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Abstract

:

Energy systems require technological changes towards climate neutrality. In Poland, where the power system is dominated by outdated coal-fired power plants, efforts to minimize the environmental impact are associated with high costs. Therefore, optimal paths for the development of the energy sector should be sought in order to achieve ambitious long-term strategic goals, while minimizing the negative impact on the consumers’ home budget. A methodology and a model for the development of the electricity and heat generation structure were developed and implemented in market allocation (MARKAL) modelling framework. Two scenarios were presented, i.e., business as usual (BAU) and withdrawal from coal (WFC) scenarios. The calculations showed a significant role of nuclear energy and offshore wind power in the pursuit of climate neutrality of electricity generation. In the BAU scenario, the model proposes to stay with coal technologies using carbon capture and storage systems. Withdrawal from coal (WFC scenario) makes it necessary to replace them by gas-fired power plants with CO2 sequestration. Solar energy can be used both in electricity and district heating. In order to build on the latter technological option, appropriate energy storage techniques must be developed. Geothermal energy is expected to be the key option for district heat generation in the long-term horizon. The proposed development paths guarantee a significant reduction in greenhouse gases and industrial emissions. However, complete climate neutrality is uncertain, given the current degree and dynamics of technological development.
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1. Introduction


This article is devoted to modelling the development of energy systems in terms of the structure of electricity and heat generation. The subject of the work is in line with the idea of sustainable development and helps to set and achieve the goals of the national energy and climate strategy. The need to reduce greenhouse gases and industrial emissions in order to improve air quality and mitigate climate change was reflected in the legal and strategic documents of the European Union. It is also stimulated by the functioning of the EU Emissions Trading System (EU ETS) [1,2,3,4]. Climate change and emission trade have a broader dimension as the ETS problem was recently addressed in studies, e.g., in China [5,6,7]. These policies force the use of sources that apply low- and zero-emission technologies, including those based on renewable energy resources, often with uncontrolled variability of power generation [8]. The implementation of, e.g., solar technologies is therefore a considerable challenge, as the power system operator must maintain power system stability [9] and tackle voltage issues [10]. In order to be able to balance the power systems at all times and meet energy quality standards, sources of various types of operation must be installed. A rapidly growing market of energy storage systems may constitute a promising solution, while batteries themselves may not guarantee the stable operation of the power system, in which intermittent generation sources will prevail [11]. The growing interest in emission-free modes of transport, in particular electric vehicles, will certainly contribute to a significant increase in demand for electricity. At the same time, the demand for batteries will increase, which may limit their availability for the power industry [12]. However, other solutions can be available, such as the conversion of electricity to hydrogen and its subsequent use, e.g., in fuel cells [13].



The need to use indigenous renewable energy resources and reduce losses in energy supply systems requires the transformation of these systems from a traditional centralized to decentralized structure, planned and coordinated at the local level. However, the total transformation to decentralized systems may not materialize by the middle of this century due to the limitations in technological progress in the field of energy storage and energy management systems, as well as the relatively low energy awareness and activity in the field of energy production in society.



Power systems developed dynamically in the 1960s and 1970s. Initially, they were based mainly on fossil fuels. Currently, many of these systems require modernization, especially in terms of the structure of electricity generation. A similar issue concerns district heating systems. In Poland for instance, heating plants and coal-fired combined heat and power (CHP) plants still dominate. As of the end of 2020, electric installed capacity in Poland was 49.1 GW, of which 46.01% was installed in coal-fired and 17.15% in lignite-fueled utility (public) power plants, the share of gas-based utility power plants was 5.63%, the contribution of industrial autoproducing CHP plants (of which many are still fired with hard coal) was 5.76%, the utility hydro plants share was 4.77%, while wind farms and other renewables share was 20.69% [14]. The domination of coal is even more visible when analyzing annual gross domestic electricity generation. The latter amounted to 152.3 TWh/a in 2020, which was lower than in preceding years, i.e., 158.8 TWh/a in 2019, and 165.2 TWh/a in 2018 [14]. The 2020 shares in total gross domestic annual electricity production were [14]: hard-coal-fired utility power plants—46.97%, lignite-fired utility power plants—24.93%, gas-fueled utility power plants—9.14%, industrial autoproducing CHP plants—6.43%, utility hydro plants—1.77%, wind and other renewables—10.75%. District heat production (not including heat for industrial or commercial processes) totaled 285 PJ/a in 2020, of which public thermal plants (CHP plants and turbines installed in thermal power plants) generated 60%, public heating plants 21%, heat-only boilers in public thermal plants 12%, autoproducing CHP plants 6%, and non-public heating plants 1% [15].



The necessity to change the method of generating and supplying energy to end users creates an opportunity to build an energy system that is environmentally friendly. Past studies [16] indicated that rebuilding a power system based on fossil fuels is also associated with high electricity generation costs. Relying on zero- and low-emission sources is also a financial challenge, but it is worth considering in order to reduce the external costs of energy generation, including the costs of deteriorating health and loss of human life resulting from a polluted environment.



Bearing in mind the above considerations, the authors seek answers to the following questions: (1) How to ensure electricity supply in response to the growing demand in the face of the development of the electric vehicle market? (2) What is an optimal choice of technologies to meet the renewable energy share goals? (3) Should the electricity generation structure completely change from highly centralized to decentralized? (4) What impact will greenhouse gas emission allowance trading schemes have on the choice of electricity and heat generation technologies? (5) When and under what economic conditions will it be justified to build a nuclear power plant? (6) What role should coal play in the transformation of the electricity sector? (7) Is it possible to build a climate-neutral energy system or under what conditions is it feasible?



In order to obtain answers to the above questions, authors developed a methodology that builds on existing modelling frameworks for energy systems optimization, but takes into account modern technologies and market mechanisms. The main area of interest of this work is generation expansion planning of energy systems, where the supply of carriers takes place through power and heating networks, taking into account distributed energy sources and energy microgrids. Their development will be studied in the long term, i.e., until 2060. The modelling methodology is intended to be a tool supporting decisions in the field of investment planning of energy facilities. These investments are expected to lead to the building of sustainable energy systems, so that the existing fossil fuel resources can serve the needs of future generations, not only in terms of energy supply, but also in the production of other goods.



Simultaneous consideration of all long-term energy policy objectives when planning optimal energy systems is a complex process. The databases on energy systems are impossible to handle without computer help. Therefore the use of supporting tools is recommended and the development of models is an important scientific and engineering problem. The most commonly used modelling frameworks are: market allocation (MARKAL), energy flow optimization model (EFOM), model for energy supply system alternatives and their general environmental impacts (MESSAGE), the integrated MARKAL-EFOM system (TIMES), and open source energy modelling system (OSeMOSYS).



The use of energy modelling tools to address generation expansion planning dilemmas was a subject of the previous scientific work. Dagoumas and Koltsaklis [17] discussed generation expansion planning tools with special emphasis on renewable energy sources integration. Gaur et al. [18] went further in their analyses by means of using a unit commitment module to incorporate short-term operational constraints in energy system planning. Yu et al. [19] analyzed air pollutant reduction paths for China using the integrated MARKAL EFOM system (TIMES). Sarica and Tyner [20] used the MARKAL-MACRO model to study the effect of increased US natural gas imports on the energy system. OSeMOSYS was employed to address the problem of balancing high shares of variable renewables through the use of flexible power generation [21] and to build a global energy system model [22]. One of the tool extensions is OSeMOSYS-PuLP [23] which handles large real-world data sets and incorporates Monte Carlo simulations. Most recent analyses on Polish energy system optimal development involve the contribution of Kaszyński and Kamiński [23], who studied demand for hard coal and brown coal in a long-term perspective (by 2050) in view of the current environmental regulations.



Research presented in this paper contributes in many ways to the scientific debate on energy system development, specifically in Polish conditions characterized by a high share of coal-based electricity and heat. Relative to previous work by the authors [16,24,25,26,27,28] and published literature discussed above, this article: (1) presents the method of modelling carbon capture and storage (CCS) technologies; (2) updates datasets used; (3) adds new technological options to the model, e.g., battery energy storage systems; (4) explains the model of EU ETS based on step-wise supply curve for emission allowances; (5) presents new electricity and heat demand projections based on the dynamics of macroeconomic parameters and taking into account dynamic development of the electric car market; and (6) extends the planning horizon to the year 2060.



This article is structured as follows: Section 2 demonstrates the modelling tool used, reference energy system (RES) description, and datasets used. Section 3 summarizes the results, while Section 4 provides discussion of the most important outcomes. Concise conclusions are drawn in Section 5. In Appendix A, detailed results of the analysis are presented, whereas Appendix B describes the MARKAL modelling framework.




2. Materials and Methods


This chapter describes the assumptions and methodology for modelling the development of sustainable energy systems in Poland. The model allows for the optimization of the production structure of energy carriers corresponding to these systems. It includes the production of electricity and network heat from commercial energy sources, i.e., system power plants, combined heat and power plants, and heating companies, supplemented with generation of energy from distributed generation sources, i.e., independent power plants and renewable energy sources, as well as microgeneration.



This model searches for a technology structure that meets the optimization criterion, limited by linear constraints that reflect the functioning of energy systems and the assumptions of national and European energy policy. The main results are the technological structure of net attainable power (capacity), annual net electricity and heat generation, and the amount of emissions. The tool the model is implemented in is MARKet ALlocation (MARKAL) [29], described in Appendix B. The model implemented in this tool allows, inter alia, the inclusion of the EU Emissions Trading System (ETS, EU ETS). The mapping of carbon dioxide capture and storage (CCS) technology is proposed.



2.1. Reference Energy System (RES)


The energy system is understood as a network of interconnections of energy resources in various forms with end users through a set of energy technologies. In the described model, the structure of connections between the flows of individual energy carriers and the corresponding technologies is called the reference energy system (RES). This takes into account data availability constraints and the planning horizon. In the models based on the RES concept, the network infrastructure is presented in a simplified manner. The power system and district heating systems are represented by busbars. They are assigned unit variable operating costs and unit investment expenditure, related to the installed capacity in new production technologies, the construction of which is proposed by the optimization procedure. The model user also determines the efficiency of these systems, taking into account transmission and distribution losses. Connections between power grids, e.g., power stations, are mapped. Electricity imports and exports represent trans-boundary power system connections. The RES diagram for the power infrastructure is shown in Figure 1, and for district heating systems it is presented in Figure 2.




2.2. Modelling Emission Trading Schemes (ETS)


To reflect European Union Emission Trading Scheme (EU ETS) in the MARKAL model, sets of elements representing the type of emissions (in MARKAL marked as ENV—environmental indicator) were created, which distinguish CO2 emissions from installations participating in the EU ETS from those outside the ETS (non-ETS). Then, subsets were created reflecting the emissions from various types of installations participating in the EU ETS, mainly due to the division of installations in the plans of free allocation of emission allowances in the first three trading periods.



The EU ETS group includes technologies for which the typically thermal power supplied in the fuel is higher than 20 MW [2]. At the same time, installations using renewable fuels and those with thermal power in fuel below 20 MW belong to the non-ETS group. The MARKAL model, based on information entered by the user (including emission indicators) and the values of variables representing energy production, calculates the amount of emissions from particular types of technologies. The emissions are constrained in two ways. Firstly, by the number of allowances granted for free (only until 2015 of the model, covering the years 2015–2019), and secondly, by the number of allowances available on the EU ETS market—from the model year 2010 (2010–2014) onwards. The second constraint, however, should additionally take into account the share of allowances available to energy entities covered by the MARKAL model—i.e., power plants, combined heat and power plants, and heating plants in Poland, which in turn would require the inclusion of other EU ETS participants in the model. In the 2010 modelling period, the emission limit was set at the national level, while in the periods 2015–2060—at the level of the entire EU ETS. If the emissions of a given group of installations exceed the limit of free allowances, that group has to buy them at auctions or from other participants in the EU ETS. If the national or European limit of available allowances is exceeded, participants who fail to surrender sufficient number of EUA are fined.



The EU ETS model works as follows. Each electricity- or heat- or both-generating technology in which installations covered by the EU ETS are located, were assigned, apart from the standard CO2 indicator, an emission equivalent (TC1-TC8), depending on whether they belong to the group of producers, described in Figure 3. One EU emission allowance (1 EUA) is required for each emission unit (1 t). Some of these allowances were allocated to power plants for free, but only until the end of the third trading period in the EU ETS (years 2013–2020). The remaining part must be purchased at auctions that are mapped in the model using the IMPT(X)C(Y) purchase option, where X is replaced by a number from 1 to 8 representing a group of producers, and Y is a number from 1 to 5 representing the allowance price level in a given planning subperiod. The sale of allowances is mapped by the export of goods EXP(X)TC1 and only one price level is assumed here. The selling price must be lower than the lowest purchase price of the allowance in order to avoid the problem of finding the optimal value of the objective function. The minimization of the system costs would then lead to the maximization of exports, which, in the absence of a boundary on the quantity of exported goods, would make the optimization problem unsolvable. The number of allowances granted for free to a given group of producers and the number of allowances available at a given price are limited by equations using the ad hoc relationships (ADRATIO) IMPT(1–8)C(1–5) and EXPT(1–8) C1, which are constraints imposed on the variables representing the quantities of commodities being CO2 equivalents. Such a mapping of the auction mechanism is a simplification aimed at taking into account the fact that, apart from Polish power plants, combined heat and power plants, and heating plants, there are other participants of the EU ETS, not only in other sectors of the economy, but also in other countries participating in the system.



Allocations of free allowances, made possible in the first three trading periods of the EU ETS, were taken into account as emission limits; if exceeded, emission allowances must be purchased at auctions. In the first two settlement periods, the sum of the allowances granted was the national emission limit. From the third settlement period, the emission limit was established for the entire EU ETS (ETS cap). As its value after the fourth trading period (years 2021–2030) is not known, it can only be forecast on the basis of the reduction targets proposed in the EU’s energy policy until 2030 [30] and the decarbonization strategy included in the Energy Roadmap to 2050 [3]. It is a separate issue as to what part of the pool of allowances will be available for purchase by Polish entities. Allowance price forecasts have been linked to the number of allowances available in the EU ETS. Five price levels were proposed for each planning horizon and it was determined what share of the entire allowance pool would be available at that price.



Another method, much more labor-intensive, but allowing for more detailed analysis, is the construction of a multi-regional model, in which Poland would be one of them. This task, however, goes beyond the research presented in this article. The reference energy system for the EU ETS is presented in Figure 3.




2.3. Modelling Carbon Capture and Storage (CCS)


In the face of the decarbonization of the energy sector in the EU, CCS technologies are the only chance to preserve coal technologies. They were left in this model to support the decision on whether to leave coal-fired power plants in the power system, e.g., in the case of an absence of other affordable options. The CCS systems have been included in the model by means of a set of technologies and energy carriers (commodities) described in the RES fragment, presented in Figure 4.



The names of energy carriers that allow one to track the sequestration process are written vertically, and the names of emission factors horizontally (The MARKAL model enables processes in which only energy carriers are the input commodities, hence the use of the so-called tracking carriers). Technologies using CCS have been defined in the RES of the MARKAL model, taking into account additional capital expenditure and operating costs as well as lowering the efficiency of electricity generation due to CO2 capture from flue gas or its separation before gasification [31,32,33]. Each of the technologies belonging to the group of power plants equipped with a system to separate carbon dioxide (CCS_ELE) was assigned the CCS emission factor—which is the equivalent of the captured amount of CO2 emissions, the TC2 emission factor—which is the equivalent of the emitted CO2 (assuming separation efficiency of 90% [33,34]), and the carrier energy CCSOUT tracks the amount of CO2 captured from the power plant. Subsequently, the CCSOUT tracking medium is the input of the TRNCCS process, which maps the liquefaction (condensation) and transport of liquid CO2 through pipelines to the place of permanent deposit. The output carrier is CCSSTR which is the equivalent of CO2 delivered to the storage site. The next step is to map the injection using the SALAQU, HYDFLD, and CBMCOA processes, the output carriers of which are CO2 equivalents stored in saline aquifers (CCSAQU), hydrocarbon deposits (CCSHYD), and carbon seams, or by injection with methane recovery from coal beds (CCSCBM). The respective processes EXPCCSAQU1, EXPCCSHYD1, and EXPCCSCBM1 represent the final deposition of CO2 and have a cumulative limit corresponding to the storage potential of CO2 determined on the basis of [35].




2.4. Datasets


The time horizon of the analysis was divided into five-year periods. The introduced assumptions and the results of the solution to the optimization problem, e.g., energy production and emissions, are appropriate for the period of one year, but at the same time are equal in the entire five-year period of time. This is a kind of simplification that is allowed in long-term planning analyses due to the uncertainty of the input data and the need to shorten the calculation time of the model. The first period of the model analysis, called the base year, lasts from 2010 to 2014, for which the data on the condition of the energy sector from 2014 are representative. In the MARKAL model, this period is designated as its first year (2010). This is a period of time that is entirely relevant to the past and for which historical data have been provided. The period 2015 (2015–2019) is the calibrating period—the model computes variable values and proposes new capacity additions, where actual investment has taken place, while capacities and annual generations are constrained by historic data from this period. The planning time horizon ends in 2060 (2060–2064).



The division of the year was made by assigning the full months of the seasons to particular model seasons. Winter covers the months of January–March, spring and autumn (transition season)—April–June and October–December, while summer—July–September. The times of the day (day and night) were selected so that they were equal in all seasons. The day covers the hours from 8.00 am to 7.59 pm, and the night—from 8.00 pm to 7.59 am. The discount rate in the model was set for the entire system at 10%, but energy technologies have individually set discount rates.



Representations of existing power plants and new electricity generation technologies have been drawn up separately. The forecast of changes in the net capacity of the existing power plants and combined heat and power plants was made on the basis of the power transmission system development plan until 2025 [36] and the data contained in the catalogs of public power plants and combined heat and power plants [37] and industrial combined heat and power plants [38]. Data on investments in 2014–2021 were verified on the basis of information on generation resources in the National Power System (NPS) [39]. The operating period of the power unit was determined on the basis of the year of installation and information on the modernization completed. The forecast of changes in electric power is available in the existing utility thermal power plants as well as utility and industrial heat and power plants.



Table 1 presents the technical and economic characteristics of the electricity generation technologies. The forecast of trends in changes in cost indicators was made on the basis of [40]. Discount rates for individual generation technologies were selected on the basis of available studies [41,42].



Figure 5 illustrates the current and forecast fuel prices, including delivery costs, calculated on the basis of the data from [40,43,47].



Figure 6 presents weighted average price of emission allowances. It was obtained on the basis of step-wise supply curves of EUA.



Forecasts of electricity and heat demand at end users were also prepared. Analysts use various approaches to this problem, from the simplest—based on linear increment—to the more complex one, programmed in models specially adapted for this purpose, i.e., MAED. The authors used an approach that is partly based on the methodology of the MAED model. It was aimed at generating electricity and heat demand paths in various sectors of the economy, taking into account different types of sources in sectors, e.g., industrial heat and power plants in the industrial sector, also due to the need to make sectoral demand dependent on various macroeconomic factors or taking into account sectoral trends in changes in demand. The demand or the dynamics of the variability of the demand for final electric energy in the relevant sector of the economy was calculated as a dependent variable of multiple regression. In the case of heat demand, due to difficulties in determining the correlation between demand and economic factors, multiple regression was not applied. The dynamics of changes in demand were based on the extrapolation of trends of changes from the past (2006–2016) in individual subsectors. The independent variables of the regression equation were chosen by the authors of the article. They are quantities having a potential impact on the volatility of demand for final electricity or heat in the economy sector. Forecasts of the volatility of the values of these variables in the considered time horizon were prepared by the authors on the basis of functions describing the volatility trend based on data from the past, taken from the databases of Statistics Poland (GUS) [50,51]. It was assumed that by 2060 the share of electric passenger cars would be 100% and trucks 60%. Electricity demand forecasts are presented in Figure 7, and heat demand forecasts in Figure 8. Despite the measures leading to the efficiency improvement of the final electricity use, the value of the latter increases to 350 TWh/a by 2060, which is mainly the result of the growing market of electric vehicles of all kinds, specifically passenger cars and trucks. For comparison, Energy Policy of Poland to 2040 (PEP2040) [52] assumes that in 2040 the final demand for electricity will amount to 192 TWh/a, and the final demand for district heat will be 214,870 TJ/a.





3. Results


3.1. Electricity Generation and Installed Capacity


3.1.1. BAU (Business as Usual) Variant


BAU variant assumes a dynamic increase in demand caused by the growing share of electric vehicles and slow changes in energy efficiency. Therefore, it is a variant that requires large capacity additions in the electricity generation sector. It also chooses the least-cost technology option, taking into account emission cost and boundaries on capacity additions in offshore wind farms and nuclear reactors. Figure 9 and Figure 10 present the electricity generation and net electric attainable power (capacity) for Poland to 2060 by technology groups. More detailed data are presented in Appendix A. Table A1 contains the historical and planned values of electricity production in generation technologies in Poland until 2060. Table A2 shows the historical and planned values of net attainable electric power in Poland until 2060, and Table A3—the utilization factors of these capacities.



The model analysis showed that in the case of significant electrification of transport, assumed in the BAU variant, annual electricity production should be planned at the level of at least 350 TWh/a in 2060, which is more than twice the value recorded in the period 2015–2019. In addition, the model indicates the need to import an additional 20 TWh/a of electricity in 2060. Considering the above conditions and model assumptions, the total net achievable power in 2060 should be over 103 GW, although it should be emphasized that the peak power of solar photovoltaic and microgeneration plants is 39 GW, with the average annual factor of net attainable electric power utilization being 0.10. The restrictions imposed in the model, reflecting the strategic goals of decarbonizing the energy sector, were implemented in the form of assumptions regarding: (1) high prices of CO2 emission allowances; (2) a limited number of allowances available to Polish generation sources; (3) the indicative target in terms of the share of renewable energy sources in the annual final electricity consumption; (4) tightening environmental standards imposed on power plants and combined heat and power plants.



The implementation of these assumptions naturally forces the search for low- or zero-emission sources. On the other hand, the developed hard coal and lignite mining industry and experience in the use of coal technologies have allowed Poland to satisfy domestic energy needs for many years, maintaining a high level of security of energy fuel supplies in the long term and electricity security in the short term. The energy transformation in this variant is gradual, hence the presence of coal technologies throughout the entire time horizon, taking into account new solutions for the capture and storage of CO2 emissions. Changes in the power system will lead to an increase in the degree of technological diversification, but the whole process is a great challenge in terms of financial expenses for the modernization of the power sector and new solutions in the field of energy storage and management.



Utility thermal power plants built and commissioned by the end of 2014, fired mainly with hard coal and lignite, will be gradually decommissioned until the end of the model time horizon, when they will completely disappear from the electricity generation structure. Constraints imposed on renewable energy sources, in particular wind farms and nuclear power plants, mean that, instead of aging coal-fired power plants, new ones, equipped with CO2 capture and storage (CCS) systems, should be foreseen, even with high assumed emission allowance prices for CO2 and constraints on their number. However, the role of such sources will be limited, and the share in the total national net electricity production will be gradually reduced. At the same time, the amount of captured CO2 in 2060 will amount to 96 million t/a, and in total in the years 2040–2060 it will be 544 million t, which will make use of the assumed CO2 storage potential at the level of 3.5%.



Hard-coal-fired CHP plants, both utility and industrial, will be partially replaced by gas-fired CHP plants. On the other hand, no new investments in biomass combined heat and power plants are expected after 2024, i.e., after the planned investments are completed. The role of cogeneration in electricity production may decrease despite promoting energy efficiency and supporting the technology itself. High electricity needs, with the simultaneous stabilization of the level of heat demand, will result in the fact that energy resources will be used mainly for the production of electricity, and renewable energy resources will be used for the production of heat in heating plants, which are more difficult to use in the power industry in national conditions, e.g., geothermal energy.



According to the model proposal, assuming a unit capacity of 1500 MW, the first block of a nuclear power plant should be commissioned in the period 2030–2034; the next ones are to be built according to the plan implemented by the author, assuming that in one planning period it is possible to build units with a total capacity of up to 3000 MW. Construction of nuclear power plants in the considered planning horizon requires capital expenditure in excess of (2018) EUR 56 billion in the years 2040–2060.



In order to achieve the assumed indicator targets for the share of electricity in renewable sources (50% by 2060), investments in wind and biomass power plants should be provided for, while the production volume in hydro power plants does not change much in the time horizon under consideration. In line with the applicable law [53], the model has limited investments in onshore wind farms. After 2040, the total available capacity of onshore wind farms is close to zero, and for offshore wind farms it would have to increase to 11 GW in the coming years (by 2024), and then to 15 GW in 2060. The total share of renewable sources in net electricity production in 2060 would amount to 31% in this scenario. Solar power plants, despite their high share in the total net attainable electric power (37.6% in 2060), have a 9.8% share in electricity production in 2060, due to the low average annual capacity utilization factor (0.10—Table A3). Biomass power plants play an important role in the production of electricity (6.6% in 2060), as they are treated as a renewable source with zero net CO2 emissions. The high share of sources with unpredictable electric power generation characteristics makes it necessary to maintain intervention sources based on gas turbine technology, with a total net attainable electric power of 1.3 GW in 2060. Their capacity utilization is at zero level in the periods 2020–2034 and 2050–2064, which may mean that they will only constitute a reserve of power in the power system during this period.



Although the average annual factor of utilization of net attainable electric power in the entire power system decreases with time, mainly due to the increase in the share of weather-dependent renewable energy sources, this parameter for basic power plants, i.e., nuclear or coal, lignite and biomass-fired power plants, is most often at a level close to the limit values. The capacity utilization in currently operating coal-fired power plants is decreasing year by year, due to the increasing costs of maintaining these sources, in particular the costs of purchasing CO2 emission allowances. The investment outlays planned for the period 2020–2060 on electricity generation sources amount to almost (2018) EUR 290 billion, of which most will be needed to build offshore wind farms, photovoltaic power plants, and nuclear power plants. Capital expenditures will increase significantly from the planning period 2035–2039, when they will exceed (2018) EUR 25 billion, and in the next five-year periods, these values will further increase, and may even reach (2018) EUR 59 billion.




3.1.2. Withdrawal from Coal (WFC) Variant


The WFC variant assumes withdrawal from coal-based electricity generation by 2050. Consideration of such a move is the result of the Paris Agreement [54] and the conclusions of subsequent Conferences of the Parties (COPs). Figure 11 and Figure 12 present net electric energy production and net attainable electric power planned for Poland by 2060. More detailed data are presented in Appendix A. Table A4 contains the historical and planned values of electricity production in generation technologies in Poland until 2060. Table A5 shows the historical and planned values of net attainable electric power in Poland until 2060, and Table A6—the utilization factors of these capacities.



The calculations show that coal-based electricity generation is mainly replaced by energy from natural-gas-fueled systems.





3.2. Heat Production


3.2.1. BAU Variant


The structure of district heat production for heating purposes and process heat is presented in Table 2. The growing demand for electricity means that energy resources are mainly used for its production, which forces the search for primary energy sources, the use of which in the power industry is less likely than in heating. Such sources may include geothermal energy. However, building a large number of heat sources of this type in the time schedule proposed in the model may prove to be a considerable challenge. In the absence of the appropriate potential, it would be necessary to lean towards solar collectors, but these would require a backup source that would compensate for production losses due to low solar levels or significant storage capacities. An alternative solution would be to obtain heat by converting surplus electricity in the power system. With the shutdown of the existing coal and lignite-fired power plants, the production of district heat from these power plants drops to zero in the considered time horizon. A downward trend can be observed in commercial heating plants, but after 2050 it is reversed due to the aforementioned necessity to use a large amount of energy fuels for the production of electricity, as well as due to the high costs of emission allowances.




3.2.2. WFC Variant


The structure of district heat production for heating purposes and process heat is presented in Table 3. The structures of heat generation are similar in both variants.





3.3. Emissions


Figure 13, Figure 14, Figure 15 and Figure 16 compare emission levels and reduction paths in relation to the base year (2010) that was arbitrarily chosen to show the effectiveness of the modelling tool in designing low-emission energy systems. Detailed results on emissions of sulfur dioxide, nitrogen oxides, and carbon dioxide in the BAU variant are presented in Table A7, Table A8 and Table A9 in Appendix A, respectively. Table A10, Table A11 and Table A12 show the emissions of sulfur dioxide, nitrogen oxides, and carbon dioxide, respectively, in the WFC variant.



There is an observable convergence of emission paths in both the BAU and WFC variants. Emissions in the WFC variant are generally lower than in the BAU scenario, as natural gas replaces coal in power generation.



SO2 emissions from large combustion plants (LCP) mapped in the model amounted to 308 kt/a in 2010, and corresponding NOx emissions in the same year—190 kt/a. CO2 emissions from utility power plants and combined heat and power plants totaled 164 million t/a in 1988, the reference year for the emission reduction targets set out in the Kyoto Protocol.



In relation to the year 2010, the SO2 emissions from electricity and heat generators belonging to the large combustion plants (LCP) group decrease by 2060 by 78% in the BAU variant and 99% in the WFC variant. NOx reduction in the same period was 61% and 91%, respectively, in the BAU and WFC variant.



Emissions outside LCP also decline due to the slowdown in the development of biomass power plants and CHP plants and a small share of sources emitting these compounds, the power of which does not qualify them for the LCP group. It may also be partly related to the functioning of the EU ETS, although this applies only to the group with thermal power supplied in fuel above 20 MW. Thus, the reduction of SO2 and NOX emissions may be a secondary effect of the functioning of the greenhouse gas emission reduction system.



In the period 2010–2060, the reduction of CO2 emissions from energy plants mapped in the model and participating in EU ETS was 89% in the BAU variant and 92% in the WFC variant. The corresponding reduction in utility power plants and CHP plants, belonging to both the ETS and non-ETS sector, was 75% and 79% in the BAU and WFC variant, respectively. If the emission level from the year 1988 (base year for Kyoto Protocol commitments) is used as a reference value, instead of the one from 2010, CO2 emissions drop by 78% in the BAU and 82% in the WFC variant.





4. Discussion


Referring to the research hypotheses posed in the work, after the model analysis, the authors came to the following conclusions:




	
The electrification of passenger and truck transport will cause a dynamic increase in the demand for electricity, and its pace will depend on the scale of projects aimed at improving the efficiency of end-use energy. It is estimated that gross electric energy demand in 2060 may reach values exceeding 350 TWh/a in the worst case (because it requires the largest investments). New baseload power plants will have to meet demanding emission standards, therefore the model indicates the need to build nuclear power plants, and, if possible, those fired with biomass. In the case of power plants based on fossil fuels, investments in CO2 capture systems and infrastructure for its transmission and storage will be necessary to keep them in the fuel mix. The power flexibility requirements will promote solutions based on natural gas combustion.



	
Offshore wind farms will be key investments to meet the benchmark target for the share of electricity from renewable sources. However, in the modelling perspective, it was predicted that their total installed capacity would not exceed 15 GW. Another important option will be photovoltaic systems, although due to the low level of peak power utilization, it will be necessary to build a large number of them, which will allow one to obtain the appropriate level of available power. The costs of their implementation may, however, be higher than envisaged in the model, because in order to maintain the safe operation of the power system, it will be necessary to equip them with energy storage systems. The development of “green hydrogen” technology, although it may result in a further increase in costs, is a promising technological option, especially when one uses fuel cells with trace emissions of industrial pollutants and greenhouse gases.



	
The model promotes solutions in the form of centralized power plants, but if it is necessary to completely withdraw from the combustion of coal and natural gas, it is necessary to look for hybrid system solutions, including solar, wind, and fuel cells. Returning to investing in onshore wind farms will be beneficial from the point of view of the power system if one is able to store and manage electricity from these sources. Small nuclear reactors, which are characterized by lower investment risk and create opportunities for cogeneration, could also contribute to the transformation of the structure. The transition to a completely decentralized generation structure does not seem realistic, however.



	
The CO2 Emissions Trading Scheme is and will be a key tool of the decarbonization policy. The increase in the prices of emission allowances will encourage investors to choose low- and zero-emission technologies. Therefore, in the conditions of a dynamic increase in the price of allowances, the model proposes the construction of nuclear power plants, and in the case of options based on fossil fuels, it is necessary to equip the units with CCS systems. In the district heating sector, technologies based on the use of renewable energy resources, predominantly geothermal energy, should be developed.



	
Taking into account the current pace of technological development, it can be assumed that within 40 years the energy system will be able to function as a set of climate neutral objects. However, looking at the current state of the energy system in general (including transport), the available technological options (including slowly developing fuel cells) and potentially new options (e.g., batteries) are unlikely.








Thus, the model study confirmed the correctness of the research hypotheses. At the same time, the presented vision of development indicates the need to undertake a number of important projects that are also consistent with the assumptions of the Polish energy policy:




	
Commissioning of the first offshore wind farms by 2025;



	
Preparation of industry and human resources for the construction of nuclear power plants by 2025–2030;



	
Preparation of workforce for the operation of nuclear power plants in the 2035–2040 perspective;



	
Conducting research and development works in the field of energy storage systems and energy management in power transmission and distribution systems, in particular in the face of increasing capacity in photovoltaic systems and offshore wind farms;



	
Detailed studies of the domestic storage potential and possibilities for the development of liquefied CO2 transport infrastructure;



	
Detailed research on the potential of geothermal energy to produce district heat for large urban agglomerations.









5. Conclusions


Modelling tools for the development of energy systems are an element of supporting investment decisions in electricity and heat generation technologies. It is true that it is difficult to consider them as an oracle and to rely solely on the results of modelling, but one can set directions for the development of generation infrastructure. With this knowledge, one can plan construction projects, capital expenditures, research and development programs, etc. The elaboration of the model results is only one stage of the entire planning process for the development of energy systems. The next stage includes detailed analyses for individual technological options and projects for the construction of specific power plants. Each project must be preceded by a feasibility study, including a detailed technical and economic analysis, which will help to determine the conditions for the profitability of the project. Each investment is burdened with investment risk and the higher the risk, the higher the investment expenditure on a given project.



Despite covering many of the aspects of generation expansion planning in this study, still there are some issues that require further consideration. Long-term models have limited capabilities to address the intermittency of solar and wind installations, which limits the deployment of energy storages in the modelling solution. It is recommended to include in the model the hybrid systems, consisting of intermittent energy sources and energy storages, which should be preceded by detailed techno-economic analyses aimed at sizing storage capacity and determining cost characteristics of a technology. Furthermore, the storage of large amounts of CO2 may prove to be infeasible over several decades’ worth of perspectives. Inclusion of the options that facilitate utilization of CO2 should be considered in future studies. As the technology is still immature, the techno-economic data, including technology learning rates, are burdened with uncertainty.



Currently, Poland aims at implementing programs that are a part of the national policy document (PEP2040). Construction of the offshore wind farms is at the beginning stage of the investment process, i.e., contracts and agreements are being signed with a perspective of a commissioning by the middle of the present decade. The nuclear program is at the stage of studies of potential localizations, limited to a short list including two sites in Northern Poland. The year 2022 should bring the choice of technology vendor and a final decision regarding the installation of the first nuclear block, which is expected to be completed by the year 2034. The government also commissioned a detailed study on the potential and techno-economic feasibility of carbon capture, utilization, and storage (CCUS) options to examine the possibility of keeping coal-based energy plants in operation. Renewable energy sources are supported by the auctioning system, i.e., specific capacity is commissioned by the president of the Energy Regulatory Office and the winning bid benefits from a premium electricity price (higher than the average wholesale market price) over the 15-year period or until the year 2035. Prosumers (mostly PV system owners) will benefit from net metering until the end of March 2022. After that, excess electricity (not used by the prosumer) will be cleared using the average wholesale market price. The latter move is expected to decelerate the pace of capacity growth in prosumer installation capacity and encourage them to size PV systems to cover mostly their needs. The major concern is the stability of the network and insufficient capacity in electricity storage systems.



Building sustainable energy systems, although difficult, is feasible, and the condition of the current infrastructure, requiring the reconstruction of a significant part of the power plants built in the second half of the twentieth century, is a chance to realize the dream of low-emission energy production. At stake in this game are the life, health, and wellbeing of society, and these will certainly improve when the negative impact of energy on the environment is reduced.
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Table A1. Net electricity production in Poland to 2060 by technology (TWh/a)—MARKAL-PL—BAU variant (own study).






Table A1. Net electricity production in Poland to 2060 by technology (TWh/a)—MARKAL-PL—BAU variant (own study).





	Technology Group Name
	2015
	2020
	2025
	2030
	2035
	2040
	2045
	2050
	2055
	2060





	Thermal PP—hard coal, natural gas, biomass (existing)
	63.4
	44.7
	37.3
	24.2
	6.36
	4.34
	2.54
	0.29
	-
	-



	Thermal PP—lignite, biomass (existing)
	52.1
	32.2
	30.9
	18.3
	12.9
	5.93
	2.40
	-
	-
	-



	CHP district heating—many fuels (existing)
	21.1
	17.9
	14.3
	9.92
	9.49
	9.93
	5.78
	0.46
	0.14
	0.12



	CHP industrial autoproduction—many fuels (existing)
	7.29
	4.79
	4.21
	2.49
	2.69
	2.62
	2.16
	1.87
	1.03
	0.48



	Hydro PP (existing)
	2.81
	2.81
	2.94
	2.94
	2.94
	2.94
	3.07
	3.07
	2.47
	2.10



	Renewable sources (existing)
	8.89
	8.89
	8.89
	8.75
	8.89
	7.51
	0.33
	0.33
	0.33
	0.33



	Thermal PP—hard coal
	-
	29.9
	29.9
	29.9
	29.9
	-
	-
	-
	-
	-



	Thermal PP—lignite
	-
	3.78
	3.78
	3.78
	-
	-
	-
	-
	-
	-



	Thermal PP—hard coal + CCS
	-
	-
	-
	-
	20.4
	64.8
	68.5
	70.8
	70.8
	70.8



	Thermal PP—lignite + CCS
	-
	-
	13.8
	26.2
	39.8
	47.0
	51.0
	53.8
	54.2
	54.6



	Nuclear PP
	-
	-
	-
	10.9
	21.8
	43.6
	65.4
	76.3
	87.2
	98.2



	Gas PP and intervention units
	-
	-
	-
	-
	-
	-
	-
	2.01
	1.75
	1.51



	Gas PP with CCS
	-
	-
	-
	-
	-
	-
	10.4
	10.4
	10.4
	10.4



	CHP district heating—hard coal
	0.05
	0.19
	0.19
	0.19
	0.19
	0.19
	0.05
	0.10
	0.07
	-



	CHP district heating—natural gas
	-
	-
	2.51
	1.11
	1.11
	1.11
	1.11
	1.96
	1.96
	1.96



	CHP district heating—biomass
	0.03
	0.12
	0.12
	0.12
	0.12
	0.15
	0.11
	-
	-
	-



	CHP district heating—waste
	0.18
	0.39
	0.65
	0.97
	1.29
	1.61
	2.55
	2.87
	3.19
	3.19



	CHP industrial autoproduction—natural gas
	-
	-
	-
	0.13
	1.15
	1.64
	1.64
	2.30
	2.54
	1.70



	CHP industrial autoproduction—biomass
	-
	-
	-
	-
	-
	0.78
	1.56
	2.13
	2.92
	3.24



	Wind farms—inland
	6.61
	6.61
	6.61
	6.61
	6.61
	-
	-
	-
	-
	-



	Wind farms—offshore
	-
	10.8
	10.8
	10.8
	10.8
	10.8
	21.6
	38.6
	48.9
	48.9



	Solar farms and PV microgeneration
	0.27
	1.38
	1.38
	3.27
	9.23
	16.0
	25.8
	27.6
	32.1
	34.8



	Thermal PP—biomass
	-
	0.73
	0.73
	26.0
	26.0
	26.0
	26.0
	26.0
	24.1
	23.6



	Thermal PP—waste
	1.37
	1.37
	1.37
	1.37
	1.37
	1.37
	-
	-
	-
	-



	Electrical energy storages
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-



	Total net electricity production
	164
	167
	170
	188
	213
	248
	292
	321
	344
	356



	Import
	3.90
	10.5
	16.4
	17.2
	18.1
	19.0
	19.9
	20.9
	22.0
	23.1



	Export
	3.29
	3.29
	3.29
	3.29
	3.29
	3.29
	3.29
	3.29
	3.29
	3.29



	Total net electricity supply
	165
	174
	184
	202
	228
	264
	309
	338
	363
	376
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Table A2. Net electric generation capacity of Poland to 2060 by technology (GW)—MARKAL-PL—BAU variant (own study).






Table A2. Net electric generation capacity of Poland to 2060 by technology (GW)—MARKAL-PL—BAU variant (own study).





	Technology Group Name
	2015
	2020
	2025
	2030
	2035
	2040
	2045
	2050
	2055
	2060





	Thermal PP—hard coal, natural gas, biomass (existing)
	15.2
	13.2
	9.08
	5.42
	2.84
	2.46
	1.77
	0.25
	-
	-



	Thermal PP—lignite, biomass (existing)
	9.44
	7.57
	5.26
	5.26
	4.50
	2.56
	1.32
	-
	-
	-



	CHP district heating—many fuels (existing)
	5.96
	5.69
	5.15
	3.92
	3.23
	2.83
	1.77
	0.20
	0.05
	0.05



	CHP industrial autoproduction—many fuels (existing)
	1.77
	1.36
	1.10
	0.99
	0.77
	0.64
	0.54
	0.49
	0.28
	0.16



	Hydro PP (existing)
	2.23
	2.23
	2.23
	2.23
	2.23
	2.23
	2.23
	2.23
	2.23
	2.22



	Renewable sources (existing)
	4.17
	4.17
	4.17
	4.17
	4.17
	3.43
	0.09
	0.09
	0.09
	0.09



	Thermal PP—hard coal
	-
	3.80
	3.80
	3.80
	3.80
	3.80
	3.80
	3.80
	3.80
	3.80



	Thermal PP—lignite
	-
	0.48
	0.48
	0.48
	0.48
	0.48
	0.48
	0.48
	0.48
	0.48



	Thermal PP—hard coal + CCS
	-
	-
	-
	-
	2.59
	8.22
	8.69
	8.98
	8.98
	8.98



	Thermal PP—lignite + CCS
	-
	-
	1.75
	3.32
	5.05
	5.96
	6.47
	6.83
	6.87
	6.92



	Nuclear PP
	-
	-
	-
	1.50
	3.00
	6.00
	9.00
	10.5
	12.0
	13.5



	Gas PP and intervention units
	-
	-
	-
	-
	-
	-
	-
	1.27
	1.31
	1.31



	Gas PP with CCS
	-
	-
	-
	-
	-
	-
	1.43
	1.43
	1.43
	1.43



	CHP district heating—hard coal
	0.03
	0.10
	0.10
	0.10
	0.10
	0.10
	0.10
	0.10
	0.08
	-



	CHP district heating—natural gas
	0.15
	1.53
	1.53
	1.53
	1.53
	1.53
	1.53
	2.70
	2.70
	2.70



	CHP district heating—biomass
	0.01
	0.05
	0.05
	0.05
	0.05
	0.05
	0.04
	-
	-
	-



	CHP district heating—waste
	0.05
	0.15
	0.20
	0.20
	0.20
	0.23
	0.40
	0.51
	0.85
	1.00



	CHP industrial autoproduction—natural gas
	-
	-
	-
	0.18
	1.59
	2.26
	2.26
	2.78
	2.78
	2.78



	CHP industrial autoproduction—biomass
	-
	-
	-
	-
	-
	0.26
	0.43
	0.49
	0.72
	0.72



	Wind farms—inland
	3.13
	3.13
	3.13
	3.13
	3.13
	-
	-
	-
	-
	-



	Wind farms—offshore
	-
	3.28
	3.28
	3.28
	3.28
	3.28
	6.57
	11.7
	14.8
	14.8



	Solar farms and PV microgeneration
	0.30
	1.54
	1.54
	3.65
	10.3
	17.9
	28.7
	30.8
	35.8
	38.8



	Thermal PP—biomass
	-
	0.10
	0.10
	3.57
	3.57
	3.57
	3.57
	3.57
	3.47
	3.47



	Thermal PP—waste
	0.24
	0.24
	0.24
	0.24
	0.24
	0.24
	-
	-
	-
	-



	Electrical energy storages
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-



	Total net electric capacity
	42.7
	48.6
	43.2
	47.0
	56.6
	68.0
	81.2
	89.2
	98.7
	103
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Table A3. Utilization factor of the net electric generation capacity of Poland to 2060 by technology (-)—MARKAL-PL—BAU variant (own study).






Table A3. Utilization factor of the net electric generation capacity of Poland to 2060 by technology (-)—MARKAL-PL—BAU variant (own study).





	Technology Group Name
	2015
	2020
	2025
	2030
	2035
	2040
	2045
	2050
	2055
	2060





	Thermal PP—hard coal, natural gas, biomass (existing)
	0.48
	0.39
	0.47
	0.51
	0.26
	0.20
	0.16
	0.13
	-
	-



	Thermal PP—lignite, biomass (existing)
	0.63
	0.49
	0.67
	0.40
	0.33
	0.26
	0.21
	-
	-
	-



	CHP district heating—many fuels (existing)
	0.40
	0.36
	0.32
	0.29
	0.34
	0.40
	0.37
	0.27
	0.30
	0.28



	CHP industrial autoproduction—many fuels (existing)
	0.47
	0.40
	0.44
	0.29
	0.40
	0.47
	0.45
	0.44
	0.42
	0.35



	Hydro PP (existing)
	0.14
	0.14
	0.15
	0.15
	0.15
	0.15
	0.16
	0.16
	0.13
	0.11



	Renewable sources (existing)
	0.24
	0.24
	0.24
	0.24
	0.24
	0.25
	0.42
	0.42
	0.42
	0.42



	Thermal PP—hard coal
	-
	0.90
	0.90
	0.90
	0.90
	-
	-
	-
	-
	-



	Thermal PP—lignite
	-
	0.90
	0.90
	0.90
	-
	-
	-
	-
	-
	-



	Thermal PP—hard coal + CCS
	-
	-
	-
	-
	0.90
	0.90
	0.90
	0.90
	0.90
	0.90



	Thermal PP—lignite + CCS
	-
	-
	0.90
	0.90
	0.90
	0.90
	0.90
	0.90
	0.90
	0.90



	Nuclear PP
	-
	-
	-
	0.83
	0.83
	0.83
	0.83
	0.83
	0.83
	0.83



	Gas PP and intervention units
	-
	-
	-
	-
	-
	-
	-
	0.18
	0.15
	0.13



	Gas PP with CCS
	-
	-
	-
	-
	-
	-
	0.83
	0.83
	0.83
	0.83



	CHP district heating—hard coal
	0.22
	0.22
	0.22
	0.22
	0.22
	0.22
	0.05
	0.11
	0.11
	-



	CHP district heating—natural gas
	-
	-
	0.19
	0.08
	0.08
	0.08
	0.08
	0.08
	0.08
	0.08



	CHP district heating—biomass
	0.27
	0.27
	0.27
	0.27
	0.27
	0.34
	0.34
	-
	-
	-



	CHP district heating—waste
	0.40
	0.30
	0.37
	0.55
	0.73
	0.80
	0.73
	0.64
	0.43
	0.36



	CHP industrial autoproduction—natural gas
	-
	-
	-
	0.08
	0.08
	0.08
	0.08
	0.09
	0.10
	0.07



	CHP industrial autoproduction—biomass
	-
	-
	-
	-
	-
	0.34
	0.41
	0.50
	0.46
	0.52



	Wind farms—inland
	0.24
	0.24
	0.24
	0.24
	0.24
	-
	-
	-
	-
	-



	Wind farms—offshore
	-
	0.38
	0.38
	0.38
	0.38
	0.38
	0.38
	0.38
	0.38
	0.38



	Solar farms and PV microgeneration
	0.10
	0.10
	0.10
	0.10
	0.10
	0.10
	0.10
	0.10
	0.10
	0.10



	Thermal PP—biomass
	-
	0.83
	0.83
	0.83
	0.83
	0.83
	0.83
	0.83
	0.79
	0.78



	Thermal PP—waste
	0.65
	0.65
	0.65
	0.65
	0.65
	0.65
	-
	-
	-
	-



	Electrical energy storages
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-



	Average net electric capacity utilization factor
	0.44
	0.39
	0.45
	0.46
	0.43
	0.42
	0.41
	0.41
	0.40
	0.39
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Table A4. Net electricity production in Poland to 2060 by technology (TWh/a)—MARKAL-PL—WFC variant (own study).
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	Technology Group Name
	2015
	2020
	2025
	2030
	2035
	2040
	2045
	2050
	2055
	2060





	Thermal PP—hard coal, natural gas, biomass (existing)
	63.4
	44.7
	37.3
	24.2
	12.70
	4.34
	2.54
	0.29
	-
	-



	Thermal PP—lignite, biomass (existing)
	52.1
	32.2
	30.9
	30.4
	12.9
	5.93
	2.40
	-
	-
	-



	CHP district heating—many fuels (existing)
	21.1
	17.9
	14.9
	9.80
	9.49
	10.1
	6.14
	0.47
	0.15
	0.12



	CHP industrial autoproduction—many fuels (existing)
	7.29
	4.79
	4.21
	2.48
	2.60
	2.67
	2.16
	1.87
	1.05
	0.47



	Hydro PP (existing)
	2.81
	2.81
	2.94
	2.94
	2.94
	2.94
	3.07
	3.07
	2.49
	2.32



	Renewable sources (existing)
	8.89
	8.89
	8.89
	8.89
	8.89
	7.51
	0.33
	0.33
	0.33
	0.33



	Thermal PP—hard coal
	-
	29.9
	29.9
	29.9
	29.9
	29.9
	0.59
	0.69
	0.38
	0.13



	Thermal PP—lignite
	-
	3.78
	3.78
	3.78
	3.8
	-
	-
	-
	-
	-



	Nuclear PP
	-
	-
	-
	10.9
	21.8
	43.6
	65.4
	76.3
	87.2
	98.2



	Gas PP and intervention units
	-
	-
	7.4
	7.4
	7.4
	-
	-
	1.83
	1.83
	1.83



	Gas PP with CCS
	-
	-
	-
	1.7
	34.5
	69.7
	115
	115
	115
	115



	CHP district heating—hard coal
	0.05
	0.19
	0.39
	0.19
	0.19
	0.19
	0.10
	0.10
	0.07
	-



	CHP district heating—natural gas
	-
	-
	1.96
	1.11
	1.11
	1.11
	1.11
	1.08
	1.13
	1.13



	CHP district heating—biomass
	0.03
	0.12
	0.24
	0.12
	0.12
	0.24
	0.11
	-
	-
	-



	CHP district heating—waste
	0.18
	0.39
	0.65
	0.97
	1.29
	1.61
	2.55
	2.87
	3.19
	3.19



	CHP industrial autoproduction—natural gas
	-
	-
	-
	0.18
	0.99
	1.80
	1.98
	2.09
	2.27
	1.80



	CHP industrial autoproduction—biomass
	-
	-
	-
	-
	-
	0.23
	1.09
	1.69
	2.49
	2.62



	Wind farms—inland
	6.61
	6.61
	6.61
	6.61
	6.61
	-
	-
	-
	-
	-



	Wind farms—offshore
	-
	10.8
	10.8
	10.8
	10.8
	10.8
	20.8
	48.8
	59.7
	59.7



	Solar farms and PV microgeneration
	0.27
	1.38
	3.21
	3.21
	9.34
	16.8
	26.1
	28.1
	32.7
	35.0



	Thermal PP—biomass
	-
	0.73
	0.73
	26.8
	27.1
	27.1
	27.1
	27.1
	25.2
	25.2



	Thermal PP—biogas
	-
	-
	3.77
	3.77
	3.77
	3.77
	3.77
	-
	-
	-



	Thermal PP—waste
	1.37
	1.37
	1.37
	1.37
	1.37
	1.37
	-
	-
	-
	-



	Electrical energy storages
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-



	Total net electricity production
	164
	167
	170
	188
	210
	242
	283
	312
	335
	347



	Import
	3.89
	10.5
	16.4
	17.2
	18.1
	19.0
	19.9
	20.9
	22.0
	23.1



	Export
	−3.29
	−3.29
	−3.29
	−3.29
	−3.29
	−3.29
	−3.29
	−3.29
	−3.29
	−3.29



	Total net electricity supply
	165
	174
	183
	201
	224
	258
	299
	329
	354
	367










[image: Table] 





Table A5. Net electric generation capacity of Poland to 2060 by technology (GW)—MARKAL-PL—WFC variant (own study).






Table A5. Net electric generation capacity of Poland to 2060 by technology (GW)—MARKAL-PL—WFC variant (own study).





	Technology Group Name
	2015
	2020
	2025
	2030
	2035
	2040
	2045
	2050
	2055
	2060





	Thermal PP—hard coal, natural gas, biomass (existing)
	15.2
	13.2
	9.08
	5.42
	2.84
	2.46
	1.77
	0.25
	-
	-



	Thermal PP—lignite, biomass (existing)
	9.44
	7.57
	5.26
	5.26
	4.50
	2.56
	1.32
	-
	-
	-



	CHP district heating—many fuels (existing)
	5.96
	5.69
	5.15
	3.92
	3.23
	2.83
	1.77
	0.20
	0.05
	0.05



	CHP industrial autoproduction—many fuels (existing)
	1.77
	1.36
	1.10
	0.99
	0.77
	0.64
	0.54
	0.49
	0.28
	0.16



	Hydro PP (existing)
	2.23
	2.23
	2.23
	2.23
	2.23
	2.23
	2.23
	2.23
	2.23
	2.22



	Renewable sources (existing)
	4.17
	4.17
	4.17
	4.17
	4.17
	3.43
	0.09
	0.09
	0.09
	0.09



	Thermal PP—hard coal
	-
	3.80
	3.80
	3.80
	3.80
	3.80
	3.80
	3.80
	3.80
	3.80



	Thermal PP—lignite
	-
	0.48
	0.48
	0.48
	0.48
	0.48
	0.48
	0.48
	0.48
	0.48



	Nuclear PP
	-
	-
	-
	1.50
	3.00
	6.00
	9.00
	10.5
	12.0
	13.5



	Gas PP and intervention units
	-
	-
	1.02
	1.02
	1.02
	1.02
	1.02
	1.02
	1.02
	1.02



	Gas PP with CCS
	-
	-
	-
	0.23
	4.75
	9.59
	15.84
	15.84
	15.84
	15.84



	CHP district heating—hard coal
	0.03
	0.10
	0.10
	0.10
	0.10
	0.10
	0.10
	0.10
	0.08
	-



	CHP district heating—natural gas
	0.15
	1.53
	1.53
	1.53
	1.53
	1.53
	1.53
	1.49
	1.57
	1.57



	CHP district heating—biomass
	0.01
	0.05
	0.05
	0.05
	0.05
	0.05
	0.04
	-
	-
	-



	CHP district heating—waste
	0.05
	0.15
	0.20
	0.20
	0.20
	0.23
	0.39
	0.63
	0.89
	1.04



	CHP industrial autoproduction—natural gas
	-
	-
	-
	0.24
	1.37
	2.49
	2.49
	2.49
	2.49
	2.49



	CHP industrial autoproduction—biomass
	-
	-
	-
	-
	-
	0.05
	0.26
	0.42
	0.62
	0.62



	Wind farms—inland
	3.13
	3.13
	3.13
	3.13
	3.13
	-
	-
	-
	-
	-



	Wind farms—offshore
	-
	3.28
	3.28
	3.28
	3.28
	3.28
	6.31
	14.8
	18.1
	18.1



	Solar farms and PV microgeneration
	0.30
	1.54
	3.58
	3.58
	10.4
	18.8
	29.1
	31.3
	36.5
	39.0



	Thermal PP—biomass
	-
	0.10
	0.10
	3.68
	3.73
	3.73
	3.73
	3.73
	3.63
	3.63



	Thermal PP—biogas
	-
	-
	0.76
	0.76
	0.76
	0.76
	0.76
	-
	-
	-



	Thermal PP—waste
	0.24
	0.24
	0.24
	0.24
	0.24
	0.24
	-
	-
	-
	-



	Electrical energy storages
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-



	Total net electrical capacity
	42.7
	48.6
	45.3
	45.8
	55.6
	66.2
	82.5
	89.9
	99.7
	104
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Table A6. Utilization factor of the net electric generation capacity of Poland to 2060 by technology (-)—MARKAL-PL—WFC variant (own study).






Table A6. Utilization factor of the net electric generation capacity of Poland to 2060 by technology (-)—MARKAL-PL—WFC variant (own study).





	Technology Group Name
	2015
	2020
	2025
	2030
	2035
	2040
	2045
	2050
	2055
	2060





	Thermal PP—hard coal, natural gas, biomass (existing)
	0.48
	0.39
	0.47
	0.51
	0.51
	0.20
	0.16
	0.13
	-
	-



	Thermal PP—lignite, biomass (existing)
	0.63
	0.49
	0.67
	0.66
	0.33
	0.26
	0.21
	-
	-
	-



	CHP district heating—many fuels (existing)
	0.40
	0.36
	0.33
	0.29
	0.34
	0.41
	0.40
	0.27
	0.32
	0.30



	CHP industrial autoproduction—many fuels (existing)
	0.47
	0.40
	0.44
	0.29
	0.39
	0.48
	0.45
	0.44
	0.42
	0.34



	Hydro PP (existing)
	0.14
	0.14
	0.15
	0.15
	0.15
	0.15
	0.16
	0.16
	0.13
	0.12



	Renewable sources (existing)
	0.24
	0.24
	0.24
	0.24
	0.24
	0.25
	0.42
	0.42
	0.42
	0.42



	Thermal PP—hard coal
	-
	0.90
	0.90
	0.90
	0.90
	0.90
	0.02
	0.02
	0.01
	0.00



	Thermal PP—lignite
	-
	0.90
	0.90
	0.90
	0.90
	-
	-
	-
	-
	-



	Nuclear PP
	-
	-
	-
	0.83
	0.83
	0.83
	0.83
	0.83
	0.83
	0.83



	Gas PP and intervention units
	-
	-
	0.83
	0.83
	0.83
	-
	-
	0.20
	0.20
	0.20



	Gas PP with CCS
	-
	-
	-
	0.83
	0.83
	0.83
	0.83
	0.83
	0.83
	0.83



	CHP district heating—hard coal
	0.22
	0.22
	0.44
	0.22
	0.22
	0.22
	0.11
	0.11
	0.11
	-



	CHP district heating—natural gas
	-
	-
	0.15
	0.08
	0.08
	0.08
	0.08
	0.08
	0.08
	0.08



	CHP district heating—biomass
	0.27
	0.27
	0.55
	0.27
	0.27
	0.55
	0.34
	-
	-
	-



	CHP district heating—waste
	0.40
	0.30
	0.37
	0.55
	0.73
	0.80
	0.75
	0.52
	0.41
	0.35



	CHP industrial autoproduction—natural gas
	-
	-
	-
	0.08
	0.08
	0.08
	0.09
	0.10
	0.10
	0.08



	CHP industrial autoproduction—biomass
	-
	-
	-
	-
	-
	0.55
	0.48
	0.46
	0.46
	0.48



	Wind farms—inland
	0.24
	0.24
	0.24
	0.24
	0.24
	-
	-
	-
	-
	-



	Wind farms—offshore
	-
	0.38
	0.38
	0.38
	0.38
	0.38
	0.38
	0.38
	0.38
	0.38



	Solar farms and PV microgeneration
	0.10
	0.10
	0.10
	0.10
	0.10
	0.10
	0.10
	0.10
	0.10
	0.10



	Thermal PP—biomass
	-
	0.83
	0.83
	0.83
	0.83
	0.83
	0.83
	0.83
	0.79
	0.79



	Thermal PP—biogas
	-
	-
	0.57
	0.57
	0.57
	0.57
	0.57
	-
	-
	-



	Thermal PP—waste
	0.65
	0.65
	0.65
	0.65
	0.65
	0.65
	-
	-
	-
	-



	Electrical energy storages
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
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Table A7. SO2 emissions from electricity and heat-generating plants in Poland to 2060 by technology (kt/a)—MARKAL-PL—BAU variant (own study).






Table A7. SO2 emissions from electricity and heat-generating plants in Poland to 2060 by technology (kt/a)—MARKAL-PL—BAU variant (own study).





	Emission Category
	2015
	2020
	2025
	2030
	2035
	2040
	2045
	2050
	2055
	2060





	Emissions from PP and CHP (non-LCP)
	22.0
	15.6
	15.3
	8.93
	9.67
	7.73
	7.02
	5.95
	4.01
	3.18



	Emissions from DHP (non-LCP)
	12.2
	10.6
	8.49
	6.01
	5.24
	2.55
	1.67
	0.14
	0.04
	0.04



	Emissions from LCP
	298
	228
	209
	144
	125
	124
	102
	76.3
	72.0
	69.3



	Total emissions from PP, CHP, and DHP
	332
	255
	233
	159
	140
	134
	111
	82.4
	76.0
	72.5
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Table A8. NOx emissions from electricity and heat-generating plants in Poland to 2060 by technology (kt/a)—MARKAL-PL—BAU variant (own study).






Table A8. NOx emissions from electricity and heat-generating plants in Poland to 2060 by technology (kt/a)—MARKAL-PL—BAU variant (own study).





	Emission Category
	2015
	2020
	2025
	2030
	2035
	2040
	2045
	2050
	2055
	2060





	Emissions from PP and CHP (non-LCP)
	11.9
	8.52
	7.52
	14.7
	15.1
	15.6
	14.9
	14.9
	13.4
	12.9



	Emissions from DHP (non-LCP)
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	Emissions from LCP
	184
	147
	142
	105
	96.3
	102
	92.3
	79.8
	77.4
	74.6



	Total emissions from PP, CHP, and DHP
	196
	156
	149
	120
	111
	118
	107
	94.7
	90.8
	87.5
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Table A9. CO2 emissions from electricity and heat-generating plants in Poland to 2060 by technology (Mt/a)—MARKAL-PL—BAU variant (own study).






Table A9. CO2 emissions from electricity and heat-generating plants in Poland to 2060 by technology (Mt/a)—MARKAL-PL—BAU variant (own study).





	Emission Category
	2015
	2020
	2025
	2030
	2035
	2040
	2045
	2050
	2055
	2060





	PP and CHP (non-EU ETS)
	5.66
	4.86
	4.62
	21.4
	21.6
	23.0
	23.6
	24.3
	23.6
	23.4



	Utility PP existing (EU ETS)
	107
	70.6
	63.3
	39.1
	19.0
	9.86
	4.61
	0.23
	0.00
	0.00



	Utility PP new (EU ETS)
	0.00
	25.7
	26.3
	26.8
	26.0
	9.49
	10.3
	11.1
	11.1
	10.6



	Utility CHP existing (EU ETS)
	25.2
	21.3
	17.0
	11.7
	11.0
	11.7
	6.58
	0.25
	0.03
	0.02



	Utility CHP new (EU ETS)
	0.07
	0.28
	2.95
	1.47
	1.47
	1.47
	1.25
	2.22
	2.19
	2.08



	Industrial autoproduction CHP existing (EU ETS)
	3.64
	2.40
	2.06
	1.20
	1.23
	1.16
	1.09
	0.94
	0.49
	0.31



	Industrial autoproduction CHP new (EU ETS)
	0.00
	0.00
	0.00
	0.14
	1.23
	1.75
	1.75
	2.45
	2.71
	1.81



	Utility DHP existing (EU ETS)
	6.22
	5.55
	4.61
	3.46
	2.15
	0.75
	0.66
	1.92
	1.99
	2.01



	Utility DHP new (EU ETS)
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	Total emissions (EU ETS)
	142
	126
	116
	83.9
	62.0
	36.2
	26.3
	19.2
	18.5
	16.8



	Total emission over all categories
	148
	131
	121
	105
	83.7
	59.2
	49.9
	43.4
	42.1
	40.2



	Total emissions from utility PP and CHP
	138
	123
	114
	101
	79.1
	55.5
	46.4
	38.1
	36.9
	36.1
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Table A10. SO2 emissions from electricity and heat-generating plants in Poland to 2060 by technology (kt/a)—MARKAL-PL—WFC variant (own study).






Table A10. SO2 emissions from electricity and heat-generating plants in Poland to 2060 by technology (kt/a)—MARKAL-PL—WFC variant (own study).





	Emission Category
	2015
	2020
	2025
	2030
	2035
	2040
	2045
	2050
	2055
	2060





	Emissions from PP and CHP (non-LCP)
	22.0
	15.6
	15.5
	8.98
	9.87
	8.14
	7.19
	5.95
	4.09
	3.12



	Emissions from DHP (non-LCP)
	12.2
	10.6
	8.49
	6.01
	5.24
	2.55
	1.67
	0.24
	0.05
	2.32



	Emissions from LCP
	298
	228
	205
	156
	104
	74.7
	36.0
	7.65
	4.64
	3.24



	Total emissions from PP, CHP, and DHP
	332
	255
	229
	171
	119
	85.4
	44.9
	13.8
	8.78
	8.68
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Table A11. NOx emissions from electricity and heat-generating plants in Poland to 2060 by technology (kt/a)—MARKAL-PL—WFC variant (own study).






Table A11. NOx emissions from electricity and heat-generating plants in Poland to 2060 by technology (kt/a)—MARKAL-PL—WFC variant (own study).





	Emission Category
	2015
	2020
	2025
	2030
	2035
	2040
	2045
	2050
	2055
	2060





	Emissions from PP and CHP (non-LCP)
	11.9
	8.52
	11.27
	18.3
	19.1
	19.3
	18.5
	14.9
	13.5
	12.8



	Emissions from DHP (non-LCP)
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	Emissions from LCP
	184
	147
	134
	104
	74.0
	57.1
	35.0
	19.1
	18.0
	16.9



	Total emissions from PP, CHP, and DHP
	196
	156
	146
	122
	93.1
	76.3
	53.5
	34.0
	31.4
	29.7
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Table A12. CO2 emissions from electricity and heat-generating plants in Poland to 2060 by technology (Mt/a)—MARKAL-PL—WFC variant (own study).






Table A12. CO2 emissions from electricity and heat-generating plants in Poland to 2060 by technology (Mt/a)—MARKAL-PL—WFC variant (own study).





	Specification
	2015
	2020
	2025
	2030
	2035
	2040
	2045
	2050
	2055
	2060





	PP and CHP (non-EU ETS)
	5.66
	4.86
	10.0
	26.9
	27.5
	28.2
	28.7
	24.3
	23.6
	23.3



	Utility PP existing (EU ETS)
	107
	70.6
	63.3
	52.3
	24.0
	9.86
	4.61
	0.23
	0.00
	0.00



	Utility PP new (EU ETS)
	0.00
	25.7
	27.6
	27.2
	27.8
	23.0
	4.54
	5.19
	4.98
	4.82



	Utility CHP existing (EU ETS)
	25.2
	21.3
	17.7
	11.7
	11.0
	11.9
	7.03
	0.27
	0.04
	0.03



	Utility CHP new (EU ETS)
	0.07
	0.28
	2.65
	1.47
	1.47
	1.47
	1.32
	1.29
	1.31
	1.21



	Industrial autoproduction CHP existing (EU ETS)
	3.64
	2.40
	2.06
	1.21
	1.23
	1.20
	1.09
	0.94
	0.51
	0.30



	Industrial autoproduction CHP new (EU ETS)
	0.00
	0.00
	0.00
	0.19
	1.05
	1.92
	2.11
	2.23
	2.42
	1.92



	Utility DHP existing (EU ETS)
	6.22
	5.55
	4.61
	3.46
	2.15
	0.75
	0.80
	2.22
	2.35
	2.95



	Utility DHP new (EU ETS)
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	Total emissions (EU ETS)
	142
	126
	118
	97.4
	68.7
	50.0
	21.5
	12.4
	11.6
	11.2



	Total emissions over all categories
	148
	131
	128
	124
	96.2
	78.2
	50.2
	36.6
	35.2
	34.6



	Total emissions from utility PP and CHP
	138
	123
	121
	119
	91.7
	74.4
	46.2
	31.2
	29.9
	29.4









Appendix B


MARKet ALlocation (MARKAL) is a computer program for the development of mathematical optimization models that reflect the current and future technological structure of energy systems. It is aimed at an integrated assessment of the development of the energy sector in one area, e.g., a single country or in many geographically or economically separated and interconnected regions [29]. The model joined the family of tools supporting integrated planning of the development of energy systems in the early 1980s [55,56], as a result of the international cooperation within the ETSAP program financed by the International Energy Agency (IEA).



MARKAL makes it possible to build a model of economic “partial equilibrium” and is characterized by balancing the production and consumption of energy carriers and other goods and fixing their prices. The cost of producing an energy carrier or other goods affects the demand for these goods, and at the same time the demand for an energy carrier or other goods affects their price. Market equilibrium is achieved at a certain price, at which the consumer does not want to buy less than what they need, and no producer wants to produce more than their current capabilities. If the market equilibrium is achieved, either profit maximization or cost minimization is sought, and this approach was used in the MARKAL program [29].



The mathematical structure of the standard MARKAL model takes the form of an optimization problem based on linear programming. As a result of solving the optimization problem, the values of decision variables are obtained, which ensure the minimum cost of the energy system, while meeting the constraints on the set of solutions imposed on it in the form of equations containing the variables and parameters of the model. The key decision variables include: the amount of net attainable power in a given group of technologies, as well as the amount of annual energy production, characteristic for a given technology of production or processing of various energy carriers. The model solution, including the proposed investments in new power plants, combined heat and power plants, and heating plants, is considered optimal for the entire time perspective under consideration.



MARKAL is based on the idea of the reference energy system (RES), which connects primary energy resources with a final or useful energy demand through a network of energy technologies as well as primary, secondary, and final energy carriers. RES is the work of the analyst’s creative invention, and its structure depends on the purpose it sets for the model and the level of detail of the available data. The shape of the RES is, however, subject to certain limitations resulting from the specificity of the tool. Technologies reflected in the MARKAL model are divided into three groups: (1) “PRC—processes”; (2) “conversion technologies” (CON); (3) “demand devices” (DMDs). “Processes” are technologies involving energy transformation that output neither electricity nor heat, which in turn are produced by “conversion technologies”, consisting of subcategories, e.g., power plants, combined heat and power plants, and heating plants. Demand devices convert secondary or final energy into useful energy, i.e., heat for space heating, domestic hot water, district cooling for room air conditioning, etc. On the primary energy side, there are options for the supply or exchange of energy or other goods—Source ENergy Carrier Price (SRCENCP).



The optimization procedure balances the RES so that the demand is met in each considered planning period and in each subperiod of the year (season, time of day). The constraining equations and inequalities make it possible to take into account the availability of power in a defined time period, including forced and planned power outages, the ability of various technologies to meet the peak power demand, the effect of “aging” of the power generation structure, the need to maintain basic power plants, and their share in covering the power demand at night.



The optimization criterion used in the MARKAL model consists in minimizing the net present value of the costs of the energy system operation, reflected in the model. Discounting takes place within a single planning period t, lasting J years, where the cash flows are brought back to the beginning of that period, and then this sum is discounted to the first year of analysis (base year) [29,57]:


  z =   ∑   r = 1  R    ∑   t = 1  T   [     (  1 + d  )    J  (  1 − t  )      ∑   j = 1   j = J      (  1 + d  )    − j    K  a n n  (  r , t  )     ]   



(A1)




where: z—value of the objective function equal to the net present value (NPV) of the energy system costs, mapped in the model [thous. €]; r, R—index and number of regions (geographic areas) mapped in the model; t, T—index and number of planning periods; j, J—index of the year and number of years in one planning period t; Kann(r,t)—annual costs of the operation of the energy system in the region r, in the year included in the planning period t [thous. €/a]; d—general discount rate for the energy system, mapped in the model [1/a].



The method of calculating the annual costs of the energy system operation, used in the MARKAL model, is based on the classical theory of costs in the energy sector. Fuel costs are not included in the variable operating costs because fuels are part of the energy system and their supply chain to energy facilities can be described in terms of energy resources and energy conversion technologies. Therefore, these costs are recorded in items including the extraction, acquisition (e.g., biomass) and import of fuels, energy conversion (technologies), and the supply of fuel to a specific type of technology. In addition, environmental costs are included, which may include environmental charges or emission allowances, or both. Revenues from the sale of energy commodities or other goods outside the considered area (export) reduce the annual costs of the energy system in the MARKAL model, written using the following relationship:


      K  a n n  (  r , t  )    =   ∑   p = 1  P   (   K  c a p  (  r , t , p  )    +  K  f i x o m  (  r , t , p  )    +  K  v a r o m  (  r , t , p  )    +   ∑   e = 1  E   K  d e l i v  (  r , t , p , e  )     )  +   ∑   s ∉ e x p    K  s u p p  (  r , t , s  )                 −   ∑   s ∈ e x p    K  s u p p  (  r , t , s  )    +   ∑   v = 1  V   K  e n v  (  r , t , v  )        



(A2)




where: p—technology set (1, 2, …, p); e—energy carrier set (1, 2, …, E); s—supply option set, characterized by three main features: source, energy carrier, and price level (imp—imports, exp—exports, min—mining, rnw—renewables extraction); v—environmental indicators set (pollutants, greenhouse gases, emission equivalents) (1, 2, …, V); Kcap(r,t,p)—capital costs related to energy technology p; Kfixom(r,t,p)—fixed operation and maintenance costs related to energy technology p; Kvarom(r,t,p)—fixed operation and maintenance costs related to energy technology p; Kdeliv(r,t,p,e)—delivery cost of energy carrier e to energy plant built in technology p; Ksupp(r,ts)—costs associated with supply option s; Kenv(r,t,v)—environmental (emission) costs.



The expansion of the equation describing the stream of annual costs of the energy system operation was formulated as follows:


       K  r  (  r , t  )    =   ∑   p = 1  P  [  r  c a p  (  r , p  )     k  i n v  (  r , t , p  )    Δ  P  n  (  r , t , p  )    +  k  f i x o m  (  r , t , p  )     P  n  (  r , t , p  )    + (  k  v a r o m  (  r , t , p  )                   +   ∑   e = 1  E   q  r , t , p , e    k  d e l i v  (  r , t , p , e  )    )   ∑   w = 1  W   E  n  (  r , t , p , w  )                   +   ∑   s ∉ e x p     ∑   l = 1  L   c  s u p p  (  r , t , s , l  )     Q  r , t , s , l                  −   ∑   s ∈ e x p     ∑   l = 1  L   c  s u p p  (  r , t , s , l  )     Q  r , t , s , l   +   ∑   v = 1  V   k  e n v  (  r , t , v  )     G  r , t , v        



(A3)




where:


   r  c a p   r , p     =    d  r , p       1 +  d  r , p        λ  r , p           1 +  d  r , p        λ  r , p     − 1      



(A4)




where: w—set of time slices (subdivisions of the year) representing season and the time of the day (1,2, …, W); l—set of price levels of a commodity (energy carrier) (1, 2, …, L); rcap(r,p)—capital recovery factor [1/a]; kinv(r,t,p)—specific investment cost related to installed capacity [thous. €/MW]; ∆Pn—net capacity addition [MW]; kfixom(r,t,p)—specific fixed operation and maintenance costs [thous. €/(MW ∙ a)]; Pn(r,t,p)—net capacity [MW]; kvarom(r,t,p)—specific variable operation and maintenance costs [thous. €/TJ]; En(r,t,p,w)—annual net energy production [TJ/a]; kdeliv(r,t,p,e)—specific delivery cost of energy carrier e to energy plant built in technology p [thous. €/TJ]; qr,t,p,e –consumption of energy carrier e related to main technology output (electricity—power plants and CHP plants, heat—heat-only plants) [–]; csupp(r,t,s,l)—price level associated with supply option s [thous. €/TJ]; Qr,t,s,l—annual amount of energy (commodity) associated with supply option s; kenv(r,t,v)—cost of emission of pollutant v (or emission allowance) [thous. €/t]; Gr,t,v—annual amount of emitted pollutant v [kt/a]; dr,p—technology-specific discount rate (if not specified, general discount rate of the energy system is applied) [1/a]; λr,p—technical lifetime of a plant built in technology p [a].



The optimal solution, assuming the determination of decision variables at the minimum value of the objective function (Equation (A1)), is limited by typical constraints imposed on these variables:


   Δ  P  r , t , p   ≥ 0 ,      P  r , t , p   ≥ 0 ,    E  r , t , p , w   ≥ 0 ,      Q  r , t , s , l   ≥ 0 ,      G  r , t , v   ≥ 0   



(A5)







In addition, the set of solutions is limited by linear dependencies describing, inter alia, the balance of energy carriers and goods as well as the power balance of energy facilities. The mathematical structure of the MARKAL model is complex and its discussion can be found in the documentation for this tool [29]. Additionally, the analyst can create their own equations, using the model variables and entering parameters and the value of the left hand side of the equation, in the MARKAL code defined as ADRATIO (ad hoc relationships). It is also possible to modify the source code of the program by creating new variables and equations, if necessary.
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Figure 1. Reference energy system representation of the power grid (own study). Note: demand categories (each category has at least one corresponding demand technology, e.g., IE1)—final electricity in respective economy sectors (and subcategories): IE—industry, AE—agriculture, CE—commercial, RE—residential, TE—transport (excluding electric cars), TA—transport (electric cars); energy carriers: HCO—hard coal, LIG—lignite, NGA—natural gas, OTH—other fuels, BIO—biomass, BGS—biogas, BBG—biomass and biogas (existing plants), HYD—hydro energy, WIN—wind energy, LQD—liquid, URN—nuclear fuel, SOL—solar energy, GEO—geothermal energy, SMW—solid municipal waste; electrical grids: ELC—transmission public, ELI—industrial autoproduction (separated from public), EMG—microgrids, EHV—distribution public; conversion technologies: power substations: PTE—highest voltages (400 kV, 220 kV)/high voltages (110 kV) substations, PIN/PNI—substations’ connection of industrial autoproduction plants with public grid (in both directions); generator technology categories: E10—public coal- and lignite-fired thermal plants, E20—public nuclear plants, E30—independent renewable, E40—public gas plants, E50—public hydro and pumped-storage plants, E60—public and independent combined heat and power (CHP) plants, E80—industrial autoproduction CHP plants, storages: E9A, E9B, E9C—battery storages; resources/transboundary flows: IMPELC1, IMPELC2, EXPELC1—imports and exports of electricity, MINHCO1, IMPHCO1—domestic mining and imports of hard coal, MINLIG1—lignite mining, MINNGA1, IMPNGA1—domestic extraction and imports of natural gas, MINOTH1—extraction of other fuels (“dummy” category for existing plants), RNWBIO1, RNWBGS1, RNWBBG1—extraction of biomass and biogas (the latter is a “dummy” category), IMPURN1—nuclear fuel imports, RNWSMW1—domestic acquisition of solid municipal waste. 
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Figure 2. Diagram of the reference energy system for district heating systems (own elaboration). Note: demand category (each having at least one corresponding demand technology denoted, e.g., IH1): low-temperature heat demands in respective economy sectors, i.e., IH—industrial, AH—agriculture, CH—commercial, RH—residential; process heat demand in economy sector i.e., IP—industry; heating plants: H10—public heating plants, H20—private/independent heating plants, H60—heating boilers in power plants and combined heat and power plants, public, independent, and owned by heating companies, H80—heating boilers in industrial autoproduction CHP plants; remaining denotations as in Figure 1. 
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Figure 3. Model structure for European Union Emission Trading Scheme (EU ETS) (own elaboration). Note: TC1-TC8—emission equivalents (environmental indicators): TC1—utility (public) PP—existing, TC2—utility (public) PP—new, TC3—utility (district heating) CHP—existing, TC4—utility (district heating) CHP—new, TC5—industrial autoproduction CHP—existing, TC6—industrial autoproduction CHP—new, TC7—utility DHP—existing, TC8—utility DHP—new; T1C-T8C—corresponding EUA equivalents (energy carriers); IMPT(X)C(Y)—purchase option of EUA, EXP(X)TC1—sales option of EUA. 
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Figure 4. Model structure for carbon capture and storage (CCS) (own study). Note: E1E-E1H—coal-based technologies with CCS, E3H—biomass-based technology with CCS, E4C—gas-fueled technology with CCS, CCSOUT—energy carrier tracking CO2 captured in power plants, TC2—CO2 emissions from power plants covered by the EU ETS, CCSTRN—CO2 tracking medium transported to the permanent deposition site, CCSAQU, CCSHYD, CCSCBM—CO2 tracking media stored in saline aquifers (AQU), hydrocarbon fields (HYD) and coal seams or by injection with coal bed methane recovery (CBM), TRNCCS—CO2 transport process from a power plant to a deposit site, SALAQU, HYDFLD, CBMCOA—processes mapping CO2 storage, EXPCCSAQU1, EXPCCSHYD1, EXPCCSCBM1—technologies denoting the permanent deposition of CO2 in appropriate deposits. 
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Figure 5. Fuel price forecasts until 2060, own study based on the data from [40,43,47]. 
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Figure 6. Weighted average of forecast EUA prices (own study based on the data from [40,48,49]). 
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Figure 7. Forecasts of the final electricity demand (own study based on the data from [50,51]). Note: IE—industry, AE—agriculture, TE—transport (excl. electric cars), RE—residential, CE—commercial, TA—transport (electric cars). 
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Figure 8. Forecasts of the final demand for district heat (own study based on the data from [50,51]). Note: IH—industrial, AH—agriculture, CH—commercial, RH- residential. 
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Figure 9. Net electrical energy production planned for Poland by 2060—BAU variant (own study). 
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Figure 10. Net attainable electric power planned for Poland by 2060—BAU variant (own study). 
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Figure 11. Net electrical energy production planned for Poland by 2060—WFC variant (own study). 
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Figure 12. Net electric power (capacity) planned for Poland by 2060—WFC variant (own study). 
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Figure 13. SO2 emission levels and reduction relative to 2010—power plants, combined heat and power plants, and heating plants falling into the category large combustion plants (LCP). 
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Figure 14. NOX emission levels and reduction relative to 2010—power plants, combined heat and power plants, and heating plants falling into the category large combustion plants (LCP). 
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Figure 15. CO2 emission levels and reduction relative to 2010—power plants, combined heat and power plants, and heating plants participating in European Union Emission Trading Scheme (EU ETS). 
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Figure 16. CO2 emission levels and reduction relative to 1988 and 2010—utility power plants and combined heat and power plants. 
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Table 1. Technical and economic characteristics for new electricity generation technologies used in the MARKAL model. Own study based on the data from: [31,32,40,41,42,43,44,45,46]. Note: r, t, p—sets: region, time period, and technology, respectively; tstart—first model year technology becomes available; λr,p—technical lifetime; ns—availability factor; ηe(r,t,p)—net electrical efficiency; kn(r,t,p)—specific investment cost; kes(r,t,p)—specific operation and maintenance (O&M) cost; us—capacity utilization at peak power system load; ϭP—power to heat ratio; dr,p—technology-specific discount rate; eCO2(r,t,p)—emission of CO2 per unit of generated electricity; PP—power plant, CHP—combined heat and power plant; SC—supercritical; PCC—pulverized coal combustion; IGCC—integrated gasification combined cycle; CCS—carbon capture and storage; FBC—fluidized bed combustion; CCGT—combined cycle gas turbine, PWR—pressurized water reactor; ORC—organic Rankine cycle; NA—not applicable.
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Technology Name and Symbol

	
tstart

	
λr,p

	
ns

	
ηe(r,t,p)

	
kn(r,t,p)

	
kes(r,t,p)

	
us

	
ϭP

	
dr,p

	
eCO2(r,t,p)




	
-

	
a

	
%

	
%

	
€/kW

	
€

/kW/a

	
-

	
-

	
-

	
kg/GJ




	
2010

	
2060

	
2010

	
2060

	
2010

	
2060






	
Thermal PP—hard coal (SC PCC/FBC)

	
E1A

	
2015

	
50

	
90%

	
43%

	
53%

	
1589

	
1589

	
46.8

	
1.00

	
NA

	
0.10

	
216

	
175




	
Thermal PP—lignite (SC PCC/FBC)

	
E1B

	
2010

	
50

	
90%

	
43%

	
53%

	
2221

	
2221

	
46.8

	
1.00

	
NA

	
0.10

	
260

	
211




	
Thermal PP—hard coal (SC IGCC CCS)

	
E1D

	
2025

	
35

	
90%

	
32%

	
42%

	
3780

	
2681

	
99.1

	
1.00

	
NA

	
0.17

	
76

	
58




	
Thermal PP—hard coal (SC PCC CCS)

	
E1E

	
2025

	
50

	
90%

	
32%

	
42%

	
3600

	
2553

	
84.2

	
1.00

	
NA

	
0.17

	
29

	
22




	
Thermal PP—lignite (SC PCC CCS)

	
E1F

	
2025

	
50

	
90%

	
32%

	
42%

	
3291

	
2857

	
84.2

	
1.00

	
NA

	
0.17

	
26

	
21




	
Thermal PP—lignite (SC FBC CCS)

	
E1G

	
2025

	
50

	
90%

	
32%

	
42%

	
5687

	
4937

	
84.2

	
1.00

	
NA

	
0.17

	
26

	
21




	
Thermal PP—lignite (SC IGCC CCS)

	
E1H

	
2025

	
35

	
90%

	
32%

	
42%

	
5867

	
5093

	
99.1

	
1.00

	
NA

	
0.17

	
26

	
21




	
Nuclear PWR generation III/III+

	
E2A

	
2030

	
60

	
83%

	
33%

	
38%

	
4500

	
3949

	
117.0

	
1.00

	
NA

	
0.13

	
0

	
0




	
Wind farms—inland

	
E3A

	
2010

	
25

	
*

	
100%

	
100%

	
1300

	
1150

	
33.5

	
0.35

	
NA

	
0.10

	
0

	
0




	
Wind farms—offshore

	
E3B

	
2020

	
25

	
**

	
100%

	
100%

	
4500

	
2829

	
90.5

	
0.47

	
NA

	
0.14

	
0

	
0




	
Solar farms—PV

	
E3C

	
2015

	
25

	
***

	
100%

	
100%

	
2000

	
788

	
17.9

	
0.00

	
NA

	
0.09

	
0

	
0




	
Microgeneration –PV

	
E3D

	
2015

	
20

	
***

	
100%

	
100%

	
3240

	
2598

	
62.4

	
1.00

	
NA

	
0.13

	
0

	
0




	
Thermal PP—biomass (IGCC GTCC)

	
E3E

	
2020

	
35

	
83%

	
58%

	
58%

	
3240

	
3118

	
26.5

	
1.00

	
NA

	
0.13

	
0

	
0




	
Thermal PP—biomass (IGCC CCS)

	
E3F

	
2030

	
35

	
83%

	
34%

	
34%

	
3888

	
3118

	
99.1

	
1.00

	
NA

	
0.13

	
0

	
0




	
Thermal PP—biomass (IGCC)

	
E3G

	
2025

	
35

	
83%

	
44%

	
44%

	
3240

	
2598

	
35.1

	
1.00

	
NA

	
0.13

	
0

	
0




	
Distributed generation—gas engine—biogas

	
E3H

	
2015

	
25

	
57%

	
30%

	
30%

	
2340

	
2340

	
85.0

	
1.00

	
NA

	
0.10

	
0

	
0




	
PP—CCGT—municipal waste

	
E3J

	
2015

	
30

	
65%

	
50%

	
50%

	
6630

	
4630

	
241.8

	
1.00

	
NA

	
0.10

	
0

	
0




	
Intervention units—gas turbines

	
E4A

	
2015

	
35

	
100%

	
40%

	
40%

	
390

	
390

	
15.6

	
1.00

	
NA

	
0.09

	
138

	
138




	
Thermal PP—natural gas (GTCC)

	
E4B

	
2015

	
40

	
83%

	
55%

	
61%

	
898

	
778

	
19.5

	
1.00

	
NA

	
0.09

	
100

	
90




	
Thermal PP—natural gas (GTCC CCS)

	
E4C

	
2025

	
35

	
83%

	
53%

	
53%

	
2200

	
1811

	
35.1

	
1.00

	
NA

	
0.17

	
10

	
10




	
Distributed generation—fuel cells—natural gas

	
E4E

	
2020

	
25

	
50%

	
40%

	
22%

	
4680

	
1950

	
87.4

	
1.00

	
NA

	
0.15

	
143

	
143




	
CHP district heating—hard coal

	
E6A

	
2015

	
40

	
44%

	
23%

	
40%

	
2317

	
2317

	
33.5

	
0.50

	
0.40

	
0.10

	
407

	
407




	
CHP district heating—natural gas

	
E6B

	
2015

	
35

	
67%

	
27%

	
27%

	
1014

	
1014

	
30.4

	
0.50

	
0.51

	
0.09

	
296

	
296




	
CHP district heating—biomass ORC

	
E6C

	
2015

	
30

	
55%

	
22%

	
22%

	
3151

	
2894

	
118.6

	
0.50

	
0.40

	
0.13

	
0

	
0




	
CHP district heating—biogas

	
E6D

	
2015

	
25

	
46%

	
35%

	
35%

	
7742

	
6255

	
88.9

	
0.50

	
0.90

	
0.10

	
0

	
0




	
Small-scale CHP—fuel cells—natural gas

	
E6E

	
2020

	
20

	
90%

	
49%

	
49%

	
4000

	
3728

	
87.4

	
1.00

	
2.46

	
0.15

	
116

	
116




	
Microcogeneration—gas microturbine (p < 120 kW)

	
E6F

	
2015

	
25

	
70%

	
33%

	
33%

	
4000

	
3118

	
19.5

	
0.50

	
0.70

	
0.09

	
242

	
242




	
CHP district heating—municipal waste

	
E6G

	
2015

	
25

	
80%

	
23%

	
23%

	
9999

	
6000

	
500

	
1.00

	
0.45

	
0.06

	
0

	
0




	
Industrial CHP—hard coal

	
E8A

	
2015

	
40

	
44%

	
23%

	
23%

	
2317

	
2317

	
33.5

	
0.50

	
0.40

	
0.10

	
407

	
407




	
Industrial CHP—natural gas

	
E8B

	
2015

	
40

	
67%

	
27%

	
27%

	
1014

	
1014

	
30.4

	
0.50

	
0.51

	
0.10

	
296

	
296




	
Industrial CHP—biomass

	
E8C

	
2015

	
40

	
55%

	
22%

	
22%

	
3151

	
2894

	
118.6

	
0.50

	
0.40

	
0.10

	
0

	
0




	
Industrial CHP—biogas

	
E8D

	
2015

	
40

	
46%

	
35%

	
35%

	
7742

	
5885

	
88.9

	
0.50

	
0.90

	
0.10

	
0

	
0




	
Energy storage (battery)—transmission grid

	
E9A

	
2020

	
15

	
25%

	
70%

	
70%

	
1650

	
1650

	
16.5

	
1.00

	
NA

	
0.10

	
0

	
0




	
Energy storage (battery)—distribution grid

	
E9B

	
2020

	
10

	
25%

	
75%

	
75%

	
2360

	
2360

	
16.1

	
1.00

	
NA

	
0.10

	
0

	
0




	
Energy storage (battery)—microgrids

	
E9C

	
2020

	
10

	
25%

	
80%

	
80%

	
2750

	
2750

	
11.2

	
1.00

	
NA

	
0.10

	
0

	
0








* Capacity utilization variability for inland wind farms: spring/autumn-day: 0.24; spring/autumn-night: 0.22; summer-day: 0.18; summer-night: 0.15; winter-day: 0.34; winter-night: 0.33; own computation based on [46]. ** Capacity utilization variability for offshore wind farms: spring/autumn-day: 0.38; spring/autumn-night: 0.37; summer-day: 0.31; summer-night: 0.30; winter-day: 0.45; winter-night: 0.45; own computation based on [46]. *** Capacity utilization variability for solar PV systems: spring/autumn-day: 0.18; spring/autumn-night: 0.03; summer-day: 0.25; summer-night: 0.04; winter-day: 0.12; winter-night: 0.01; own computation based on the data from [46].













[image: Table] 





Table 2. Net heat production from utility and industrial autoproduction plants in Poland to 2060 by technology (PJ/a)—MARKAL-PL—BAU variant (own study).
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	Technology Group Name
	2015
	2020
	2025
	2030
	2035
	2040
	2045
	2050
	2055
	2060





	Thermal PP—hard coal, natural gas, biomass (existing)
	36.4
	25.7
	21.5
	13.9
	3.66
	2.50
	1.46
	0.17
	-
	-



	Thermal PP—lignite, biomass (existing)
	16.7
	10.4
	9.93
	5.89
	4.14
	1.90
	0.77
	-
	-
	-



	CHP district heating—many fuels (existing)
	470
	397
	316
	218
	218
	225
	142
	14.4
	4.38
	3.64



	CHP industrial autoproduction—many fuels (existing)
	131
	86.5
	76.4
	45.3
	48.7
	47.4
	38.9
	33.9
	18.8
	8.82



	CHP district heating—hard coal
	0.43
	1.73
	1.73
	1.73
	1.73
	1.73
	0.43
	0.86
	0.64
	-



	CHP district heating—natural gas
	-
	-
	17.7
	7.8
	7.8
	7.8
	7.8
	13.8
	13.8
	13.8



	CHP district heating—biomass
	0.27
	1.08
	1.08
	1.08
	1.08
	1.35
	1.01
	-
	-
	-



	CHP district heating—waste
	1.40
	3.11
	5.19
	7.74
	10.3
	12.9
	20.4
	23.0
	25.5
	25.5



	CHP industrial autoproduction—natural gas
	-
	-
	-
	0.91
	8.14
	11.6
	11.6
	16.2
	17.9
	12.0



	CHP industrial autoproduction—biomass
	-
	-
	-
	-
	-
	7.00
	14.0
	19.2
	26.2
	29.1



	District heating plants (existing)
	61.6
	55.0
	45.6
	34.2
	21.3
	7.42
	4.26
	-
	-
	-



	District heating plants—geothermal/solar
	-
	-
	-
	-
	-
	-
	84.2
	184
	201
	222



	Heating plants—industry and other sectors
	-
	-
	-
	-
	-
	-
	3.91
	32.1
	33.1
	33.5



	Heat boilers in CHP district heating
	14.3
	10.7
	7.11
	3.07
	11.3
	8.41
	6.08
	0.64
	0.04
	0.03



	Heat boilers in CHP industrial autoproduction
	1.13
	0.85
	0.56
	0.22
	0.88
	0.79
	0.61
	0.51
	0.43
	0.16



	Total net heat production
	733
	592
	503
	340
	337
	336
	338
	339
	342
	348
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Table 3. Net heat production from utility and industrial autoproduction plants in Poland to 2060 by technology (PJ/a)—MARKAL-PL—WFC variant (own study).
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	Technology Group Name
	2015
	2020
	2025
	2030
	2035
	2040
	2045
	2050
	2055
	2060





	Thermal PP—hard coal, natural gas, biomass (existing)
	36.4
	25.7
	21.5
	13.9
	7.30
	2.50
	1.46
	0.17
	-
	-



	Thermal PP—lignite, biomass (existing)
	16.7
	10.4
	9.93
	9.78
	4.14
	1.90
	0.77
	-
	-
	-



	CHP district heating—many fuels (existing)
	470
	397
	331
	214
	218
	228
	149
	14.7
	4.55
	3.80



	CHP industrial autoproduction—many fuels (existing)
	131
	86.5
	76.4
	45.0
	47.0
	48.3
	38.9
	33.9
	19.2
	8.56



	CHP district heating—hard coal
	0.43
	1.73
	3.47
	1.73
	1.73
	1.73
	0.86
	0.86
	0.64
	-



	CHP district heating—natural gas
	-
	-
	13.8
	7.8
	7.8
	7.8
	7.8
	7.6
	8.0
	8.0



	CHP district heating—biomass
	0.27
	1.08
	2.17
	1.08
	1.08
	2.17
	1.01
	-
	-
	-



	CHP district heating—waste
	1.40
	3.11
	5.19
	7.74
	10.3
	12.9
	20.4
	23.0
	25.5
	25.5



	CHP industrial autoproduction—natural gas
	-
	-
	-
	1.25
	6.99
	12.7
	14.0
	14.8
	16.0
	12.7



	CHP industrial autoproduction—biomass
	-
	-
	-
	-
	-
	2.06
	9.8
	15.2
	22.5
	23.6



	District heating plants (existing)
	61.6
	55.0
	45.6
	34.2
	21.3
	7.42
	4.26
	-
	-
	14.1



	District heating plants—geothermal/solar
	-
	-
	-
	-
	-
	-
	77.0
	191
	208
	227



	Heating plants—industry and other sectors
	-
	-
	-
	-
	-
	-
	6.11
	37.0
	39.2
	25.4



	Heat boilers in CHP district heating
	14.3
	10.7
	7.11
	3.07
	11.3
	8.41
	6.08
	1.28
	0.08
	0.13



	Heat boilers in CHP industrial autoproduction
	1.13
	0.85
	0.56
	0.22
	0.88
	0.79
	0.61
	0.51
	0.43
	0.39



	Total net heat production
	733
	592
	517
	340
	338
	337
	338
	340
	344
	350
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