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Abstract

:

The increasing use of renewable energy sources, such as wind and solar energy, presents challenges to the stability and efficiency of other energy sources due to their intermittent and unpredictable surpluses. The unintended consequence of stabilizing the power supply system is an increase in emissions and external costs from the suboptimal use of coal power plants. The rising number of RES curtailments needs to be addressed by either the adjusting energy supply from fossil fuel or the flexible energy consumption. In Poland’s energy mix, coal-fired power plants are a critical component in ensuring energy security for the foreseeable future. Using domestic lignite to generate a total power of 8.5 GW can stabilize the national power supply, as it is currently done in Germany, where 15 GW of lignite-fueled power units provide the power supply base for the country. The leading Belchatów power plant comprises 10 retrofitted units and one new unit, with a total rating of 5.5 GW. Access to the new coal deposit, Zloczew, is necessary to ensure its longer operation. The other domestic lignite power plants are located in Central Poland at Patnów (0.47 GW from the new unit and 0.6 GW from its three retrofitted counterparts) and located in the Lusatian lignite basin at Turów (operating a brand new unit rated at 0.5 GW and retrofitted units with a total rating of 1.5 GW). The use of this fuel is currently being penalized as a result of increasing carbon costs. However, the continuous surface mining technology that is used in lignite mines is fully electrified, and large amounts of electric energy are required to remove and dump overburden and mining coal and its conveying to power units (the transport of coal from the new lignite mine Zloczew to the Belchatów power plant would be a long-distance operation). A possible solution to this problem is to focus on the lignite fuel supply operations of these power plants, with extensive simulations of the entire supply chain. A modern lignite mine is operated by one control room, and it can balance the dynamic consumption of surplus renewable energy sources (RESs) and reduce the need for reduction. When a lignite supply chain is operated this way, a high-capacity power bank can be created with energy storage in the form of an open brown coal seam. This would enable an almost emission-free supply of cheap and domestic fossil fuel, making it insensitive to changes in the world prices of energy resources for power units operating at the base of the system. Furthermore, extending the life of relatively new and efficient lignite-fired units in Poland would facilitate the decommissioning of older and exhausted hard coal-fired units.






Keywords:


balance of energy consumption; energy security; curtailment; dynamic load; simulation of mining and transportation operations; long haulage of coal by belt conveyors; lignite mining












1. Fast Development of Variable Renewable Energy Sources (VREs)


The world is dynamically increasing its renewable capacity, especially solar PV. The world RES capacity is expected to increase 2.7 times by 2030. China is a global leader in renewables, with an expected 60% share in global capacity by 2030. The EU and the US plan to increase the RES capacity by two times between 2024 and 2030. India has the fastest growth rate among large countries. In the electricity sector, the RES share will expand from 30% in 2023 to 46% in 2030. Forecasts take into account that surplus RES energy will be utilized in different processes in industry, in building heating, and electric vehicle (EV) charging, as well as green hydrogen production. At the moment, because of the low level of development of these technologies, the surplus energy is rather curtailed from entering the grid to protect it against blackouts rather than used [1].



RES energy production will grow to 25% of the global energy demand, including electricity, which is almost 15% points. The production of RES electric energy will be doubled, as shown in Figure 1.



Looking at the amount of energy produced from the RES capacity in Figure 2, we can calculate the time of full usage of the capacity in 2023. It is about 2083.3 h (23.78% of the year), and its decrease in the main case is 17,454.7 h (19.9%). For the net zero case, there is no reduction in its level.



The calculation of the historical change of this indicator for the whole RES capacity in Poland [2] and energy production indicates that it was lowered from 3535 h (40.4%) to 1675 h (19.1%), as illustrated in Figure 3.



In 2024, Poland ranked fourth in terms of installed photovoltaic capacity per capita. Germany came back as the market leader of solar PV by installing 14.1 GW, which surpassed Italy’s record of 9.3 GW (2012). Spain is the second with 8.2 GW, while Italy came back onto the podium in 2023 for the first time in a long time, with 4.8 GW. Poland (4.6 GW) and the Netherlands (4.1 GW) took the 4th and the 5th places [3]. The world statistics are shown in Figure 4.



In 2023, the installed photovoltaic capacity in Poland increased by 4.6 GW, reaching a total of 17.73 GW. The largest increase in photovoltaic capacity occurred in farms above 1 MW, while growth in the micro-installation segment slowed, according to the IEO report [3].



The solar PV-installed power per capita in Poland increased significantly during the analyzed period, increasing from 0.1 W/capita (2013) up to 464.1 W/capita (2023); see Figure 5.




2. Threat of Curtailments


The growing generation of variable RES, wind farms (WFs), and photovoltaics (PVs) is leading to a greater reduction in production. Curtailment means any reduction of the amount of electricity generated to keep the balance between supply and demand, which allows avoiding the threat of blackouts [5]. In countries that cannot keep up with the rapid expansion of PV capacity through grid investment and integration, curtailment may become an unwanted necessity. In Chile, Ireland, and the UK, wind and PV generation curtailments have reached levels of 5% to 15%. Growing investments in battery storage are insufficient, and flexibility, including long-term storage and large-scale dynamic load response, must be increased. Solar and wind penetration should reach almost 70% in these countries by 2030 [1]. The number of new production capacities significantly exceeds the possibility of receiving produced RES energy in countries or states with highly developed renewable energy sources (RESs), such as Chile, Ireland, UK, Greece, Cyprus, California, and Texas.



The additions of installed power in wind and solar PV lead to an increase in penetration of VREs in the mix but at a slower rate of capacity addition. Each additional GW of VRE power brings less marginal energy production due to grid operators being forced to disconnect PV and wind farms from the grid if they cannot find a recipient for this energy. In effect, VRE farms operate not so long as the sun and weather allow in particular locations and the given season but shorter—below technical indicators.



The real threat of interruptions in the supply of electricity to customers is also increasing due to the destabilization of the network with stochastically appearing supply from variable RESs (VREs), such as wind farms and solar PV.



2.1. Few Examples of Curtailments


On 5 May 2024, the Greek Grid Operator (IPTO) disconnected many RESs connected to transmission lines for several hours. The Greek Distribution Operator (HEDNO) was additionally asked to disconnect 1 GW of solar power plants [6]. The reason was the very low demand for electricity during the Orthodox Easter celebrations. RES restrictions during the rest of the Easter holidays (3–7 May 2024) were also very high. In 2023, Greece restricted a total of about 228 GWh, of which 220 GWh were in the period 1–13 April 2024, which was about 4% of the country’s green energy production. From January to August 2024, Greece restricted about 500 GWh of solar energy. Some forecasts indicate that RES restrictions in Greece could reach up to 15% of the total electricity generation in 2030 [6,7]. The Greek Association of Photovoltaic Energy Producers (Spef) is demanding that the Greek government stop issuing new grid connection licenses for renewable energy sources—especially large photovoltaic plants—in order to stem the increasing curtailment.



Energy storage above 1 GW (distributed now at auctions) can be a solution to the growing problem of power curtailment in Greece. Greek National Energy and Climate Plans (NECP) provides for the addition of 4.3 GW batteries and 1.7 GW-pumped hydro by 2030 [7]. Some doubt whether the energy storage itself will solve the problem of power curtailment. The expansion of network lines and storage will not help, unless the power load increases. The expansion of the network will help send energy through various regions, and storage can change the energy consumption profile. Both solutions will fail, without an increased load. International connections will also not solve the problem, because neighboring countries at the same time experience similar solar energy surpluses and low wholesale prices of electricity [7]. The Ministry of Economy, Trade and Industry (Meti) said that the limitation of RES has increased to 1.76 TWh in the last 12 months. In 2022, it was 0.57 TWh, and in 2023, 0.53 TWh [8]. The Japanese Institute of Renewable Energy announced, based on data from Meti, that RES curtailments increased from approx. 0.10 TWh in 2018 to around 1.76 TWh in 2023. This value is more than twice as much as in Australia and California. Until 2021, the curtailment concerned the Kyushu region. Currently, according to the Institute of Renewable Energy, the reduction affects all electricity systems in the country, besides Tokyo. It was anticipated that, in Kyushu, the limitation of solar and wind energy will reach 7% in 2023. Photovoltaic systems with a capacity of up to 10 kW are not exposed to limitations. The curtailments primarily relate to solar energy, especially on spring days, when solar irradiation conditions are the best and the consumption of electricity is the lowest [9].



The TSOC (Cyprus Transmission System Operator) predicts that the operators of the transmission and distribution networks will have to reduce 28% of the annual green electric energy generated in 2024 (3.3% and 13.4% in 2022 and 2023, respectively). Curtailment in Cyprus is necessary to stabilize the electricity network, taking into account the strong increase in solar energy capacity, a deficiency of energy storage, and no electrical connections with neighboring countries. From July to September, due to the increase in the demand for air conditioning by tourists, they are usually lower (0–5% RES supplied about 20% of the electricity needs of Cyprus in 2023 [10].



Figure 6 presents the results of the Daily Curtailment Report of PV Generation: 1 April 2024 (left) and 4 May 2024 (right). Estimated percentage of curtailed energy: 83.1% (left) and 71.0% (right). Total estimated curtailed energy: 1676.2 MWh (left) and 1537.3 MWh (right) [11,12]. The need to reduce the production of electricity from RES results from the need to ensure stable and safe operation of the transmission and distribution networks. The Cyprus (TSOC) and/or distribution system operator (DSO) has the right to limit the RES energy supply (at any time and without any restrictions) to the transmission network or the distribution system to protect the stable and safe operation of the Cyprus Electric System. TSOC will not be able to further decarbonize Cyprus’s energy system unless energy storage and new smart ways of running the grid are available [13].



In California, USA the curtailment of renewable energy, particularly photovoltaic generation, is currently on the rise, according to the Energy Information Administration (EIA). Curtailment growth is seen in Figure 7. In 2022, the California Independent System Operator (CAISO) cut 2.4 TWh of solar and wind generation [14]. Solar energy accounts for 95% of that total.




2.2. The “Duck Curve” in Load and Prices


The data in Figure 8 indicate that, as the share of RES in energy generation increases, electricity prices will fall. Many consider this to be a cause and effect relationship and strive to maximize the percentage share of RES energy in the mix, relying on the fact that “free green energy” will lower electrical prices. Unfortunately, this phenomenon occurs only when VRE resources can produce energy. Photovoltaic panels (PV sources) can produce energy regularly in cyclical periods but not around the clock. Using knowledge of the position of the sun at specific times of the day and year, it is possible to forecast the supply from these sources [15]. In the spring and summer, the supply of energy from these sources increases and, during low demand for energy (e.g., on weekends and holidays), exceeds the demand for it. This affects the reduction of temporary energy prices, and even negative prices may appear. Sometimes, when it is impossible to find a recipient of surplus energy in the country and abroad, network operators are forced to disconnect RES sources from the network that prohibit their supply. Such a behavior is called curtailment.



The supply of electricity must always be balanced with the demand (load). The growing supply from renewable energy sources therefore affects the reduction of energy prices, especially during the day when photovoltaics are in supply. The price reduction in this period is shown in Figure 9. We can see the phenomenon of the electricity price system shaping during the day into a “duck curve”, which corresponds to changes in the classic “duck curve”, describing changes in the net load during the day. The entry of an increasing amount of PV energy during the day decreases the demand for energy from the grid (and its prices) during the day. The net load in the morning and evening peaks does not change much from year to year, but it is more and more difficult to quickly meet such a big difference in required power due to shutdowns or reductions in the capacity of conventional power plants. In effect, only evenings prices are rising. In Germany, on 6 November 2024, they increased nine times, reaching a level of over EUR 800/MWh. In Poland, the grid operator PSE announced a power shortage alert during this period, and the entire country was close to a blackout.



In countries or states (such as California) with a large surplus of PV power, negative energy prices and RES curtailments may occur during the day when the RES energy surplus cannot be stored or exported. A solution may be to start an additional load in, e.g., heavy industry, which does not require continuous 24/7 operation. We propose in the paper to use mining as a dynamic load tool.



On the weekend 27–28 April 2024, solar PV power curtailment took place on both Saturday (27.04) and Sunday (28.04). Sunday’s disconnect was the largest this year. Between 1.00 pm and 2.00 pm, and PSE decided to implement a nonmarket reduction of photovoltaic sources in the amount of 4310 MW. The estimated amount of energy not fed into the grid was 6548 GWh (on Saturday, between 11.00 am and 3.00 pm) and 26,055 GWh (on Sunday, between 7.00 am and 5.00 pm) and wind farms 5085 GWh (on Sunday, between 10.00 am and 5.00 pm). The curtailment represented 38%, 68%, and 9%, respectively, of the total installed capacity available for disconnection [18].



Between 9.00 am and 4.00 pm on Sunday (28 April 2024), electricity prices for the next-day market fell significantly below zero. Around noon, they were almost 200 PLN/MWh. This resulted in a low daily average, which, for Sunday, was 120.59 PLN/MWh (fixing I) or 105.31 PLN/MWh (fixing II). For comparison, on Saturday, they were 311.41 PLN/MWh (fixing I) and 315.38 PLN/MWh (fixing II); see Figure 10.



Therefore, it is clear that, sometimes, the increase in energy supply, which often appears from photovoltaic sources, affects the price reductions. This is particularly visible on non-working days, e.g., on Saturdays. The first RES disconnections in 2023 and 2024 also took place on weekends. The graph can be considered a price equivalent of the “duck curve”. Changes in the net power demand in the subsequent years, in which more and more households and companies are beginning to use RES energy for their own needs, lead to a reduction in the energy demand in the network. The distribution of net load (total load reduced by RES energy) begins to resemble a duck. A similar pattern of price distribution during the day can be observed in Figure 9 and Figure 10.



The net load is the difference between gross load and generation of energy from the wind and sun. It is to show the difference between total demand during the day and the demand for power at the evening peak, when renewable resources do not work anymore [19]. The duck curve illustrates how the solar energy supply peaks during the day, leading to an oversupply of energy, especially when the load is low. As the sun sets and solar supply drops, there is a steep increase in load, creating a “neck” in the curve that resembles the profile of a duck. This rapid increase in load, caused by the return of PV prosumers to the grid, requires a fast ramp up of conventional (fossil fuel) power plants to meet the evening load, posing challenges for grid stability and efficiency, and also results in increased prices, which is shown in Figure 9 [20].



The gross load is reduced during daylight using electricity from the consumer’s own photovoltaic sources. They reduce or cancel their electric energy demand from grid due to availability of their own energy. In California, the rooftop solar energy attained in 2024 is close to 15 GW (exactly 14.87 GW), and the total is 49.42 GW [21]. In Poland, prosumer micro-installations reached 11.52 GW, and the total PV power is 20.56 GW [22].



Therefore, we have already reached 77.44% of the California solar panel level in rooftop installations. However, our total PV power level is much lower, only 41.59%. Therefore, we have all the negative effects observed in the California energy market. The first big-scale curtailment started in Poland in 2023, as shown in Figure 10, and continued in 2024. Definitely, when it was necessary to disconnect the RES energy, the prices of energy dropped significantly.



One may ask what about the prices of electricity during the rest of the day? In the evening, energy prices rise rapidly, as seen in Figure 9, because the photovoltaic system stops its supply. When it is windy, the drop in supply is milder, and when it is not windy, it is rapid. Energy prices rise rapidly. Battery energy storage will not solve the problem today or in the near future. It is not able to provide high power for a long period, in addition to its high costs. Therefore, we have to use other controllable power sources. In Poland, these are coal sources, which are burdened with additional costs of purchase of emission permits and, therefore, are expensive but still less than gas. Gas prices are very variable. Gas power plants can easily replace wind energy, especially when they have to be disconnected after exceeding the maximum permitted wind speeds. Gas turbines can be turned on in a relatively short period of time, allowing storage facilities to compensate for supply shortages without destabilizing the network. A fast gas supply will ensure a longer continuation of the supply. The regular operation of the gas in the base is very expensive. Gas is expensive, is imported, its prices are very variable, and its long supply chains are sensitive to disruptions. The shortest supply chain has coal (especially brown), because it provides fuel from nearby mines. Lignite has operating costs lower than those of hard coal, and the cost of its acquisition does not depend on fuel prices around the world. Hard coal in power plant contracts is quoted at ARA prices. When the prices of fuel and coal in the world are high, Polish coal mining is profitable, but the generation of electricity from the burning of expensive coal is not. When fuel prices around the world drop, the mines are no longer profitable and need to be saved one way or another, and the power industry improves its results. We have a little more than 8 GW of power in brown coal, and the minimum load is about 12 GW. Therefore, there is a shortage of at least 4 GW. In the winter, when the supply of photovoltaics drastically decreases, a gap may appear, so we need not only 4 GW of additional capacity but much more, even 17 GW (=29 GW − 4 GW gas − 8 GW BC). We need 25 GW of coal capacity (=29 GW − 4 GW gas), and that is what we have, but politicians want to liquidate it (power plant Siersza 0.3 GW and Rybnik 0.9 GW are planned to be closed in 2025), despite the fact that, for now, we have nothing else (e.g., nuclear power plants) that could work in the base. These are, of course, rough estimates, but those show that expanding renewable energy sources will not solve the lack of baseload capacity. This will result in a drop in energy prices during the day, even at negative prices, with increasingly frequent curtailments, the scale and frequency of which increase with the expansion of the photovoltaic capacity presented in Figure 7. In Poland, the phenomenon of reducing the demand for power from the grid is beginning to appear. More and more consumers who meet their energy needs from their own photovoltaic sources have stopped buying energy from the grid. The reductions are not yet as large as in California, but a “duck” saddle is already visible in the daily demand for power when the sun starts to shine, which is shown in Figure 11. The price and load peaks in the morning and evening are already visible in Figure 9 and Figure 11.



Coal-fired power plants can reduce their power to about 50–60% of their maximum power. They cannot be completely turned off when a priority RES energy appears in the network. This significantly reduces the possibility of introducing green energy as a priority. If there is no sun and no wind, the average (and maximum) demand for power must be met from fossil sources. In the winter, the demand for power is higher (the highest occurred in January at 28.6 GW) and lower in the summer. If we secure 29 GW of fossil fuel, the emerging RES can reduce the supply of power from coal sources only to 12.5 GW. Emissions and costs will increase, because the maximum efficiency of these power plants is achieved near the maximum power for which they were designed.



The variability of the supply from photovoltaic sources on sunny and cloudy days in different seasons is presented in the Figure 12 and in Table 1 (calculated based on [23]). Therefore, you can see that, even if the photovoltaic source supplies a large amount of energy in the summer, on a cloudy day, its supply can drop to 6–9% of its supply on a sunny day. Therefore, it is necessary to preserve the photovoltaic power in something stable and controllable.



In the small figure (right lower corner), the elevation of the sun during the most characteristic days of the year is presented. The height of the sun above the horizon is called an elevation or an altitude angle α, as shown in Figure 13.



The zenith altitude, which is the highest position of the sun during a particular day, is a function of declination and latitude. During the day, the altitude also varies. The sun rises in the morning and sets in the evening, reaching the highest position zenith at noon. Combining the hour angle time and declination, the sun’s elevation for a particular time can be calculated and used for photovoltaic power forecasting in the short and medium horizon [15]. Changes in elevation (altitude angle α), as well as weather conditions, influence the maximum power obtained and total energy production in different seasons. Example data are presented in Table 1.



Both peak instantaneous power and production levels on sunny days in the spring and summer are at a very similar level (power over 2.5 kW; energy: 22.14 kWh and 20.33 kWh), but a comparison with production during the autumn and winter shows significant differences (power over 1.5 kW and below 1.0 kW, respectively; energy: about 0.6 kWh). The highest average power during production was on a sunny day in the spring and summer (1.70 kW and 1.51 kW) and the lowest on a cloudy day in November (0.1 kW). The largest difference in energy production between sunny and cloudy days occurred in the spring.



It is assumed that, under Polish climatic conditions, an optimally located and constructed photovoltaic installation can produce slightly more than 1000 kWh per year from each 1 kW of PV power installed. For a 3 kW PV plant, the average daily production is 8.22 kW, and this can be compared with the column energy produced in Table 1. We can see that, on sunny days in the spring, it can be 2.7 higher, and on cloudy days, it can be 0.07 times smaller.



The graphs and data presented in Table 1 clearly show how much impact cloud cover can have on the operation of a photovoltaic installation. However, it turns out that there are relatively few days from April to September when cloud cover has a large impact on PV installation.





3. Security of Supply of Raw Materials for Energy Transition


How to Meet the Future Demand for Photovoltaic Sources?


On Earth, there is about 0.202 kW/capita of PV power. However, the situation varies depending on the region. In Europe (having the highest average), it is 0.382 kW/capita (in Poland, 0.404 kW/capita, fourth place in the world), in both the Americas, it is 0.248 kW/capita, and in Africa and the Middle East, it is only 0.027 kW/capita [24].



The global solar photovoltaic market is expected to grow from 333.08 billion USD in 2024 up to 2002 billion USD in 2032, with a current CAGR of 25.13%, as is visible in Figure 14, according to Market Data Forecast Analysis [25].



The compound annual growth rate (CAGR) is the average annual growth rate of an investment value over a period longer than 1 year. This is one of the most accurate ways of calculating and determining returns for individual assets, investment portfolios, and any projects or assets that have volatile values over time [26]. The cumulative global solar PV-installed power has grown since 2000. In 2023, the global cumulative solar photovoltaic capacity was 1.624 TW, with about 447 GW of added photovoltaic power in the same year. China and the United States led the global photovoltaic market in 2022, with 414 GW and 141 GW cumulative solar photovoltaic capacity, respectively. In 2022, Chile and the Honduras were the countries with the highest share of photovoltaic power consumption.



The average installed cost of photovoltaic panels worldwide has decreased steadily. In 2023, the average installed cost of solar photovoltaic systems was USD 758/kW. In 2023, solar photovoltaic energy represented 5.5% of global electricity generation, with the renewables dominated by hydroelectric power.



Fossil fuels remain the largest contributor to electricity generation, having 60% of the global share (the peak was in 2007—68%). Coal in 2022 was still the largest source of electricity production around the world, with 34% share. However, renewable sources are projected to grow in the next few years, with the aim of producing half of the world’s electricity generation by 2050 [27].



Poland is one of the 10 biggest photovoltaic markets in the world and is the 3rd market, after Germany and Spain, in Europe.



The database “Photovoltaic projects in Poland November 2024” published by the IEO [28], presents the most up-to-date investment potential of PV projects in Poland. Currently, there are about 4000 projects in Poland with issued connection conditions with a total capacity of >19 GW and about 1495 projects with issued building permits with a total capacity of 12.4 GW, and 10% of new PV projects are applications for connection conditions to the grid with energy storage. In Poland, there are more large projects that can offer energy at the lowest price, as shown in Figure 15. Poland is projected to reach 28.5 GW of installed solar capacity by 2030. It seems that it can be attained earlier, since, at the end of September 2024, there were already 19.9 GW of PV power, and the next 19 GW was developed.



However, a huge overcapacity of PV power over the average power demand (23 GW) and over an elastic increase of the net load during the daily peak (from min. 12 GW to max 29 GW; we need only 17 GW) can create the necessity to curtail surplus RES from the grid by its operator (PSE). Next, GWs in large farms can be more easily disconnected by the operator than hitherto micro-PV installations.



In [1], as shown in Figure 16, the IEA added the reservation that “the electricity generation trajectories for wind and solar PV indicate potential generation, including current curtailment rates. However, they do not project the future curtailment of wind and solar PV, which may be significant in some countries by 2028. This means that the scale of curtailment can be much greater than expected”. In simple words, this means that the wasting of energy and resources could reach enormous levels. However, no one pays the sun trillions of dollars, the sum equal to the value of the PV market estimate in Figure 14, and uses a huge amount of rare and valuable raw materials, the acquisition of which can destroy the Earth more than the use of fossil fuels, to create the potential for energy production and then deliberately allows this potential not to be used to a degree reaching several dozen percent, as presented in Figure 17A, because such calculations of the “profitability” of allowing it are presented by “scientists”. At the same time, in other areas of the economy, we have to fight for energy efficiency by spending huge funds on thermal modernization, although we are supposedly threatened by global warming, implement energy-saving solutions, and develop energy-certified devices so that people consciously choose those devices and products that save energy. We also have to save raw materials by implementing a circular economy and, then, by allowing curtailment and wasting money on the acquisition of raw materials used to build wind and solar PV farms, the disconnection of which is an acceptable solution to saving the planet. Is such an approach sustainable?



In the IEA-PVPS report, we can find a statement that proactive curtailment (sometimes called implicit storage, which sounds better and hides the truth) will be a very important part of the solution. In Switzerland, a 100% RES production mix was analyzed to determine the economically optimal PV energy production curtailment. It has been calculated that a PV curtailment of 20% to 40% is optimal (Figure 17A). The calculated levelized cost of energy (LCOE) was between EUR 0.07/kWh and EUR 0.09/kWh, which is visible in Figure 17A [29].



Forcing Switzerland, which already has a 100% RES electric energy mix presented in Figure 17B, to switch to a 100% variable renewable energy source (VRES) mix is absurd in itself. But oversizing VRE installations (especially solar PV) in this country to proactively turn off 40% of their potential capacity to minimize the LCOE intensifies the absurdity even more. One may wonder whether it is about saving raw materials and reducing emissions (which currently does not occur in Switzerland; see Figure 17B.) or about satisfying the greed of the PV and wind farm solution provider lobbyists. The value of the market is estimated in Figure 14. For the next decades to come, will we become more dependent on them than was the case with post-Soviet countries dependent on gas and oil supplied by Russia? Installing photovoltaic and wind farms in high and beautiful mountains in order to replace truly green energy takes hydropower absurdity to Dufourspitze level (4634 m.a.s.l.).



China represented 55% of the global solar panel manufacturing capacity in 2010, and its share rose to 84% in 2021 [31]. According to the IEA, China has invested over CNY 50 billion in its solar manufacturing since 2011. The total value of global solar photovoltaic-related trade has increased by more than 70% year to year and reached USD 40 billion in 2021. China owns the vast majority of the solar panel supply chain in the world, controlling at least 75% of all key stages of the manufacturing and processing of solar photovoltaic panels. China has dominated the RES market and moved the EU, Japan, and the USA into the shadows. China also controls a huge part of the supply chain for key minerals and metals necessary for the production of PV panels. For some recipients of PV panels, it can be important that the green energy sources they use are generated not only with the use of cheap coal energy but also with human rights violations [1].



Wind and solar photovoltaics are variable renewable energy resources (VREs), depending on the weather and season. The implementation of them to obtain a high level of penetration in the network requires transforming them from intermittent resources into controlled and firm resources that are permanently available (24/7 for 365 days a year). Such an aim cannot be obtained without implicit storage, which means that variable RES are overbuilt and then dynamically curtailed if the surplus VRE cannot be balanced by the load. Almost 100% of the VRE power grids that supply clean power and meet demand would be economically viable, provided that VRE resources are transformed from stochastic run-of-the-weather generation into firm generation sources.



Real supporters of reducing emissions by basing the electricity production mix 100% on VREs are ready to sacrifice a lot to save the planet:




	
increase emissions in China to reduce them elsewhere,



	
build many times oversized VRE capacities to then deliberately disconnect by implicit storage = curtailment,



	
significantly increase the extraction of valuable and rare raw materials in areas beyond their control,



	
become dependent on a monopolist who controls practically the entire chain of creation and supply, exposing themselves to the possibility of price manipulation.










4. Addressing the Curtailment Problem


Networks are the main part of the electricity system, allowing power loads to flow from energy input centers to places of energy consumption. Grid congestion occurs when the grid is not prepared to transport the power loads. The following section is based on [32].








	
Investments in grids. Installed RES power is growing faster than not only the network capacity but also the real demand for power. Only a small part of the surplus of RES energy can be utilized through optimal redistribution throughout the network from the region with surplus energy to places where it can be utilized. When the amount of RES power installed exceeds the average or even maximal demand many times, it could be difficult to find an energy consumer even when prices fall or negative prices occur. If such a situation appears randomly (e.g., in the case of wind), finding an energy customer capable of usage of a vast amount of energy can be treated as luck. Of course, energy can be exported outside of the country or region, but to do that, the interconnections have to be built.



	
Digitalization for grid flexibility and optimization, including the use of virtual power plants (VPPs) and grid-enhancing technologies. Together with the implementation of smart meters to manage the demand-side flexibility and dynamic tariffs, these technologies can be effective for integrating a surplus of renewables and ensuring stable and efficient grid operation.



	
Regional interconnections allow one to move surplus energy outside the particular region. However, a similar development of RES power in nearby regions and countries does not offer a great chance to find customers outside the region, because the oversupply of RES energy can happen in all neighboring countries/regions. However, subsea cables between islands and countries, as well as increased capacity, can help move surplus elsewhere.



	
Battery storage on a utility scale. Battery storage capacity grew 120% in 2023 and reached 55.7 GW globally. Still, it is a very expensive solution, sometimes a must to stabilize grid operation.



	
Development of pump storage. Therefore, 4.48 GW was added in 2023, increasing the total up to 179 GW. This solution is the most common for large-scale and long-term utility storage, being cost-effective in many regions. However, in a few places, VRE supporters consider replacing it by VREs, which is a kind of aberration.



	
Sector coupling. Flexibility required by variable renewables is provided by linking the power sector with the heating and cooling sector (to meet thermal needs) and with other parts of industry using a lot of electric energy for their operation, e.g., transport sector to charge electric vehicles and mining to use surplus RES energy in mining operations. This solution is discussed in more detail later in the paper.



	
The expansion of electric vehicle (EV) charging infrastructures and the replacement of fossil fuel cars with electric vehicles (EVs). However, these solutions introduce new constraints and opportunities to consider in power network optimization. Increased uncertainty around the power demand and load times creates more threats than can be solved with locally and stochastically appearing RES surpluses.



	
Renewable hydrogen. It attracts attention as usual, but no real competitive technology is developed. Seven countries announced or revised their hydrogen strategies/roadmaps, growing the total number of countries with such plans to 55. The world spent USD 10.4 billion on 25 investments in RES hydrogen (of which 84% was for electrolyzers). All projects are in the initial stage of development.









5. The New Role of Lignite Surface Mines


None of the solutions discussed above, except pumped storage combined with VREs, is capable of operating in the base when the conditions for the supply of RES energy end. Battery energy storage can be used for a short time to mitigate the shock caused by the loss of RES from the supply, but they are not able to fulfill this role when the conditions of the lack of supply are longer than a few hours. They are also unable to ensure continuous supply at the minimum net load level. Under Polish conditions, this is about 12 GW. Currently, and in the near future (20–30 years, until the end of construction of the necessary nuclear power stations), no other source of energy, except coal, is able to provide power in the baseload. The authors believe that brown coal plays the best role in ensuring the minimum net load. It is our own fuel, and we have a lot of reserves. It has a very short supply chain. The costs of its acquisition are insensitive to the movements of fuel prices around the world and can therefore act as an anti-inflationary anchor in the Polish energy sector [33]. Its main variable cost is electricity, and we can obtain it not only from coal but also from surplus RES. This solution combines both sector coupling, linking the use of surplus RES with energy-intensive operations in industry (here, lignite mining, but not only) and also with the creation of dry, long-term energy storage created by exposing coal seams (removing the overburden) and delivering coal to power plant storages. Such storage can transfer solar photovoltaic surpluses from the spring and summer to the winter season. This is something that modern energy storage technology cannot do now. The solution is not 100% emission-free, but it can carry out all mining operations using RES energy. Thanks to the possibility of running the mine from the central control room, the operator can quickly start the entire mine when surpluses from solar PV appear. We are going to show further that it is possible to balance the mine energy needs by PV surpluses within a period of 7 h. Until a new power station appears that can operate in the baseload, a proposed solution is necessary. In brown coal, we have slightly more than 8 GW of power. The minimum power demand is higher; therefore, in order to meet these needs from brown coal, a new open pit needs to be opened, e.g., in Zloczew deposit. It is on this basis that we will show that this is energetically and technically achievable using the surpluses from PV within a short period of its appearance. Surpluses and curtailments are more common in Poland and will soon appear regularly in connection with the plans for the further expansion of photovoltaic capacity by another dozen of additional GWs. We should not waste them, but we should make them work, reducing emissions and securing energy safety.



Poland’s largest Belchatów power plant comprises 10 retrofitted units and 1 new unit, with a total rating of 5.5 GW. The existing lignite deposits that supply the fuel to this power plant will be depleted within 15 years [34]. Access to the new coal deposit, Zloczew (611 million tons of coal resources [34]), is necessary to ensure its longer operation. However, the surface mining operations are extensive energy-consuming processes and, at the moment, have a substantial “carbon footprint”. It could be decreased if these operations would consume electric energy supplied by RES. The possible solution to this issue is to focus on the lignite fuel supply operations of these power plants, with extensive simulations of the entire supply chain. In the case of Zloczew deposits, large amounts of electric energy would be required to remove the overburden, mine coal, and transport the coal over the long distance from the new lignite mine Zloczew to the Belchatów power plant.



Depending on the balance of available coal tonnages in the Zloczew mine and the power demand from solid fuel power plants, the coal from Zloczew could also be transported to the remotely located Turów power plant, which operates a brand new unit rated at 0.5 GW and retrofitted units with a total rating of 1.5 GW. Its local fuel supplier, mine Turów, struggles with rising environmental and social issues with regards to its noise and pollution emission [35], which can cause the premature closure of its operation. Due to the high moisture of mined lignite (up to 50%), it can be economically transported over longer distances after dehydrating and pelletizing [36,37]. These processes are also energy-intensive and could be supplied by RES.




6. Case Study


	a.

	
Materials and Methods







For this study, the simplified quality block model of the Zloczew brown coal (lignite) deposit was build on the basis of available geological drillhole data with the use of Datamine software (the Studio RM program, version: 2.1.125.0). The set of 63 drillholes contained some 200 samples classified by geologists as overburden, balanced, and non-balanced coal and bedrock. Assuming the specific needs of the analysis of overburden (waste) removal only, the classification of the whole material into overburden and coal seam was important. The implicit modeling tools were applied to create the DTMs of the top and bottom coal seam surfaces, which were then used to build the structural block model containing 92,363 cells and subcells (the parent cell sizes were 80 × 80 × 10 m). The basic inverse power of the distance interpolation procedure was used to identify and digitize the border of the balance coal seam, then applied to construct the general outline of the ultimate pit. The shape of the obtained pit was compared to the already published preliminary plans of the Zloczew mine [34]. In the model, the DTM of the ultimate pit shell consisted of 10 mining levels with an equal height of 20 m and was designed and is shown in Figure 18. The applied pit design geometry rules (general slope angle, different bench widths for the base, transportation, mining, and dumping slopes) follow the requirements of the surface mining technology with a parallel (west to east) pit advance, which has been considered for Złoczew mine.



For the evaluation of the energy consumption during the operation of individual mining levels in Złoczew Mine, the parameters of the mining and transportation equipment that are standard for the modern continuous surface mining technology are assumed [38]. The main machines are modeled after commonly used in Polish surface lignite mines classes KWK 1500 bucket wheel excavators (installed power 3150 kW) and ZGOT 12,500 spreaders (power 4050 kW). These machines used to be supplied by domestic manufacturers FUGO (Zgorzelec, Poland, now rebranded) and FAMAGO (Konin, Poland, now defunct). It is assumed that 3 excavators supply the mined overburden onto one spreader. The transportation system is built with high capacity belt conveyors B1600 (B1600 describes a belt conveyor with a belt width of 1.6 m), B1800, and B2250 (for the main haulage) with an averaged specific energy consumption 0.1167 Wh/t/m (calculated with the use of the in-house software for belt conveyor design QNK-TT (version 4.45.21.08.10.16.11, released by domestic company by the name of EnterTECH—www.entertech.com.pl [39]); the haulage routes layout is compliant to the parallel advancing of the mine, with conveyors positioned on the transportation slope, and presented in Figure 19.



Overburden (containing mostly sand and clay [34]) density was averaged at 1700 kg/m3. The investigation of drillholes has proven that some bigger sandstone lumps also occur in the overburden. These need to be fragmentated with the use of explosives and crushed by crushers [34]. For safety reasons, during blasting, other mining operations are halted. Therefore, it is assumed that these time-consuming operations would be made outside RES supply hours (preferably during the second shift). The removal of blasted and crushed lumps is done with trucks or conveyors, depending on the granulation of the material. Crushers can also be powered by electric motors and can operate during RES supply hours, raising the RES surplus consumption.



The distances of belt conveyor transportation routes are measured in the 3D design environment of the Datamine Studio OP (version: 3.0.175.0) program directly from the models of the interim pits shells generated with regards to the typical annual pit advance rate since the development of the mine to its closure upon the ultimate pit shell. Two examples of the interim pits are presented below in Figure 19. Due to the fact that neither the exact location of the external dumpsite nor its design parameters (number and height of dumping levels were set for the belt conveyor routes layout) are known, the average horizontal length and lift of a conveyor route from the pit entrance to the spreader on the dumpsite are set to 4 km and 50 m, respectively.



The second energy-intensive process would be the long-distance supply of lignite to the existing plant. The planned Złoczew mine is located to the west of the currently operated Szczerców Mine, from which the coal (lignite) is already transported to the Bełchatów power plant and uploaded onto the averaging yard or sent directly to the bunkers at the power units.



For the investigations of the long-distance lignite transportation, the following assumptions are made:




	–

	
Coal is loaded from a storage bunker to stabilize the stream of mined material on the long-distance conveyor route and to buffer the extraction during shifts in which the long-distance coal haulage route is not operating.




	–

	
Coal is buffered in the averaging yard at the power plant entrance.




	–

	
A 7-h working day for the long-range coal haulage is assumed—during the PV peak and 300 working days per year.




	–

	
Detailed conveyor route design parameters [39]:




	○

	
annual capacity: up to 20 million tons; two conveyor lines; hourly capacity: up to 5700 t/h




	○

	
reduction of the belt safety factor from the standard 6.7 to 5




	○

	
belt conveyor analysis with the help of the QNK-TT program (that uses the accurate method of calculating belt conveyor resistances to motion, which has to be applied for a long-distance conveyor rather than the standard methods based on presumed constant coefficients [39])




	○

	
Technical parameters of the coal conveyors:




	▪

	
belts St3150 and B1600,




	▪

	
belt speed: 7 m/s, stabilized stream of conveyed material,




	▪

	
increased spacing of the top idlers to 1.5 m (bottom idlers 6.0 m),




	▪

	
reduction of the trough angle of the top idlers to 33°,




	▪

	
use of rigid instead of articulated idlers.





















These assumptions follow the existing belt transportation technology with regards to improvements that were investigated over the last years [39,40].



	b.

	
Results







The created 3D models of the surface mine advancing are used to evaluate the energy consumption of the whole overburden removal process. Hourly volumetric efficiency is limited by the capacity of the bucket wheel excavator. The adopted assumptions regarding the efficiency of the machines allow for the exploitation of each of the mining levels of Złoczew Mine for 1000–2500 h per year, which corresponds to a maximum of 6.85 h/day. The supply of energy from PV starts at around 5–6 and lasts until 16–17. The peak may therefore last around 7 h. Table 2 summarizes the parameters of the overburden removal that are averaged for the whole Life of Mine schedule from each mining level.



After applying the above parameters to the consecutive years of mining operations and calculating the electric energy used for mining, conveying, and dumping, the schedule of the annual energy consumption used for these processes at each overburden level is generated and presented in Figure 20.



Except for the early years of the mine development and its closure years, the evaluated electric energy consumption for overburden removal varies between 140 and 160 GWh.



The evaluation of the energy necessary to transport the mined coal to the existing transfer point at the Szczerców pit [34] produces the following results:




	–

	
Reference conveyor parameters:




	○

	
route length 5 km




	○

	
installed drive power: 4 × 1000 kW




	○

	
required drive power: 3580 kW (5700 t/h)




	○

	
specific energy consumption: 0.1033 kWh/tkm










	–

	
Conveyor route layout: horizontal, built from two straight segments [41], two lines of the total route length of 40 km (eight units in one line), two conveyor lines in which a single line can have up to 60% share in coal haulage. Both lines operate mostly simultaneously. Conveyors would have to match the rising environmental constraints [42] and diagnostic standards [43,44] to ensure reliable operations.




	–

	
maximum total power consumption: 57 MW,




	–

	
maximum daily energy consumption (7-h PV peak): 400 MWh,




	–

	
annual energy consumption: 80 GWh.









Therefore, in total, removal of the overburden in the new Zloczew Mine (mining + transport + dumping) and long-distance transport of coal from this mine to the existing coal transportation facilities at Szczerców Mine would consume approximately 250 GWh of electricity annually.



The maximum power consumption (assuming an approximately 7-h working day during peak PV energy generation) would range from 125 MW (in-pit dumping) to 145 MW (operation of all the overburden levels with external dumping).



	c.

	
Discussion







The recently published Cover Story in Mine [45] claims that “An emerging trend towards investment in decentralised on-site power sources at mine sites could increase exponentially as miners look to reduce costs and decarbonise their operations”. Instead of building new RES mines, the already available surpluses of RES can be used. Part of the presented case study of the consumption of electric energy by the new lignite mine Zloczew that would supply coal to the existing Belchatów power plant, the total electric energy consumption used for the transportation of mined material in the whole set of existing surface mining in Poland’s industry is evaluated and presented in Table 3.



For this estimation, the distances of transported excavated materials were drafted, and the energy of lifting the excavated material along the conveyor route was not taken into account. The specific energy consumption is estimated in relation to that presented in the case study values, which are conservative values for the long conveying of mined material. The values given in the table should be treated as underestimated.



Note: If other transport machines are used (e.g., dump trucks), their specific energy consumption will be higher; if these machines are powered by electricity, they could also work as dynamic RES energy consumers.




7. Conclusions


The surface mining energy-intensive process could balance the dynamic consumption of RES surplus and reduce the need for curtailment. By operating a lignite supply chain this way, a high-capacity power bank could be created with energy storage in the form of an open brown coal seam. This would enable an almost emission-free supply of cheap and domestic fossil fuel, making it insensitive to changes in the world prices of energy resources for power units operating at the base of the system. Furthermore, extending the life of relatively new and efficient lignite-fired units would facilitate the decommissioning of older and exhausted hard coal-fired units.



All efforts undertaken to store electricity-obtained RES [47] are costly and increase the demand on additional raw material. The dynamic control of energy-intensive mining operations can address the rising problem of RES curtailments.
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Figure 1. Demand and growth for renewable energy, main case 2023–2030 [1]. 
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Figure 2. Global generation of RES electricity, installed power, and share in total electric energy production, 2023 and 2030 [1]. 
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Figure 3. RES capacity and RES energy production and hours of operation at full power. 
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Figure 4. Solar PV installed power additions and avoided emissions [2]. 
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Figure 5. Solar PV capacity per capita in Poland 2013–2024 * (W/capita). *—data until September 2024, based on [4]. 
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Figure 6. Curtailment of solar PV generation on the 1 April (left) and 4 May 2024 (right). 
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Figure 7. Monthly wind and solar curtailments in California in GWh [14]. 
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Figure 8. Relationship between the hourly electricity price on the day-ahead market and the instantaneous share of RES energy in the national demand in May 2024 [16]. 
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Figure 9. Changes in hourly energy prices during the day on consecutive years 2017–2023 in Poland. WysokieNapiecie.pl. License: CC BY SA 4.0 [17]. Price version of the net load “duck curve” (own modification of the original chart by the authors). 
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Figure 10. Hourly electricity prices for individual hours of the next day (day-ahead market) in Poland on 27–28 April 2024 Energy.Instrat.pl (accessed on 20 December 2024). Data: TGE (Polish Power Exchange). License: CCA 4.0 International (CC BY 4.0). Duck additions by the authors [18]. 
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Figure 11. Total load in Poland on 15 May 2024 (left) and on Wednesdays in the middle of May in previous years (right). 
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Figure 12. Distribution of energy production from the example of photovoltaic installation (with a capacity of 3 kW) located in the Małopolska region in Poland on one of the sunny and cloudy days in different months of 2019. Small chart: Comparison of the elevation of the sun during the most characteristic days: summer solstice, equinoxes, and winter solstice [23]. 
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Figure 13. The height of the sun above the horizon is called an elevation or an altitude angle α [15]. 
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Figure 14. Global solar photovoltaic (PV) market development (2024–2032) and forecasts up to 2032 [25]. 
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Figure 15. Summary power of new PV projects with connection to the grid conditions in selected power ranges in MW (based on [28]). 
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Figure 16. Global generation of electricity by RES technology for selected countries and regions for 2023 and 2030 [1]. 
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Figure 17. (A) Calculation of the LCOE for electric energy from a perspective 100% VRE energy mix in Switzerland in 2050, taking into account proactive curtailment (* denotes minimum value of LCOE) [29]. (B) CO2-low carbon energy mix in Switzerland, based on [30]. 
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Figure 18. The visualization of the ultimate pit shell DTM merged with the topography DTM (textured with the geographical map) filled with coal block model cells; colouring represents coal calorific value: red—above 6.5 MJ/kg, yellow—lower values (Datamine Studio OP, version: 3.0.175.0). 
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Figure 19. Two general schemes of conveying routes: for the development of the mine (with an external dumpsite) and for the mature mine (with in-pit dumpsite represented by slopes and benches coloured brown); blue strings represent an example of the conveying route on a given pit level; red perimeter outlines the ultimate pit crest—see Figure 18 (Datamine Studio OP). 
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Figure 20. Electric energy consumed by overburden removal within the Life of Mine schedule; bar colors represent the number of mining level (1st—blue, 2nd—orange, etc.). 
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Table 1. Examples of the variability of electric energy production from a 3 kW photovoltaic farm on sunny and cloudy days in different seasons in the Malopolska region in Poland in 2019, calculated from the data in [23].
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	Season Month
	Day
	Work Time
	Time of Max. Power
	Production Time
	Energy Produced [kWh]
	Average Power [kW]
	Multiplier of Energy Produced
	Multiplier of the Average Power





	Winter
	Sunny
	7.00–5.00 pm
	11:30
	10 h
	10.56
	1.06
	17.9
	8.95



	February
	Cloudy
	10.00–3.00 pm
	11:30
	5 h
	0.59
	0.12
	5.59%
	11.17%



	Spring
	Sunny
	6.00–7.00 pm
	13:00
	13 h
	22.14
	1.7
	13.75
	12.16



	May
	Cloudy
	7.30–7.00 pm
	11 & 16
	11.5 h
	1.61
	0.14
	7.27%
	8.22%



	Summer
	Sunny
	6.00–7.30 pm
	12:30
	13.5 h
	20.33
	1.51
	4.44
	3.78



	August
	Cloudy
	8.00–7.30 pm
	11:00
	11.5 h
	4.58
	0.4
	22.53%
	26.45%



	Autumn
	Sunny
	7.00–4.00 pm
	10:00
	9 h
	4.56
	0.51
	7.6
	5.07



	November
	Cloudy
	8.00–2.00 pm
	10:00
	6 h
	0.60
	0.1
	13.16%
	19.74%










 





Table 2. Parameters of the overburden removal of the Life of Mine schedule (Datamine OP).
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	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K





	1
	368
	10.5
	8350
	239
	2450
	7425
	70
	8440
	2500
	4207



	2
	358
	10.2
	8150
	233
	2303
	7237
	90
	7933
	2500
	4096



	3
	326
	9.3
	7980
	228
	2147
	6999
	110
	7417
	2500
	3727



	4
	295
	8.4
	7840
	224
	1982
	6756
	130
	6822
	2000
	4212



	5
	265
	7.6
	7680
	219
	1824
	6552
	150
	6294
	2000
	3780



	6
	234
	6.7
	7500
	214
	1669
	6329
	170
	5759
	2000
	3345



	7
	200
	5.7
	7340
	210
	1509
	6105
	190
	5219
	1500
	3810



	8
	167
	4.8
	7190
	205
	1347
	5899
	210
	4667
	1500
	3174



	9
	128
	3.6
	7040
	201
	1186
	5683
	230
	4136
	1500
	2431



	10
	81
	2.3
	6870
	196
	1027
	5464
	250
	3597
	1500
	1550



	Total
	2422
	69
	
	
	
	
	
	
	
	







A: Mining level number (from top). B: Overburden volume [million m3]. C: Annual removal of overburden [million m3]. D: Length of mining level [m]. E: Annual advance [m]. F: Average width of the mining level [m]. G: Average length of conveying to the outside dump [m]. H: Average lift of conveying to the outside dump [m]. I: Maximum length of conveying route to the in-pit dump [m]. J: Number of working hours per year. K: Average output [m3/h].













 





Table 3. Surface mining operation in Poland [46].
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	Surface Mining in

Poland (2022)
	Annual Output [Million Tonnes]
	Belt Conveying Routes Total Length [km]
	Specific Energy Consumption [kWh/t/km]
	Total Energy Consumption [GWh]





	lignite mines
	180
	15
	0.12
	324



	industrial minerals
	167
	0.5
	0.2
	16.7



	raw material for

cement production
	45
	2
	0.15
	13.5
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