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Introduction

Poland is currently in the process of updating its strategic energy policy documents. In the autumn of 2024, the
government presented a draft of the National Energy and Climate Plan (NECP) for public consultation. Work is also
underway on strategy for the heating sector, and an update to the Polish Energy Policy is also anticipated. At the
same time, the country needs to develop a long-term low-emission development strategy extending to 2050, aligned
with the EU’s goal of achieving climate neutrality.

The existing strategic documents—Poland’s Energy Policy until 2040 (adopted in 2021) and the National Energy
and Climate Plan until 2030 (adopted in 2019)—have proven to be conservative and quickly outdated in the face
of a fast-evolving technological, regulatory, and market environment. Rather than encouraging investment, these
documents have often impeded progress. As a result of a slow and uncoordinated transformation, electricity and heat
in Poland are primarily generated from coal, and their prices are among the highest in the European Union.

However, Poland has an opportunity to reverse its course. The goal of this report is to contribute to the debate
about strategic planning and to present the results of modelling the energy sector, carried out using the Zefir tool,
co-developed by us with Enercode. In this way, we show a cost-optimal development pathway for the national
electricity mix, heating, and individual heating systems until 2040, assuming dynamic growth in green hydrogen
production, as well as the electrification of transport and heating in Poland.

The modelling results indicate a need for over 100 GW of new generation capacity by 2040. On one hand, this
represents a major challenge, especially in the coming years, as the country will not only need to transform its energy
mix while changing how the entire system is managed. It is imperative to increase system flexibility, for instance
through energy storage or the electrification of heating. On the other hand, the scale of the necessary investment
presents a significant opportunity for the Polish economy, creating new supply chains, jobs, and space for innovation.

We hope that the modelling results presented in this report will help define a realistic and cost-effective pathway
for Poland’s energy transition and contribute to the development of a coherent and credible investment plan for the
energy sector. Such an approach will facilitate the planning of necessary investments, streamline the development
directions of the energy sector, and support data-driven decision-making.

| encourage you to read and join the discussion.
Joanna Pandera, PhD
President of Forum Energii
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Key Conclusions

° Achieving a cost-optimal power system will necessitate its profound transformation.
Modeling conducted with the Zefir tool indicates that by 2030 alone, the power sector will
need to install 56 GW of new generation capacity (including 46 GW of renewables) and
17 GW of energy storage with a capacity of 70 GWh. By 2040, the scale of investment will
require installing over 100 GW of new generation capacity. This enormous investment effort
is not only a challenge but also an opportunity, providing an impulse for the Polish economy.

° The implementation of such a dynamic transformation requires the immediate removal of
regulatory and procedural barriers, especially for onshore wind energy, whose capacity
should be doubled within the next five years. Support for the construction of dispatchable
units and those providing flexibility through the capacity market is also necessary, along
with improved transparency of grid connections. It will be essential to stimulate domestic
production of energy storage and heat pumps. The lack of a domestic manufacturing base for
these technologies increases the cost and logistical risk of investments and can significantly
delay the transformation process.

° Gas-fired power should balance renewables, not replace coal - new gas capacities,
if necessary in the transformation process, should not serve as the foundation of the new
energy system. Their role should be limited to balancing weather-dependent renewables
and providing system services (e.g., providing inertia) with the lowest possible natural gas
consumption. Furthermore, gas in the future, should be replaced by biomethane to reduce
import dependence and limit emissions.

° Replacing coal in the mid-2030s - our modeling indicates that coal-fired power should be
phased out after 2035 and be replaced by renewable sources, working with sectors in the
process of electrification and energy storage, along with balancing units. Maintaining demand
for coal would only lead to higher costs associated with maintaining coal mining and emissions.

° Reduction of mining sector costs - conducting the transformation in line with the presented
scenarios allows for a decrease in subsidies to coal extraction amounting from 12 billion PLN
to even 60 billion PLN compared to the WAM scenario included in the draft update of the
National Energy and Climate Plan to 2030 (uNECP).

° Avoiding the price trap - dynamic transformation will allow for lowering the share of emission
and fuel costs in the cost structure of electricity. As a result, the average cost of energy
generation will be more predictable and less susceptible to fluctuations in raw material and
CO, emission allowances, thus more stable for end-users.

° Widespread electrification of heating, transport, and hydrogen production forms the
foundation of Poland’s energy transformation. It is a necessary condition for achieving an
optimal cost structure for the system.

° Engaging the demand side in system balancing will be crucial through flexible energy
consumption in the heating, electromobility, and hydrogen sectors, as well as in households.
An example could be the increased heat production from heat pumps or electrode boilers to
store energy surpluses in daily or seasonal heat storage facilities, thereby reducing electricity
consumption during periods of renewable energy shortages.



1. Introduction — NECP in the context of modelling results

This report contains detailed results of modelling the cost-optimal path for Poland’s energy transformation, presented
in a clear thematic structure. In the first chapter, we discuss the strategic context and the role of the document
known as the National Energy and Climate Plan (NECP), along with its draft updates, comparing it with the results
of our modelling. In the next chapter (Chapter 2), we present the main modelling assumptions used in our Zefir tool,
including assumptions regarding energy demand, fuel prices, and technologies. The most important part of the report
(Chapter 3) consists of detailed modelling results, which we analyse across three sectors:

1) electricity,
2) district heating,
3) household heating.

Additionally, we present a comprehensive analysis of transformation costs and a forecast of electricity and heat
generation costs in the context of expected market and regulatory changes.

The report concludes with a summary and specific recommendations (Chapter 4). These indicate the necessary
actions for an effective, secure, and cost-optimal energy transformation in Poland.

The appendices contain detailed methodological information and specific input data for the modelling, which will
allow for a deeper understanding of the assumptions made and for verification of our results by the most interested
recipients, experts, and analysts.

Although the results of our modelling do not constitute firm recommendations for the future energy mix, they should
serve to draw conclusions about the directions of transformation that will allow for an effective implementation of
the upcoming changes.

In our analysis, we adopted the trajectory of emission allowance prices (ETS1) in accordance with the European
Commission's guidelines for creating national energy and climate plans, in order to be able to compare our results
with government analyses. Our observations show that these prices tend to be lower when compared with the
forecasts, which may be caused, among other things, by the rapid development of renewable sources throughout
the EU.

Our analysis also assumes the dynamic development of green hydrogen - produced through electrolysis, using new
renewable sources. The modelling therefore shows a “what if” scenario where Polish industry and transport were to
meet green hydrogen targets in accordance with the RED lll directive?, using only hydrogen produced in Poland?.

1 Directive (EU) 2023/2413 of the European Parliament and of the Council of 18 October 2023 amending Directive (EU) 2018/2001, Regulation (EU)
2018/1999 and Directive 98/70/EC as regards the promotion of energy from renewable sources, and repealing Council Directive (EU) 2015/652.
2 T. Adamczewski, J. Wojcik Understanding EU’s and Poland’s RES Goals, Forum Energii, 2023, https:/www.forum-energii.eu/en/zrozumiec-cele-oze.
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1.1.  Background and Purpose of the Analysis

The transformation of the Polish energy sector is one of the key challenges on the path to increasing economic
competitiveness and achieving sustainable energy security®. We are facing enormous investments in the electricity
sector, as well as in heating, district heating, and hydrogen production. It is therefore necessary to define the optimal
path for their development and to establish a comprehensive investment strategy.

This requires reforms eliminating development barriers and implementing packages of measures supporting the
energy transformation, involving both citizens and energy companies. The National Energy and Climate Plan (Krajowy
Plan na rzecz Energii i Klimatu) for 2021-2030 (NECP)* and its announced modifications in 2025 will set the framework
for this transformation, while the implementation of changes requires investments resulting from actively shaped
state energy policy.

The purpose of this report is to contribute to the discussion on what the strategy for the transformation of Polish
energy, contained in the NECP, should look like. In our analysis, we examine what generation capacities should
replace those that are already being phased out, emphasize the role of electrification in sector integration, and
indicate the key needs of the Polish energy, heating, district heating, transport, and hydrogen sectors.

ZOur analysis shows that the year 2035 should be the last year for the use of coal in electricity generation, district
heating, and building heating for the energy transformation to proceed in a cost-optimal manner. According to the
proposals contained in the WAM uNECP scenario?, this change proceeds much slower (coal replacement occurs after
2040), which, according to our calculations, generates unnecessary costs.

The energy transformation in Poland will require the implementation of an investment plan that covers electricity
and heat demand and ensures adequate capacity and capabilities for the power system. Our analysis shows how
this change could proceed, indicating cost-optimal and technologically sound solutions. A full description of its
assumptions, as well as a detailed description of the model used, can be found in the appendix.

1.2. What is NECP?

NECP is a strategic document that outlines the vision for the transformation of the country’s energy system in
the context of emission reduction and increasing the competitiveness of other economic sectors. It is based on
the requirements of the EU Regulation on the governance of the Energy Union and Climate Action®, which obliges
Member States to develop and update strategies regarding these issues.

According to the draft NECP update from the autumn of 2024 (UNECP), significant development of renewable
energy sources is predicted, which, supported by backup gas sources, will gradually replace coal-fired power plants.
The document also points to the necessity of building an energy system resilient to market changes, based on
low-emission technologies, and increasing energy security and economic competitiveness.

3 We propose a new definition of sustainable energy security in our report: M. Jakubik, Towards sustainable energy security. Europe needs a new
strategy now, 2025, Forum Energii, https:/www.forum-energii.eu/towards-sustainable-energy-security-europe-needs-a-new-strategy-now-1.

4 MKi$ (Ministry of Climate and Environment), National Energy and Climate Plan for 2021-2030 (Krajowy plan na rzecz energii i klimatu na lata
2021-2030), 2019, https:/www.gov.pl/web/klimat/krajowy-plan-na-rzecz-energii-i-klimatu-na-lata-2021-2030---wersja-2019-r.

5 WAM (With Additional Measures Scenario) - a scenario contained in the draft National Energy and Climate Plan until 2030 presented in

autumn 2024. It assumes accelerated decarbonisation through the development of RES, modernisation of heating, and implementation of
new technologies. Source: MKi$, National Energy and Climate Plan until 2030 (Krajowy Plan w dziedzinie Energii i Klimatu do 2030 r.), 2024,
https:/www.gov.pl/web/klimat/krajowy-plan-na-rzecz-energii-i-klimatu.

6 Regulation (EU) 2018/1999 of the European Parliament and of the Council of 11 December 2018 on the Governance of the Energy Union and
Climate Action, amending Regulations (EC) No 663/2009 and (EC) No 715/2009 of the European Parliament and of the Council, Directives
94/22/EC, 98/70/EC, 2009/31/EC, 2009/73/EC, 2010/31/EU, 2012/27/EU and 2013/30/EU of the European Parliament and of the Council,
Council Directives 2009/119/EC and (EU) 2015/652 and repealing Regulation (EU) No 525/2013 of the European Parliament and of the Council
(OJL328/1,11.12.2018).


https://www.forum-energii.eu/towards-sustainable-energy-security-europe-needs-a-new-strategy-now-1

The proposed NECP update includes two transformation scenarios:

1) WEM (With Existing Measures) - this scenario assumes the continuation of existing actions
without introducing new, more active regulatory and financial initiatives, which will result in a
slower pace of decarbonisation,

2) WAM (With Additional Measures) - this assumes intensive development of renewable energy
sources, modernisation of the heating sector, and foresees a greater scope for the development
of new sectors, such as green hydrogen production and battery energy storage, which will enable
faster decarbonisation while reducing dependence on imported fossil fuels.

NECP 2019, NECP 2024, or uNECP?

In Poland, three versions of NECP have been developed up to date. The first, adopted in 2019, formed the basis
for Poland’s energy and climate policy for 2021-2030. The next version, submitted to the European Commis-
sion in March 2024, was an initial update of the plan and included a WEM baseline scenario reflecting Poland’s
possible contribution to achieving EU climate and energy targets with the continuation of existing measures.
The third version of NECP is a draft active WAM scenario, which includes additional measures to accelerate
the country’s energy transformation and achieve emission reduction targets. The document, along with a full
package of annexes, was made available for public consultation in October 2024. Work on the final version of
the plan is currently underway. In contrast to WEM, the WAM scenario includes new measures supporting the
transformation, going beyond currently binding regulations and practices. Work on establishing and adopting
the final version of the document is ongoing at the Ministry of Climate and Environment.

NECP in Poland:

1) NECP 2019 - National Energy and Climate Plan for 2021-2030 submitted to the European Commis-
sion in December 2019,

2) NECP 2024 - Draft National Energy and Climate Plan until 2030 - preliminary version of the NECP
update draft submitted to the European Commission in March 2024, containing the WEM baseline

scenario,

3) UuNECP 2024 - Updated National Energy and Climate Plan until 2030 - version submitted for public
consultation in October 2024, containing two scenarios: WEM (continuation of current actions) and
WAM (variant with additional measures supporting the transformation).

1.3.  Modelling the Transformation using the Zefir Tool

To contribute to the discussion on future decarbonisation scenarios in NECP, we conducted a modelling exercise
using the Zefir tool, a multi-sector optimisation model for the energy transformation. Our analysis focused on the
costs and benefits resulting from a faster transformation of the electricity system by replacing decommissioned
coal capacities with renewable energy sources, flexible gas units, government-planned nuclear energy, and energy
storage. Furthermore, we emphasized the importance of integrating energy consumption sectors, such as electricity,
heating, district heating, transport, and hydrogen production - through their electrification, which enables more
efficient energy use and reduction of systemic costs.
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Zefir - an Advanced Energy System Optimisation Tool

The Zefir model, developed by the technology company Enercode in cooperation with Forum Energii, is
an open optimisation model designed for modelling and analysing the Polish energy system. It enables the
simultaneous identification of a cost-optimal development path for new capacities and hourly balancing of the
system through dynamic integration of the electricity, heating, district heating, electromobility, and hydrogen
economy sectors.

The model identifies optimal solutions in terms of investment and operational costs, taking into account
supply-demand balance and requirements for electricity grid operational stability, such as the requirement for
dispatchable sources or those providing system inertia.

Key Features and Application

The Zefir model allows for the analysis of a wide array of technologies - from conventional and renewable
sources, through energy storage (thermal, electrical, hydrogen), to demand flexibility mechanisms. It accounts
for technical minimums, limitations on power change dynamics, and requirements for ensuring adequate power
reserves. It is also adapted to current legal regulations regarding efficient heating systems or green hydrogen
and allows for consideration of various transformation scenarios. The open-source code increases the model’s
transparency and enables the verification of its assumptions and modelling results by the scientific community,
businesses, and decision-makers, supporting long-term investment decisions. The model is publicly available in
the GitHub repository: https:/github.com/ncbj-idea/pyzefir.

Transparency and Flexibility

Running in a cloud infrastructure, Zefir functions as a digital twin of the Polish energy system, enabling complex
simulations and analyses in a matter of hours, significantly accelerating a data-driven decision-making process.
This facilitates assessing the effects of potential investment delays or regulatory changes as well as identifying
risks associated with low electricity system flexibility and lack of sectoral integration. Thus, the model becomes
a practical tool supporting multi-stage analysis and shaping system development strategies.

Transformation Scenarios Created Using the Zefir Tool

We compared the WAM uNECP scenario with the results of two Zefir modelling scenarios. Both scenarios are
based on the fuel prices presented in UNECP but differ in the fuel price trajectories adopted in the forecast for
future years. These are:

1) Zefir scenario - expensive coal - based on domestic prices for energy contained in the WAM scenario;
in this scenario, electricity production from most efficient hard coal power plant is more expensive than
production from the most efficient CCGT unit from 2029 onwards - this is the primary scenario to which
the values and conclusions presented in the report refer,

2) Zefir scenario - expensive gas - based on raw material import prices to the EU which are the basis for
determining domestic market fuel prices; in this scenario, electricity from gas is more expensive for almost the
entire analysis period.

Distribution costs based on historical data from the Eurostat database were added to the mentioned fuel prices
(detailed information about the Zefir tool is presented in Appendix 1).



https://github.com/ncbj-idea/pyzefir

Share of RES and Zero-Emission Sources in Electricity Production

The pace of decarbonisation of the electricity sector can be assessed by analysing the share of renewable or
zero-emission sources in the electricity production structure. This indicator - covering the share of renewable energy
sources (RES) and clean energy (RES and nuclear energy) - allows for the comparison of consequences on different
transformation paths.

Chart 1 presents the trajectories of electricity sector transformation in four scenarios: two official (WEM and WAM)
from uNECP and two alternative ones, developed using the open Zefir model (expensive coal and expensive gas).
These scenarios differ in the assumed level of fuel costs and the pace of implementing low-emission technologies.

Chart 1. Share of RES (solid lines) and share of clean energy (dashed lines) in electricity generation according to
uNECP and Zefir modelling
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Source: own elaboration based on uNECP and Zefir modelling.
* UNECP - WEM version presents the energy transformation plan only until 2030.
** Due to modelling limitations, the share of RES does not include the use of biomethane as a substitute for natural gas.

According to uNECP, in 2030 the share of RES in electricity generation should reach 51.2% in the WEM baseline
scenario and 56% in the active WAM scenario. The results of our modelling indicate approx. 57% RES share.
The RES share would be higher, while simultaneously reducing generation costs, if investment processes - in
particular onshore wind energy - accelerated. In our analysis, however, we had to adopt limitations on new capacities
due to legislative conditions, under which the restrictive rules for locating wind farms have not been liberalised yet.

Since the WEM scenario presents a vision that significantly deviates from the results of our analysis and - in our
opinion - is not adapted to current challenges, in the remainder of the report we will refer our results to the more
active WAM scenario.

Electricity Sector

The electricity sector plays a key role in the country’s energy transformation, especially in the context of the
progressing electrification of other economic sectors - from transport to heating - which necessitates dynamic
development of new generation capacities and increased system flexibility.

Chart 2 shows the achievable capacities in the electricity sector according to our modelling and according to the
WAM uNECP scenario.
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Chart 2. Achievable capacities in the electricity sector according to Zefir modelling and the WAM uNECP scenario
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Source: own elaboration by Forum Energii based on calculations with the Zefir model and uNECP.

In Chart 2, we can observe the scale of required investments - mainly in renewable sources, such as wind or PV, but
also in gas sources securing grid stability and battery energy storage.

The results of our analysis indicate that the electricity system will require more gas and battery sources for optimal
operation than indicated in the WAM uNECP draft scenario. Regardless of which fuel will be more expensive, the
optimal energy system will need additional gas capacities beyond those that have already obtained capacity market
contracts and have been included in the uNECP draft. Such a safeguard for the system will enable greater investments
in weather-dependent renewable energy sources, which are required to reduce transformation costs.

In the case of coal-fired sources, the Zefir model opted for their faster decommissioning to avoid the fixed costs of
maintaining unused units. However, the model does not take into account random events or geopolitical factors.
In practice, it may therefore be necessary to maintain certain coal capacities in cold reserve, which will make the
national system more resilient to future crises.

Chart 3 illustrates the differences in the share of individual energy sources in the electricity mix of the cost-optimal
system according to Zefir modelling and the WAM uNECP scenario.

Chart 3. Share of energy carriers® in the electricity mix in Zefir modelling and the WAM uNECP scenario
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Source: Own elaboration by Forum Energii based on calculations with the Zefir model and uNECP.
* The chart does not include electricity produced from battery storage and pumped hydro storage.



The Zefir model shows that a more dynamic electrification process of the economy combined with a developed
energy storage system should lead to increased integration of renewable energy sources with the electricity system.
The uNECP scenario, on the other hand, foresees a systematic phasing out of fossil fuels, but the conclusions from
our modelling suggest the possibility of accelerating this process while maintaining the stability of the electricity grid’.
The dynamics of new capacity development in Zefir's results is greater than in uNECP, among other things, due to
faster electrification of heating and faster development of green hydrogen (adjusted to the RED Il directive targets).
Regardless of the fuel price variant assumed in our modelling, coal will be gradually replaced by other capacities until
almost complete decommissioning within the next 10 years.

Chart 3 also shows the future cost-optimal role of natural gas in the energy sector according to the Zefir model.
Despite the deployment of new gas capacities beyond those already contracted in the capacity market (almost a
twofold increase by 2030 and a fourfold increase by 2040), production from gas sources remains at a small level
(a decrease of more than half compared to production from small capacities available in 2025), and their capacity
utilisation factor peaks.

The change in the way gas sources will be used in future years is presented in Chart 4, illustrating the ratio of installed
capacity and electricity generation to the base year values.

Chart 4. Installed capacity in gas units vs. fuel consumption
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Source: own elaboration by Forum Energii based on calculations with the Zefir model.

The analysis of Chart 4 indicates that gas sources should primarily serve a backup function, balancing the system
during periods of low production from renewable energy sources and ensuring the stability of the electricity grid.
The emergence of new units may lead to an increase in gas consumption between 2025-2035, only to decrease
afterwards. New gas capacities will operate with a low capacity utilisation factor, and in the longer term, natural gas
will be replaced by biomethane or other alternative fuels, which will allow for further reduction of the energy sector’s
emissions. Battery energy storage will also be increasingly responsible for balancing the system.

District Heating

District heating - as one of the most emission-intensive sectors so far has been slow to modernize - is becoming
a key area of transformation. The sector is of great importance, especially in the context of its increasing links with
electricity through the development of new technologies, such as heat pumps and electrode boilers.

Chart 5 shows the difference between heat production calculated by the Zefir model and that presented in the
uNECP draft. The significant role of electrification is also visible in this sector.

7 Maintainging the stability of the electricity grid means meeting the requirements of the model for the operation of available sources during
each hour with a capacity greater than 15% of the demand in a given hour, meeting the supply and demand equation, taking into account
the possibility of limiting RES production and non-delivery of energy at the assumed VOLL value of 61,500 PLN/MWh, as well as fulfilling
the requirements to maintain technical minimums
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Chart 5. Share of energy carriers in the district heating mix in Zefir modelling and according to the WAM uNECP
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Source: Own elaboration by Forum Energii based on calculations with the Zefir model and uNECP.

Emerging sources using electricity, mainly large-scale heat pumps, are gradually serving as a replacement in the Zefir
scenarios, for the fuels that are currently the basis of Polish district heating, i.e., hard coal and natural gas.

Including the district heating sector in the transformation of the electricity sector is a cost-effective solution.
This sector can provide additional flexibility to the National Power System. Geothermal energy and energy from
waste incineration will also play an important role in the district heating transformation process, although these were
not covered by the modelling in this analysis.

Coal Consumption

The results of the analysis indicate significant differences regarding coal consumption in Zefir modelling and in the
WAM uNECP scenario. Chart 6 shows the rate of hard coal consumption reduction in electricity generation and
heating. The results of our modelling show that a faster replacement of coal with other fuels than in the uNECP
scenario is the cost-optimal solution.

Chart 6. Hard coal consumption in electricity generation and heating in 2025-2040 according to Zefir modelling
and the WAM uNECP scenario
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Source: own elaboration by Forum Energii based on calculations with the Zefir model, uNECP, assumptions of the Social Agreement,
and analysis: T. Adamczewski, J. Pandera, Government Agreement with Miners - A Ticking Time Bomb (Umowa rzqdu z gérnikami
- bomba z opéznionym zaptonem), Forum Energii, 2024, https:/www.forum-energii.eu/koszty-umowy-spoleczne;j.




The use of energy system modelling, including analyses performed with the Zefir model, allows for the identification
of optimal energy transformation paths, minimizing the operating costs of the entire system and limiting the risk of
energy shortages during the transition period. The results of this modelling can provide valuable input for further
modifications of uNECP, indicating opportunities for more efficient energy system development.

In the following chapters, we will present a detailed analysis including a description of the optimisation model, key
assumptions, and results that will allow for assessing the costs and benefits of accelerated transformation and sector
integration.

2. The Main Assumptions Made for Modeling Using
the Zefir Tool

2.1.  Energy Demand and Supply

Any energy system modeling requires adopting specific assumptions that simplify the complex real system while
retaining its key features and mechanisms. In analyzing the results of optimization models, such as those conducted
in this study, it's crucial to consider both technological development trends and future changes in energy demand
and supply structures.

Therefore, for the purpose of this analysis, a series of fundamental assumptions were made regarding:

° demand, encompassing the requirement for electricity, heat, and green hydrogen across various
economic sectors, considering projected changes resulting from the energy transition,

° supply, meaning the availability and development of generation sources, as well as constraints
arising from raw material and infrastructural resources.

A detailed description of all modeling assumptions can be found in Appendix 2, while this section will focus on the
key aspects of the Zefir model that have the greatest impact on further analysis.

2.2. Key Modeling Assumptions

1. Heat Demand in Buildings
The Zefir model distinguishes between single-family, multi-family, and other buildings (commercial
and other non-residential), with a breakdown into urban and rural areas. The analysis is based
on assumptions regarding thermal modernization derived from the uNECP (National Energy and
Climate Plan for Energy Efficiency) and the Heat Strategy until 20308.

2. Basic Electricity Demand

The values for basic electricity demand were adopted from the Transmission Network Development
Plan for 2025-2034°, developed by Polskie Sieci Elektroenergetyczne (PSE - Polish Transmission
System Operator). These values include baseline energy consumption, meaning consumption
in households, services, industry, and agriculture, but exclude demand resulting from electric
heating, electromobility, and hydrogen production, which have been accounted for differently.
They are calculated by the model based on decisions made regarding sector electrification and
heat or hydrogen demand. The resulting values are presented later in the report in Chart 12.

8 MKiS, Strategy for the Heating Sector until 2030 with a perspective to 2040 (Strategia dla cieptownictwa do 2030 r. z perspektywq do 2040 r.),
2022, https:/bip.mos.gov.pl/strategie-plany-programy/strategia-dla-cieplownictwa-do-2030-r-z-perspektywa-do-2040-r/.
9 PSE, Plan rozwoju sieci przesytowej na lata 2025-2034, 2024, https://www.pse.pl/-/projekt-nowego-planu-rozwoju-sieci-przesylowej-na-

lata-2025-2034-uzgodniony.


https://www.pse.pl/-/projekt-nowego-planu-rozwoju-sieci-przesylowej-na-lata-2025-2034-uzgodniony
https://www.pse.pl/-/projekt-nowego-planu-rozwoju-sieci-przesylowej-na-lata-2025-2034-uzgodniony
https://www.pse.pl/-/projekt-nowego-planu-rozwoju-sieci-przesylowej-na-lata-2025-2034-uzgodniony
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3. Electromobility Development
The model assumes an increase in the number of electric vehicles in line with Bloomberg’s
conservative forecast, according to which they will constitute 37% of Poland’s vehicle fleet'® by
2040. For modeling purposes, simplifications were adopted regarding vehicle energy consumption
and charging methods. The projected increase in electricity demand from this sector ranges from
0.6 TWh in 2025 to 21 TWh in 2040.

4. Green Hydrogen Development

The model anticipates that green hydrogen will replace a portion of the grey hydrogen currently
consumed (primarily in industry). Poland plans to achieve at least 2 GW of electrolyzer capacity
by 2030 and 4 GW by 2040. In our analysis, we assume a faster development of green hydrogen
production, which will meet demand in line with the targets outlined in the RED IIl directive.
Hydrogen production will require further development of renewable energy sources (RES) to
power the electrolyzers. The model also accounts for hydrogen storage and its impact on the
energy balance.

5. Available Generation Capacities in the Power Sector
For the model, we created a “baseline mix” as a starting point for optimization. We included both
existing generation capacities and planned investments, as well as constraints on the pace of
coal capacity retirement and the growth of RES and gas-fired sources. We assumed a minimum
operating level for some sources, such as nuclear power plants. The model does not analyze
individual conventional units but groups them into broader categories.

6. Limitations on the Availability of Renewable Energy Sources and Natural Gas
We adopted limitations on the development of RES related to access to suitable space for
construction and the pace of new installation construction. We also limited the maximum potential
for biomass, biogas, and biomethane acquisition. Regarding natural gas, we assumed that Poland
will not import gas from Russia, and available volumes will come primarily from LNG, the Baltic
Pipe, and domestic production.

7. Biomass Consumption Limit at 2022 Reference Year Level
To prevent over-exploitation of biomass resources, we introduced a limit on its consumption for
heating purposes, set at a level corresponding to the values from 2022. This assumption stems
from the need to ensure sustainable development of the energy sector while preserving natural
resources.

8. Natural Gas Consumption Limitation by Buildings
The model operates with an annual natural gas consumption limit for buildings, set at 8 billion m®,
which is almost double the current consumption. This assumption allows for controlling the role of
natural gas in the energy mix, avoiding excessive dependence on this raw material in the long term,
while simultaneously leaving some flexibility for the model.

9. Forecasts of Raw Material and CO, Emission Allowance Prices
The model incorporates price forecasts for coal, gas, and biomass for both households and
generation units. A price path for CO, emission allowances, based primarily on European
Commission guidelines and analyses, and other sources, was also adopted. The cost of CO,
emissions is also expected to include households from 2027 onwards.

10 BloombergNEF, Electric Vehicle Outlook 2024, 2024, https://assets.bbhub.io/professional/sites/24/847354_BNEF_EVO2024_Executive
Summary.pdf.
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Technical and Economic Parameters of Generation and Storage Technologies

The model accounts for the investment and operational costs of various technologies - both
large-scale (e.g., RES power plants, nuclear, gas-fired) and those used in individual buildings
(e.g., heat pumps, energy storage). The optimization does not include any financial support
schemes, which allows for an assessment of the real competitiveness of individual technologies.

Constancy of Connection Structure to the Heating System
The model assumes the number of buildings connected to the heating system remains unchanged.

Omission of Anti-Smog Regulation Impact

In accordance with the adopted assumption, local and national anti-smog regulations that could
influence changes in heat demand structure were not included in the modeling. As a result, the
modeling outcomes focus on economic optimization without legislative interference.

National Power System as a Copper Plate

In modeling electricity flows, the paradigm of a so-called “copper plate” was adopted, meaning
we did not account for transmission network constraints, assuming that energy can flow freely
throughout the system. However, the model does include vertical flows, i.e., those occurring
between different network levels, such as from prosumers to the distribution network, or direct
lines.

Heat and Electricity Storage in Buildings

The model provides for the possibility of local heat and electricity storage at the building level.
This increases the flexibility of energy management, minimizing transmission losses and reducing
operational costs.

Polish Energy System as an Island

We assumed that in the model, the Polish energy system operates in isolation from neighboring
systems - without the possibility of electricity import or export. Although interconnections play
a significant role in lowering prices and increasing system stability in reality, purposefully isolating
the model allows us to focus on analyzing the possibilities of building a self-balancing system under
all possible conditions. This approach also eliminates the risk of errors resulting from insufficient
information about the course of the energy transition in neighboring countries.
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3.  Modeling Results

This part of the analysis presents the modeling results using the Zefir tool, divided into three sectors: power generation,
district heating, and individual heating, as well as the costs of required investments and energy generation.

3.1. Power Generation

Installed Capacities
Charts 7a and 7b present the optimization results for the power generation sector, i.e., the dynamically changing

generation mix for the Zefir - expensive coal and Zefir - expensive gas scenarios, respectively.

Chart 7. Structure of generation and storage capacities and storage capacity (chart on the right) in the power system
between 2025-2040
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From the dominance of coal-fired capacities in the mid-2020s, the mix shifts towards renewable energy - particularly
wind (onshore and offshore) and photovoltaic. The increasing share of RES is supplemented by flexible units
(gas-fired and energy storage) and nuclear power - in line with government policy. Between 2025 and 2030,
the capacity of coal-fired power plants shrinks by almost half. In the Zefir - expensive coal scenario, as a result
of implementing planned investments (Chart 24) and economic optimization, by 2030 there will be an increase of
56 GW of new electricity sources and 17 GW of storage (with a capacity of 70 GWh), including:

° photovoltaic power +32 GW to a level of 52 GW in 2030,

° onshore wind power +8 GW to a level of 18 GW in 2030,

° offshore wind power +6 GW to a level of 6 GW in 2030,

° gas units +10 GW to a level of 13 GW in 2030,

° storage +17 GW to a level of 19 GW in 2030, i.e., to 79 GWh.

Between 2024 and 2035, a dynamic pace of addition for new renewable sources is maintained, averaging
approximately 9 GW per year (almost twice as much as in previous years, when the annual growth rate of new
RES sources was approximately 5 GW). Between 2024 and 2040, approximately 107 GW of new RES capacities,
25 GW of new dispatchable capacities, and 184 GWh of battery energy storage must appear in the system.
Such extensive investments can become a powerful development impetus for Polish industry, particularly in the area
of strategic technologies crucial for the country’s energy security.

Electricity Production

Charts 8a and 8b illustrate the electricity production mix along with RES production curtailments for two scenarios
created by the Zefir model. The generation from battery storage and pumped-hydro storage presented in the chart
shows only the energy produced. The amount of stored energy is shown in Chart 12.

Chart 8. Electricity production mix in 2025-2040
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b) Zefir - expensive gas
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Source: Forum Energii's own elaboration based on the Zefir model.

Analysis of Charts 8a and 8b leads to several main conclusions:

° Regardless of the scenario, despite new investments in gas-fired sources and the development of
the Polish nuclear program, RES will account for over half of the electricity produced*! in Poland as
early as 2028.

° In 2040, among RES, onshore wind will be responsible for producing the largest volume of
electricity (85 TWh). Next in line will be offshore wind (55 TWh) and photovoltaic installations
(53 TWh).

° Fossil fuels - Chart 8a (Zefir - expensive coal) indicates that production from fossil fuels will
be gradually replaced by energy from gas and renewable sources, with a complete phase-out
occurring between 2030 and 2035. In the scenario where natural gas energy is more expensive
(Zefir - expensive gas), hard coal remains in the mix longer, but the volume of energy produced
from it is much smaller than currently. In this scenario, coal is also replaced around 2035.

A significant aspect of the energy transition is the growing need to periodically curtail energy production from
renewable energy sources. This is a natural consequence of the increasing share of weather-dependent sources,
such as wind and sun, in the energy mix. Forecasts indicate that in 2040, with RES generation potential at 240 TWh,
curtailments could reach approximately 50 TWh. This is due to the fact that at certain times, the Polish power system
will not be able to fully utilize such a large amount of generated energy.

11 The volume of energy produced must equal the volume of energy consumed. This means that for system-level weather-dependent RES
sources (i.e., onshore and offshore wind, large-scale PV installations), energy whose production had to be curtailed is not included in the
total.
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Curtailments of energy production by RES should not be seen as a completely negative phenomenon, but
simply as a characteristic of the future energy system - provided they result from market mechanisms, such
as price signals on the spot market or services provided on the Balancing Market. The problem remains the
current practice of non-market-based curtailment of generation - at the initiative of the transmission system
operator (TSO) to ensure system stability. Curtailments of tens of TWh from 2032 onwards partly result from
the fact that the current version of the model does not allow for full demand-side flexibility, and inter-system??
exchange is also unavailable.

As a result of economic optimization, it turns out to be more rational to curtail RES production than to invest
in expanding storage to absorb every energy surplus. From the model’s perspective, we should not strive for
absolute utilization of every MWh of renewable energy at all costs.

The key conclusion remains the urgent need for action to increase demand-side flexibility, understood as the
ability of consumers to adjust energy consumption in response to changing market and system conditions.
The aim should be a situation where energy consumers, both large and individual, are incentivized to be more
flexible. Dynamic electricity prices combined with dynamic distribution tariffs, which could reflect the instan-
taneous balancing or network situation, are one of the tools that can encourage this.

In moments of potential energy surplus, individual consumers should receive incentives to increase energy
consumption for purposes such as electric vehicles, home electricity storage, or heating buildings along with
charging heat storage. The same applies to large energy consumers who have a range of solutions enabling
flexible demand shaping, such as storing energy in products (temporary increase in industrial production) or ad-
justing demand by using electric heating devices and storing that heat, increasing green hydrogen production,
or charging battery energy storage systems.

12

In the model, the base demand for electricity and the demand from the electromobility sector are not flexible, but the flexibility provided
by the hydrogen sector is not exhausted - sources cannot produce more or less green hydrogen per year than assumed. On the other hand,
the demand for electricity used for heat production is more flexible, as it can be stored in individual and system heat storage facilities.
However, this is done while maintaining a constant set temperature, i.e. it is not possible to lower the temperature at night or at times of

extreme difficulty for the system. Electricity storage facilities, on the other hand, are fully flexible.
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Electricity Generation Mix

Along with changes in the generation capacity mix, the share of individual technologies in energy production also
changes, as illustrated in Chart 9. It shows the shares of generated energy for four sources: coal (hard and lignite), gas
(natural), RES (wind, PV, biomass, and hydro), and nuclear.

Chart 9. Share of energy source types* in electricity generation in 2025-2040
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Source: Forum Energii's own elaboration based on the Zefir model.

* Due to model limitations, the share of RES does not include the use of biomethane as a natural gas substitute.

After 2035, coal-fired capacities, although still available, play a marginal role, balancing energy demand during periods
of reduced supply from weather-dependent renewable sources. Gas-fired sources will increasingly take over this
function, however, despite the increase in their capacity, natural gas consumption does not increase proportionally.

As a result of the modeling, the generation mix in the Zefir - expensive coal scenario changes from coal-dominated
energy (43% of the energy mix) in 2025 to 6% in 2030 and almost 0% in 2035. At the same time, the share of
renewable, gas, and nuclear sources, in particular, increases in the generation mix, as illustrated in Chart 8. In the
Zefir - expensive gas scenario, the share of coal in 2035 remains above 3%, but by 2040, its share drops to zero.

The analysis therefore shows that, regardless of the adopted scenario, the power system operates in a cost-optimal
manner if coal is phased out of the power sector around 2035.

Adoption of the Appropriate Zefir Model Scenario

The raw material costs in the Zefir - expensive coal scenario take into account more factors and are more specific to
the appropriate consumer than in the Zefir - expensive gas scenario. For this reason, in our opinion, its implementation
is more probable, and the values and charts in the rest of the report refer to it.

Hourly System Balances

The correlation between energy production and consumption is shown in Charts 10 and 11. They illustrate how
generating units cover electricity demand hour by hour, broken down by technology. During the winter, specific
dates were chosen to show the system’s operation during low RES generation periods (known as “Dunkelflaute” in
German), i.e., multi-day periods of low wind and solar power generation combined with high demand. In the summer,
the system had to cope with overproduction from renewable sources.

January 2030

The example of the third week of January is characterized by low insolation and variable windiness, which influences
how the energy system is balanced. On windy days, energy generated by wind farms exceeds demand, necessitating
curtailment of their operation. In periods of weaker wind, gas-fired units supported by energy storage systems
become the main energy source, playing a key role in system stabilization. Heat pumps pose a significant load on the
grid, operating intensively due to seasonal heat demand, as do electrolyzers and electric vehicle chargers. Despite
the challenges, the energy system remains balanced thanks to the flexibility of energy storage and the dynamic
adjustment of generating unit operation.

19



Chart 10. Hourly profile of electricity demand coverage in selected weeks of January 2030 for the Zefir —

expensive coal scenario
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Source: Forum Energii's own elaboration based on the Zefir model.

As can be seen from Charts 10 and 11, the power system balances itself by utilizing the full range of available storage
technologies, hydrogen production, and electric vehicle charging.

July 2030

The energy system operates during this time under conditions of high insolation and variable windiness, which
is reflected in the characteristics of energy sources in the third week of the month. On days of highest demand,
especially in the middle of the week, limited wind energy generation requires supplementation by gas power plants,
which act as system stabilizers. At the same time, energy storage systems operate dynamically, supporting system
balancing.
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Chart 11. Hourly profile of electricity demand coverage in selected weeks of July 2030 for the Zefir — expensive
coal scenario
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Source: Forum Energii's own elaboration based on the Zefir model.

A significant burden on the system is the growing demand from electrolyzers and electric vehicle charging, which is
reflected in the fluctuating energy consumption profile.
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Electricity Demand

Chart 12 presents electricity demand categorized.

Chart 12. Forecast of electricity demand between 2025 and-2040 including basic demand and demand for
transport, electric heating (P2H), and green hydrogen production
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Source: Forum Energii's own elaboration based on PSE data (basic demand) and Zefir modeling results.

One of the largest electricity demand categories, exceeding basic demand in both scenarios, will be energy used
for heat production - both in district heating and individual heating. This includes energy consumed by individual
air-source or ground-source heat pumps, as well as devices operating in district heating systems, i.e., large-scale heat
pumps and electrode boilers.

It is worth noting that the effect of sector coupling through their electrification is a significant increase in total
electricity demand, which proves to be the cheapest solution from a system perspective. As a result, there is a visible
increasing demand for electricity not only for heating, but also for electrolysis used for hydrogen production and
electric vehicle charging. Demand will increase by 25% by 2030 and by 64% by 2040.
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3.2.  District Heating

The transformation of the district heating sector, although historically delayed compared to the power generation
sector, should proceed just as dynamically for the system to move forward in a cost-effective manner. The optimization
model indicates the necessity of a profound change in the fuel mix, including the complete phase-out of coal by 2035,
as illustrated in Chart 13.

Chart 13. Technological mix in district heating in 2025-2040 for the Zefir — expensive coal scenario
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Source: Forum Energii’s own elaboration based on the Zefir model.

The role of coal in district heating systems is diminishing and will continue on this trajectory. No new coal-fired units
are being built because their construction costs, along with operating costs, are uncompetitive compared to other
technologies. The chart shows that large-scale heat pumps, which could account for almost half of heat production
in 2040, are filling the gap left by coal. Gas (natural gas or biomethane, if it enters the fuel mix) will also play an
important role in the form of heat produced in hot water boilers, cogeneration engines, or large CCGT units.

In the second half of the 2030s, with the development of renewable sources in the power sector, large-scale heat
storage systems will begin to gain importance. They are charged during periods of surplus electricity production from
the wind and the sun by utilizing it in electric heating devices such as heat pumps and electrode boilers (cf. Charts
10 and 11).

The model indicates that a large volume of heat will be produced from biomass. However, due to the need to
use sustainable biomass (as we wrote in the report Understanding RES Targets (Zrozumie¢ cele OZE™3) its price and,
consequently, its future are difficult to predict. Energy from solar thermal collectors also found its place in the mix.

Future heating systems should also benefit from geothermal energy, waste heat, and energy recovered from
municipal waste utilization. However, these installations will be built depending on the availability (and the need for
management) of municipal waste and the local availability of waste heat or geothermal heat, which is why they were
not included in the current version of the Zefir model.

District heating will remain an important element of the national power system, but its role will transform.
The increasing electrification of heat sources - including the development of heat pumps and electrode peak boilers
- will generate growing demand for electricity, especially during the heating season. Chart 14 shows electricity
demand and supply from the perspective of the district heating sector in 2025-2040.

13 T. Adamczewski, J. Wéjcik, Understanding RES Targets (Zrozumie¢ cele OZE), op.cit.


https://www.forum-energii.eu/zrozumiec-cele-oze
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Chart 14. Electricity production in cogeneration in district heating and electricity consumption due to electrification
of district heating
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Source: Forum Energii's own elaboration based on the Zefir model.

Currently - and in the coming years - the district heating sector will supply electricity generated in cogeneration
during heat production. However, electric heating devices will play an increasingly important role, increasing the load
on the National Power System (KSE). For this reason, a change in the district heating system’s balance is expected
in the 2030s, becoming a net consumer of electricity. Thanks to the possibility of heat storage, this energy will be
primarily used during periods of high RES production, contributing to the stabilization of the power system.

3.3. Individual Heating

Individual heating, traditionally dominated by coal and other fossil fuels, plays a significant role in decarbonizing the
building sector. The transformation includes the need for both replacing current heat sources with low-emission
ones and reducing heat demand through thermal modernization of buildings.

As a result of modeling this sector, heat from coal is replaced by natural gas and heat pumps, as shown in Chart 15.
Here, too, thermal modernization leads to a reduction in heat demand in buildings.

Chart 15. Fuel and technology mix in individual heating in 2025-2040
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Source: Forum Energii’'s own elaboration based on the Zefir model and Eurostat data (Eurostat, Energy flow - Sankey diagram data,
2025, https://ec.europa.eu/eurostat/databrowser/view/nrg_bal_sd/default/table?lang=en).

* Biomass and coal consumption is higher than reported by Eurostat because the model’s function is to meet heat demand. In
practice, buildings are sometimes underheated or waste is used for heating.
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According to our modeling results, in 2030, 33% of heat in individual heating will come from coal (a decrease from
46% in 2025). Although coal is a cheaper energy carrier than natural gas (cf. Table 1), its share in the generation mix
decreases for two reasons:

1) from 2027, the ETS2 system will come into force, imposing fees on individual users for coal and
gas emissions (Chart 25),

2) the combination of PV installations with heat pumps will be cost-competitive with heat produced
using fossil fuels.

Heat pumps play a very important role in the transformation of individual heating. However, the dynamics of
installing new units in the model is limited due to the potential of equipment installers and the supply chains for these
devices!*. Our analyses also show that the optimal solution is to choose ground source heat pumps over air-to-water
heat pumps wherever possible. Ground source heat pumps are more efficient®>, which translates into a reduction in
the demand for new capacities in the power system?.

In our model, however, we set a limit for the development of ground source heat pumps, as their installation requires
more space around the building (including deep boreholes) and access to specialized drilling equipment and operation.
Nevertheless, the model indicates both ground source and air source heat pumps as preferred technological solutions
enabling cost-effective system management.

Our analysis shows that actions should be taken to develop heat pump production in Poland. Modeling indicates
that by 2040, Poland will need 28 GW in individual heat pumps. Meanwhile, according to PORT PC, only 737,000
units were sold by the end of 20247, Assuming that an average unit has a thermal output of approximately 5 kW,
the total installed capacity today is around 3.7 GW.

Accelerating the development of heat pumps along with thermal modernization of buildings would help limit the role
of natural gas in heating buildings and reducing imports of this raw material. Faster thermal modernization would also
reduce the demand for new capacities in the national power system needed to power heat pumps.

14 P. Kleinschmidt, Future without Gas and Coal. A Strategy for the Heat Sector (Przysztos¢ bez gazu i wegla. Strategia dla sektora ciepta), 2023,
Forum Energii, https:/www.forum-energii.eu/cieplownictwo-bez-wegla-i-gazu.
15 Ground source heat pumps are more energy-efficient and can also be more cost-effective for the entire system. The heat source for these

devices is the ground, with temperatures ranging from a few to over ten degrees Celsius, which allows for maintaining high device efficiency
on frosty days, unlike air source heat pumps. This results in lower peak demand.

16 This is consistent with earlier analyses by Forum Energii, cf. P. Kleinschmidt, Stable Ground in District Heating. The Role of Geothermal Energy
in the Transformation of the Heat Sector (Stabilny grunt w cieptownictwie. Rola geotermii w transformacji sektora ciepta), 2024, Forum Energii,
https:/www.forum-energii.eu/geotermia.

17 Trzy btedy polityczne ostabity rynek pomp ciepta w 2024 roku. Czas na korekte kursu, 2025, PORT PC, https:/portpc.pl/
trzy-bledy-polityczne-oslabily-rynek-pomp-ciepla-w-2024-roku-czas-na-korekte-kursu/.



26

3.4. System Operating Costs

The transformation of the power and heating systems, replacement of heating devices in buildings, and development
of green hydrogen production will require significant capital expenditures. Over time, however, these investments
will begin to yield savings in operating costs. Chart 16 presents annualized'® investment outlays broken down by
sector.

Chart 16. Annualized investment outlays broken down by the power generation sector, district heating,

individual heating, and green hydrogen production sector in 2025-2040
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Source: Forum Energii’s elaboration based on the Zefir model.
* Real values PLN'2024.

According to our analysis, beetwen 2025-2040, the level of investment in these four sectors: power generation
(including power plants and combined heat and power plants, excluding grid investments), district heating (only
heating devices), individual heating, and the industrial hydrogen production sector will amount to at least PLN 470
billion. However, the investments indicated in Chart 16 will translate into subsequent savings. Energy generation
costs will decrease due to higher efficiency of new technologies, reduced demand for fossil fuels, and lower emissions.

In Chart 17, we presented the forecast of electricity generation costs in 2025-2040. This is the ratio of the sum of
all costs, i.e., annualized investment costs, operating costs, and fuel and emission costs, to the electricity consumed.
Chart 17. Total electricity generation costs (investment, operating, fuel, and emission) in Poland in 2025-2040
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Source: Forum Energii’s elaboration based on the Zefir model.
* Real values PLN'2024.

As shown in Chart 17, electricity generation costs in the Polish power mix will decrease over time. In 2025-2030, the
main cost components are emission costs and fuel consumption costs. In the 2030s, however, annualized investment
costs and operating costs dominate, despite much higher emission prices under the ETS1 and ETS2 systems.

18 As investment costs are borrowed and installments are paid over the operating period of new generation sources, the chart presents
annualized investment outlays, and thus not the values actually in effect at the time of investment realization. For this reason, investment
costs are not shown in the chart in the year the investment is created, but are spread over each year of the device’s operation.
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The cost of energy generation, however, is not identical to its price. The price of energy stems not only from generation
costs, but also from margins imposed by producers and market mechanisms, and it is also increased by distribution
costs. In future energy systems, system costs, not energy prices, will be far more significant®’.

Chart 18 presents electricity generation costs in 2024 monetary values. In reality, however, these costs are incurred
on an ongoing basis, at prices corresponding to the current value of money. To illustrate this difference, Chart 18
shows the projected electricity generation costs between 2025-2040 in both constant 2024 prices and current
prices, which account for the impact of inflation. Energy generation costs in current prices will be closer to actual
wholesale energy prices.

Chart 18. Unit electricity generation costs in Poland in 2025-2040 in 2024 prices and current prices
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Source: Forum Energii’s elaboration based on Zefir modeling and the assumed inflation level in accordance with the NBP’s inflation
target (NBP, Monetary Policy (Polityka Pieniezna), https:/nbp.pl/polityka-pieniezna/).

In the Zefir - expensive coal scenario, in addition to electricity generation costs in Poland, the costs of subsidies to
mining will also decrease. The costs of hard coal extraction in Poland exceed the purchase price of this raw material
by energy companies - to maintain the financial liquidity of mines, Poland subsidizes production from public funds®.

Our analysis shows that in 2025-2040, in the Zefir - expensive coal scenario, hard coal consumption in the energy
sector will be 115 million tons lower than in the WAM uNECP scenario (Working Assumption Model of the National
Energy and Climate Plan). Lower coal consumption will translate into lower subsidies to mining. In October 2024,
we published an analysis Government’s Agreement with Miners - A Time Bomb (Umowa rzqdu z gérnikami - bomba z
opéznionym zaptonem), in which we presented an analysis of hard coal mining costs and how these costs affect the
level of subsidies to hard coal mining in Poland. Based on the methodology presented there, Chart 19 was developed,
comparing the level of subsidies to hard coal mining in the Zefir - expensive coal and WAM uNECP scenarios.

19 Deutsche Bank Research, Costs of electricity generation. System costs matter, 2023, https:/www.dbresearch.de/PROD/RPS_DE-PROD/
PRODO0000000000528292/Costs_of _electricity_generation%3A_System_costs_matt.PDF.
20 J. Pandera, T. Adamczewski, Government’s Agreement with Miners - A Time Bomb (Umowa rzqdu z gérnikami - bomba z op6znionym zaptonem),

2024, Forum Energii, https:/www.forum-energii.eu/koszty-umowy-spolecznej.



Chart 19. Projected cost of subsidies to hard coal mining in the Zefir — expensive coal scenario and WAM uNECP
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Miners - A Time Bomb (Umowa rzqdu z gérnikami - bomba z opéznionym zaptonem), 2024, Forum Energii, https:/www.forum-energii.
eu/koszty-umowy-spoleczne;j.

*Nominal values.

Hard coal extraction costs in Chart 19 are presented for two cases:
1) costs increase in line with the trend from 2018-2023, which is a more probable scenario,

2) costs are constant, which would require rapid optimization of extraction costs, including the closure
of less efficient mines and an increase in supply from more efficient mines, such as Bogdanka.

Zefir model simulations indicate that accelerated, cost-optimal decarbonization of the entire energy system by 2040
can reduce its total costs by over PLN 310 billion compared to the WAM uNECP scenario, while simultaneously
strengthening Poland’s energy security. This amount primarily comprises:

° a reduction of mining subsidies - approximately PLN 60 billion with rising extraction costs or
PLN 19 billion with constant costs,

° an avoidance of expenses related to CO, emissions (purchase of allowances, fees, and penalties)
- almost PLN 250 billion.

These savings are possible due to a significant decrease in domestic coal demand: by 2040, extraction and
consumption would be lower by almost 115 million tons of hard coal in total by 2040.

4.  Summary and Recommendations

The results of the conducted modeling indicate that a faster energy transition would bring more savings. The current
draft National Energy and Climate Plan (NECP), while a significant step, may prove insufficient to fully exploit the
potential of energy transition and avoid unnecessary costs. To ensure a secure, sustainable, and competitive energy
sector, decisive and coordinated actions are necessary.

Both the Zefir model scenarios and the WAM uNECP scenario foresee the development of renewable energy sources
(RES), which, supported by gas-fired backup sources and energy storage, will displace coal-fired units from the system.
The Zefir modeling further indicates a greater need for expanding not only the available capacity but also the flexible
capacity, essential for ensuring the stability of the power system amidst a growing share of variable renewable
sources. Available capacities, such as modern gas-powered fired units, will provide the operator with the ability to
respond to power shortages during periods of low RES generation. Flexible capacities, on the other hand - including
battery storage systems, Demand Side Response (DSR) mechanisms, and flexible district heating (e.g., networks with
heat storage or heat pumps) - will enable rapid system balancing on an hourly, or even minute-by-minute, basis,
increasing the system’s resilience to volatility in production.


https://www.forum-energii.eu/koszty-umowy-spolecznej
https://www.forum-energii.eu/koszty-umowy-spolecznej
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The combination of these two classes of resources - available and flexible - under the conditions of dynamically
growing RES generation will lead to the replacement of coal in the power sector - until its marginal role after 2035.
Adopting an accelerated coal phase-out pathway (different from what is planned in the uNECP) would reduce the
costs of maintaining mining and contribute to faster emission reductions and lower associated costs.

Based on the results of the conducted modeling, we formulate recommendations aimed at accelerating and optimizing
Poland’s energy transition - both technologically and systemically - in a way that enables reducing emissions, while
strengthening energy security, and limiting costs for the economy and end-users.

Key Recommendations:

1.

Revision of the social agreement with the miners

The social agreement with the miners, though defensible in the context of the transformation of mining
regions, requires re-evaluation in light of current challenges and energy transition goals. Modeling results
indicate that the pace of phasing out coal can be faster than assumed by the current social agreement.
Those conclusions undermine the economic justification for further subsidizing the coal sector in Silesia.
An open and constructive discussion on changes to the social agreement with miners is necessary, taking
into account both social and economic aspects of the transition. The new terms of this agreement should
stimulate the diversification of the economy in mining regions and the creation of alternative jobs.

Liberalization of wind power plant siting rules

Due to their technical and economic condition and expiring capacity market support, a significant portion
of coal-fired power plants will be decommissioned by 2030. To meet the growing demand for electricity,
Poland will need dynamic development of new sources, particularly onshore wind energy. Efficient
unblocking of investments in new onshore wind generation capacity is a necessary condition for achieving
transformation goals.

Development of gas-fired units with future fuels in mind

New gas-fired units are a crucial element of the future power system, especially in the context of ensuring
flexibility and stability of the system. New gas capacities (10 GW) are needed beyond those already
supported by the capacity market. We therefore need its reform, which will provide the system with not
only flexible capacities (like storage) but also available ones (like gas power plants). We write about this
in the Capacity and Flexibility: What Kind of Capacity Market Does a Modern Power System Need? report. The
role of gas sources should be strategically oriented towards occasional intervention, not baseload operation,
to limit Poland’s dependence on natural gas imports. In the coming years, their emissions will be lower due
to the emergence of larger volumes of biomethane used in the system.

Unlocking connection capacity potential

There is an urgent need to implement solutions needed for unlocking connection capacity of new generation
sources and energy storage. Recommendations regarding facilitating the use of cable pooling (e.g., by
enabling the connection of energy storage and eliminating unnecessary grid analyses)?, increasing the
profitability of direct lines (e.g., by reducing the Solidarity Fee), and transparency of connection condition
procedures should be implemented quickly and effectively??. The pace of developing new projects also
requires a change in the method of obtaining connection conditions, including, for example, the introduction
of auctions for connection capacities. We wrote more about this in the Forum Energii report Polish Grids
2040. Ready for 90 GW of RES (Polskie sieci 2040. Gotowe na 90 GW OZE)®.
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Cable pooling - sharing a single grid connection by various renewable energy sources (RES) (e.g., a wind farm and a photovoltaic farm),
which allows for more efficient utilization of connection capacity and reduces investment costs.

This is consistent with earlier analyses by Forum Energii (Energy Forum): T. Adamczewski, Combining RES Sources. The Potential of Cable
Pooling in Poland (taczenie zrédet OZE. Potencjat cable pooling w Polsce), Forum Energii, 2023, https:/www.forum-energii.eu/cable-
pooling, and T. Adamczewski, Accelerating RES Development (Przyspieszyc¢ rozwdj OZE), Forum Energii, 2023, https:/www.forum-energii.eu/
przyspieszyc-rozwoj-oze.

T. Adamczewski, Polish Grids 2040. Ready for 90 GW of RES (Polskie sieci 2040. Gotowe na 90 GW OZE), Forum Energii, 2025,
https:/www.forum-energii.eu/polskie-sieci-2040.


https://www.forum-energii.eu/en/moc-i-elastycznosc-jakiego-rynku-mocy-potrzebuje-nowoczesny-system-energetyczny
https://www.forum-energii.eu/polskie-sieci-2040

5. Effective allocation of public funds

Key areas for the effective use of public funds include:

° thermal modernization of buildings - investments in improving the energy efficiency of buildings
bring multidimensional benefits, including reducing energy demand (and new capacities in the
power system), lowering system operating costs, and improving air quality,

° transformation of the district heating sector - integration of district heating systems with the
power sector, development of heat storage (short- and long-term), heat pumps, and electrode
boilers, which will strengthen the flexibility and efficiency of the entire energy system,

° support for ground source heat pumps - eliminating market and cost barriers for ground source
heat pumps, which are more efficient than air source heat pumps can significantly reduce peak
electricity demand in winter.

Those are the areas of focus requiring financial support due to long payback periods and economic barriers
for investors.

6. Demand-side activation through flexibility mechanisms

Beyond the development of electricity storage, it is crucial to leverage the potential of demand-side flexibility.
The implementation of dynamic distribution tariffs and flexible electric vehicle charging programs, as well
as the creation of heat storage in buildings and Demand Response (DSR) mechanisms, will allow active
involvement of individual consumers in system balancing and increase its efficiency, i.e., lower peak power
needs. We wrote more about dynamic tariffs in the Forum Energii report Dynamic and Fair. The Future Shape
of Grid Tariffs in Poland (Dynamiczne i sprawiedliwe. Przyszty ksztatt taryf sieciowych w Polsce)*.

7. Integration of the district heating sector in balancing of the National Electricity System (KSE)
The district heating sector can play a significant role in balancing of the National Electricity System (KSE).
Strategic management of cogeneration plant production, large-scale heat pumps, electrode boilers, and heat
storage can provide valuable flexibility services and optimize the functioning of the entire energy system.

8. Leveraging the potential of offshore wind energy

Current assumptions foresee the development of 18 GW of capacity in the Polish exclusive economic zone,
which is a conservative approach compared to the potential of around 33 GW, resulting from wind, spatial
and environmental factors. Although modeling does not indicate the need for building greater offshore
capacities by 2040, they will most likely be needed in subsequent years. Increasing the possible development
of offshore wind farms would enable achieving climate neutrality in the future by increasing the supply of
RES energy for the electrifying economy. This will require an update of the Spatial Development Plan for
Polish Maritime Areas (Planu zagospodarowania przestrzennego polskich obszaréw morskich)?. We write more
about this in the report Race Against Time. When Will Offshore Wind Energy Come into Play? (Wyscig z czasem.
Kiedy morska energetyka wiatrowa wejdzie do gry?)?°.

9. The role of energy storage systems
Analyses indicate significant potential in battery energy storage systems. Their growing profitability results
from the projected decrease in technological costs in the coming years. Therefore, it is necessary to update
the uNECP assumptions so that battery energy storage systems play a much larger role than the currently
proposed 2 GW in the WAM uNECP scenario. Energy storage not only increases system flexibility but
also contributes to optimizing costs and efficiency across the entire sector. Including district heating,
electromobility, and the hydrogen production sector in system balancing will enable further reduction of
fossil fuel imports and improve the economy’s competitiveness through greater absorption of RES sources.

24 A. Jahn, A. Gawlikowska-Fyk, Dynamic and Fair. The Future Shape of Grid Tariffs in Poland (Dynamiczne i sprawiedliwe. Przyszty ksztatt taryf sieciowych
w Polsce), Forum Energii, 2021, https:/www.forum-energii.eu/dynamiczne-i-sprawiedliwe-przyszly-ksztalt-taryf-sieciowych-w-polsce.

25 SIPAM, Spatial Development Plan for Polish Maritime Areas (Plan zagospodarowania przestrzennego polskich obszaréw morskich), 2024,
https:/sipam.gov.pl/mapy/plany-morskie/.

26 P. Wrébel, Race Against Time. When Will Offshore Wind Energy Come into Play? (Wyscig z czasem. Kiedy morska energetyka wiatrowa wejdzie

do gry?), 2024, https:/www.forum-energii.eu/offshore-stan-gry.
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Appendix 1.
Zefir Model as a Tool for Energy System Optimization

The Zefir model, developed in cooperation between Enercode and Forum Energii, is a modern, open tool designed
for modeling and analyzing the structure of the energy system in Poland. It enables simultaneous optimization of
new installed capacities and system balancing with hourly resolution. The modeled sectors include electricity, district
heating, individual heating, electromobility, and green hydrogen production.

Its structure is based on Linear Programming (LP). Optimization is performed simultaneously for all interconnected
sectors and all time steps, from the perspective of a central planner. The primary function of the model is to minimize
the total costs of Poland’s energy system while meeting supply and demand, balancing conditions and ensuring the
operational stability of the electricity and district heating grids under imposed requirements and constraints.

The Zefir model, developed and used by Forum Energii, utilizes the commercial IBM CPLEX solver for calculations,
which enables solving large optimization problems while maintaining short (measured in hours) computation times.
The model is run in a high-performance Microsoft Azure cloud infrastructure (256 GB RAM, 32 CPU cores per
scenario), allowing for detailed analysis of alternative energy system transformation pathways. Thanks to such
infrastructure, it is possible to solve the model considering at least 4032 hours per year, while analyzing each year in
the time horizon from 2024 to 2040.

The model covers 4 interconnected sectors, 20 types of power plants, and dozens of generator and energy storage
technologies. In the heating sector, it also includes several demand aggregators. Such a high resolution of the model allows
for precise mapping of the energy system’s dynamics and its reactions to changing technical and economic conditions.

The model includes a wide range of technologies, including:

° electricity generation (conventional units, renewables, hybrid, system and individual battery
storage, prosumers),

° district heating systems and decentralized heating solutions,

° energy storage systems (hydrogen, heat, and electricity),

° hydrogen technologies,

° demand flexibility mechanisms, reserve maintenance, and energy storage,
° electrification of transport.

The choice of the Zefir model for this analysis stems from its ability to comprehensively integrate sectors and map key
technical and economic parameters, making it an indispensable tool in strategic planning for the national energy transition.

Key Features of the Zefir Model

Zefir is one of the many available tools for assessing and optimizing energy systems, but it stands out due to its
openness and customization to the specifics of the Polish power system. It is a “tailor-made” model, both in terms
of parameter selection and implemented functionalities - it takes into account real national conditions, such as the
structure of the energy mix, the specifics of district heating, the development of electromobility, and the availability of
RES resources. The model’s design allows to fully access to the source code and input assumptions, which increases
the transparency of the entire modeling and analysis process.

Thanks to the knowledge and experience of Enercode and Forum Energii available in Poland, Zefir can be continuously
developed and modified to better respond to the dynamic challenges of the energy sector. Such flexibility allows the
tool to be adapted to local realities and needs, while also enabling auditing by various entities. This involves the
scientific community, non-governmental organizations, local governments, the business community, the industrial
sector, and citizens in a broader debate on the future and directions of developing the common energy system,
strengthening social dialogue and increasing the transparency of the decision-making process.



Key functionalities of the Zefir model include:

° balancing supply and demand at every hour - considering balancing constraints and the need to
ensure adequate system reserves.

° integrated multi-sector approach - optimization includes simultaneous analysis of electricity
generation, district heating, individual heating, and green hydrogen production.

° optimization of investment and operating costs - the model indicates the most cost-effective
transformation pathways, including annualized investment costs, operating costs, fuel costs,
emission costs, and transmission costs.

° optimization of energy source dispatch - the model determines the power at which each element
of the model should operate in each hour, taking into account their technical minimums, availability
constraints, ramp rate limitations, and annual requirements.

° modeling system resilience - analyzing the system’s ability to absorb variability in RES supply and
ensuring the stable operation of conventional units under assumed parameters regarding system
needs.

° considering generation unit constraints - the Zefir model integrates minimum operating levels for

coal and nuclear units and limits on the dynamics of their power changes on an hour-by-hour basis,
which allows for a realistic representation of technical constraints.

° considering system requirements - the model considers mandatory operation of selected sources
at a certain required level in a given hour or cumulatively per year, which allows for enforcing a
minimum 15% share of dispatchable sources in each hour or enforcing 50% of produced heat from
cogeneration or RES sources during the year.

° mapping heat exchange limitations - a unique feature of the model is the consideration of barriers
to heat exchange between buildings with different characteristics, as the model treats them as
separate points - i.e., there is no heat exchange between buildings not connected to the district
heating network (e.g., a building with an installed heat pump cannot transfer heat to neighboring
facilities even if there are available electricity surpluses in the system).

° considering prosumer photovoltaics as an internal power source - it is assumed that a household
PV installation can meet not only the basic energy demand of the building (e.g., G11 Polish
Tariff) but also heating systems, such as heat pumps, without transmission losses; losses and
transmission fees only occur when energy leaves the building’s premises, which allows for a
realistic representation of the situation.

° considering direct lines - it is possible to supply selected industrial consumers with RES sources
connected via a direct line, which means different costs and transmission losses than in the case of
energy from the National Electricity System (KSE) and the possibility of using this energy for green
hydrogen production.

° advanced computational processing - the use of high-performance cloud infrastructure allows for
the analysis of extensive transformation scenarios.

° considering regulations on green hydrogen production - Zefir precisely maps the hydrogen sector
in accordance with the regulation on renewable fuels of non-biological origin?’, which specifies
requirements for temporal correlation between green hydrogen production and the supply
of electricity from RES; electrolyzers can only use energy from new RES sources launched no
earlier than 36 months before the start of hydrogen production - the model optimizes hydrogen
production conditions, taking into account power system balancing and priority access to the
surplus of renewable energy.

27 Commission Delegated Regulation (EU) 2023/1184 of 10 February 2023 supplementing Directive (EU) 2018/2001 of the European Parliament
and of the Council by establishing a Union methodology setting out detailed rules for the production of renewable liquid and gaseous transport
fuels of non-biological origin (Official Journal of the European Union, 2023, L 157/11).
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Digital Twin of the Energy System

The Zefir model allows for creating a digital twin of Poland’s energy system, encompassing electricity, district
heating, and the hydrogen economy. This enables:

° studying system sensitivity to changes in input parameters,

° analyzing the future of the energy sector in various scenarios,

° assessing the effects of potential investment delays,

° evaluating the impact of introduced regulations,

° identifying risks associated with low flexibility and lack of integration across sectors.

Directions for Zefir Model Development

Despite its advanced structure and multi-sector optimization, the current version of the Zefir model has certain
limitations that will be successively eliminated in further work on the tool. Planned extensions include:

° increasing demand-side resolution - currently, the model divides heat demand into three
main groups: single-family homes, multi-family homes, and the service sector, furthermore,
consumers are classified by type of heating devices (individual heat sources or connection to a
district heating network) - subsequent versions of the model will include a breakdown into more
detailed categories, such as the type of single- and multi-family buildings, their degree of thermal
modernization, and the size of district heating systems,

° including the industrial sector - currently, the model only considers electricity demand for the
industrial sector, not allowing for the optimization of the industrial processes - subsequent
versions of the tool will include this aspect, and parameterization will be carried out as part of
further work on the Industry Program conducted at Forum Energii, which is, among other things, a
continuation of the analysis Industrial decarbonisation: where to begin for Poland??,

° making the electromobility sector more flexible - currently, electric vehicle charging occurs
according to a rigid profile that is independent of the current situation in the energy system - in
future versions, the model will allow for dynamic adjustment of charging schedules to market
conditions and will include the possibility of using electric vehicle batteries as a source of flexibility
for the National Electricity System (KSE),

° expanding the hydrogen sector - currently, the model includes hydrogen production, but its
use is limited solely to covering a predefined, constant hourly demand; due to model limitations,
hydrogen cannot be accounted for the needs of other sectors of the economy within the model -
full integration of the hydrogen economy, including the use of hydrogen as an energy storage, will
be included in the next version of the model,

° including biomethane and other alternative fuels - the model focuses on standard energy sources,
not yet considering the potential of biomethane and other alternative fuels - in subsequent
versions, these fuels will be included in the optimization, allowing for a more comprehensive
representation of the future energy mix.

28 M. Dusito, Where to Start Industry Transformation? (Gdzie zaczq¢ transformacje przemystu?), Forum Energii, 2024, https:/www.forum-energii.
eu/przemysl-branze-na-start.
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Appendix 2. Modeling Assumptions

Heat Demand in Buildings

In the Zefir model, buildings are divided into single-family, multi-family, and other buildings in rural and urban areas.
The following basic assumptions were adopted for the model:

° building thermal modernization pathway consistent with uNECP.

° demand structure consistent with the Strategy for District Heating until 2030 with a perspective until
2040,

° assumptions of the draft National Energy and Climate Plan from 2024.

Chart 20. Heat Demand in 2025-2040 in Single-Family, Multi-Family, and Other Buildings
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Source: Forum Energii’s own elaboration based on: Climate and Environment Ministry (MKiS), Strategy for District Heating until 2030
with a perspective until 2040 (Strategia dla ciepfownictwa do 2030 r. z perspektywq do 2040 r.), 2022, https:/bip.mos.gov.pl/strategie-
plany-programy/strategia-dla-cieplownictwa-do-2030-r-z-perspektywa-do-2040-r/ and uNECP.

Basic Electricity Demand

The value of basic electricity demand for the model was adopted from the PSE forecast included in the Transmission
Network Development Plan for 2025-2034 (Plan rozwoju sieci przesytowej na lata 2025-2034). Basic demand includes
energy consumption, e.g., by household appliances and services, industry, and agriculture.

However, electricity needed for heating buildings (e.g., when operating heat pumps), used by electric vehicles, or
needed for green hydrogen production is not included in the basic demand. These three categories have been
described separately and added to the final electricity demand calculated in the model (Chart 21).
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Chart 21. Annual Basic Net Electricity Demand
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Source: Forum Energii's own elaboration based on ARE data (Statistical information on electricity (Informacja statystyczna o energii
elektryczne)), monthly bulletin, https:/www.are.waw.pl/badania-statystyczne/wynikowe-informacje-statystyczne#informacja-
statystyczna-o-energii-elektrycznej;  Statistics of Polish power engineering, yearbook, https:/www.are.waw.pl/badania-
statystyczne/wynikowe-informacje-statystyczne#statystyka-elektroenergetyki-polskiej), Eurostat (Energy balance flow diagram),
https:/ec.europa.eu/eurostat/cache/sankey/energy/sankey.html) and the Transmission Network Development Plan for 2025-2034
(Planu rozwoju sieci przesytowej na lata 2025-2034).

Development of Electromobility

One of the sectors that will cause an increase in electricity demand in the National Electricity System (KSE) is
transport. Thanks to these changes, the demand for fuel imports will decrease, as will emissions of particulate matter
and greenhouse gases. Along with the development of electromobility, an increase in the amount of available power
in the power system, as well as the energy supplied to the system, will be necessary.

The assumptions about the growth of electromobility were based on a prediction from BloombergNEF stating that in
Poland by 2040, the share of electric cars will be 37%%. This is a rather conservative outlook, considering that from
2035, new cars sold will be almost entirely electric, and the current trends shaping the development of EVs in Poland.
For calculations within the analysis, we assumed that currently 20 million passenger cars are operated in Poland®.

Figure 22. Forecast of Electric Vehicle Development in Poland
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Source: Forum Energii’s own elaboration based on data from BloombergNEF, Electric Vehicle Outlook 2024, 2024, https://assets.
bbhub.io/professional/sites/24/847354_BNEF_EV02024_ExecutiveSummary.pdf; TVN24 Biznes, “Dead souls” in car statistics.
Millions of phantom cars (,Martwe dusze” w statystykach aut. Miliony samochodéw widmo), 2024, https://tvn24.pl/biznes/moto/
sredni-wiek-polskiego-samochodu-jest-zawyzany-przez-nieistniejace-auta-st7830921; Polish Association of New Mobility
(Polskie Stowarzyszenie Nowej Mobilnosci), Electromobility Counter (Licznik elektromobilnosci), https:/psnm.org/research/licznik-
elektromobilnosci/.

29 BloombergNEF, Electric Vehicle Outlook 2024, 2024, https://assets.bbhub.io/professional/sites/24/847354_BNEF_EV02024_
ExecutiveSummary.pdf.
30 TVN24 Biznes, “Dead Souls” in Car Statistics. Millions of Ghost Cars (,Martwe dusze” w statystykach aut. Miliony samochodéw widmo), 2024,

https:/tvn24.pl/biznes/moto/sredni-wiek-polskiego-samochodu-jest-zawyzany-przez-nieistniejace-auta-st7830921.
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The increase in the number of electric vehicles on Polish roads will contribute to a greater demand for electricity
powering those vehicles. In 2025, this demand will amount to 0.6 TWh, and in 2040, this value will increase to
approximately 21 TWh (Chart 22).

For our analyses, we adopted the following assumptions:
° each electric car will consume approximately 20 kWh/100 km,

° the average annual distance covered by a passenger car is 14,000 km?32.

At the same time, we adopted a simplification that each electric vehicle is the same, without distinguishing their size,
efficiency, or nature of use.

In the current version of the Zefir model, electric cars are charged inflexibly. The charging profile was built based on
the charging location: outside the home (peak during working hours) and at home (peak in the evening and night
hours), external temperature (temperature correction), and day of the week. A simplified assumption was made that
cars are charged half at home and half outside.

Development of Green Hydrogen

Another technology that will contribute to the increase in electricity demand is electrolyzers used to produce green
hydrogen. Poland is the third largest consumer of hydrogen in the European Union32. Until now, hydrogen has been
produced mostly from natural gas, contributing to increased imports of this raw material, as well as greenhouse gas
emissions.

According to EU legislation on the promotion of energy from renewable sources, by 2030, almost half (42%) of the
gray hydrogen used in industry should be replaced by green hydrogen®. This share is to increase to 60% in 2035.
Additionally, in 2030, 1% of energy in land transport, 1.2% in aviation, and 1.2% in maritime transport should come
from green hydrogen. By 2035, the share of green hydrogen in aviation is to increase to 5%, and to 35% by 2050.

To meet these requirements, Polish companies can import green hydrogen, buy it from the domestic market, or
produce it to cover their own needs. In our analysis, we assumed that green hydrogen will be produced domestically.
This is consistent with the need to become independent from energy raw material imports as one of the pillars of
energy transformation.

Meeting domestic demand for green hydrogen requires launching at least 3 GW of electrolyzers in Poland by 203034,
At the same time, further development of renewable sources will have to occur to power these devices to produce
the target amounts of fuel.

Chart 23 presents the green hydrogen development path adopted in our analysis. The chart also shows projects
already under preparation, which validates the projected green hydrogen consumption line.

31 Z. Krzyczkowska, Energy Consumption in an Electric Car - How Much is That in Petrol? (Zuzycie energii w samochodzie elektrycznym - ile to w
benzynie?), moto.pl, 2021, https:/moto.pl/MotoPL/7,170318,27246708,zuzycie-energii-w-samochodzie-elektrycznym-ile-to-w-benzynie.
html.

32 M. Dusito, Where to Start Industry Transformation? (Gdzie zaczq¢ transformacje przemystu?), op.cit.

33 T. Adamczewski, J. Wéjcik, Understanding RES Targets (Zrozumie¢ cele OZE), op.cit.

34 Based on the assumptions for green hydrogen production contained in the Polish Hydrogen Strategy (Polska Strategia Wodorowa), it was

assumed that 2 GW would produce 193.634 tonnes of green hydrogen annually. Depending on the type and efficiency of devices and
the exploitation strategy for electrolysers (e.g., only at lower energy prices or using one’s own RES source), this number may change.
Source: Ministry of Climate and Environment (MKi$), Polish Hydrogen Strategy to 2030 (Polska Strategia Wodorowa do roku 2030), 2021,
https:/www.gov.pl/web/klimat/polska-strategia-wodorowa-do-roku-2030.


https://www.gov.pl/web/klimat/polska-strategia-wodorowa-do-roku-2030
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Chart 23. Forecasted Green Hydrogen Production in Poland in 2025-2040 and Projects Under Preparation
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Source: Forum Energii’'s own elaboration based on market analysis, RED Il directive, and the Institute of Power Engineering report,
Forecast of demand for RFNBO renewable hydrogen in Poland until 2030 (Prognoza zapotrzebowania na wodér odnawialny RFNBO
w Polsce do 2030 r.), 2023, https:/ien.com.pl/images/konferencje/Prognoza-zapotrzebowania-na-wod%C3%B3r-odnawialny-
raport.pdf.

For our analysis, we assumed that the development of green hydrogen in Poland until 2027 will proceed in accordance
with planned projects. Subsequently, the growth trajectory of green hydrogen production adopted for modeling
follows values consistent with the Fit for 55 package until the target for 2030 is reached.

Currently, the Zefir model includes hydrogen production, but its use is limited to covering a predefined, constant
hourly demand. In the current configuration, the hydrogen sector can react to the situation in the power sector by
storing surplus energy production in the form of hydrogen or reducing energy consumption by using reserves stored
in pressurized tanks, but it cannot use them to produce electricity or heat.

Supply - electricity

Regarding electricity supply, we created a so-called basic mix, which is the starting point for model optimization.
Chart 24 shows the forecast of achievable capacities in the National Power System until 2040, taking into account:

° current capacities,

° reduction of current capacities based on market information and installation age (both conventional
and RES),

° additional capacities entering the system through:

capacity market,

RES auctions,

contracts for Difference (CfD),

offshore wind energy development policy,

nuclear energy development policy.



Chart 24. Change in the Basic Mix of Achievable Capacities until 2040
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Source: Forum Energii’s own calculations based on Energy Market Agency (ARE) and Energy Regulatory Office (URE) data on:
capacity auction results, RES auctions and cogeneration auctions, PSE generation resource information, planned offshore auctions,
CfD (first and second phase) for offshore (P. Wrobel, Race against time. When will offshore wind energy come into play? (Wyscig z
czasem. Kiedy morska energetyka wiatrowa wejdzie do gry?), Forum Energii, 2024, https:/www.forum-energii.eu/offshore-stan-gry)
and uNECP on large nuclear power plants.

The generation mix presented in Chart 24 constitutes the baseline assumption regarding achievable capacities
that the model will be able to use in the cost optimization process of the transformation. It includes both existing
generation capacities and sources for which the investment process has begun, as well as those whose creation is
almost certain (e.g., units with capacity market contracts, sources with Contracts for Difference, or those that won
RES auctions). Investments with strong political support, such as the second phase of Contracts for Difference for
offshore wind farms or the nuclear program in Poland, were also taken into account.

Additionally, the list includes sources whose capacities will be reduced in the future - both those for which withdrawal
plans have already been announced and those for which it is very likely. In other words, the chart presents a set
of input data for the optimization model. Due to adopted constraints, the capacity of coal-fired sources can only
decrease relative to the presented values or remain at the set level, while the capacity of RES and gas-fired sources
can only increase in subsequent years in the results of the ZEFIR modeling.

The complexity of the model and the adopted method of solving the optimization problem make it impossible to
model each block separately and do not allow for taking into account technical minimums or the time and cost
of starting up sources. These factors are of great importance for conventional blocks. However, it is possible to
indirectly take them into account - e.g., by aggregating technologies, using averaged operational parameters, or
appropriately selected constraints in the model.

To simplify the supply side, existing blocks were aggregated into many categories based on their specific characteristics,
type, or fuel used. Classes such as: hard coal power plants with 200 MW blocks (blocks B1-B8 in Kozienice power
plant) or new natural gas combined heat and power plants (e.g., CCGT Zeran) were distinguished. A similar operation
was applied to new sources, e.g., nuclear power plant units or offshore wind farm units.

To account for issues related to the inertia of thermal blocks, parameters defining the maximum ramp-up and ramp-
down rates for units and the minimum utilization of these units’ capacity were introduced. For existing units of coal-
fired power plants and combined heat and power plants, a minimum utilized capacity of 15% was adopted, and for
nuclear power, it was assumed that it would only be able to balance the National Electricity System (KSE) to a small
extent, hence it can only operate in the 70-100% utilization band. The remaining capacities could be reduced by the
Zefir model. To meet the requirement of an efficient district heating system, at least 50% of the heat per year should
be produced from cogeneration or renewable energy.
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Forecasts of Raw Material and CO2 Emission Allowance Prices

In order to perform modeling of energy, district heating, and individual heating systems, a number of assumptions
regarding the prices of energy raw materials (coal, gas, and biomass) and emission allowances had to be adopted.

Due to the fact that the Zefir model optimizes costs from both large and small consumers, the described forecasts
have been divided into wholesale and retail prices, taking into account different distribution costs.

Table 1. Net Fuel Price Forecasts Adopted for Modeling (PLN ‘2024/MWh)

Fuel/Consumer 2025 2030 2035 2040 Source
Natural gas - households 287.1 359.6 359.6 359.6 uNECP, TGE, PSG
Natural gas - gfaneratlon units 193.6 165.4 165.4 164.0 uNECP, TGE, Eurostat
(Zefir - expensive coal)

Natural gas - g'enerahon units 193.6 281.4 2814 2814 uNECP, TGE, Eurostat
(Zefir - expensive gas)

Hard coal - households 196.5 189.6 189.6 2011 GUS

Hard coal - ger)eratlon units 60.5 60.5 60.5 60.0 uNECP

(Zefir - expensive coal)

Hard coal - ger.1erat'|on units 80.4 734 73.4 77.9 uNECP

(Zefir - expensive gas)

Biomass - households 246.2 236.8 240.5 2443 IEA, MagazynBiomasa
Biomass - generation units 72.6 72.6 72.6 72.6 Wysokie Napiecie

Sources: Forum Energii’s own calculations based on: uNECP; Central Statistical Office (GUS), Communique on the retail price of hard

coal in 2024 (Komunikat o cenie detalicznej wegla kamiennego w 2024 r.), n.d.; PSG, Tariff Archive (Archiwum taryf); MagazynBiomasa,

How have pellet prices shaped up in recent years? How much will we pay this autumn? (Jak ksztattowaty sie ceny pelletu przez ostatnie

lata? lle zaptacimy tej jesieni?), 2024; IEA, World Energy Outlook 2024, 2024; Eurostat, Gas prices for non-household consumers

(Gas prices for non-household consumers), https:/ec.europa.eu/eurostat/databrowser/view/nrg_pc_203/default/table?lang=en; 39
T. Elzbieciak, R. Zasun, Biomass caught in a war cauldron (Biomasa wpadta w wojenny kociot), wysokienapiecie.pl, 2022, https:/
wysokienapiecie.pl/68176-biomasa-wpadla-w-wojenny-kociol/.

In addition to raw material prices, a significant factor influencing the future generation mix is the cost of CO, emission
allowances. Until now, only large installations, such as combined heat and power plants, refineries, and cement
plants, were obliged to surrender allowances for emitting greenhouse gases under the ETS. Currently, the cost of
emissions is included in the electricity purchased for electric cars, heat pumps, and in district heating.

However, from 2027, the “polluter pays” principle is to be extended to other entities®. In practice, emission costs
will also be included in the purchase price of coal and gas for heating buildings and in the price of fuels for internal
combustion vehicles. As input data for our modeling, we adopted the price path shown in Chart 25.

Chart 25. Forecast of Emission Allowance Prices in ETS1 and ETS2 Systems in 2025-2050
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Source: Forum Energii’s own calculations based on: EC, Impact Assessment Report to the proposal amending Directive 2003/87/EC (EU
ETS revision), 2021; C. Glinther et al., Carbon prices on the rise? Shedding light on the emerging second EU Emissions Trading System (EU
ETS 2), SSRN, 2024, https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4808605.

* EUR'2024/t CO,,.

35 Directive (EU) 2023/959 of the European Parliament and of the Council of 10 May 2023 amending Directive 2003/87/EC establishing a system
for greenhouse gas emission allowance trading within the Union and Decision (EU) 2015/1814 concerning the establishment and operation of a
market stability reserve for the Union greenhouse gas emission trading system (Official Journal of the European Union, 2023 L 130/134).



The forecast of emission allowance prices is subject to risk, particularly related to:

° faster-than-expected pace of emission reductions in the EU - in recent years, faster emission
reductions (caused, among other things, by more expensive energy raw materials) have reduced
demand for allowances in the ETS, translating into lower prices - in 2024, the price averaged
below 70 EUR/t%; The National Centre for Emissions Management (KOBIZE) forecasts that the
average price of EUA (European Union Allowance) in 2025 will be 98 EUR/t¥7,

° lack of legislation confirming that after 2030, ETS1 and ETS would merge.

Our input data for ETS1 and ETS2 are based on the modeling results of the European Commission® and the Potsdam
Institute, assuming that both systems will be merged from 2031.%°

Technical and Economic Parameters of Generation and Storage Technologies

Another key piece of information for optimization analysis is the costs and technical parameters of generation units
and energy storage. The values, which were the bases for our assumptions, for large-scale (industrial) technologies
and those used in individual buildings, shown in Appendix 3, were adopted for modeling. For modeling, we adopted a
discount rate of 2.5% in accordance with The National Bank of Poland monetary policy assuming inflation maintenance
at this level*°. The cost of capital was assumed to be 6%.

No financial support systems were added during optimization. This means, for example, that:

° the price of micro-installations or household energy storage was not reduced by subsidies from the
“My Electricity” (“M&j Prad”) program.

° the costs of replacing coal boilers with heat pumps or biomass boilers were not reduced.

° the costs of large energy storage or gas units were not reduced by the capacity market.

° contracts for Difference were not applied to generation units.

° subsidies from the National Fund for Environmental Protection and Water Management programs

were not applied.

The results of modeling with the Zefir tool therefore reflect the optimal generation mix from the perspective of a
central planner. This means that decisions made by the model will not be made solely in the line with the interests
of individual groups, but from the perspective of the entire system. This allows to draw conclusions about where
to redirect public funds to support certain investments and what economic and legislative mechanisms should be
created, as well as what barriers should be removed to enable their implementation. The creation of such investments
brings savings for the entire system. For example, subsidies for thermal modernization of buildings and installation of
ground source heat pumps (instead of air source) may prove to be a cheaper solution than building additional costly
peak blocks.

Availability Constraints for Renewable Energy Sources and Natural Gas

The main limitation on the development of wind and photovoltaic power plants is the space in which they can
be located. For modeling, limitations on the development of individual technologies were adopted, as shown
in Chart 26.

36 Ember, European electricity prices and costs, https:/ember-energy.org/data/european-electricity-prices-and-costs.
37 KOBIZE, CO, Market Report (Raport z rynku CO,), 2024, https://www.kobize.pl/pl/fileCategory/id/5/raport-z-rynku-co2.
38 EC, Impact Assessment Report Accompanying the document Directive of the European Parliament and the Council amending Directive 2003/87/

EC establishing a system for greenhouse gas emissions allowance trading within the Union, 2021, https://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=celex:52021SC0601.

39 C. Glnther et al., Carbon prices on the rise? Shedding light on the emerging second EU Emissions Trading System (EU ETS 2), SSRN, 2024,
https:/papers.ssrn.com/sol3/papers.cfm?abstract_id=4808605.
40 NBP, Monetary Policy (Polityka pieniezna), op.cit.


https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:52021SC0601
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:52021SC0601
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Chart 26. Maximum Development Potential of Photovoltaic and Wind Energy in Poland
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Sources: Forum Energii's own elaboration based on: P. Czyzak, M. Sikorski, A. Wrona, What after coal? RES potential in Poland (Co po
weglu? Potencjat OZE w Polsce), 2021; Polish Wind Energy Association (PSEW), New Baltic potential: 33 GW of capacity and 20 new
areas for offshore wind farms (Nowy potencjat Battyku: 33 GW mocy i 20 nowych obszaréw pod MFW), https:/www.psew.pl/nowy-
potencjal-baltyku-33-gw-mocy-i-20-nowych-obszarow-pod-mfw-raport/.

Constraints were also imposed on the maximum annual increase in installed capacity of given sources and the
investment preparation period, i.e., the number of years from the start of the simulation after which the model will
be able to account for the first megawatt:

° for onshore wind, it is 5 years, after which the maximum annual capacity increase rate is 3 GWyear
and increases year-on-year by 0.5 GW up to 5 GW/year,

° for offshore wind sources, it is 7 years, after which the maximum increase rate will be 3 GW/year,
° for rooftop PV installations, this time is less than a year, and the maximum increase rate is 3 GW year,
° for large-scale installations, it is 2 years, and the maximum increase rate is also 3 GW/year.

It should be noted that the maximum increase rates are approximate values based on market analysis and are
necessary for the model to function correctly. Similar constraints were also imposed, among others, on heat pumps,
gas power plants, and combined heat and power plants. All parameters are in Appendix 3.

It should be noted that these values may differ and depend, among other things, on the import capacity of equipment
and the throughput of supply chains, connection capacities to the power grid, the pace of permit issuance, and the
ability to design or build given installations.

In addition to spatial constraints for units using wind and sun, the limits of obtaining dry biomass for heat production
and substrates for biogas and biomethane production are also important. For our analysis, we adopted the following
limit values:

° 74 PJ of dry biomass in district heating and power generation - this is the value of dry biomass
used in Poland in 2022; the limitation results from the need to implement the biomass utilization
hierarchy included in the RES directive in Poland*?, which we write about in the report Understanding
RES targets (Zrozumiec¢ cele OZE)*,

° 208 PJ of dry biomass in individual heating - this is the value of dry biomass used in Poland in
2022,
41 Time for obtaining permits, designing, and constructing sources, i.e., from idea to the first megawatt-hour produced.
42 Directive (EU) 2023/2413 of the European Parliament and of the Council of 18 October 2023 on the promotion of the use of energy from renewable

sources, amending Directive (EU) 2018/2001, Regulation (EU) 2018/1999 and Directive 98/70/EC and repealing Council Directive (EU) 2015/652
(Official Journal of the European Union, 2023, L 2023/2413).
43 T. Adamczewski, J. Wéjcik, Understanding RES Targets (Zrozumie¢ cele OZE), Forum Energii, op.cit.



42

° 3.2 billion m3 of biomethane or 5.4 billion m3 of biogas - these values result from the analysis of
the National Centre for Research and Development (NCBR), which considers not only the potential
access to substrates (such as silage, slurry, food industry waste) but also logistical costs associated
with aggregating these substrates to biogas plants*, however, these fuels are not taken into
account in the current version of the model,

° increase from 3.7 to 12.7 GW/year in annual heat pump growth - due to the organic capabilities
of the installation market, including:

2.5 GW/year in air-to-water heat pumps,

gradual increase from 0.7 to 4.7 GW/year in brine-to-water heat pumps,
gradual increase from 0.5 to 5.5 GW/year in large-scale heat pumps,
gradual increase from 0.1 to 0.5 GW/year in electrode boilers.

At the same time, limiting values for natural gas were adopted for modeling. Due to Russia’s aggression against
Ukraine, we assume that Poland will not import natural gas from Russia, and the potential for gas imports via Yamal
remains suspended. At the same time, Poland will continue to produce its own natural gas and import missing volumes
mainly through LNG terminals and the Baltic Pipe. Meanwhile, the increase in biomethane and green hydrogen
production will limit the demand for natural gas in the Polish economy.

Table 2. Available Natural Gas Volumes for the Polish Economy in 2025-2040

Gas (natural gas)/methane limits for energy* (billion m?)

Gas (natural gas)/methane limits

e ey 2025 2030 2035 2040

Domestic production 4.4 4.4 4.4 4.4 | In high-methane natural gas equivalent

Import capacities 19.3 25.3 25.3 25.3 | Excluding FSRU2 terminal imports

Nor}-en.ergy demand 117 95 -84 -84 Unmodeled areas, i.e., industry, transport,
(mainly industry) agriculture, and others

Avoided natural gas demand in Natural gas equivalent, unlocked by green hydrogen

industry - hydrogen ’ ’ production

Avoided natural gas demand - bio- Natural gas equivalent, unlocked by biomethane
0 0.5 1 2 .

methane production

Gas limit for energy purposes
(electricity, district heating, and 12 21.6 23.6 24.7 -
individual heating)

Source: Forum Energii’'s own elaboration based on: A. Gawlikowska-Fyk, Is it time for gas? (Mingt czas na gaz?), Forum Energii, 2023,
https:/www.forum-energii.eu/minal-czas-na-gaz; G. Tchorek et al., Forecast of demand for RFNBO renewable hydrogen in Poland until
2030 (Prognoza zapotrzebowania na wodér odnawialny RFNBO w Polsce do 2030r.), 2023; Ministry of Climate and Environment (MKiS'),
Polish Hydrogen Strategy until 2030 with a perspective until 2040 (Polska Strategia Wodorowa do roku 2030 z perspektywqg do 2040
r.), 2021, https:/www.gov.pl/web/klimat/polska-strategia-wodorowa-do-roku-2030; T. Adamczewski, J. Woéjcik, Understanding
RES targets, op.cit; E. Krasucka et al., Real potential for biomethane production in Poland, The National Centre for Research and
Development (NCBIR), 2024, https:/www.gov.pl/attachment/d7b21a2c-26a8-42e5-b868-7857b5df21fb.

44 E. Krasuska et al., Real Potential for Biomethane Production in Poland (Realny potencjat produkcji biometanu w Polsce), National Centre for Research
and Development (Narodowe Centrum Badan i Rozwoju), 2024, https:/www.gov.pl/attachment/1d27ccd0-14be-46ee-9535-68cef31dd0bO.


https://www.gov.pl/attachment/1d27ccd0-14be-46ee-9535-68cef31dd0b0
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