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Abstract

:

The article discusses the planning of wind energy development in the West Pomeranian Region after the introduction of the Act "On investments in wind farms" as of 20 May 2016. The purpose of the article is to provide the forecast of the region’s wind energy development in 2019–2030 by taking into account current legal regulations in Poland. The article proposes an original, optimizing multi-criteria wind energy development model for the studied region, exploring various types of technologies that may appear in the system, taking into account recent legal and political changes in the field of renewable energy regulation in Poland. The results of the optimization model show that the currently passed Act "On investments in wind farms" in Poland actually stopped the development of wind energy in the region. On the other hand, in accordance with the objectives of the adopted draft of the Polish energy policy until 2040, it is expected that the share of renewable energy in electricity production will increase in 2030 in the studied region. Therefore, the paper argues that policy changes are necessary to meet the renewable energy goals of Poland.
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1. Introduction


Energy, among many sectors of the national economy, is a special field, and the products of this sector have a major impact on the smooth functioning of other economic sectors [1,2]. Today’s world needs energy; its consumption on the global scale is constantly increasing. On the one hand, this development generates an increase in energy expenditure necessary for the effective operation of all economic sectors. At the same time, it influences the growth of consumption, which is connected with the growing energy consumption in the entire energy production cycle. One of the key problems in this regard is the concentration of the world oil and gas resources in several countries only, and this, in turn, means that investments in mining are often determined, in addition to economic criteria, by political ones [3].



Production and use of electricity cause emission of greenhouse gases (GHG) as well as the devastation of the natural environment, mainly due to gas emissions that arise when fossil fuels are burnt, coal especially [4]. Hence, one of the most serious global problems today is the excessive emission of CO2, which is causing the phenomenon of the greenhouse effect. Changing the above trend, i.e., switching energy production to less-polluting sources, will be very difficult [4]. Mitigating climate change and reducing greenhouse gas (GHG) emissions are important challenges, among others, for the global energy sector. To reduce the emission level, it is necessary to search for and use high-efficiency, economically efficient energy sources, including renewable ones, as well as effective and energy-saving solutions in industries and construction [4,5,6].



Renewable energy sources are becoming an alternative to fossil resources not only because of the exhaustion and growing costs of mining the latter but also because the former is increasingly seen as a way to reduce the process of environmental destruction. Renewable energy sources are understood as the amount of energy that is obtained in constantly renewable natural processes. Appearing in various forms, renewable energy is generated directly or indirectly by solar energy or heat from the Earth’s core. The scope of this definition includes energy generated by solar radiation, wind, biomass, geothermal watercourses, and ocean resources, as well as biofuel and hydrogen. Renewable energy sources also perfectly fit into the concept of sustainable development, recognized as a cure for numerous economic, ecological, and social problems [7,8,9,10,11,12,13,14].



Wind energy resources, in accordance with the Energy Law, should be understood as an estimated amount of electricity that can be obtained in a given area for practical purposes [15]. The presence of winds always has an accidental nature. Wind blowing at a speed of no less than 4 m/s and no more than 30 m/s is considered to be energetically useful for turbine generators of electricity [16]. Wind is a kinetic force moving air masses. The direct factor of wind formation is an irregular configuration of atmospheric pressure over the Earth’s surface. The speed of wind, or the movement of air masses, contains a very large charge of energy, which in principle is inexhaustible. All over the world, open-air resources of wind energy are estimated to be approximately 53,000 TWh/year.



Wind energy is inseparably connected with landscape. Wind power plants as high-altitude objects (currently about 200 m), with a contrasting colour in relation to the background, and additionally moving, strongly interfere in the landscape. Depending on the design and development of the area, as well as the type and quantity of devices located in one place, wind farms can be seen from a distance of many kilometres. In 2004, Poland ratified the European Landscape Convention (ECC), committing itself to care for the quality of the surrounding space—the landscape. The main parameters enabling the estimation of the size of wind energy resources are wind speed and frequency of repeating individual speeds.



Policies and measures promoting renewable energy development have important impacts on the penetration of renewables, though wind energy development encounters important restraints related to geographical conditions mentioned above [15,16,17,18,19,20,21,22].



The presented article attempts to identify and analyse the conditions related to the implementation of the regional energy policy, with a particular emphasis on the potential for wind energy development in the light of new legal acts and national policies.



The main goal of the article is to build a mathematical model of the regional energy system, taking into account the development potential of wind energy in the West Pomeranian Region, main economic, ecological, and social criteria of sustainable development, and recent changes in the legal acts regulating renewable energy development in Poland.



An important contribution of this article is to offer an energy system optimization model at the level of local government (poviats and communes) and to present recommendations and guidelines on energy policy for local governments in the analysed period. The developed model would allow local government to make informed decisions in the formulation of regional policy in relation to the future production, structure, and specialization of renewable energy by taking into account such issues as land use, current production structure, soil, farm types, choice of technology, work skills and their use, availability of resources. A model that meets the above requirements is an effective tool for long-term least-cost energy system planning at the local level. The main task of the model is to present a simplified but transparent picture of reality, ensuring its use in changing conditions, i.e., taking into account various aspects of the system, although they do not have to occur in all cases. As a result of presenting a simplified picture of reality, 24 decision variables were adopted in the model.



Until now, only a few authors have comprehensively dealt with this issue. There is a lack of comprehensive research on decision models for local renewable energy policies in Polish regions. The paper presents a case study of the West Pomeranian Region, but the same approach can be applied to other regions in Poland and other countries. The undertaken research is a contribution to the development of knowledge about regional energy planning and assessment of the prospects of alternative energy sources in a selected region, taking into account environmental and other legal provisions.



The research material for this article was taken from many sources, both domestic and foreign, among others, empirical data from scientific energy and fuel institutes, regional energy institutions. The research has contributed to extended cooperation between such institutions as the Provincial Inspectorate for Environmental Protection, the Marshal’s Office of the province West Pomeranian, Enea, Dolna Odra SA Power Plant Complex and Szczecin Power Plant.




2. Review of Energy Policies in Poland Relevant West Pomeranian Region


The basic documents for the assessment of development in the field of electrical power engineering in Poland are the applicable EU documents and directives as well as government documents and Polish legal regulations, the most important of which is the Energy Policy of Poland until 2030, the Act of 10.04.1997 Energy Law (Official Journal 2006, No. 69, item 625, as amended) [23].



At present, electricity in Poland from sources with a substitute is recommended through a tender system. Installations switched on before 1 July 2016 have the option of choosing between offers and the quota system. Enterprises that are required to provide electricity acquire so-called Certificates of Origin, which are given to producers of electricity from renewable sources. In addition, renewable electricity is supported by tax breaks and loan programs. [24].



Network operators are declared to connect renewable energy plants to their networks without harassing these generators. Network operators are required to take the primacy of electricity transmission from renewable sources and to develop the network in accordance with the general provisions of the energy law. In addition, installation operators are not competent to develop the network [25,26,27].



The existing local document, which currently helps us in planning the development of energy from renewable sources in the West Pomeranian Region, is Report. Potential and use of renewable energy sources in the production of electricity and heat in the West Pomeranian Region, issued by the Regional Spatial Planning Office of the West Pomeranian Region in November 2018 and the Energy Sector Development Program in the West Pomeranian Region until 2015, with a view to 2030. [28,29,30,31].



The Natura 2000 protected areas are a significant spatial limitation for the development of wind energy. This form of nature protection in Poland was introduced in 2004. Areas of the greatest importance for the conservation of endangered or very rare species of plants and animals or characteristic natural habitats of importance for the protection of the natural values of the whole of Europe are recognized as Natura 2000 areas. The method of protection within each of these areas may be different. A very important activity in relation to Natura 2000 areas is monitoring the status of natural habitats, habitats of plant and animal species and their populations within them, and reporting the results of these observations, as it enables the assessment of the effectiveness of conducted conservation activities [32]



In addition, a further limitation has been added from densely populated areas, where investments for wind energy purposes cannot be implemented or encounter significant inconveniences in practice [33,34,35,36].



The draft Polish energy policy presented on November 23, 2018, is a state strategy in the energy sector until 2040 (PEP2040) [37]. This strategy is the answer to which the Polish energy sector is today. This strategy sets directions for the development of the energy sector. The implementation of the 2040 Polish Energy Policy Project will be implemented through eight directions of activities in the energy sector, such as



	(1)

	
Optimal use of energy resources;




	(2)

	
Intensification of electricity production;




	(3)

	
Diversification of supplies of conventional energy sources;




	(4)

	
Expansion of energy markets;




	(5)

	
Use of nuclear energy;




	(6)

	
Expansion of substitutes for conventional energy sources;




	(7)

	
Development of cogeneration;




	(8)

	
More effective energy improvement of the economy.







The Polish Energy Policy 2040 assumes that the share of renewable energy in heating and cooling will increase by about 1–1.3 percent annually. The use of energy from biomass and biogas, geothermal energy, heat pumps, and solar energy will contribute to the production of renewable energy in this subsector, while for electricity it will be solar, offshore and offshore wind energy, energy from biomass and biogas, and hydropower. The 2040 Polish Energy Policy assumes, among others, that:




	-

	
Poland will, to some extent, contribute to the achievement of the EU-wide renewable energy target for 2030 which does not threaten the energy security of the state. The share of renewable energy sources in final energy consumption will be about 21% in 2030. It will result from cost efficiency and the possibility of balancing energy in the National Energy Network.




	-

	
The adopted target of 21% share of renewable energy sources in gross final energy consumption in 2030. It will translate into an approximately 27% share of renewable energy sources in net electricity production and will require significant economic and organizational effort.




	-

	
The development of photovoltaics (especially from 2022) and offshore wind farms (the first offshore wind farm will be launched after 2025) will play a key role in achieving the goal in the power industry [38].










3. The State of Renewable Energy and Available Potential in the West Pomeranian Region


The West Pomeranian Region is one of the better located in relation to renewable energy resources in Poland. Areas located on the seashore, i.e., the northern part of the province, have extremely favourable conditions for the location of wind installations. Areas located in the eastern part of the province have the possibility of using geothermal waters with high temperatures above 80 °C. Heat pumps can be used throughout the entire voivodship. The agricultural and forestry character of a large part of the province gives the opportunity to use a significant amount of biomass for energy purposes. The western part of the voivodship is one of the areas where the highest insolation occurs in Poland—over 1620 hours per year [23].



The weakest side of the voivodship’s energy system in terms of the use of renewable energy is the significant degree of depletion of the Medium Voltage network, which due to age and failure to meet new needs, makes it difficult to connect new renewable energy sources. The system must also be adapted to the possibility of sending surplus production to other provinces [23]. In Table 1, the use of renewable energy sources in the West Pomeranian Region is provided.



Currently, the largest wind farms in the West Pomeranian Region are Karścino–Pobłocie in the commune. Karlino and Gościno (90 MW); Marszewo in Postomino (82 MW); Resko II in Łobez and Brzeżno (76 MW); Kozielice II in Pyrzyce (58 MW); Pieńkowo in the commune Postomino (54 MW); Kukinia in the commune Ustronie Morskie and Dygowo (52.9 MW); Karścino–Sarbia in Kołobrzeg (51 MW); Bardy in gm. Dygowo, Kozielice I in commune Pyrzyce; Tychowo in Sławno and Tymień in the commune Bedzino (all 50 MW each), Wysoka II in the commune Boleszkowice (40 MW); Tychowo in Stargard (34.5 MW), Jagniątkowo in the commune Wolin (30.6 MW), Kamionka in the commune Mieszkowice, Śniatowo in the commune Kamień Pomorski; Wartkowo in the commune Gościno, Zagórze in the commune Wolin and Skrobotowo in Karnice (all 30 MW). The location of wind farms and wind farms in the West Pomeranian Region is illustrated in Figure 1 below [23].



Wind energy efficiency is associated with the use of open areas. Currently, the area of arable land in the West Pomeranian Region is 95,421 billion square meters [23].



Based on the available data, it can be concluded that over 90% of the arable land in the West Pomeranian Region is suitable for technical use for the needs of wind energy. For further estimates, it was assumed that the demand for space in modern wind energy is 10 ha per 1 MW of installed capacity (according to The European Wind Energy Association) [39].



The assumptions of the biomass potential in the West Pomeranian Region also include the Polish Energy Policy Project presented on November 23, 2018, until 2040, and the Polish Energy Policy project until 2050, presented on August 10, 2015, also takes into account the Natura 2000 protected areas which impose limitations for the development of wind energy. In addition, a further limitation has been added from densely populated areas, where investments for wind energy purposes cannot be implemented or encounter significant inconveniences in practice. In the West Pomeranian Region, 12.8% of arable lands are attractive areas for wind energy.



It is estimated that the potential of wind energy in the West Pomeranian Region, taking into account all environmental restrictions, is 12,200 MW. With the assumptions made, this would correspond to the production of 26.600 GWh per year [23].



The Act of 20 May 2016 on investments in wind farms published in the Official Journal [40]. defines the conditions and procedures for the location and construction of wind farms. This Act contains provisions on the location of wind farms near actual or planned residential buildings. The Act introduces distance from protected areas, such as national parks, nature reserves, forest complexes, and Natura 2000 areas.



According to the act, the location of the wind farm is based only on the local spatial development plan, which sets out the distances from housing development and areas under nature protection. This distance should be equal to or greater than ten times the height of the wind farm. This structure should be measured from ground level to the highest point of the structure, together with the rotor and blades. In the province, except for a small southeastern part, there are sufficient wind conditions for the development of wind energy. The area in the coastal belt is characterized by very favourable conditions for the development of this type of energy. The obstacle to the development of wind installations in the region is the poor transmission capacity of power networks. The dimension of new investments in the West Pomeranian Region will clearly exceed real transmission capacity. Unrealized investments will block access to the network for investors [40]. Regulations for the location of wind farms:




	(1)

	
The location of a wind farm is only based on the local spatial development plan [41].




	(2)

	
The development of wind energy must be based on local planning guidelines, stating that the location of wind farms must respect the indications from a landscape study taking into account the scenic connections, especially with regard to natural and cultural protected areas, panoramas and viewpoints, foreground of exposure more of important communication routes, recreation areas in the coastal zone [42].




	(3)

	
The distance of the wind system from a residential building or multi-functional building, which includes a residential function, must be equal to or more than ten times the height of the wind farm.




	(4)

	
The distance referred to above is also required for the location and construction of a wind farm in the vicinity of areas covered by forms of nature protection, such as national parks, nature reserves, landscape parks, Natura 2000 areas, and in the vicinity of forest promotional complexes.




	(5)

	
At the location of a wind farm, protective zones of appropriate width should be maintained from forest areas, waters, roads, railways, technical infrastructure facilities, existing wind farms [38].









The location of the wind farm in accordance with the Act results from the local spatial development plan and from a distance of ten times the distance from residential buildings and areas covered by forms of nature protection. Wind farms that obtained building permits before the act entered into force were exempted from the new requirements [40].



Pursuant to the Act of 20 May 2016 on investments in wind farms, the average height of implemented wind farms in the West Pomeranian Region was assumed to be about 150 m (in the highest rotor position), which gives the abovementioned location distance, required by law as 1500 m. The analysis also took into account other restrictions for the development of wind energy (not specified in the act) together with buffers (protection zones):




	
Natural areas:



	
Forest areas—buffer 200 m;



	
Water—up to about 1 ha–buffer 100 m, above 1 ha—buffer 200 m, rivers—buffer 200 m;



	
Seacoast belt—buffer 3 km from the baseline of the sea;



	
Areas and infrastructure objects:



	
Roads— buffer 100 m per side from the road axis;



	
Railway— buffer 100 m per page;



	
Airports and raid zones—without a buffer;



	
Overhead power lines—200 m buffer per side from the line axis;



	
Radio links—30 m buffer per side from the radio station axis;



	
Oil pipeline—buffer 50 m per side from the axis;



	
Closed areas + protection zone;



	
Zones from housing development located in the areas of neighbouring voivodships;



	
Areas of existing wind farms—buffer 300 m [38].








The analysis of the potential shows that from the area of approximately 58,000 ha of local plans for the location of wind farms, only about 350 ha meets the statutory requirements, which gives a potential of about 35 MW (84 GWh). It has a general potential of 300 MW (729 GWh) to 360 MW (874.8 GWh). It should be emphasized here that such a determined potential does not take into account infrastructural conditions and economic justification for the location of such dispersed devices.




4. Wind Energy Model Assumptions


Energy consumption in a given region is influenced by many factors, such as population, energy imports, energy exports, employment, industrial production, and technology development. [43,44]. Since the early 1970s, certain energy demand forecasting methods have been used to build the model. We can divide these methods into two categories. The first category is a time series forecasting method that allows you to build a model that uses historical energy consumption data. The second category is the impact of a multifactorial forecasting method, which estimates the energy consumption of the model [45].



The model’s task is to provide a simplified but transparent picture of reality, ensuring its use in changing conditions, i.e., taking into account various aspects of the system, although they do not have to occur in all cases. Therefore, when planning energy production, it is necessary to resort to proven scientific methods. These include multi-criteria methods.



With the help of an optimizing multi-criteria model, a model was prepared that can be used to optimize the regional potential of wind energy. The authors’ model takes into account, among others, legal acts, such as The Act on wind farms of 20 May 2016 and the Polish Energy Policy Project until 2040. An important factor shaping the energy balance of the West Pomeranian Region is the price of CO2 emission allowances—tightening the climate policy will lead to the need to invest in sources with lower carbon dioxide emissions.



The model also includes the price forecast for Carbon Emission Allowances (EUA) for 2021–2030.



The authors’ model uses the lexicographic method, which allows finding the so-called compromize solution [46,47,48,49].The scope of empirical research was established for 2018–2030. The subject of the study is the West Pomeranian Region.



The authors’ model of intensifying renewable energy in the West Pomeranian Region was designed assuming the directions of the concepts included in the draft Polish energy policy until 2040. The most important strategic assumptions are:




	-

	
In 2030, Poland will achieve the share of renewable energy in final energy consumption—about 21%. [50,51,52].




	-

	
The normative target of a 21% share of renewable energy in final gross energy consumption in 2030. This is about 27% of the renewable energy share in net electricity production. This increase will force a large economic and organizational effort.




	-

	
The intensification of solar farms and offshore wind farms will have a priority responsibility in achieving the target in the energy sector.









The West Pomeranian Region, which is the subject of research, is uniquely determined to produce renewable energy sources, especially wind energy. Currently, the largest biomass boiler in the country (Elektrownia Szczecin) is located in the studied area. However, one should note that the administrative area of the West Pomeranian Region does not coincide with the energy region.



Forecast of electricity production in the West Pomeranian Region, according to the draft of Poland’s Energy Policy by 2050, will increase by approximately 30% in 2030, compared to 2015 (Table 2). It will be connected both with the economic development of the region and with shifting the demand for final energy from fossil fuels in the direction of electricity, resulting from the growing mechanization of industry and services, the spread of electric vehicles (plug-in hybrids), and the electrification of water heating and heat production process in many households using coal or gas to this end.



There are two types of income support for energy being a substitute for conventional sources in the study area:




	-

	
Income from Certificates of Origin,




	-

	
Income from the sale of energy from substitutes for conventional sources.









Each technology of generating electricity with a substitute for conventional sources will give the system a different amount of energy per year. This is due to the fact that each installation works with nominal power. Therefore, the maximum power consumption coefficients were applied in the authors’ model. In this way, we can compare different types of installations (Table 3).



Due to the fact that the forecasts adopted an increasing pressure on the reduction in greenhouse gas emissions, an increasing path of prices for CO2 emission allowances was adopted [10,55,56,57]. Table 4 presents the forecast for prices for CO2 emission allowances (EUR’10/tCO2).



It is forecast that in 2021–2027 prices will fall from 23.7 to 20.9 euros. Factors affecting this condition can be:




	-

	
Reduction in carbon dioxide emission rights resulting from the demand of electricity producers;




	-

	
Reduction in the coefficient determining the number of allowances in 2023 from 24% to 12%.




	-

	
The impact of large allowance prices will encourage, at the end of the current period, the reduction in emissions by changing fuel.









It is expected that in 2028–2030 the price of carbon dioxide emission allowances will increase from 22.1 to 26.2 euros. The reason for the increase will be the accumulated surplus of carbon dioxide emission allowances. It is estimated that in reserve in 2030, there will be about 600 million EUA allowances. It is assumed that after 2030, the not very high number of CO2 emission allowances available on the market will result in the introduction of more radical climate goals. These goals force EU ETS participants to reduce emissions further. This change will also force additional purchases of allowances and contribute to the increase in prices of carbon dioxide emission allowances.




5. Model of Wind Energy Use


In the optimization model, technical and economic parameters were first calculated, and the minimum or maximum level of equilibrium conditions was established. Twenty-four decision variables were adopted in the authors’ model.



The following decision variables have been applied to the model:



x1—Generating non-renewable energy (kWh);



x2—Generating energy from co-firing (kWh);



x3—Generating water energy (kWh) from existing installations (until the end of 2017);



x4—Hydropower generation (kWh) in new installations (from January 2018);



x5—Solar energy generation (kWh);



x6—Generating energy from windmills at domestic (kWh);



x7—Generating energy from wind farms (kWh) from existing installations (until the end of 2017);



x8—Wind energy (kWh) in new installations (from January 2018);



x9—Generating energy from biogas (kWh);



x10—Generating energy from biogas in high-efficiency cogeneration with a total installed electrical capacity of less than 1 MW in (kWh);



x11—Biogas energy generation (kWh) in new installations (from January 2018);



x12—Generating energy from biofuels (kWh);



x13—Generating energy from biomass combustion (kWh) from existing boilers (until the end of 2017);



x14—Energy generation from biomass combustion (kWh) from new boiler installations (from January 2018);



x15—Total annual electricity production from various energy sources (kWh);



x16—Crop size energy willow (kWh);



x17—Size of miscatus crops (kWh);



x18—Poplar crop size (kWh);



x19—Size of sidaz crop (kWh);



x20—Jerusalem artichoke crop size (kWh);



x21—Size of oilseed rape cultivated for biofuels (kWh);



x22—Size of cereals cultivated for biofuels (kWh);



x23—Size of corn grown for biogas (kWh);



x24—Size of beet crop for biogas (kWh).



In the authors’ model, the objective function includes production costs, EUA allowance prices together with ecological costs, certificates for all types of energy (variables from x1 to x14) and loss of fertility, biogas, biofuels, and agricultural production (variables from x16 to x24)



The objective function (minimized) consisted of four elements:




	-

	
Costs related to energy production;




	-

	
Costs associated with the prices of certificates;




	-

	
EUA dependent costs




	-

	
Costs related to the decrease in soil fertility.









The optimization authors’ model has minimized only one function (L(x)), which was the content of the above elements. Pursuant to the Act of 20 May 2016 On Investments in Wind Farms, the volume of wind energy production may increase by 35 MW (84 GWh). The demand for electricity is projected to increase by around 55% in 2030 compared to 2006. In 2030, the cost of EUA allowances is forecast to be EUR 23.04, or 0.14 PLN per kWh. In 2030, energy production will amount to 11,956.08 GWh (Table 5).



The model assumes that in 2030 the cost of generating kWh of energy will increase by 160% compared to 2019. Therefore, taking into account the cost of electricity generation, we can estimate the cost parameters. The cost parameters for each type of energy are shown in Table 6.



The costs associated with a decrease in fertility are shown in Table 7.



The following values are the average costs of generating kWh of energy from separate energy resources. These resources are shown in Table 8.



The function of the authors’ decision model is as follows:



L(x) = 0.15x1 + 0.20x2 + 0.13x3 + 0.13x4 + 0.22x5 + 0.11x6 + 0.11x7 + 0.10x8 + 0.12x9 + 0.11x10 + 0.27x11 + 0.22x12 + 0.07x13 + 0.06x14 + 0.32x16 + 0.32x17 + 0.32x18 + 0.32x19 + 0.32x20



+ 0.12x21 + 0.12x22 + 0.26x23 + 0.26x24 —min



The side conditions are as follows:



The model assumes that all variables are non-negative.



x1 + x2 + x3 + x4 + x5 + x6 + x7 + x8 + x9 + x10 + x11 + x12+ x13 + x14 = x15—total energy production.



x15 ≥ 11,956,080,000 kWh—energy production for the region.



x3 + x4 + x5 + x6 + x7 + x8 + x9 + x10 + x11 + x12+ x13 + x14 = 0.27x15—renewable energy must account for 27% of the total energy production.



x6 + x7 + x8 ≥ 3,575,088,000 kWh—windmills must produce at least 3,575,088,000 kWh of energy.



x8 ≤ 84,000,000 kWh—wind energy production in new installations from January 1, 2018



x9 + x10 ≥ 41,376,000 kWh—biogas combustion must produce at least 41,376,000 kWh of energy.



x13 + x14 ≥ 238,200,000 kWh—energy production from biomass burning.



x9 + x10 = 30,450,000x23+ 10,960,000x24—energy production from biogas combustion.



x11 + x12 = 10,500x21 + 15,000x22—production of energy from biofuel combustion.



x13 + x14 = 238,200,000 kWh—energy production from biomass combustion.



x2 ≤ 6,907,531,938 kWh—maximum energy production from co-firing.



x3 = 409,270,000 kWh—production of hydropower.



x4 ≥ 0 kWh—production of new hydropower



x5 ≥ 9,590,000 kWh—minimal solar energy production.




6. Discussion of Results


The optimizing the model with this objective function gives the following solutions (Table 9).



Analysing the obtained data from the model, it can be stated that in 2030, total energy production in the West Pomeranian Region will be 11,956.08 GWh. The model shows that the production of energy from co-firing in 2030 will be at the level of 7105.77 GWh. On the other hand, hydropower generated in hydropower plants created until December 31, 2018, will amount to 409.27 GWh.



Model calculations indicate that 303.64 GWh will be generated in new solar installations by 2030. At the end of 2018, however, solar energy production was 9.56 GWh. Total solar energy production in 2030 will be 313.2 GWh.



Model calculations indicate that, at the end of 2018, 3575.08 GWh of wind energy was generated in the region. By 2030, 82.50 GWh will be generated at new wind farms. At the end of 2018, energy production from gas obtained from biomass, in particular from animal or plant waste treatment installations, sewage treatment plants, and waste landfills, will amount to 30.45 GWh. However, energy from biogas in high-efficiency cogeneration with a total installed electrical capacity below 1 MW will amount to 10.96 GWh in the region. Twenty-five point two five gigawatt-hours will be generated in new installations producing energy from biogas by 2030.



In 2018, the amount of energy produced in existing biomass boilers in the region was 238.20 GWh. Model calculations show that by 2030 new biomass installations in the region will be 165.40 GWh produced. The average cost of building one MW of energy in the West Pomeranian Region will be € 2,250,066. Analysing the obtained soil fertility structure, it can be stated that the loss of soil fertility will be up to 0.059 t/ha.




7. Conclusions


The regional energy planning model developed for the West Pomeranian region in this paper allows making forecasts on renewable energy development in the region by taking into account environmental and other legal regulations and their changes in Poland.



The modelling results reveal that the important factor for shaping the energy balance of the West Pomeranian Region is the price of CO2 emission allowances—tightening climate policy will lead to the need to invest in less-carbon sources, which, in its turn, will lead to a reduction in GHG emissions and required higher investment costs in the renewables.



The Act of 20 May 2016, on investments in wind farms has hindered the development of wind energy in Poland.



However, the expected high prices for CO2 emission allowances will decide on the profitability of replacing coal-fired units with new high-efficiency units, the scale of the RES share increase, as well as competitiveness of the renewable energy overall.



The role of wind energy will depend on its achievement of economic competitiveness in comparison with other energy production technologies in the light of increased high prices for CO2 emissions.



According to the Polish Energy Policy Project until 2040, the needed share of renewable energy in the total electricity production (27%) in the West Pomeranian Region is expected to be achieved by 2030, and the regional energy planning model provides the means of how to achieve this.



Due to the increasing share of renewable energy in the West Pomeranian Region, the development of transmission and distribution infrastructure will also be necessary, and local government should raise investments for this purpose.
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Figure 1. Location of wind farms in the West Pomeranian Region. (Source: Based on data from the Regional Bureau of Spatial Management of the West Pomeranian Region, as of 31/03/2018.) 
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Table 1. Installations of substitutes for conventional energy sources in the studied region.






Table 1. Installations of substitutes for conventional energy sources in the studied region.





	
Type of Installation

	
Number of Installations

	
Power (MW)

	
(%) of Voivodeship Power from Renewable Energy Sources

	
(%) of National Capacity from Individual Renewable Energy Sources






	
Biogas installations

	
25

	
17.248

	
1.09

	
7.43




	

	
producing from biogas from wastewater treatment plants

	
4

	
1.478

	
_

	
_




	
producing from agricultural biogas

	
13

	
12.690

	
_

	
_




	
producing from landfill biogas

	
8

	
3.08

	
_

	
_




	
Installations producing from mixed biomass

	
4

	
99.251

	
6.25

	
7.3




	
Installations generating from solar radiation

	
14

	
3.997

	
0.25

	
3.6




	
Wind farms on land

	
99

	
1489.62

	
93.86

	
25.4




	
Hydroelectric power stations

	
65

	
170.531

	
10.74

	
15




	

	
hydroelectric power plants up to 0.3 MW

	
57

	
4.463

	
_

	
_




	
hydroelectric power plants up to 1 MW

	
4

	
2.768

	
_

	
_




	
hydroelectric power plants up to 5 MW

	
3

	
6.350

	
_

	
_




	
Power stations that implement co-firing technology (fossil fuels and biomass)

	
2

	

	

	




	
Power stations that implement co-firing technology (fossil fuels and biogas)

	
1

	

	

	




	
Total

	
209

	
1780.647

	
100.00

	
20.04








Source: based on the data of the Energy Regulatory Office—existing condition as at 31/03/2018.
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Table 2. Forecast of electricity production in a given area of GWh.
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	2015
	2020
	2025
	2030





	Energy production (GWh)
	10,015.6
	11,217.4
	11,908. 5
	13,020.2







Source: Polish Energy Policy until 2040, Ministry of Energy, Warsaw, 23/11/2018 [53].
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Table 3. Maximum power consumption in various installations of substitutes for conventional energy sources.
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	Title
	Title GWh GWh
	Coefficient of Use Maximum Power (%)





	Theoretical maximum energy production for a 1 MW installation.
	8.76
	100.0



	Solar installation.
	0.97
	11.1



	Wind farm installation
	2.10
	24.0



	Biomass installation
	2.19
	25.0



	Water installation
	2.,7
	30.8



	Biogas installation
	3.35
	38.3



	Waste installation
	2.75
	31.5



	Coal installation
	6.9
	78.8







Source: Szymański, B. How to Compare the Power of Renewable Energy Plants with Conventional Ones; Solaria: Warsaw, Poland, 2013 [54].
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Table 4. Current price forecast for Carbon Emission Allowances (EUA) for 2021–2030.
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Forecasts of EUA Prices




	
Year

	
2021

	
2022

	
2023

	
2024

	
2025

	
2026

	
2027

	
2028

	
2029

	
2030

	
2021-30






	
Nominal EUA price (€)

	
23.7

	
23.7

	
23.3

	
22.8

	
22.2

	
21.7

	
20.9

	
22.1

	
23.8

	
26.2

	
23.04




	
Real EUA price (€)

	
22.3

	
21.9

	
21.2

	
20.3

	
19.4

	
18.6

	
17.6

	
18.4

	
19.5

	
21.2

	
20.04








Source: Own study based on the Thomson Reuters forecast dated October 16, 2018
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Table 5. Electricity production forecast for the area under investigation until 2030.






Table 5. Electricity production forecast for the area under investigation until 2030.





	Energy Production in 2006 in Installations Located in the West Pomeranian Region (GWh)
	Energy Production in 2030 in Installations Located in the West Pomeranian Region (GWh)





	7713.6
	11,956.08







Source: Polish Energy Policy until 2040, Ministry of Energy, Warsaw, 23/11/2018 [53].
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Table 6. The amount of the cost for each type of energy expressed in Polish currency.
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	Types of Energy
	x1
	x2
	x3
	x4
	x5
	x6
	x7
	x8
	x9
	x10
	x11
	x12
	x13
	x14





	costs of production
	0.58
	0.79
	0.70
	0.7
	1.10
	0.65
	0.65
	0.65
	0.70
	0.65
	1.39
	1.10
	0.45
	0.45



	the cost of the certificate
	0.00388
	0.00388
	0.12385
	0.12385
	0.12385
	0.12385
	0.12385
	0.2012
	0.12385
	0.12385
	0.2012
	0.12385
	0.12385
	0.2012



	ecological costs
	0.0316
	0.0252
	0.0006
	0.0006
	0.00072
	0.0006
	0.0006
	0.0006
	0.0116
	0.0116
	0.012
	0.012
	0.00042
	0.00042



	the cost of EUA
	0.14
	0.14
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0



	total costs (PLN / kWh)
	0.69
	0.90
	0.57
	0.57
	0.97
	0.52
	0.52
	0.44
	0.56
	0.51
	1.17
	0.96
	0.32
	0.24



	total costs (€/ kWh)
	0.15
	0.20
	0.13
	0.13
	0.22
	0.11
	0.11
	0.10
	0.12
	0.11
	0.27
	0.22
	0.07
	0.06







Source: Own study for the needs of the model.
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Table 7. Cost associated with a decrease in fertility (kWh/ha).
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	Energy Resources
	x16
	x17
	x18
	x19
	x20
	x21
	x22
	x23
	x24





	Costs associated with a decrease in soil fertility
	0.32
	0.32
	0.32
	0.32
	0.32
	0.12
	0.12
	0.26
	0.26







Source: Own study based on the model.
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Table 8. Cost of energy production from power plants (in kWh / ha).
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	Energy resources
	x16
	x17
	x18
	x19
	X20
	x21
	x22
	x23
	x24





	Production cost
	0.18
	0.35
	0.17
	0.07
	0.04
	0.5
	0.34
	0.5
	0.21







Source: Own study based on the model.
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Table 9. The results of optimization model.
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	Types of energy
	x1
	x2
	x3
	x4
	x5
	x6
	x7
	x8
	x9
	x10
	x11
	x12
	x13
	x14
	x15



	Energy production
	0
	7105.77
	409.27
	0
	313.2
	0
	3575.08
	82.50
	30.45
	10.96
	25.25
	0
	238.20
	165.40
	11,956.08



	Energy raw materials
	x16
	x17
	x18
	x19
	x20
	x21
	x22
	x23
	x24
	
	
	
	
	
	



	Crop size
	0
	0
	0
	0
	0
	0
	0
	0.042
	0
	
	
	
	
	
	







Source: Own study based on the model.
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