model is formulated as a mixed-integer linear programming
(MILP) problem implemented in Python and GAMS (General Algebraic Modelling System).
Dispa-SET can simulate detailed decarbonisation strategies by evaluating energy systems'
operational feasibility and cost-efficiency under various policy and technical conditions. The
model was previously applied to analyse integrating a wide range of technologies to reduce
CO, emissions, lower system costs, and minimise renewable energy curtailment. These
include pumped hydro energy storage [26], cogeneration units with thermal storage [27], and
interactions across regional market zones [28], as well as continental-scale electricity market
coupling scenarios [29] and [30]. The model's data flow and simulation architecture are

illustrated in Figure 1.
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Figure 1. Dispa-SET flow chart of the consecutive data entities and processing steps [31]

The objective function of the Dispa-SET model is to minimise the total power system costs,
which are defined as the sum of different cost items such as fixed costs of units, variable
production costs determined by fuel and emission prices, start-up and shut-down costs, costs
of ramping up and ramping down of a unit, load shedding costs (voluntary and involuntary),
transmission-related, and loss of load costs. The inputs consist of the power plant database,
fuel consumption per technology and unit, storage and hydro capacity, power plant outages,
hourly data for interconnections occurring between the simulated zones and between
simulated zones and the Rest of the World (RoW), and net transfer capacities between the

simulated zones and the rest of the world. The power plant database consists of installed
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power or heat capacity, number of blocks, efficiency, CO, intensity, minimum load, ramp-up
and ramp-down rate, minimum up and down time, and start-up and ramping costs. In the
case of CHP units, additional parameters such as power-to-heat ratio, maximum heat
production, and heat storage capacity need to be defined. The detailed model formulation
can be found in the analysis conducted for the Western Balkan power system [32] and [33],

in the report from the Joint Research Centre [34], and on the Dispa-SET model webpage [25].

The Dispa-SET model is a modular, open-source platform for flexible adaptation to various
national and regional contexts. Its structure allows system operators and analysts to input
country-specific data on generation fleets, transmission networks, demand profiles, and
operational constraints. The model can be customised for application in non-European
regions by adjusting plant characteristics to reflect local technologies, introducing country-
specific fuel price assumptions and policy mechanisms (e.g. CO, taxes or subsidies), and
modifying dispatch rules to align with different market structures. These adaptations allow
the model to reflect country-specific energy structures (e.g. fuel mixes or renewable
penetration), market mechanisms (e.g. centralised vs liberalised dispatch), and policy
environments (e.g. emissions regulations or subsidy schemes). This approach has been
successfully implemented in diverse settings, including several African power pools [30],
Bolivia [35] and Western Balkan countries [33], demonstrating its scalability from national
systems with centralised dispatch to regional multi-zone configurations with variable
renewable integration and hydropower coordination. These examples confirm that Dispa-SET
can serve as a robust planning and operational tool across heterogeneous energy policy

environments and levels of market maturity.

The simulation process is organised into four main stages: data collection, pre-processing,
simulation, and post-processing (see Figure 1). Raw data are collected from standardised
sources, including ENTSO-E, national TSOs, and electricity markets (e.g., EEX) and are first
structured into a central database composed of CSV files. These are converted into formatted
simulation inputs through pre-processing scripts written in Python based on configuration
files defining model parameters, temporal resolution, and scenario-specific assumptions.
Dispa-SET accepts input in GDX (GAMS Data Exchange) and Python formats, allowing for

flexibility in linking with external modelling frameworks or data repositories. In this study, the
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simulation environment was configured to reflect the operational characteristics of the HR-
BA power system, including technical constraints of thermal units, hydropower availability,
and hourly demand profiles. Simulation results, stored in GDX and pickle formats, are then
post-processed to generate dispatch schedules, emissions, curtailment rates, and cross-

border electricity flows.

This study applied the Dispa-SET model to simulate hourly electricity system operations under
various policy and fuel price scenarios. Key assumptions include fixed fossil and hydropower
capacities, scenario-dependent scaling of variable renewables, and CO, prices aligned with
the CBAM phase-in schedule. Electricity demand, fuel prices, and renewable generation
profiles were treated as exogenous inputs derived from national energy plans and publicly
available sources. Cross-border exchanges were modelled using hourly historical flows and
projected interconnection capacities. To simulate the impact of CBAM, a phased CO, pricing
structure was applied to Bosnia and Herzegovina, reflecting its progressive alignment with
the EU ETS through 2035. Full details on model formulation, constraints, and emissions post-
processing are available in the official Dispa-SET documentation [25], ensuring transparency

and replicability.

2.2. Carbon Border Adjustment Mechanism (CBAM)

The European Union's Carbon Border Adjustment Mechanism (CBAM) is a financial
instrument designed to be compatible with World Trade Organization (WTO) rules [3]. The
CBAM ensures that the carbon price paid for specific imported goods is equivalent to those
produced within the EU covered by the EU Emissions Trading System (ETS). The sectors
covered by CBAM include cement, aluminium, fertilisers, iron and steel, hydrogen, and
electricity. Only import of specific goods from these sectors, as listed in Annex | of Regulation

(EU) 2023/956, are subject to CBAM [3].

The Carbon Border Adjustment Mechanism (CBAM) was established to prevent "carbon

leakage", which occurs when carbon-intensive industries relocate from the EU to third

countries with less stringent CO, emissions and energy efficiency policies. This relocation can
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increase the import of more carbon-intensive products, undermining the EU's efforts to

reduce greenhouse gas emissions. The introduction of the CBAM is divided into three phases:

CBAM transitional period: from 1 October 2023 to 31 December 2025 with a reporting
obligation only. During this phase, purchasing or surrendering CBAM certificates is not
required.

CBAM phase-in period: from 1 January 2026 to 31 December 2034, with the obligation
to purchase and surrender CBAM certificates. The cost of these certificates will be
based on the weekly average of the EU ETS allowance price. During this phase, free
allowance for CBAM sectors covered by the EU ETS will be gradually phased out.
Simultaneously, the CBAM will apply only to the share of emissions that does not
benefit from free allowance under the EU ETS. Free allowance phase-out and CBAM
factors are presented in Figure 2 [36].

CBAM fully phased in: from 1 January 2035, the CBAM certificate will equate to the
full price of EU ETS allowance, and free allocation to CBAM sectors under EU ETS will

be completely phased out.

100%

100%
90% 97.5% o5y

80%
70%
60%
50%
40%
30%
20%
10% | oy 2:5% >
0%
2025 2026 2027 2028 2029 2030 2031 2032 2033 2034

14% ~0%

ETS free allowances phase-out —a&— CBAM phase-in factors

Figure 2. EU ETS free allowance phase-out and CBAM phase-in factors for the period 2025-

2034 [36]

Certain CBAM goods, like electricity, may be exempted from CBAM if third countries or

territories integrate their electricity market with the Union electricity market and commit to

decarbonise their electricity generation with a high share of renewable energies. They must
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also implement carbon pricing mechanisms similar or equivalent to EU ETS until 2030. To
import electricity exempted from CBAM, a third country or territory must implement market
coupling with the Union's internal market for electricity and fulfil conditions set in Article 2(7)
of the EU Regulation (EU) 2023/956 on the CBAM [3]. These conditions include the
implementation of the Union laws and regulations in the field of electricity, energy,
environment and competition, a commitment to climate neutrality by 2050, alignment of
carbon pricing and ETS with the Union, and implementation of an effective system to prevent
indirect import of electricity from third countries or territories that do not meet the condition

stipulated in Regulation (EU) 2023/956.

Recent literature has expanded the analytical scope of the EU CBAM by examining its broader
economic, legal, and geopolitical implications. In [37], the authors critically assess whether
the CBAM will achieve its dual objectives of mitigating carbon leakage and ensuring fair
competition, highlighting institutional design limitations and potential WTO-related
constraints. A global trade analysis conducted in [7] investigates the economic impact of
CBAM on the BASIC countries, showing that carbon tariffs can undermine economic growth
and trade competitiveness unless accompanied by differentiated policy responses. The study
in [38] shifts focus to intra-EU dynamics, identifying distributional inequalities, with Eastern
European countries facing higher vulnerability due to the phase-out of free allowances. In
[39], an input-output modelling framework is used to evaluate the disproportionate burden
placed on least developed countries and the potential benefits of a refund mechanism based
on historical emissions and green innovation. Finally, [40] presents a case study on Serbia,
showing how introducing carbon pricing in a lignite-dependent electricity sector may impact
GDP in the short to medium term, emphasising the importance of revenue recycling and
phased policy alignment. These studies highlight the multidimensional impacts of CBAM and
underscore the importance of flexible, context-sensitive approaches in its implementation,

especially for electricity trade between "linked but non-aligned" systems.

3. Scenario analysis
3.1. CBAM scenarios

A comprehensive set of scenarios was developed to analyse the impact of CBAM and fuel

prices on the power systems of Bosnia and Herzegovina (BA) and Croatia (HR) and cross-
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border energy flows between the two countries. These scenarios consider three key
parameters: fossil gas, lignite, and CO; price. The influence of the price of fossil gas and lignite
is analysed because the primary fuel used for producing electricity in Croatia is imported fossil
gas, while the main fuel used in Bosnia and Herzegovina is domestic lignite. Both energy

systems are heavily dependent on electricity produced from hydropower plants.

The average yearly fossil gas price was used to represent various years from recent history,
indicating future price changes. Table 1 presents the average annual fossil gas prices in

specific years used in designing CBAM scenarios and energy system analyses.

Table 1. Fossil gas prices used in designing CBAM scenarios [41] and [42]

€/MWh ELGAS -2020 LGAS -2021 MGAS -2023 HGAS - 2022
Fossil gas price 13.74 22.00 44.00 97.00

In Table 1, the extra low fossil gas price (ELGAS) corresponds to the year 2020, reflecting the
period when the coronavirus crisis started and industry demand rose; the low fossil gas price
(LGAS) represents the year 2021 when the industry began to recover; the high fossil gas price
(HGAS) represents the year 2022 when the fossil gas crisis began; and the medium fossil gas

price (MGAS) represents the year 2023 when fossil gas prices fell and the market stabilised.

The average yearly lignite price was used to represent the most dominant fuel used in the
energy system of Bosnia and Herzegovina and to reflect the recent fossil gas crisis in the
period 2020-2023, which directly impacted lignite price and export of electricity from lignite-
based energy systems such as Bosnia and Herzegovina. Table 2 presents the average annual

lignite prices in specific years used in designing CBAM scenarios and energy system analyses.

Table 2. Lignite price used in designing CBAM scenarios [43] and [44]

€/MWh ELL -2020 LL-2019 ML -2021 HL - 2023 EHL - 2022
Lignite price 8.0 9.3 12.0 12.8 14.0

In Table 2, the extra low lignite price (ELL) corresponds to the year 2020, reflecting the period
when the coronavirus crisis started and industry demand rose; the low lignite price (LL)
represents the year 2019; the medium lignite price (ML) represents the year 2021 when the

worldwide industry began to recover; the extra high lignite price (EHL) represents the year
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2022 when the fossil gas crisis began; and the high lignite price (HL) represents the year 2023

when fossil gas prices fell and the market stabilised.

Combining the different fossil gas prices (ELGAS, LGAS, MGAS, HGAS) with the various lignite
prices (ELL, LL, ML, HL, EHL), a comprehensive set of scenarios is presented in Table 3. Each
scenario name represents a combination of fossil gas and lignite prices, allowing for a detailed
analysis of their combined effects on the power systems of Bosnia and Herzegovina and
Croatia. This structured approach enables the assessment of how varying fuel prices and the
implementation of CBAM influence cross-border energy flows and the broader energy
transition pathways.

Table 3. Reference fuel price scenarios

z:::‘:::z‘: ELL LL ML HL EHL
ELGAS ELGAS-ELL | ELGAS-LL | ELGAS-ML | ELGAS-HL  ELGAS-EHL
LGAS LGAS-ELL LGAS-LL LGAS-ML LGAS-HL LGAS-EHL
MGAS MGAS-ELL | MGAS-LL | MGAS-ML | MGAS-HL = MGAS-EHL
HGAS HGAS-ELL | HGAS-LL | HGAS-ML | HGAS-HL HGAS-EHL

CO; pricing was introduced into the power system of Bosnia and Herzegovina to create CBAM
scenarios and conduct analysis. Bosnia and Herzegovina currently has no established CO;
pricing mechanism, whereas Croatia has implemented CO; pricing through the EU Emissions
Trading System (ETS). This approach demonstrates how CO; pricing can be modelled in
countries without existing CO; pricing mechanisms and can be applied to analyse the impact
of introducing such mechanisms. The CBAM phase-in and the reduction of free allowances
were introduced using a factor representing the percentage of CO; charged to electricity
generated in countries without an implemented emission trading system, indicating the
gradual implementation of CBAM. The analysis used hourly distribution data for EU ETS CO;
prices from 2022, collected from EEX [45].

CO; prices were modelled as a percentage of the EU ETS price in 2022 for each scenario to
explore the impact of introducing CO; pricing in Bosnia and Herzegovina and the influence of
different fossil gas and lignite prices. Each reference fuel scenario was analysed with varying

CO; prices for Bosnia and Herzegovina, while CO; prices in Croatia's power system remained
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constant at 2022 levels. These percentages are introduced based on the phased
implementation plan outlined in the CBAM regulation, which aims to gradually incorporate
CO; pricing into the cost of imported goods to match the EU's internal carbon pricing
mechanisms. The CO; price in Bosnia and Herzegovina's power system was introduced in
steps:
e 0CO;2 - 0% of the 2022 EU ETS CO; price represents the current situation with no CO;
pricing,
e 25CO0; - 25% of the 2022 EU ETS CO price representing the implementation of CBAM
factors in the year 2029,
e 50CO; - 50% of the 2022 EU ETS CO price representing the implementation of CBAM
factors in the year 2030,
e 75CO; - 75% of the 2022 EU ETS CO; price representing the implementation of CBAM
factors in the year 2032,
e 100CO2-100% of the 2022 EU ETS CO; price represents a full implementation of CBAM
by 2034.

As detailed in the CBAM directive, this phased approach is designed to alignh non-EU countries
progressively with the EU's carbon pricing, reducing the risk of carbon leakage and ensuring
fair competition. The phases correspond to the timeline for gradually phasing out free

allowances under the EU ETS, as depicted in Figure 2 and outlined in Section 2.2.

This approach created five additional scenarios for each reference fuel scenario, resulting in
one hundred CBAM scenarios. These scenarios capture the influence of different fuel and CO;
pricing levels, enabling a comprehensive understanding of how these factors influence the
power systems and cross-border energy flows. The same methodology can be applied to any
other country, whether or not it has an established CO; pricing mechanism, to evaluate the

impact of introducing CO; pricing and CBAM.

3.2. Reference energy systems and data inputs

For comparing CBAM scenarios, 2022 was selected as the base year and modelled in the

Dispa-SET. Primary input data, such as heating, day-ahead total load forecast, actual total
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load, cross-border physical flow, forecasted day-ahead transfer capacities, minimum hydro

levels, and RES availability, are in the form of hourly time series.

The hourly profiles of the day-ahead total load forecast, actual total load, cross-border
physical flows, and forecasted day-ahead transfer capacities were obtained from the ENTSO-
E transparency platform for the year 2022 [23]. Hydro data, including reservoir levels and
scaled water inflows, were sourced from previous analyses conducted for the Western Balkan
region [33] and [46]. Hourly production data for wind and solar power plants are obtained
from the ENTSO-E transparency platform for the year 2022 [23]. Load curves for hourly district
heating demand were obtained from previous studies [24] and [47] and adapted to the yearly
total heat generation values obtained from the International Energy Agency (IEA) for the year

2022 [48].

The installed capacity of power plants in the energy system of Bosnia and Herzegovina and
Croatia were obtained from [33] and [24] and updated with the newest data from the ENTSO-
E transparency platform [23], Bosnia and Herzegovina Integrated Energy and Climate Action
Plan [49], Croatian Energy Market Operator (HROTE) [50] and Energy in Croatia: Annual
Energy Report [51]. The total installed capacity of power plants in Bosnia and Herzegovina
consists of 1888 MW of lignite power plants, 138 MW of wind onshore power plants, 107 MW
of PV power plants, 9 MW of biomass power plants, 1 MW of biogas power plants and 2088
MW of hydropower plants of which 420 MW of pumped storage hydropower plants (HPHS),
1050 MW of conventional hydro dam power plants (HDAM) and 618 MW of hydro run-of-
river power plants (HROR). In Croatia, the total installed capacity of power plants consists of
199 MW of fossil hard coal power plants, 745 MW of fossil gas power plants, 1043 MW of
wind onshore power plants, 182 MW of PV power plants, 98 MW of biomass power plants,
61 MW of biogas power plants and 2096.55 MW of hydropower plants of which 518.4 MW of
pumped storage hydropower plants, 1053.7 MW of conventional hydro dam power plants
and 524.45 MW of hydro run-of-river power plants. Table 4 presents a detailed overview of
the installed thermal power plants in Croatia, Bosnia and Herzegovina, along with key
technical parameters such as efficiency, ramping characteristics, and CO, intensity. These
data are crucial for modelling operational behaviour and assessing system performance under

various CBAM and CO, pricing scenarios using the Dispa-SET model.
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Table 4. Installed capacity of thermal power plants in Croatia (HR) and Bosnia and Herzegovina (BA), and the primary technical data used in the Dispa-SET

model for analysis of the energy system in the HR-BA zone [32], [33], [46], [24]

Ramp Efficiency at
Power plant Minimum Minimum Ramp Up Start- Ramping | Minimum Start- COo2
Efficiency Down minimum
Unit Capacity Zone Fuel up time down time Rate Up Cost Cost load up time Intensity
[%] Rate load
(MW] [h] [h] [%/min] [EUR] | [EUR/MW] [%] [h] [tCO2/MWh]
[%/min] [%]
TPP "Tuzla" 650 BA | Lignite 0.32 6 1.5 0.025 0.025 99,000 2.37 0.65 0.25 6 1.062
TPP "Kakanj" 408 BA | Lignite 0.33 6 1.5 0.025 0.025 62,300 2.37 0.63 0.25 6 1.062
TPP "Ugljevik" 279 BA | Lignite 0.32 6 1.5 0.025 0.025 41,540 2.37 0.56 0.25 6 1.062
TPP "Gacko" 276 BA | Lignite 0.32 6 1.5 0.025 0.025 41,540 2.37 0.65 0.25 6 1.062
TPP "Stanari" 275 BA | Lignite 0.34 6 1.5 0.025 0.025 41,540 2.37 0.55 0.25 6 1.01
TPP Fossil
78 HR 0.36 2 2 0.06 0.06 6,200 0.66 0.06 0.49 3 0.398
"KTE Jertovec" gas
TPP Fossil
50 HR 0.31 2 2 0.06 0.06 4,000 0.66 0.12 0.15 3 0.398
"EL-TO Zagreb" gas
TPP Fossil
300 HR 0.31 2 2 0.06 0.06 19,150 0.66 0.15 0.3 3 0.398
"TE-TO Zagreb" gas
TPP Fossil
. i 89 HR 0.39 2 2 0.06 0.06 19,150 0.66 0.28 0.32 6 0.398
TE-TO Osijek gas
TPP Fossil
. 228 HR 0.31 2 2 0.06 0.06 19,150 0.66 0.15 0.3 3 0.398
"TE-TO Sisak" gas
TPP "Rijeka" 303 HR OIL 0.52 6 1.5 0.025 0.025 42,000 2.37 0.40 0.29 6 0.517
Hard
TPP "Plomin 2" 199 HR 0.42 6 1.5 0.025 0.025 11,500 2.37 0.30 0.29 6 1.062

coal
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In addition, Table 5 lists the installed hydropower plant capacities in both countries, reflecting
the significant contribution of hydropower to their electricity generation mix. These values
play a key role in determining the flexibility and decarbonisation potential of the regional

energy systems.

Table 5. Installed capacity of conventional hydro dam power plants (HDAM), hydro run-of-
river power plants (HROR) and pumped storage hydropower plants (HPHS) in Croatia (HR)
and Bosnia and Herzegovina (BA) [32], [33], [46], [24]

Croatia (HR) Bosnia and Herzegovina (BA)
Power Power
) plant ) plant
Unit name ) Technology Unit name ) Technology
capacity capacity

[(MW] [MW]
HPP Zakucac 538 HDAM HPP Trebinje 1 168 HDAM
HPP Senj 216 HDAM HPP Grabovica 114 HROR
HPP Dubrovnik_HR 126 HDAM PSHPP Capljina 420 HPHS
HPP Vinodol 90 HDAM HPP Visegrad 315 HDAM
HPP Peruca 61.2 HDAM HPP Salakovac 210 HROR
HPP Sklope 22.5 HDAM HPP Jablanica 181 HDAM
PSHPP Velebit 276 HPHS HPP Rama 160 HDAM
PSHPP Orlovac 237 HPHS HPP Bocac 110 HDAM
PSHPP Vinodol 5.4 HPHS HPP Dubrovnik_BA 108 HDAM
HPP Kraljevac 46.4 HROR HPP Mostar 72 HROR
HPP Dale 40.8 HROR HPP Mostarsko Blato 60 HROR
HPP Varazdin 94.64 HROR HPP Jajce 1 60 HROR
HPP Dubrava 79.78 HROR HPP Jajce 2 30 HROR
HPP Cakovec 77.44 HROR HPP Pec Mlini 30 HROR
HPP Gojak 56 HROR HE Trebinje 2 8 HDAM
HPP Lesce 41.2 HROR HE Bogatici 7 HROR
HPP Rijeka 36.8 HROR HE Novakovici 5.77 HROR
HPP Miljacka 24 HROR HE Mesica Nova 49 HROR

To accurately model energy systems in Dispa-SET, it is necessary to define detailed technical
parameters for each power plant unit. Start-up and ramping costs for lignite and fossil hard
coal power plants were sourced from [33] and adjusted to inflation in 2022. Additional
parameters, including minimum load, efficiency at minimum load, overall efficiency, ramp
rates, start-up time, and minimum up/down times, were obtained from [33] and [52]. These
inputs ensure a robust and precise simulation of power system behaviour under different

scenario conditions.
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4. Results and discussion

This section thoroughly evaluates how CO; and fuel pricing affect technical performance,
economic viability, and cross-border energy interactions between Bosnia and Herzegovina
and Croatia. This analysis provides critical insights for policymakers and stakeholders to
balance economic and environmental objectives in energy planning and policy formulation.
The technical analysis includes the aggregated load duration curves of lignite power plants in
Bosnia and Herzegovina and fossil gas power plants in Croatia, conducted with varying fuel
and CO; prices. Furthermore, the connection between both systems is examined for all CBAM
scenarios through cross-border line congestion analysis, identifying potential bottlenecks and
their impact on system stability. The economic analysis assesses the average electricity cost
in the HR-BA zone and the total cost of operating the HR-BA system under different CBAM
scenarios, providing insights into the economic implications of CBAM implementation. This
section also explores the cost-effectiveness of various fuel mixes and CO; pricing strategies,
offering a detailed comparison of operational costs. Additionally, the results discuss the
broader implications of CBAM on energy policy and market dynamics in the region,
emphasising the potential benefits and challenges associated with implementing CO, pricing
mechanisms. The paper highlights the trade-offs between economic efficiency and

environmental benefits by comparing different scenarios.

4.1. Load duration curve, import-export of electricity and cross-border line congestion
analysis

This section offers a comprehensive evaluation of the load duration curves (LDCs) for lignite
power plants in Bosnia and Herzegovina (BA) and fossil gas power plants in Croatia (HR) under
varying fossil gas price scenarios. The LDCs illustrate the operational frequency at different
load levels, providing insights into these power plants' utilisation patterns and operational

dynamics.

Figure 3 and Figure 4 presents a detailed visual representation of the LDCs for lignite power
plants in Bosnia and Herzegovina Figure 3 (a, b, ¢, d) and fossil gas power plants in Croatia

Figure 4 (a, b, ¢, d) under varying fossil gas price scenarios. These LDCs offer insights into how
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frequently these power plants operate at different load levels, illustrating their utilisation

patterns and dynamics. Furthermore, load duration curves reflect different fuels' economic

viability and competitiveness under changing market conditions.

Results of LDCs analysis for lignite power plants in Bosnia and Herzegovina in Figure 3 (a, b, c,

d) show the following trends:

Impact of low fossil gas prices (ELGAS, LGAS): When gas prices are low (ELGAS-ELL,
ELGAS-LL), lignite power plants show reduced operation at higher loads, reflecting a
shift from lignite to cheaper gas, leading to a decline in the load duration curve. The
reduced operational duration indicates that lignite plants become less economically
viable than gas plants in such scenarios.

Response to medium to high fossil gas prices (MGAS, HGAS): With increasing fossil
gas prices (MGAS-HL, HGAS-EHL), lignite plants operate more frequently and at
higher loads. This upward shift in the load duration curves signals a higher reliance
on lignite as gas becomes more expensive, making lignite plants more competitive
and heavily utilised.

Effect of Varying Lignite Prices: Different lignite price scenarios (ELL, LL, ML, HL, EHL)
influence the LDCs. Higher lignite prices reduce the operational duration of lignite
plants, but this effect is less pronounced than the impact of gas prices. High gas prices

and lower lignite prices maximise lignite plant operation.

The result of the LDCs analysis for fossil gas power plants in Croatia in Figure 4 (a, b, ¢, d)

reveals the following observations:

20

Behaviour under low fossil gas prices (ELGAS, LGAS): Fossil gas power plants operate
more frequently and at higher loads in scenarios with low fossil gas prices. This
results in higher load duration curves, indicating increased utilisation of gas plants

due to their cost-effectiveness relative to lignite and other alternatives.
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Figure 3. Load duration curve of lignite power plants in Bosnia and Herzegovina (BA) (a, b, c, d) under different
prices of fossil gas
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Figure 4. Load duration curve of fossil gas power plants in Croatia (HR) (a, b, ¢, d) under different prices of fossil gas
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J Impact of medium to high fossil gas prices (MGAS, HGAS): As fossil gas prices rise,
there is a significant decrease in the operational duration of gas plants. The load
duration curves shift downward, showing reduced utilisation as fossil gas becomes
more expensive, suggesting a possible shift to other energy sources or an increase in
electricity imports to meet demand.

J Fuel switching dynamics: The substantially reduced gas plant operation at higher gas
prices indicates a fuel-switching behaviour. Expensive fossil gas leads to a transition
away from gas plants, possibly to more affordable lignite or renewable energy

sources, highlighting the system's adaptability to changes in fuel prices.

The load duration curves for lignite power plants in Bosnia and Herzegovina and fossil gas
power plants in Croatia under varying lignite price scenarios are presented in Figure 5 and
Figure 6. The LDCs demonstrate how often power plants operate at different load levels,

reflecting their utilisation patterns. The key observations from this figure are as follows:

J Impact of low lignite prices: When lignite prices are low (ELL, LL), the load duration
curve indicates a higher operational frequency of lignite power plants. This finding
means that lignite power plants are more economically viable and frequently used
to meet the demand.

J Effect of medium to high lignite prices: As lignite prices increase (ML, HL, EHL), there
is a noticeable reduction in the operational frequency of lignite power plants. The
LDCs shift downward, indicating that higher lignite prices make these plants less
competitive, reducing their utilisation.

J Comparative analysis: The comparison between different lignite price scenarios
shows that lower lignite prices lead to more prolonged and frequent use of lignite
power plants, while higher prices discourage their use, favouring other energy

sources or increasing electricity imports
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Figure 5. Load duration curve of lignite power plants in Bosnia and Herzegovina (BA) (a, b, ¢, d, ) under different
lignite price
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Figure 6. Load duration curve of fossil gas power plants in Croatia (HR) (a, b, ¢, d, ) under

different lignite price

The load duration curves for lignite power plants in Bosnia and Herzegovina and fossil gas

power plants in Croatia under varying CO; price scenarios are presented in Figure 7 and

Figure 8. The presented results help to understand the impact of CO; pricing on the operation

of lignite power plants in Bosnia and Herzegovina and fossil gas power plants in Croatia. The

main findings are the following:

Low CO; price impact: At lower CO; prices, lignite and gas power plants operate more
frequently at higher loads. The LDCs show a higher operational duration, suggesting
that low CO; prices do not significantly deter the use of these fossil fuel plants.
Medium to high CO; price impact: As CO; prices increase, there is a marked reduction
in the operation of both lignite and gas power plants. The LDCs shift downward,
reflecting a decrease in utilisation as the cost of CO; emissions rises, making these
plants less economically attractive.

Fuel switching dynamics: The substantially reduced plant operation at higher CO;
prices indicates a shift towards cleaner energy sources or increased reliance on
electricity imports. This finding demonstrates the effectiveness of CO; pricing in
promoting decarbonisation by reducing the attractiveness of fossil fuel plants.
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Figure 7. Load duration curve of lignite power plants in Bosnia and Herzegovina (BA) (a, b, ¢, d, e) under different CO,

prices
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627 Figure 8. Load duration curve of fossil gas power plants in Croatia (HR) (f, g, h, i, j) under
628 different CO; prices

629

630 The total yearly electricity export in the HR-BA zone under different CBAM scenarios is
631 presented in Figure 9. The analysis indicates that electricity exports significantly decrease as
632 the CBAM factors and CO; prices rise. This situation is particularly evident in scenarios with
633  high CO; pricing, where Bosnia and Herzegovina transitions from an electricity exporter to an
634  importer. Figure 9 highlights the impact of CO; pricing on the economic viability of lignite-
635 based electricity generation, showing a clear correlation between increased CO; prices and
636 reduced export capacity.

637
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CO2 | ELGAS-ELL | ELGAS-LL | ELGAS-ML [ ELGAS-HL [ ELGAS-EHL | ELGAS-ELL | ELGAS-LL | ELGAS-ML [ ELGAS-HL [ ELGAS-EHL
0 0.443 0.452 0.446 0.451 0.453 3.687 3.658 3.686 3.691 3.713
25 0.450 0.463 0.473 0.470 0.481 3.701 3.666 3.713 3.583 3.650
50 0.544 0.687 1.509 1.694 1.720 3.515 3.226 1.837 1.753 1.740
75 1.749 1.739 1.937 2.036 2.212 1.744 1.693 1.625 1.492 1.379
100| 2.368 2.595 2.877 2.992 3.309 1.199 0.984 0.731 0.596 0.407
CO2| LGAS-ELL | LGAS-LL | LGAS-ML [ LGAS-HL | LGAS-EHL | LGAS-ELL | LGAS-LL | LGAS-ML | LGAS-HL | LGAS-EHL
0 0.443 0.444 0.434 0.444 0.448 3.726 3.737 3.708 3.698 3.653
25 0.453 0.463 0.459 0.451 0.480 3.772 3.766 3.676 3.674 3.667
50 0.464 0.463 0.463 0.455 0.488 3.748 3.700 3.739 3.655 3.602
75 0.552 0.623 1.105 1.502 1.952 3.556 3.317 2.477 1.847 1.531
100| 2.136 2.507 2.881 3.011 3.309 1.383 1.003 0.732 0.601 0.400
CO2 | MGAS-ELL | MGAS-LL | MGAS-ML [ MGAS-HL | MGAS-EHL | MGAS-ELL | MGAS-LL | MGAS-ML | MGAS-HL | MGAS-EHL
0 0.404 0.411 0.397 0.402 0.409 3.991 4.004 3.987 3.973 3.987
25 0.400 0.416 0.417 0.415 0.397 3.990 4.008 4.009 3.999 3.986
50 0.391 0.406 0.394 0.397 0.395 3.982 3.986 3.956 3.983 3.936
75 0.423 0.410 0.528 0.520 0.740 3.958 3.951 3.744 3.713 3.340
100| 0.761 0.845 1.382 1.435 1.778 3.267 3.029 2.391 2.098 1.674
CO2| HGAS-ELL | HGAS-LL | HGAS-ML [ HGAS-HL | HGAS-EHL | HGAS-ELL | HGAS-LL | HGAS-ML [ HGAS-HL | HGAS-EHL
0 0.410 0.395 0.404 0.400 0.390 4.021 3.992 4.017 4.006 4.003
25 0.408 0.395 0.415 0.394 0.405 3.998 3.980 4.020 3.983 3.995
50 0.398 0.399 0.388 0.398 0.411 3.981 3.999 3.969 3.966 3.977
75 0.417 0.412 0.541 0.514 0.750 3.990 3.968 3.828 3.757 3.341
100| 0.746 0.853 1.373 1.466 1.783 3.235 3.083 2.385 2.144 1.688

Figure 9. Total yearly electricity export in the zone under different CBAM scenarios

Figure 9 also reveals that under high CBAM scenarios, the economic pressure on Bosnia and
Herzegovina's lignite-based power plants becomes unsustainable, leading to a complete halt
in electricity exports and necessitating substantial electricity imports to meet domestic
demand. This result underscores the urgent need for Bosnia and Herzegovina to diversify its
energy mix and enhance its renewable energy capacity to mitigate the economic impacts of

high CO2 pricing and ensure energy security.

Analyses of cross-border line congestion between Bosnia and Herzegovina and Croatia under
various CBAM scenarios are presented in Figure 10. The figure provides insights into how
different levels of CO; pricing and CBAM implementation affect cross-border electricity flows.
Key points include:
) Low CBAM impact: At lower CBAM factors, cross-border line congestion is minimal,
indicating smooth electricity trade between the two countries. This finding suggests

that low CO; pricing does not significantly impact cross-border flows.
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J High CBAM impact: With higher CBAM factors, there is increased congestion,
reflecting the strain on cross-border lines as countries adjust to higher CO; prices.
This finding indicates potential bottlenecks and highlights the need for infrastructure
upgrades to accommodate changes in trade dynamics.

J Policy implications: The congestion analysis underscores the importance of
coordinated energy policies and infrastructure investments to manage cross-border

electricity flows effectively, especially under high CBAM scenarios.

CO2| ELGAS-ELL | ELGAS-LL | ELGAS-ML | ELGAS-HL | ELGAS-EHL | ELGAS-ELL [ ELGAS-LL | ELGAS-ML | ELGAS-HL | ELGAS-EHL
0 2.35 2.63 2.64 2.39 2.52 39.79 38.53 37.27 38.32 40.71
25 2.48 2.55 2.60 2.45 2.89 39.00 38.98 39.37 36.97 38.21
50 3.86 4.74 12.72 17.33 17.41 37.09 32.47 15.42 13.87 14.02
75 18.14 17.61 20.75 22.76 24.99 13.97 12.87 12.11 11.68 10.32
100| 24.58 31.46 36.36 36.64 41.76 8.30 6.27 3.54 3.58 2.80
CO2| LGAS-ELL | LGAS-LL | LGAS-ML | LGAS-HL | LGAS-EHL | LGAS-ELL | LGAS-LL | LGAS-ML | LGAS-HL | LGAS-EHL
0 2.84 2.45 2.26 2.64 2.27 40.37 41.46 40.32 38.29 38.92
25 2.71 2.52 2.73 2.52 2.58 42.63 41.24 39.68 39.51 37.93
50 2.59 2.84 2.64 2.50 2.98 41.40 39.55 41.21 38.28 36.96
75 3.46 4.29 10.15 15.15 21.40 38.16 32.97 20.94 13.30 10.86
100 23.13 30.86 36.67 36.62 41.42 9.63 6.32 3.71 3.78 2.58
CO2| MGAS-ELL | MGAS-LL | MGAS-ML | MGAS-HL | MGAS-EHL | MGAS-ELL [ MGAS-LL | MGAS-ML | MGAS-HL | MGAS-EHL
0 2.45 2.37 2.18 2.23 2.25 45.59 46.21 45.40 45.42 44.79
25 2.12 2.37 2.20 1.99 2.17 44.12 46.00 46.97 46.63 44.69
50 2.15 2.15 2.26 2.36 2.20 46.20 46.55 45.37 46.62 43.70
75 2.43 2.36 4.60 5.17 9.16 45.00 44.28 38.81 36.61 31.42
100 7.47 8.40 15.43 13.94 18.80 33.52 28.92 21.77 16.91 12.92
CO2| HGAS-ELL | HGAS-LL | HGAS-ML | HGAS-HL | HGAS-EHL | HGAS-ELL | HGAS-LL | HGAS-ML | HGAS-HL | HGAS-EHL
0 2.36 2.36 2.41 2.27 2.43 46.87 45.75 46.72 44.81 45.87
25 2.47 2.20 2.57 2.04 1.91 46.38 46.55 47.48 45.41 46.24
50 2.05 2.19 2.04 2.33 2.64 44.89 46.83 45.11 45.40 43.74
75 2.44 2.26 5.07 4.75 9.22 46.19 45.71 40.92 38.06 30.29
100 7.41 8.81 15.79 15.37 19.24 32.32 29.36 22.43 18.71 13.28

Figure 10. Cross-border line congestion analysis under different CBAM scenarios

The results in this section underscore the complex interplay between CO; pricing, fuel prices,
and cross-border energy interactions. The load duration curves (Figure 3 to Figure 8) reveal
that both lignite and fossil gas power plants in Bosnia and Herzegovina and Croatia are highly
sensitive to fluctuations in fuel prices and CO; pricing. Low CO; prices allow for frequent and
high-load operation of these plants, while high CO; prices significantly reduce their
operational duration, encouraging a shift towards cleaner energy sources or increased

reliance on electricity imports.
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The total yearly electricity export (Figure 9) and cross-border line congestion analysis (Figure
10) further illustrate the broader implications of CBAM and CO; pricing. High CBAM factors
and CO; prices lead to reduced electricity exports from Bosnia and Herzegovina and increased
cross-border congestion, highlighting the need for infrastructure upgrades and coordinated

energy policies to manage these changes effectively.

The combined insights from Figure 3 to Figure 10 provide a robust framework for
understanding the technical and economic impacts of CBAM and CO. pricing on the
interconnected power systems of Bosnia and Herzegovina and Croatia. These insights support
evidence-based policy development by highlighting trade-offs between system efficiency,
environmental goals, and energy market stability. The transition from an electricity exporter
to an importer in Bosnia and Herzegovina under high CO, price scenarios (Figure 9)
emphasises the importance of strategic investments in renewable energy and infrastructure

upgrades to ensure energy security and economic stability.

4.2. Economic evaluation of CBAM scenarios

This section evaluates the economic implications of different CBAM scenarios by analysing
the total system cost and average electricity prices in the HR-BA zone. The focus is on
understanding how varying CO; and fuel prices impact the overall economic performance of

the interconnected energy systems of Bosnia and Herzegovina (BA) and Croatia (HR).

The total cost of operating the HR-BA system under different CBAM scenarios is presented in
Figure 11. Key observations include:

) Stable costs at low CO; prices: The total system cost remains relatively stable under
low CO; prices (0% and 25% of the 2022 EU ETS price). This stability indicates that
the energy systems in Bosnia and Croatia can absorb minor CO; costs without
significant economic disruption.

J Rising costs at medium to high CO; prices: As CO; prices increase to medium (50%)
and high levels (75% and 100%), there is a marked rise in total system costs. This rise
reflects the increased financial burden on fossil fuel-based power plants due to

higher CO; emissions costs.
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Economic trade-offs: The distribution of costs across different scenarios highlights
the economic trade-offs involved in implementing CBAM. Policymakers should
carefully plan and support economic measures to mitigate the financial impacts

while transitioning to a low-carbon economy.

CO2 |ELGAS-ELL [ELGAS-LL|ELGAS-ML|ELGAS-HL | ELGAS-EHL
0 1797 1837 1913 1933 1967
25 1998 2040 2116 2138 2174
50 2207 2240 2305 2323 2348
75 2364 2394 2429 2437 2439
100 2418 2355 2328 2388 2848
CO2 LGAS-ELL | LGAS-LL | LGAS-ML | LGAS-HL | LGAS-EHL
0 1886 1926 2002 2024 2063
25 2093 2126 2204 2226 2261
50 2299 2333 2403 2431 2461
75 2494 2533 2591 2602 2608
100 2595 2544 2516 2583 3175
CO2 MGAS-ELL | MGAS-LL | MGAS-ML | MGAS-HL | MGAS-EHL
0 2033 2062 2147 2169 2205
25 2235 2271 2350 2376 2412
50 2442 2480 2561 2585 2616
75 2649 2687 2756 2775 2745
CO2 HGAS-ELL | HGAS-LL | HGAS-ML | HGAS-HL | HGAS-EHL
0 2444 2485 2557 2589 2621
25 2659 2696 2776 2805 2831
50 2862 2902 2980 3006 3041
75 3073 3109 3179 3202 3170
100 3160 3159 3931 4033 4068

Figure 11. The total cost of running the HR-BA system under different CBAM scenarios

The average electricity cost in the HR-BA zone under different CBAM scenarios is presented

in Figure 12. The main findings are:

35

Low impact on electricity prices at low CO; prices: At lower CO; prices, average
electricity costs in the HR-BA zone remain relatively low. This finding indicates that
the initial phases of CO; pricing do not significantly impact electricity prices, allowing
consumers to adjust gradually.

Significant price increase at medium to high CO; prices: As CO; prices increase, the
average electricity cost rises significantly. High CO; prices (75% and 100% of the 2022
EU ETS price) lead to substantial increases in electricity prices, reflecting the pass-

through of higher operational costs to consumers.



720
721
722
723

724
725

726
727
728
729
730
731
732
733
734

J Policy Implications: The sensitivity of electricity prices to varying CO. costs
underscores the importance of effective CO; pricing strategies. Policymakers must
balance environmental objectives with economic impacts to ensure that electricity

remains affordable while promoting decarbonisation.

CO2 |ELGAS-ELL| ELGAS-LL [ELGAS-ML|ELGAS-HL ELGAS-EHL

0 66.81 68.32 71.12 71.89 73.16
25 74.31 75.85 78.68 79.49 80.86
50 82.07 83.29 85.73 86.37 87.31
75 87.92 89.04 90.31 90.62 90.70

100 89.91 87.58 86.55 88.80 105.89
CO2 LGAS-ELL | LGAS-LL | LGAS-ML | LGAS-HL |LGAS-EHL

0 70.12 71.63 74.43 75.27 76.70
25 77.82 79.05 81.95 82.78 84.09
50 85.50 86.74 89.34 90.40 91.52
75 92.75 94.19 96.34 96.77 96.97

100 96.48 94.60 93.57 96.03 118.06
CO2 |MGAS-ELL| MGAS-LL [MGAS-ML [ MGAS-HL [MGAS-EHU

0 75.60 76.69 79.82 80.66 81.98
25 83.12 84.47 87.39 88.37 89.71
50 90.81 92.20 95.24 96.13 97.26
75 98.52 99.93 102.50 103.19 102.09

100 101.66  101.35 128.88  135.89  135.97
CO2 |HGAS-ELL| HGAS-LL [ HGAS-ML | HGAS-HL [HGAS-EHL

0 90.87 92.41 95.08 96.26 97.47
25 98.89 100.24 103.23 104.30 105.28
50 106.43 107.91 110.82 111.78 113.09
75 114.26 115.62 118.20 119.06 117.86

100 117.49 117.47 146.19 149.95 151.26
Figure 12. Average electricity cost in HR-BA zone under different CBAM scenarios

Both figures are instrumental in evaluating the economic and operational impacts of CBAM
and CO; pricing on the energy systems of Bosnia and Herzegovina and Croatia. They provide
critical insights for policymakers to develop balanced strategies supporting environmental
and economic objectives, ensuring a sustainable and resilient energy future. The analysis
reveals that Bosnia and Herzegovina's transition from an electricity exporter to an importer
is driven by high CO, prices and certain combinations of high fossil gas and lignite prices,
emphasising the need for strategic planning and investment in renewable energy and

infrastructure upgrades.
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4.3. Constraints and limitations of the approach

The methodological framework used in this study is centred on the operational modelling of
the interconnected power systems of Bosnia and Herzegovina and Croatia under varying CO,
pricing and fossil fuel cost scenarios. The analysis provides detailed insights into how changes
in lignite and fossil gas prices and the phased introduction of carbon pricing through the CBAM
mechanism affect electricity generation, system dispatch, operational costs, and cross-border
trade dynamics. However, several limitations of the modelling approach should be

acknowledged.

The Dispa-SET model, employed in this study, is a short-term, unit commitment and dispatch
optimisation tool that operates on an hourly resolution over a one-year simulation period. It
is well suited for evaluating operational outcomes such as load duration curves, cross-border
flows, and system costs under defined technical and economic parameters. However, the
model does not account for long-term investment dynamics, technological learning curves,
or endogenous infrastructure expansion. As such, it does not reflect optimal capacity planning
over multiple years but instead assesses the feasibility and implications of operating the

system within fixed configurations.

In this analysis, electricity demand is treated as an exogenous input and is not disaggregated
by sector or adjusted dynamically in response to CO, pricing. This simplification does not
capture potential behavioural changes or demand-side adaptations, particularly in energy-
intensive industrial sectors that may be significantly affected by CBAM. Furthermore, while
system flexibility is provided through existing fossil and hydro capacity, the model excludes
energy storage technologies, sector coupling, or demand response options, which could

become increasingly important under higher carbon pricing scenarios.

Although Bosnia and Herzegovina does not currently apply a formal CO, pricing mechanism,
the assumption of a phased introduction of carbon costs is grounded in the country's
obligations under the Energy Community Treaty and its anticipated alignment with EU policy
through the Carbon Border Adjustment Mechanism (CBAM). The Energy Community

Contracting Parties, including Bosnia and Herzegovina, have committed to adopting climate
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neutrality targets and have developed National Energy and Climate Plans (NECPs) which
reflect a pathway toward decarbonisation and carbon pricing. Recent studies commissioned
by the European Commission highlight carbon pricing as a key instrument to meet these
objectives and explore several feasible policy pathways, such as fixed-price ETS systems and
integration into the EU ETS by 2030 [53]. These policy developments provide a credible

foundation for including phased CO; pricing in the scenario design of this study.

In parallel, institutional integration steps are underway to reinforce this policy trajectory.
Bosnia and Herzegovina is included in the planned market coupling integration of the Energy
Community with the EU's Single Day-Ahead and Intraday Markets, as outlined in the
Integration Plan for the Market Coupling Operation (MCO). While this process anticipates full
market coupling by 2026, it also highlights important institutional limitations for Energy
Community Nominated Electricity Market Operators (NEMOs), such as those representing
Bosnia and Herzegovina, whose roles are restricted to "Serviced NEMOs" without voting
rights on methodological or algorithmic changes, and who operate under the coordination of
EU counterparts [54]. These governance and implementation asymmetries may delay or
complicate the harmonisation of carbon pricing frameworks and operational procedures with

EU standards.

The modelling in this study reflects a best-estimate policy trajectory and incorporates CO,
cost signals in accordance with CBAM enforcement expectations. However, it does not
explicitly account for political uncertainty, institutional readiness, or transitional
arrangements that could affect the timing, scope, or implementation of carbon pricing in
Bosnia and Herzegovina. As such, the results should be interpreted with an awareness of

these underlying policy and institutional uncertainties.

The model's scope is limited to the Croatia-Bosnia and Herzegovina (HR-BA) zone, with
electricity exchanges to other neighbouring systems treated as fixed historical flows. As a
result, broader regional feedback effects, such as those stemming from concurrent carbon
pricing implementation or infrastructure changes in adjacent countries, are not captured. The
model also does not address system balancing at a multi-regional level, where additional

flexibility, congestion, or redispatch needs may significantly affect outcomes. Consequently,
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developments such as price differentials, loop flows, or the dynamic impact of new
interconnectors fall outside the analytical boundaries. Thus, the assumption of fixed cross-
border flows may lead to underestimating transmission constraints and potential integration

benefits under shifting CO, cost conditions.

Despite these limitations, the approach offers a consistent and transparent framework for
analysing the operational impacts of carbon pricing and fossil fuel cost variations in a real-
world cross-border electricity context. The results should indicate short- to medium-term
effects under current infrastructure and policy conditions, providing valuable input for

ongoing decarbonisation strategies and regional energy policy development.

5. Conclusion

The detailed analysis of various scenarios offers valuable insights into the operational and
economic dynamics of interconnected energy systems of Bosnia and Herzegovina and Croatia
under different pricing mechanisms. The main conclusions from this research include
significant impacts on the operation of lignite and fossil gas power plants due to the
introduction of CO; pricing. Higher prices lead to reduced utilisation and a shift towards
cleaner energy sources, promoting decarbonisation. Additionally, higher CO, and fuel prices
increase operational and electricity costs, underscoring the need for balanced CO; pricing

strategies that support both environmental and economic objectives.

The analysis highlights the importance of robust cross-border infrastructure and coordinated
energy policies to manage the impacts of CBAM on electricity trade and system stability.
Bosnia and Herzegovina's transition from an electricity exporter to an importer is influenced
by various scenarios involving changes in CO2 pricing, fossil gas prices, and lignite prices. This
transition is particularly evident in scenarios with high CO; prices and certain combinations of
high fossil gas and lignite prices. When CO; prices reach 75% and 100% of the 2022 EU ETS
price, Bosnia and Herzegovina, which primarily relies on lignite power plants, faces increased
operational costs. This effect reduces the economic viability of lignite-based electricity
generation, forcing Bosnia and Herzegovina to import electricity to meet its domestic

demand. In scenarios such as HGAS-HL and HGAS-EHL, where both fossil gas and lignite prices
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are high, the cost of domestic electricity generation in Bosnia and Herzegovina becomes very
high. This scenario increases the economic pressure on Bosnia and Herzegovina's energy
sector, leading to increased electricity imports. The worst-case scenario involves a
combination of high CO; prices (75% and 100% of the 2022 EU ETS price) with high fossil gas
and lignite prices. In these scenarios, Bosnia and Herzegovina cannot sustain its electricity
exports due to high operational costs, thus transitioning to an importer to fulfil its electricity
needs. As CO; prices rise, Bosnia and Herzegovina's ability to export electricity reduces
significantly. Consequently, this necessitates a shift towards greater import dependence to
satisfy domestic demand, highlighting the critical need for Bosnia and Herzegovina to explore

alternative energy sources and rapidly increase renewable energy investments.

Croatia's reliance on fossil gas for electricity generation makes it highly sensitive to
fluctuations in fossil gas prices and CO; pricing. Higher fossil gas prices combined with high
CO, prices increase the operational costs of fossil gas power plants, leading to higher
electricity prices. This result underscores Croatia's need to diversify its energy mix and invest
in renewable energy sources. The analyses also highlight the critical role of cross-border
electricity trade with Bosnia and Herzegovina. Coordinated energy policies and robust cross-
border infrastructure are essential to managing the impacts of CBAM on the stability and
economic viability of the Croatian energy sector. By strategically planning and investing in
renewable energy, Croatia can mitigate the economic pressures of high CO, prices and

enhance its energy security.

The insights from this analysis can be applied to other non-EU countries with energy systems
connected to the EU. These countries can benefit from understanding the operational and
economic impacts of CBAM and CO, pricing and develop strategies to mitigate adverse
effects. Key measures include diversifying the energy mix, investing in renewable generation,
and upgrading grid infrastructure. Coordinated energy policies and cross-border cooperation
will also be critical to sustaining electricity trade and meeting alignment conditions under
CBAM. By leveraging the findings of this study, non-EU countries can better align their energy
policies with EU regulations and contribute to a more sustainable and integrated regional

electricity market.
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This study supports more informed policymaking by providing a detailed assessment of the
effects of CBAM and CO, pricing on cross-border electricity flows. The analysis provides
guidance for developing climate and energy policies that balance operational feasibility with
long-term sustainability. Policymakers should prioritise renewable energy investment and
infrastructure upgrades to prepare for increasing carbon pricing and regional market

integration.

Although this study focuses on short-term operational impacts, future research should
explore the long-term consequences of CBAM implementation. As the mechanism evolves, it
will likely influence investment decisions, energy mix transitions, and system flexibility. Long-
term planning frameworks will be necessary to evaluate decarbonisation pathways,

infrastructure needs, and cumulative system effects over extended time horizons.

This study also presents a valuable and transferable modelling framework for analysing
phased carbon pricing in non-EU countries. The HR-BA case offers a practical example of how
regulatory asymmetries in interconnected electricity systems affect dispatch behaviour, trade
patterns, and system costs. These findings are relevant not only to Bosnia and Herzegovina
and Croatia but also to Energy Community Contracting Parties and other globally connected

countries facing similar policy alignment challenges.

Beyond this case, the scenario structure and modelling approach developed here can support
broader regional and international applications. By integrating CO, pricing trajectories, fuel
price variability, and cross-border interactions, this work offers a robust framework for
assessing CBAM implementation in diverse contexts. These insights can guide energy policy
design, infrastructure investment, and regional cooperation toward a just and cost-effective

transition to climate neutrality.
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