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Abstract

:

This paper presents a series of economic efficiency studies comparing three different investment variants: without energy storage, with energy stored in batteries and hydrogen installation with a PEM fuel cell stack for a location in Poland. To reach a target, the current solar potential in Poland, the photovoltaic (PV) productivity, the capacity of the energy storage in batteries as well as the size of the hydrogen production system were calculated. The solar potential was determined using archival meteorological data and the Krieg estimation method. A laboratory scale PV system (1 kW) was used to estimate the decrease in real solar installation power during the last 10 years of operation. All analyses were made for a 100 kW photovoltaic array located in Poland using static and dynamic methods of investment project assessment, such as Simply Bay Back Period (SPBP) or Net Present Value (NPV). The results showed that the SPBP amounted to 8.8 years and NPV 54,896 € for non-storage systems. Whereas, for systems with energy stored the economic indexes were, as follow: SPBP = never, NPV = 183,428 € for batteries and SPBP = 14.74 years, NPV = 22,639 € for hydrogen/fuel cell installation. Storage in hydrogen is more advantageous than batteries due to the smaller investment outlays.
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1. Introduction


The Polish energy sector is characterized by many problems such as high demand for energy, an inadequate level of development of the production and transport infrastructure of fuels and energy as well as the dependence on external fuel suppliers. Currently, electricity in Poland is mainly produced from non-renewable sources. In 2018 the most commonly used fuels were hard coal with a share of 47.8% and lignite with a share of 29% [1]. However, their resources are systematically decreasing. Moreover, the combustion of fossil fuels is not in line with the strategy of the European Union (EU) in the coming future [2]. Therefore, other solutions for applying renewable energy sources (RES) are considered.



The RES ensure the implementation of the most important goals of the strategic document of the Polish Energy Policy until 2030 i.e., guaranteeing the reliability of fuel and energy supplies, increasing the competitiveness of the economy, increasing energy efficiency, and minimizing the negative impact of the energy sector on the natural environment [3]. In the diversification of energy sources, solar energy is widely used, as it has many advantages e.g., no direct CO2 emissions and no noise during energy production. The drawbacks belong mainly to seasonal and daily differences in the amount of produced energy, the need for appropriate location conditions, dependence on the value of solar radiation intensity, the occurrence of shading, aging of the PV installation [4].



Correct forecasting of electricity production is important in the photovoltaic industry. The supporting tool in taking into account the variation of solar radiation across the estimated surface is Geographical Information System (GIS) [5].



Changes in the efficiency with which sunlight is converted into electricity have a large impact on the profitability of the photovoltaic array. Accurate determination of the annual degradation rate (annual decrease in electricity production), is a key issue of all stakeholders—investors, researchers, etc. [6]. According to Ferrara and Philipp [7] research, high ambient temperature, and subsequently, high module operating temperatures have a negative influence on the material structure of the solar module. Besides, ultraviolet (UV) radiation and high temperatures cause many changes in the structure of ethylene–vinyl acetate (EVA) film contained in the solar module causing its discoloration and loss of elasticity [8,9].



Quansah and Adaramola [6] presented results from field studies on electricity production degradation in twenty–two mono–crystalline silicon solar panels for 16 years in three communities in the northern part of Ghana, prior to electricity grid extension. The results of their measurements showed that the maximum power of the modules (Pmax) decreased by 18.2–38.8% (median—24.6%) during this time, annually noting a linear degradation of 1.54%. The decrease in electricity production by PV array was significantly affected by losses in short–circuit current (Isc) and filling factor (FF). The warranty of solar panel performance has changed over the years, from about 5 years in the 1980s to the current duration of 25–30 years, during which about 80–90% of initial module Pmax is guaranteed [10,11]. Reis et al. [12] for 11 years investigated PV array consisting of 192 mono-Si modules in Arcata (CA, USA) and noted a low 0.4%∙year−1 degradation rate. The majority of energy losses were associated with a change of current Isc Similar correlations were observed by Quansah and Adaramola [6]. Osterwald et al. [13] conducted similar studies for a set of two monocrystalline and multi-crystalline panels. Their research showed that the initial rapid degradation of the module was caused by the presence of oxygen in the bulk of the Si junction, in contrast, slow lasting linear degradation concerned module exposure on ultraviolet radiation.



Even more, the energy production by PV installation very often does not correspond to the actual energy demand of the electricity grid. To minimize these negative effects, various energy storage systems are considered that allow the sale (or avoid purchase) of energy during peak demand. Among others, the electrochemical systems are the most popular energy storage method. Battery energy storage systems (BESS) have a simple structure and operating principles. There are many types of batteries, including lithium-ion, vanadium, nickel-cadmium, and nickel-hydrogen. Their main disadvantages are a short discharge period, a limited service life, and a future problem with utilization [14]. The cost of an energy storage system for lithium-ion batteries for a nominal power of 1–100 kW is 600–3800 USD∙MWh−1 [15]. Hydrogen is environmentally friendly and is also classified as a source of renewable energy [16]. It can be stored as compressed gas, liquid, or solid form hydrides located in containers or adsorptive in carbon nanotubes. The hydrogen storage system consists of three main elements: an electrolyzer, a hydrogen tank, and a fuel cell stack. The electricity produced by the PV system is consumed by the electrolyzer, whose task is to produce hydrogen and oxygen from water. The produced hydrogen is stored in the tank for a period of low energy demand by the electricity grid and supplies the fuel cell stack generating electricity during the peak hours. The storage facilities using hydrogen have a power indicator of up to 10 MW [17]. The disadvantage of the hydrogen as a fuel is flammability and storage problems due to its low density [18]. As a result, it cannot be stored for a long period like many other fuels (biomass, coal, natural gas, or oil). The cost of energy storage in the form of hydrogen and its conversion to electricity using fuel cells for a nominal power of 1–50 MW is 6–725 USD∙MWh−1 [17]. To reduce the costs of hydrogen production, the electrolyzers should have a high utilization rate and low price. It is predicted that the costs of electrolyzers will drop from 840 USD∙kW−1 (in 2019) to 375 USD∙kW−1 in 2050 [19].



Another example of energy storage is mechanical storage such as water pumped storage power plants, compressed air storage, or flywheels. Water pumped storage systems are characterized by high investment costs, time–consuming construction, and a long charging cycle. The advantages of such energy storage include are high power and operational flexibility. The average cost of energy storage for a nominal power of 100–5000 MW is from 5 to 100 USD per MWh [15,20]. The kinetic energy stored in a flywheel is characterized by fast response time and low operating costs but has disadvantages including short storage time. The cost of energy storage for a nominal power of 0.4–20 MW is 1000–14,000 USD per MWh [15]. Compressed air storage is characterized by capacities up to 400 MW and high investment costs. They require appropriate tanks (caverns) for storing compressed air under high pressure. The compressor driven by an electric motor during low electricity demand injects cooled air into the caverns. The tank uses water to ensure constant pressure of the injected air. During the electricity demand by the grid, the compressed air flows through the two-stage heat exchanger and is injected into the gas turbine combined with the power generator [21]. The cost of energy storage for a nominal power of 50–300 MW is 2–120 USD∙MWh−1 [15].



In order to properly select the electricity storage system, they are compared with each other. Zhang et al. [22] made a comparison of the economic efficiency of electricity storage in batteries and hydrogen for building located in Sweden, which is supplied by energy from PV panels. The results of their research indicate that battery storage system is superior to the hydrogen storage system regarding NPV. Because of different unitary prices changing with the size of the installation with region, or technology, however, the results cannot be easily transferred to other regions or countries with other electricity market rules etc. Thus, the unitary economic analysis is rather impossible and the analysis should be performed basing on the case studies.



The energy market in Poland differs significantly from the other countries belonging to the EU. Also, the selling regulations of the electricity in Poland are different. The subject of the exchange is not only electricity, but also fuel and emissions. Its aim is to balance the demand and supply of energy, thus supporting the country’s energy security policy [23]. As Poland is obligated to increase the share of RES to 15% in 2020 and later in 2030 20%, the problem of power grid stabilization, especially in peak demands, will become more and more important [3]. As a result, there is a need to develop the energy storage banks taking into account clean and promising solutions, such as PV systems combined with storage options.



In this context the most important in the analysis of energy storage is to consider the PV panels efficiency decrease after years, forecasting the energy produced in different regions, proper design, cost calculation and economic analysis which should be dynamic due to a long period of the investment.



This study aims to: (i) evaluate the rate of efficiency decrease in function of time, estimate the solar potential in Poland basing on the metrological data, (ii) design of the three comparable PV systems (without energy storage, with energy storage in batteries, with energy storage system in hydrogen) (iii) economic assessment of proposed systems.



The structure of the paper is as follow: Section 1 includes information on the Polish energy sector, a description of electricity storage methods, the results of research on the ageing of PV panels. Section 2 presents the description of the considered investment scenarios, the method of determining the solar potential for the area of Poland, the method of estimating the annual decrease in electricity production, assumptions for conducting economic analysis and the formulas required for technical calculations. Section 3 contains the results of the research, technical calculations and economic efficiency analysis of each of the three options. Section 4 presents the conclusions and compares the most economically effective scenario with the results of other scientists working in this field of science.




2. Materials and Methods


To evaluate the storage economic efficiency of energy produced in the PV system three scenarios were chosen:




	
Scenario 1. The energy produced from the PV system without storage (reference scenario). The price is set up on the RES auctions and the average price of sold energy (Figure 1a);



	
Scenario 2. Energy from the PV system is stored with batteries and sold at the price of the afternoon peak (Figure 1b);



	
Scenario 3. Energy from PV is stored and sold at the price of the afternoon peak as well, but the storage bases on hydrogen, electrolyzer and PEM fuel cell stack (Figure 1c).








Other energy storage methods described in the introduction were rejected such as the use of flywheels due to the requirement for a long storage period, and a lack of caverns nor the water reservoir excluded pumped water storage or compressed air storage possibility.



The analysis is divided into three main stages:




	(1)

	
evaluation of solar potential in Poland and the place designated for the investment especially, based on meteorological data and performed by simulation using the Krieg estimation method; the determination of the decrease in actual installation capacity over the years,




	(2)

	
design of the installation and investment cost analysis for investigated scenarios,




	(3)

	
economic assessment taking into account the simulated energy production, actual energy prices, discount rate, and economic indexes.









2.1. Solar Potential in Poland


To show the solar potential in Poland, archival weather data provided by the PVGIS service was used. Data on the radiation intensity for the horizontal surface and the surface set at the optimal angle were elaborated. The map of the intensity of solar radiation was made with “Surfer 12” software using the Krieg estimation method, which consists in the sample data (measuring points) inside the estimation area (sample search area) are assigned appropriate weights in such a way to minimize the mean square estimation error [24]. The expected value of the random variable F, at the unobserved point (x0, y0), was computed according to:


  E  (  F  (   x 0  ;  y 0   )   )  =   ∑   i = 1  n   w i  f  (   x i  ,  y i   )   



(1)




where: wi–coefficient calculated from the system of normal equations in order to minimize the prediction error, (xi, yi)—known base points.



The simulation was prepared based on data from PVGIS service to change discrete data to continuous data. The elaborated map allows estimating the solar potential in every location in Poland, not only in places where the measurement was performed (Section 3.1).



For economic analysis, an in-depth analysis of revenues from the sale of electricity was made. In addition to the analysis of electricity prices, production losses resulting from the deteriorating efficiency of photovoltaic cells based on own measurements performed since 2010 in the Laboratory of Renewable Energy Sources of the Wroclaw University of Environmental and Life Sciences have also been specified.




2.2. Estimation of the Energy Production Reduction


The experimental part of the work consisted of measuring the actual photovoltaic installation, which was placed on the roof of the building of the Laboratory of Renewable Energy Sources of the Wroclaw University of Environmental and Life Sciences. The installation consisted of four PV panels connected in series, which were mounted under an optimal angle of 40°. The nominal power of one PV panel was 250 W. The panels were connected to the SMA Sunny Boy Inverter with a continuous rated power of 800 W. The connection scheme is presented in Figure 2.



The inverter was equipped with the power meter. The counter was written down at least every 2 weeks. The installation was equipped with a solar radiation sensor, which allowed to log the amount of solar energy reaching the panels.




2.3. Assumptions for Technical and Economic Analysis


The technical and economic analysis is the first stage of work on the photovoltaic plant. It allows to determine the energy potential of a given installation. Considering the investment outlays, revenues from the sale of energy, operating and maintenance costs its financial profitability can be determined. The following assumptions were made for the following analysis:




	(1)

	
the nominal power of PV farm Pinst = 100 kW,




	(2)

	
the location of the solar farm-Poland, Wroclaw, Lower Silesia (51°08’ N; 17°07′ E),




	(3)

	
the PV farm is located close to the medium voltage network with free capacity,




	(4)

	
the type of the montage system: free-standing installation based on piles driven into the ground,




	(5)

	
the main components of PV installation: Panel Q.PLUS BFR-G4.1 (PPV = 275 W), inverters SMA Sunny Tripower 9000TL,




	(6)

	
the price per hectare of land amounting to 7000 € was accepted [25],




	(7)

	
the electricity price was adopted depending on analysis scenario: 80 €·MWh−1 for an array without energy storage, 120 €·MWh−1 for systems with energy storage (price in the afternoon peak) [26],




	(8)

	
the PV system O&M costs of 18 €·kW−1·yr−1 were assumed [27],




	(9)

	
the connection of the batteries is parallel,




	(10)

	
the discount rate r = 2.68% was assumed based on the internal banking index,




	(11)

	
the energy accumulation options: energy storage in lithium-ion batteries (Scenario 2), in hydrogen based on the use of an electrolyzer, compressor, cylindrical tank made of kevlar, and fuel cell stack (Scenario 3),




	(12)

	
the lifespan of main components: PV panels = 30 years [28], inverter = 12 years [29], batteries = 15 years [30], electrolyzer = 20 years [31], compressor = 15 years [32], fuel cell stack = 10 years [33].










2.4. Energy Production by Photovoltaic Installation


The efficiency of the PV installation was calculated from the following formula:


   η  i n s t   ·  η  P V   ·  η  I N V   ·  η d   



(2)




where:    η  P V    —the efficiency of the solar panel (   η  P V     = 0.169 [33]),    η  I N V    —the efficiency of the inverter (   η  I N V      = 0.98 [34])    η d   —the efficiency of the distribution grid (   η d   = 0.98 was adopted [35]).



The annual average amount of produced energy was calculated from the formula.


             E  y r   =  I  o p t   ·  n  P V   ·  η  inst   · S  



(3)




where:    I  o p t      —insolation in the given location for the optimal PV panel angle; S—active surface of the PV panel (for calculations S = 1.5 m2 [33]).



The daily amount of electricity produced by the PV installation was determined from the formula:


                     E d  =    E  y r      n d     



(4)




where:    n d   —number of days in year (d).




2.5. Calculation of the Energy Storage Systems


The required battery capacity was calculated according to the formula:


  C =    E d  ·  1   η b     U   



(5)




where:    η b   —the efficiency of the battery (for calculations    η b   —0.95 was adopted [36]), U—battery voltage (U = 51.2 V [37]).



Calculation of the daily amount of electricity after passing through the electrolyzer:


   E   H 2    =  E d  ·  η   H 2    ,  



(6)




where:    η   H 2     —electrolyzer efficiency (for calculations    η   H 2       = 0.9 was adopted [38]).



The daily amount of energy needed to compress hydrogen to 30 MPa was calculated based on the modified Clapeyron equation:


   E c  =   n · R · T · l n    V 2     V 1    ·  E   H 2       η C  · H H V    



(7)




where:  n —number of moles of gas, R—the universal gas constant (R = 8.314 J·mol−1·K−1);  T —temperature (K);    V 2   —volume of gas after compression (m3);    V 1   —volume of gas before compression (m3);    η C     —compressor efficiency (for calculations    η C     = 0.9 was assumed [39]); HHV— higher heating value of hydrogen (HHV = 12.7 MJ∙Nm3).



The daily amount of energy for storage was calculated from the formula:


             E s  =  E   H 2    −  E c   



(8)







The tank volume for hydrogen compressed to    p   H 2          = 30 MPa is:


                     V t  =    q  v s   ·    p a  ·  t s     p   H 2  ·      



(9)




where:    q  v s      —daily volume of hydrogen for storage;    p a   —atmospheric pressure (   p a   = 0.1 MPa was assumed)  ;    t s   —storage time (   t s    = 1 day was assumed).



To calculate the required fuel cell stack power, Equation (9) was used:


                         P  F C   =  P  i n s t   ·  η   H 2    ·  η c  ·  η  F C    



(10)




where:    η  F C      —fuel cell stack efficiency (   η  F C     = 0.7 was adopted [40]).



The amount of the daily energy stored for sale after passing through the electrolyzer, compressor and fuel cell stack was determined from the formula:


                         E n  =  E d  ·  η   H 2    ·  η C  ·  η  F C    



(11)








2.6. Methods of Investment Project Assessment


2.6.1. Simple Payback Period (SPBP)


Simple Payback Period (SPBP) determines the ratio of total investment outlays to the value of the estimated cash flow, without consideration of the change value of money in time and is expressed by the following formula [41]:


  S P B P =   I  C  o       C  F 1     



(12)




where: IC0—the value of the invested capital, (€); CF1—cash flow, achieved as the result of the implementation of energy–saving measures and savings in operating costs, or expected to be achieved at the stage of project development after the end of the calendar year, (€).




2.6.2. Return on Investment (ROI)


Return on Investment (ROI) is the quotient of the operating profit obtained after the investment total investment expenditure [42]. The ROI of an investment is usually compared to the industry average ratio or the weighted average cost of capital (WACC) [43]:


  R O I =    (  G F I − C F I  )    C F I    



(13)




where: GFI—gain from investment, (€); CFI—the cost of investment, (€).




2.6.3. Net Present Value (NPV)


The NPV method is one of the main methods that consider time in the assessment of investment projects and is widely used in practice. This ratio discounts future cash flows resulting from the functioning investment with an assumed discount rate and then summing them together [44]. The formula is as follows:


  N P V =   ∑   t = 0  n    C F      (  1 + r  )   t     



(14)




where:   C F  —cash flow in the period  t ; (€);  r —assumed discount rate (%).




2.6.4. Internal Return Rate (IRR)


The IRR is the rate of return for which the NPV function is zero. The higher the value of this indicator, the more profitable it is to start the investment [45]. The formula is as follows:


  N P V =   ∑   t = 0  n    C F      (  1 + r  )   t    = 0  



(15)








2.6.5. Discounted Payback Period (DPP)


The DPP is a period for which the cumulative discounted value of cash inflows CI is equal to investment outlays C0 as shown in the following formula [46]:


  Σ   C I    (  1 +  r t   )    =  C 0   



(16)










3. Results and Discussion


Calculations in this section were made with assumptions given in the point 2.3. All of them are bound with limitations coming from the fact, that the installation based on real elements and equipment. The development of RES technologies can change assumptions and the results as well.



3.1. Solar Potential at Optimal Angle for Poland


The optimal angle should be understood as the angle used for a long time during a year. The optimal installation setting allows to maximize energy yields. The values of optimal angles of the solar installation setting for each voivodeship (Poland is divided into 16 administrative regions—“voivodeships”) are presented in Table 1.



In Poland, the optimal angle varies with latitude. It ranges from 35° for the south and south–east to 39° for the north (Gdansk)of the country. Based on data from the PVGIS database for all the 16 voivodeship capitals the intensity of radiation on the horizontal surface (Horizontal) and intensity of radiation on the surface set at the optimal angle (Hopt) were developed. Table 2 presents the radiation intensity data presented as the amount of energy expressed in kilowatt-hours (kWh) from one square meter per year. Data from Table 2 are shown graphically in Figure 3.



Examining the presented data in Figure 3, it should be noted that on the territory of Poland, differences in the amount of energy from the sun, obtained from one square meter of surface. Depending on the geographical location this parameter varies from 1062.150 to 1120.550 kWh·m−2∙yr−1 for horizontal surface. The highest value was determined in north part of Poland (the Pomerania voivodeship, Gdańsk). The southern part of the country also has good conditions. For example, in such cities like Wroclaw or Opole, the radiation amounts 1109.022 and 1116.900 kWh m−2∙yr−1 respectively.



Figure 4 shows the map of the intensity of solar radiation made with “Surfer 12” software, which was prepared based on data from Table 2. The map is also marked with measuring points. The other values were estimated using the Krieg method.



The average value of the radiation intensity for Poland is 1265 kWh·m−2·yr−1, which is remarkably similar to the values found in other European countries, such as: Germany, Czech Republic [48].




3.2. Technical Calculations


Table 3 shows the calculated parameters: efficiency of the PV system, the required number of PV panels, the annual and daily electricity generated by the solar system for each scenario.



For scenarios with energy storage additionally:




	(1)

	
Scenario 2: required battery capacity;




	(2)

	
Scenario 3: daily amount of electricity after passing through the electrolyzer, daily amount of energy needed to compress hydrogen to 30 MPa, daily amount of energy for storage, tank volume for hydrogen compressed to    p   H 2      = 30 MPa, required fuel cell stack power, daily stored energy for sale after passing through the electrolyzer, compressor and fuel cell stack.










3.3. Results of Measurements of PV Aging


The main disadvantage of the PV panel is the aging process. It relates to a decrease in efficiency. In Figure 5 solar radiation and PV system energy yield is shown. The monthly average solar radiation and energy yield measurements are represented by dots. For comparison of the results the solar radiation, and the energy yield are expressed in kWh·m−2. There is a visible trend in the amount of electricity produced depending on the season of the year. Statistical analysis of the presented data provided an information about average decrease in energy production, which was further used in, economic analysis.



Basing on solar radiation and energy yield the efficiency of the PV system was calculated. Efficiency is understood as the quotient of the amount of electricity produced and the intensity of solar radiation. The results are presented in Figure 6.



The efficiency of the PV system, which includes both inverter and PV panels, depends on many variables. However, the PV panels are mostly sensitive to the operating temperature. The efficiency of the energy production decrease with the increase of the temperature. The recommended production conditions are high solar radiation (above 800 W·m−2) and low temperature (>10 °C). Based on these measurements, the average annual decrease in electricity yield ΔE = 0.60%·yr−1 was determined.




3.4. Results of Economic Analysis of Investment Scenarios


Table 4, Table 5 and Table 6 present investment outlays for each of the analyzed installation scenarios. Investment cost calculation was performed based on the offers of the producers of installation components directly from the product catalogue and by request for the price.



Table 7 compares investment options by comparing the average for 30 years annual net electricity stored and incomes for its sale. It also presents the cash outlays of each type.



The analysis of the economic efficiency of each installation option was also carried out based on the methods described in Section 2.2. The results in the graphic form are presented in Figure 7.



Figure 7 shows the actual discounted and accumulated cash flows, whose intersection with the horizontal axis allows to determine the actual payback period. The scenario without energy storage (Scenario 1) achieves a positive economic effect, approximately within 10 years. Significantly longer takes the reaching of a positive investment effect for the Scenario 1with the storage of electricity in hydrogen (about 18 years). Unfortunately, the variant with lithium-ion batteries (Scenario 2) will not pay off in the investigated period. The significant drop of the NPV value for Scenario 2 around year 15 for “Batteries (Figure 7.) is caused by the need to replace the batteries set which is associated with very high investment costs. The detailed results of the analysis are presented in Table 8.



Comparison of three scenarios has shown, that energy storage in batteries or hydrogen tanks is not so profitable as installation of direct energy production. It can change due to aspiration of European countries to make renewable energy production more predictable. Besides, an increase in the price of energy from conventional sources is inevitable, and the process of increasing these prices has just begun. It is highly probable that a similar analysis performed in a few years’ time will yield different results.





4. Conclusions


The economic analysis carried out indicates relatively low profitability of electricity production using a photovoltaic plant. It also indicates that standard and simple economic analyses (e.g., based on SPBT) give too optimistic forecasts. Actual cash flow, considering the effect of discount and deterioration of efficiency of PV cells with age, make the actual payback period longer.



The comparison of installation without storage and with storage in polish conditions showed, that batteries are not the best solution. The much better effect gives hydrogen storage, which, although was much above 10 years, but it was placed below the lifespan of installation. The best economic efficiency was obtained for the non-storage system. However, this solution does not solve the problem of supporting power grid in peak demands or other urgent situations.



Therefore, the economic effect is not the only criterion for decision making. Installation with storage gives more advantages: it solves the typical problem of RES that the energy is characterized by high fluctuation and unpredictability, regardless of demand. Additionally, implementing the storage should make the installation sustainable. Another argument supporting energy storage using hydrogen should be a forecast of the International Renewable Energy Agency (IRENA) of a decrease in electrolyzer prices in the future. Also, the prices of batteries will diminish according to developing technologies and rising capacity.



The paper also creates a space for further research as there are many issues such as ageing other types of PV installation, or economic analyses for another case studies or other regions that still need to be analyzed. Analyses made in the past for similar cases (for instance [22] in the year 2016) showed no profitability which can be illustrated with negative NPV. Analyses for the year 2020 presented in the paper showed positive NPV, which allows to be optimistic about the growing profitability of these installations in the near future.
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Figure 1. Block schemes of three investment scenarios: (a) without electricity storage, (b) with energy storage in batteries, (c) with energy storage in hydrogen. 
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Figure 2. Simplified connection scheme of the tested PV installation. 
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Figure 3. The amount of energy reaching the horizontal surface and surface set at an optimal angle for individual voivodeship capital [47]. 
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Figure 4. Map of solar radiation intensity in Poland. 
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Figure 5. Solar radiation and PV system energy yield. 
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Figure 6. The efficiency of the PV system. 
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Figure 7. Discounted cumulative cash flows for 3 scenarios. 
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Table 1. The juxtaposition of optimal installation angels for solar installation [47].
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	Voivodeship
	Voivodeship Capital
	Angle, °





	Lower Silesia
	Wroclaw
	36



	Kuyavia-Pomerania
	Bydgoszcz
	37



	Lublin
	Lublin
	35



	Lubusz
	Gorzow Wlkp.
	37



	Lodzkie
	Lodz
	36



	Lesser Poland
	Cracow
	35



	Masovia
	Warsaw
	36



	Opole
	Opole
	36



	Subcarpathia
	Rzeszow
	35



	Podlasie
	Bialystok
	35



	Pomerania
	Gdansk
	39



	Silesia
	Katowice
	35



	Holy Cross
	Kielce
	35



	Warmia-Masuria
	Olsztyn
	38



	Greater Poland
	Poznan
	37



	West Pomerania
	Szczecin
	38










[image: Table] 





Table 2. The amount of energy reaching the horizontal surface and surface set at an optimal angle for individual voivodeship [47].
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Voivodeship

	
Voivodeship Capital

	
Horizontal

	
Hopt




	
kWh∙m−2∙yr−1

	
kWh∙m−2∙yr−1






	
Lower Silesia

	
Wroclaw

	
1109.022

	
1281.485




	
Kuyavia-Pomerania

	
Bydgoszcz

	
1080.4

	
1259.25




	
Lublin

	
Lublin

	
1109.6

	
1266.55




	
Lubusz

	
Gorzow Wlkp.

	
1091.35

	
1270.2




	
Lodzkie

	
Lodz

	
1091.35

	
1251.95




	
Lesser Poland

	
Cracow

	
1102.3

	
1259.25




	
Masovia

	
Warsaw

	
1080.4

	
1241




	
Opole

	
Opole

	
1116.9

	
1284.8




	
Subcarpathia

	
Rzeszow

	
1109.6

	
1270.2




	
Podlasie

	
Bialystok

	
1062.15

	
1215.45




	
Pomerania

	
Gdansk

	
1120.55

	
1332.25




	
Silesia

	
Katowice

	
1098.65

	
1255.6




	
Holy Cross

	
Kielce

	
1098.65

	
1251.95




	
Warmia-Masuria

	
Olsztyn

	
1084.05

	
1262.9




	
Greater Poland

	
Poznan

	
1098.65

	
1273.85




	
West Pomerania

	
Szczecin

	
1076.75

	
1259.25
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Table 3. Calculated parameters of the system.
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	Parameter
	Scenario 1
	Scenario 2
	Scenario 3





	    η  i n s t   , −   
	0.1626
	0.1626
	0.1626



	   n  P V    , pc
	364
	364
	364



	   E  y r    , kWh∙yr−1
	113,770
	113,770
	113,770



	   E d   , kWh∙d−1
	311.7
	311.7
	311.7



	  C  , Ah
	-
	6408
	-



	   E   H 2     , kWh∙d−1
	-
	-
	280.53



	   q  V  H 2    ,   Nm3∙d−1
	-
	-
	22.09



	   E c  ,   kWh∙d−1
	-
	-
	14.18



	   E S  ,     kWh∙d−1
	-
	-
	266.34



	   V t   , m3
	-
	-
	0.252



	   P  F C   ,   kW
	-
	-
	56.7



	   E n  ,   kWh∙d−1
	-
	-
	186.44
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Table 4. Investment expenditure of PV array without energy storage (Scenario 1) [25,33,34].
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	Item
	Unit
	Amount
	Unit Price, €
	Cost, €





	PV panel 0.275 kW
	pc.
	364
	128
	46,592



	Land for construction
	ha
	0.3
	7000
	2100



	Inverter 9 kW
	pc.
	9
	1420
	12,780



	Total
	-
	-
	-
	61,472
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Table 5. Investment outlays of a photovoltaic system with Li-Ion battery energy storage (Scenario 2) [25,33,34,37,49].
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	Item
	Unit
	Amount
	Unit Price, €
	Cost, €





	PV panel 0.275kW
	pc.
	364
	128
	46,592



	Land for construction
	ha
	0.3
	7000
	2100



	Inverter 9kW
	pc.
	9
	1420
	12,780



	Li-Ion battery 940Ah
	pc.
	7
	27,000
	189,000



	Charge regulator
	pc.
	7
	144
	1152



	Total
	-
	-
	-
	251,624
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Table 6. Investment costs of a photovoltaic system with a hydrogen storage system (Scenario 3) [25,33,34,50,51,52,53].
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	Item
	Unit
	Amount
	Unit Price, €
	Cost, €





	PV panels 0.275 kW
	pc.
	364
	128
	46,592



	Land for construction
	ha
	0.3
	7000
	2100



	Inverter 9 kW
	pc.
	9
	1420
	12,780



	Electrolyzer
	pc.
	1
	1805
	1805



	Compressor
	pc
	1
	225
	225



	Hydrogen tank 0.04 cbm
	pc.
	7
	465
	3255



	Fuel cell stack 63 kW
	pc.
	1
	3087
	3087



	Total
	-
	-
	-
	69,844
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Table 7. Efficiency, costs, and incomes of the considered scenarios.
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	No
	Description
	Unit
	No Storage

(Scenario 1)
	With Batteries

(Scenario 2)
	With Storage in H2

(Scenario 3)





	1
	Annual electricity produced
	kWh·yr−1
	104,405
	104,405
	104,405



	2
	Annual net electricity stored
	kWh·yr−1
	104,405
	99,184
	62,449



	3
	Investment outlays
	€
	61,472
	251,624
	69,844



	4
	Average annual incomes
	€·yr−1
	8255
	11,764
	7407
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Table 8. Detailed results of economic efficiency analysis.
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	Scenario
	No Storage

(Scenario 1)
	Batteries

(Scenario 2)
	Hydrogen Storage

(Scenario 3)





	Investment expenditures, €
	61,472
	251,624
	69,844



	Annual profits (average in 30 years), €
	8,255
	11,764
	7,407



	Annual O&M costs, €
	1800
	1800
	1,800



	SPBP, years
	8.8
	never
	14.74



	ROI (30 years), %
	73.45
	66.48
	92.48



	NPV (30 years), €
	54,896
	183,428
	22,639



	IRR (30 years), %
	9.34
	-
	5.28



	DPP, years
	10.21
	never
	17.4
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