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Abstract

:

Renewable energies play an important role as a solution to the challenge of satisfying the growing global energy demand without jeopardizing the achievements in the fight against climate change. Given this panorama, different countries, including Spain, have developed policies to promote renewable energies. One of the technologies that benefit from these policies is photovoltaics. In Spain, the number of grid-connected photovoltaic installations has increased significantly in recent years. It is interesting to analyze the panorama of these facilities and identify the trends in their design criteria. In this line, in this work, the projects of 70 grid-connected photovoltaic installations distributed across Spain were analyzed. For that purpose, benchmarking techniques were applied, facilitating the systematization of information, the intercomparison of plants and the identification of trends and efficient solutions. A set of characteristic indicators of each installation was defined, and a statistical analysis of them was developed. Likewise, a tool was developed that allows the designers of this type of photovoltaic plant to compare the design parameters chosen for their installations with those of the surrounding area. Therefore, this work provides knowledge about the current panorama of photovoltaic implementation applicable to its future advance.
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1. Introduction


Considerable population growth and high levels of industrialization have led to an increase in energy demand, which, in turn, has led to worldwide concern for the reduction of the level of greenhouse gas emissions. The solution to this problem requires a firm decision to reduce the use of fossil fuels by all countries through a firm commitment to power generation from renewable sources. However, the reduction of these emissions is still well below the levels necessary to achieve a reduction in the negative impact that the environment is continually undergoing.



Being aware of the climate emergency, the UN held the United Nations Climate Change Conference (COP26) in Glasgow in November 2021. In it, representatives of nearly 200 countries met with the clear objective of accelerating the climate action established in the Paris agreement [1] that aims to reduce emissions in 2030 by 45%, with respect to the reference year 2010, and sets as a clear goal a level of zero net emissions in 2050 [2].



In regard to this, the latest World Energy Statistical Review [3] has determined that primary energy consumption during 2020 decreased for the first time since 2009 globally by 4.5%. The largest falls were registered in North America (8%) and the European Union (7.8%), and a growth of 9.7% in renewable energies was observed. Although these figures are encouraging, it is still an effect caused by the crisis generated at a global level by the effect of COVID-19, which led to volatility and interruption of the world energy markets and, consequently, a decrease in energy demand.



This situation is corroborated by the International Energy Agency (IEA) in its report on the impact of the effect of COVID-19 on global energy demand in 2020 [4]. The report states that in that year, the global level of CO2 emissions decreased by around 8% or the equivalent of 2.6 Gt. Likewise, it is stated that this has been the largest year-on-year reduction in history (even higher than that caused by the financial crisis) and in which the demand for all fuels, except renewables, experienced its largest contractions in decades.



While the effects of the pandemic are still being felt globally and many economies are in the process of recovering, Russia’s invasion of Ukraine on 24 February 2022, has generated serious concern around the world, not only because of the humanitarian disaster and the loss of human lives that any war implies, but also due to the scarcity of materials and difficulties in transportation, as well as the negative effect of this conflict on the energy sector. The alignment of almost all countries with the Ukraine and, consequently, the condemnation of the excessive act by Russia have led to the imposition of sanctions. Among them, the EU has approved a package of measures prohibiting the import of coal and fuels solid fossils from Russia to member countries from next 20 August [5]. Consequently, this measure implies gradually eliminating the energy dependence of these member countries on Russia. This measure is in line with the Versailles Declaration [6], which establishes as one of the priority measures the promotion of renewable energies and the production of their key components, simplifying authorization procedures to accelerate projects in the field of energy. It is important to point out that it is estimated that the energy dependence on fossil fuels (gas, oil and coal) of the European Union (EU) with respect to Russia ranged between 57% and 60% of gross energy consumption in the last 5 years [7]. Therefore, although the national production of renewable energy sources has increased significantly within the EU countries, the scenario that is outlined in the face of the firm decision taken is not simple and implies drastic measures.



Accordingly, the implementation of the REPowerEU plan [8] establishes as one of the fundamental pillars the promotion of an integrated energy system based largely on production from renewable sources. Specifically, for this year (2022), the deployment of 15 TWh in photovoltaic production is proposed, which would help save an additional 2.5 bcm of gas in the EU.



Therefore, photovoltaic (PV) technology forms an important part of the EU’s energy strategy. It is important to point out that this technology is undergoing major advances thanks to technological developments and research. In this regard, the need to optimize operating conditions has led to the use of various techniques in the field of grid-connected plants. Thus, for example, techniques based on IoT are being incorporated to help solving problems related to the maintenance and management of the facilities, while adding advantages such as being non-invasive and low-cost techniques [9,10,11,12]. Likewise, in the case of plants with solar tracking, new tracking strategies are being designed and incorporated to optimize the capture of solar irradiance and, therefore, to increase electricity production levels [13,14]. In support of this line of improvement, Gómez-Uceda et al. [15] developed an omnidirectional sensor to identify the orientation of the solar collectors for which solar irradiance is maximum, while avoiding inter-shading between PV panels. Another option for improving the efficiency of grid-connected PV plants is to study the possible technical and economic locations of the plants on the basis of weather-related issues. In this line of work, the work of Ahmed et al. [16], with respect to various climatic zones in Pakistan, is noteworthy. The use of exergoeconomic and exergoenvironmental maps, which provide a very useful tool for the sizing and location of photovoltaic plants, is also noteworthy. Thus, Rahnama et al. [17] present a study based on this technique on different areas in Iran.



These technological improvements, together with the need to design a more sustainable energy scenario, are favoring the growth of PV. In fact, in 2019, the installed PV power experienced an increase of 134 GW and, according to forecasts, in 2030, the increase will be 370 GW, which represents 3.9% of the gross production of electricity within the EU and would imply a job creation of around 200,000 jobs [18].



Furthermore, EurObserv’ER, an entity of the European Union that acts as a barometer of renewable energies, in its latest photovoltaic annual report [19], highlights that PV capacity worldwide took off in the year 2020 despite the anomalous situation caused by COVID-19. At the same time, the IEA PVPS TRENDS 21 report [20] identifies a global increase of 145.2 GWp, which represents an increase of 31.2% compared to the previous year (2019). Such growth raises the PV production capacity to 773.2 GWp, with China leading this growth with an increase of 59%, followed by the USA with 48.1%. Regarding the behavior of the EU, according to the referenced report, it increased its net capacity by 18.22 Gwp in 2020, registering a growth of 12.9% compared to 2019.



In Spain, the National Integrated Energy and Climate Plan 2021–2030 (NIECP) sets a roadmap for the next decade with the clear objective of reducing the country’s energy dependence, as well as reaching zero emission levels by 2050 [21]. To achieve these goals, different initiatives have been developed, such as the Draft Royal Decree regulating the Renewable Energy Economic Regime for Electric Power Production facilities [22]. In this plan, the installation of 5000 MW/year of power provided by renewable sources is contemplated for the period 2021–2030.



In Spain, electricity generation in 2020 was around 250 TWh, with the renewables sector accounting for 45.5% of such production and increasing its share by 6.6% compared to the previous year (38.9%). In this scenario, wind power is the main source of production with 49.4% of renewable energy, followed by hydro, with 28.1%, and photovoltaic in third place, with 13.7%, with the latter being the one with the greatest growth (68.5%) [23]. Likewise, the report on the progress of the Spanish electricity system indicates that, in 2021, the installed electrical power of solar PV increased by almost 30%, reaching 15,048 MW [2].



Within the EU, Spain led the growth in PV production in 2019. This situation was driven, to a great extent, by the end to the taxation of self-consumption energy, the introduction of compensation mechanisms for excess production and the definition of the conditions for the creation of energy communities [24]. However, in 2020, Spain relinquished this leadership to Germany, which regained its position as the largest PV energy market within the EU due to its prosperous self-consumption market, helped by a relatively high price of electricity for households and an attractive purchase premium mechanism for medium- and large-scale commercial systems (40–750 kW) [19].



Nevertheless, Spain is considered one of the countries with the greatest potential for PV growth due to its geographical location and the high number of hours of sunshine it receives. This situation has been supported in recent years by the state of maturity that the PV sector has acquired due to market regulation [25], through the regulatory framework of the Renewable Energy Economic Regime (REER) and the provision of a fixed price for the energy generated [26], as well as a complete reform of the regulatory framework for access and connection with the approval of RD 1183/2020 [27]. All this has led to the PV capacity existing at the end of 2018 being tripled in 2021 [28].



The foregoing proposes a favorable scenario for the PV sector, not only as a step toward a strategy of commitment to renewable energies, but also because it is associated with higher job creation rates per MW than other energy sources [29]. Therefore, the need arises to carry out a study on the reality of PV production facilities in Spain. In this line, benchmarking techniques can be very useful to characterize the installations that are currently being projected in our country.



Benchmarking emerges as a continuous improvement strategy in the business environment [30]. To do so, it is based on the definition and comparative analysis of a set of indicators that systematize and simplify the information on the most relevant processes in business activity. In this way, the continuous analysis of these indicators within the company itself and outside it in other companies with comparable activity that evidence good practices in the area of interest leads to the identification of possible improvement actions to be developed in the search for continuous improvement [31,32].



Although, as has been said, this practice was born in the business world, it has now spread to different areas, with the appropriate and necessary modifications for its adaptation to each sector. Examples of this are public benchmarking [33], which seeks to optimize the management of public and/or government administrations and evaluate the success of the policies they develop, or city benchmarking, which, according to Luque-Martínez and Muñoz-Leiva [34], is defined as a systematic method to improve the actions of a city from the identification of the most effective practices and capacities of other cities.



Likewise, in recent times, benchmarking has begun to be implemented in the energy sector. In this regard, various works apply benchmarking to building design as a methodology to improve their energy efficiency [35,36,37,38,39,40,41]. Benchmarking is also used in industry to compare (process by process) the performance of a company with other more efficient corporations from an energy point of view [33].



Within this energy sector, as mentioned above, PV is experiencing a very significant boom, and the number of grid-connected PV installations is increasing considerably. In this context, the need arises to optimize these installations by identifying the most efficient configurations from a technical and economic point of view. To do this, it is necessary to analyze the different characteristic parameters of these PV plants in terms of their design (area used, number of collectors, number of inverters, power, production, etc.) and cost (total investment and broken down by items). In this regard, the amount of information available and susceptible to study is enormous, so it is necessary to organize and systematize it to interpret it and for its analysis to lead to relevant conclusions with real applicability. In this line, benchmarking techniques can be very useful to identify the optimal design configurations for efficient PV plants. Likewise, benchmarking applied to the characterization of grid-connected PV plants can help decision-makers to comparatively evaluate the characteristics of their PV plants (already implemented or in the design and development phase) with respect to those of their environment and identify and transfer good practices that allow them to improve the operation of the PV plant for which they are responsible. Therefore, in order to apply benchmarking to the efficient design of grid-connected PV plants, it is necessary to select a set of indicators that systematize the information on PV plants, simplify their analysis and facilitate their intercomparison [42]. These indicators may be characteristic and measurable variables of the PV plant that are treated independently or relationships between two or more of these variables. In any case, the selection of these indicators is crucial for the success of the benchmarking since they must allow us to identify the differences between some plants and others, as well as determine the most efficient of them [42,43].



In this line, this paper presents a selection of indicators applicable to grid-connected PV plants. Once these indicators were defined, they were applied to a wide range of grid-connected PV installations designed and authorized throughout Spain. Thus, thanks to these indicators, it has been possible to characterize these PV plants. In that way, the further usefulness of these indicators is, through benchmarking techniques, to extract meaningful and comparative information about the PV facilities. From this analysis, it will be possible to describe the most common practices in the design of these facilities, as well as to identify the most efficient typologies and designs of PV installations. Likewise, a free tool is provided that will allow the person in charge of any grid-connected PV plant to compare the characteristics of his/her plant with respect to the whole and thus identify if it is convenient to make decisions that help them improve its efficiency.




2. Materials and Methods


To characterize the current trends in the design of grid-connected PV plants, this study analyzed the execution projects for the installation of 70 grid-connected PV plants distributed throughout the Spanish territory (Figure 1) and projected in Spain between the years 2021 and 2022. In accordance with Spanish legislation, before being definitively authorized, these execution projects must remain on public display for a minimum period of 30 days. In this way, the execution projects that are analyzed in this work were obtained by downloading each of the projects individually during the said period of public exposure. Specifically, the download was carried out during the months of March and April 2022 from the public display portals that each of the autonomous communities has in terms of energy or from the Spanish government website, through its delegations in each of the regions [44,45,46,47,48,49,50]. Although we were not able to analyze certain autonomous communities due to the lack of information available online regarding PV installations, we achieved a wide spatial distribution of plants for analysis.



It is important to point out that, in accordance with the regulations, this public-exposure phase must always be prior to the execution phase, so the data included in the documents are always projected data, not measured. Moreover, since these are projects, they can be considered documents that reflect the agreements achieved between the developer and the contractor of the PV plant, so they contain detailed data on all costs (PV modules, inverters, etc.).



Likewise, it is important to point out that the database obtained from this process of downloading execution projects includes a significant variety of typologies and that it can be considered representative of the panorama of grid-connected PV installations in Spain. Specifically, the extension of these plants varies from 0.40 to 561.83 Ha, with the most common extension range being [50, 100 Ha) in which 32.86% of the plants are included, followed by the intervals [0, 10 Ha) and [100, 200 Ha), with 22.86% and 20.00% of the plants, respectively. Compared to these more frequent extensions, only 5.71% of the considered plants exceed 200 Ha of extension. Regarding the installed peak power, it is observed that the distribution varies between 0.83 and 292.00 MWp. In this way, while only 6 plants of the 70 studied (8.57%) exceed 100 MWp of installed power, the rest are more or less homogeneously distributed in the range up to 100 MWp, with 38.57% of the cases with powers belonging to the interval [10, 50 MWp), 28.57% of the cases in the interval [0–10 MWp) and 24.29% of the cases in the interval [50, 100 MWp). Finally, regarding the planned budget for the execution of the plant, the most economical plant implies a cost of EUR 362,727.00 compared to EUR 88,372,135.00 for the most expensive plant. In this case, most of the budgets (26 installations, 37.14%) exceed EUR 20 million. Compared to them, 21 plants (30.00%) have budgets of less than EUR 5 million. In the intermediate range of budgets, 12.86% of the plants imply global budgets belonging to the interval [15, EUR 20 million), 11.43% of the plants to the interval [10, EUR 15 million) and 8.57% of the plants to the interval [5, EUR 10 million). It is verified, therefore, that the sample includes a wide variety of typologies of grid-connected PV plants.



To homogenize the results, the same set of characteristic data was extracted from all the projects considered. Table 1 shows the considered variables classified into 6 large blocks: general characteristics of the installation, characteristics of the photovoltaic modules, characteristics of the inverters, type of monitoring, characteristics of the transformation center and economic characteristics.



Based on these variables, in this first study, a set of indicators was defined that allows us to characterize the behavior of the grid-connected PV plants under study, systematizing the information included in the database and facilitating the intercomparison of PV plants, in accordance with benchmarking techniques [42]. Table 2 shows the list of these indicators, their symbols and definition.



In accordance with the abovementioned, the work database includes for each of the 70 facilities studied the set of variables and indicators that are collected in Table 1 and Table 2, respectively. In this way, it is possible to systematize the information on the global vision of the panorama of grid-connected PV installations in Spain and its main design characteristics. Likewise, a comparison pattern is obtained that facilitates the intercomparison between installations and the identification of the most efficient configurations.




3. Results


Based on the information collected in the database with the 70 grid-connected PV installations studied, a statistical analysis of the main indicators was carried out. Table 3 shows the maximum, minimum, mean, median, standard deviation and variation coefficient values of each of the calculated indicators.



Likewise, the histogram of each of the indicators was obtained, in which each of the classes considered for the different indicators is represented by its intermediate value. This section discusses the main results derived from this statistical analysis that helps describe trends in the design of grid-connected PV plants in Spain.



Figure 2 shows the histogram of the    O P   (%) index, which represents the percentage of oversizing of the peak power (MWp) of the PV plant with respect to its nominal power (MW). It is observed that, compared to only 1.43% of the installations in which the nominal power is greater than the peak power, in 98.57% of the installations considered, the peak power of the installation exceeds its nominal power. Specifically, this increase in peak power with respect to the nominal power is between 10% and 30% in 70% of cases. Higher increases (between 30% and 40%) are only registered in 5.71% of the installations.



Regarding the index    D  P W     (kWp/Ha), which represents the density of land use or the quotient between the installed peak power (kWp) and the area dedicated to the PV plant (Ha), its histogram (Figure 3) shows that the most representative value of this index (with 51.42% of the PV plants) is between 400 and 600 kWp/Ha, followed by the 600–800 kWp/Ha class with the 15.71% of the cases. Likewise, it is observed that, in general terms and with the exception of the 1200–1400 kWp/Ha class, the relative frequencies of the classes considered decrease as the index values move away from these more frequent classes. In this way, the minimum relative frequency is recorded for the classes in which the extreme values of the index are included, that is, for the classes 0–200 kWp/Ha and 1400–1600 kWp/Ha, with 1.43% facilities in both cases.



Figure 4 shows the histogram of the indicator    D  P P     (kWh·year−1/kWp), which is defined as the quotient between the annual production of the installation (kWh·year−1) and the installed peak power (kWp). The analysis shows that this rate ranges from 1400 to 2500 kWh·year−1/kWp. Within this interval, 57.14% of the installations present values between 1800 and 2100 kWh·year−1/kWp, with the most frequent value being between 2000 and 2100 kWh·year−1/kWp present in 24.28% of the total cases analyzed. Likewise, it is observed that the relative frequency decreases significantly from 2100 kWh·year−1/kWp.



Next, the trend of the indicator    D E   . (MWh·year−1/Ha) is analyzed, which represents the energy density or relationship between the level of energy production of the installation (MWh·year−1) and the area of land that the entire PV installation occupies (Ha). The corresponding histogram (Figure 5) shows that, in more than half of the installations considered (51.42%), this energy density varies between 900 and 1300 MWh·year−1/Ha. The distribution of index values for the rest of the cases is homogeneous, with similar relative frequencies, and close to 5% in all cases, except for the classes corresponding to the extreme values of the index (300–500 MWh·year−1/Ha and 2100–2300 MWh·year−1/Ha) that only occur in 2 of the 70 installations in each case (2.86%).



Once the indicators related to the density of energy production and installed power were analyzed, the indicators related to the economic investment necessary for the design, development and implementation of the PV plants under study in this work were analyzed. In this way, firstly, the indicator    I S   . (kEUR/Ha) represents the investment density and is defined as the quotient between the global budget (kEUR) and the area of land occupied by the PV plant (Ha). The histogram of    I S   . (Figure 6) shows that there is great variability in terms of investment density, although 75.69% of the installations have required an economic investment of between 100 and 400 kEUR/Ha. Only in the case of one facility (1.42%) is the investment less than 100 kEUR/Ha compared to 12.85% of facilities for which investment levels reach the highest values of the indicator (900 and 1400 kEUR/Ha).



Another parameter closely related to the return on investment will be the    I  P N    . (EUR/W) indicator since it represents the ratio between the global budget and the nominal installed power. Figure 7 shows that the most frequent values of this indicator vary between 0.50 and 0.70 EUR/W (54.28% of installations), followed by an investment between 0.40 and 0.50 EUR/W (12.85% of installations). The number of installations that require an investment greater than 0.70 EUR/W adds up to 25.71% of the cases; those greater than 1 EUR/W are 10.00% of the installations studied.



Similarly, the indicator    I  P N    . (EUR/W) is defined as the ratio between the global budget of the PV plant (EUR) and the installed peak power (Wp). Given that, as stated above, when defining the installation oversizing index,    O P   , the peak power is higher than the nominal power in most installations, and it is observed that the values of the    I  P P    . indicator (Figure 8) are slightly lower than those of the    I  P N     indicator. In fact, the values of    I  P P    . do not exceed 1 EUR/Wp in any case. The most frequent values of    I  P P    . are between 0.40 and 0.60 EUR/Wp for 64.28% of the installations, followed by an investment of between 0.30 and 0.40EUR/W for 11.42% of the installations.



Once the economic and energetic parameters of the PV plants have been studied, several indicators related to the design parameters of the different components of the PV plants will then be analyzed (PV modules, inverters, …).



First, starting with the characterization of the PV modules used in the plants, Figure 9 shows the histogram of the    P  S T C     (Wp) indicator, which is defined as the peak power (Wp) of the modules under Standard Test Conditions (STCs). It is observed that the variability of the indicator is wide, with the most frequent value being between 450 and 500 Wp, characteristic of the modules used in 25.71% of the installations, followed closely by panels with    P  S T C    . powers between 500 and 550 Wp present in another 21.42% of the facilities. Likewise, it is observed that the relative frequencies of use of panels with    P  S T C    . below 450 Wp are in all cases less than 10%, totaling only 12.86% of the facilities studied. On the contrary, the relative frequencies for the use of panels with a    P  S T C     greater than 550 Wp are greater than 10% with 12.86% of cases using panels with a    P  S T C     between 550 and 600 Wp, 17.14% of cases between 600 and 650 Wp and 10% of the cases using panels with    P  S T C     between 600 and 650 Wp, with this being the maximum interval for the      P  S T C     indicator.



Similarly, the indicator    P  N O C T     (Wp) is related to the characterization of the modules used in the design of PV plants. Specifically, it represents the peak power of the modules under NOCT conditions. Figure 10 shows that the variability of this indicator is much lower than that of    P  S T C    , varying between 250 and 550 Wp, and it can also be seen that the distribution is more homogeneous since, except for the values between 500 and 550 Wp, where a single case is registered, for the remaining classes, the relative frequency is between 19.70% (350–400 Wp) and 27.27% (450–500 Wp).



Regarding the efficiency defined by the manufacturers for the PV modules used,  η  (%), it can be seen (Figure 11) that the efficiency range is between 18% and 24%, with the interval between 20% and 22% being the most frequent (90% of the cases studied).



For the characterization of the inverters, the    P  I N V     (kVA) index is defined, which represents the nominal power installed in the inverters of each PV plant. The results obtained for this indicator show great variability (Figure 12), which is because the indicator depends on the design strategies, establishing an inversely proportional relationship between the number of inverters and their installed power. The results show that the nominal power range of the inverters is between 100 and 4800 kVA. However, it is verified that the most frequent classes for    P  I N V     are 0–500 kVA, 1500–1750 kVA and 3500–3750 kVA, with 41.66%, 13.33% and 11.66% of the cases, respectively. For the rest of the indicator values, the relative frequency does not exceed 10% in any case.



Continuing with the characterization of the inverters, the    N S    indicator represents the number of strings per inverter. Once again, its histogram shows a high dispersion (Figure 13) attributed to the dependence of this indicator on the strategy used to define the number of inverters in the installation. Despite this, it is found that the most common configuration has less than 20 strings per inverter, with a relative frequency of 27.14%. This relative frequency exceeds by more than double the relative frequency of any of the remaining classes considered for this indicator.



The following two indicators are related to the percentage of the budget dedicated to each of the most important components of the installation: the modules and the inverters. In the first place, the behavior of the percentage ratio between the budget dedicated to modules (kEUR) and the total installation (kEUR),    I  P V     (%), that is, the cost of the modules with respect to the total investment, is studied. Figure 14 shows that the weight of the cost of the modules of a grid-connected PV installation ranges between 20% and 75%; however, 75.71% of the installations present a percentage cost of the modules between 35% and 55% of total investment.



Secondly, the percentage ratio of the cost of the power station (defined as the sum of the cost of the transformation center and the inverters) with respect to the total cost of the installation (both in kEUR) is analyzed,    I  P S    . (%). The corresponding histogram (Figure 15) shows that, in all cases, the cost of the power station is less than 45% of the total budget of the PV plant. However, in more than half of the cases analyzed (52.85%), the cost of the power station represents between 5% and 10% of the total budget, and in 28.57% of the cases, between 10% and 15%.



Finally, Figure 16 represents the histogram of the Ground Cover Ratio,   G C R  . (%), defined as the percentage ratio between the surface of the land dedicated to PV modules and the total surface dedicated to the PV plant. It is important to point out that, due to the lack of data in some projects, this indicator was calculated for only 66 of the 70 installations analyzed (94.29%). Once again, this indicator shows high variability, with values ranging between 15% and 85%. However, within this range, it is verified that, in 53.33% of the cases, the   G C R   varies between 30% and 45%. Compared to this interval of greater relative frequency, only 5.01% of these 66 installations present a   G C R  . of less than 30%, and the remaining 29.45% of the installations present a   G C R   that varies between 45% and 85%.



The previously presented indicators allow us to initiate a systematic study of comparison and classification of facilities, from which a deeper knowledge of the database could be retrieved. Thus, for example, by graphically comparing the energy density indicator,    D E    (MWh·year−1/Ha), against the ratio between the global budget (kEUR) and the land area (Ha),    I S   . (kEUR/Ha), the graph shown in Figure 17 is obtained. Specifically, the graph shows the points with    I S  < 600   kEUR / Ha  . and    D E  < 2000   MWh ·  year  − 1   / Ha  . It can be seen that, for a given value of    I S   , there is a high dispersion of expected values of energy productivity. This will mean that, for a given plant, P (represented in Figure 17 by the red dot), the projects that are above it in its vertical should be considered as projects with higher performance, being from these projects from which P will be able to extract information to improve. Likewise, it can be concluded that the points in the upper envelope of the point cloud represent a subset of optimal projects or reference facilities from which the rest can learn the practices/techniques that will allow them to improve.



Moreover, as an example, from a technical design point of view, the graph in Figure 18 shows    D E    (MWh·year−1/Ha) versus    D  P W     (kWp/Ha). A similar analysis to the previous one can be performed here, as well as studying the changes in the    D E    trend, as the    D  P W     increases due to the interference effect between collectors as their surface density increases.



Finally, as Supplementary Materials to this first paper, a tool is freely provided to the reader so that the user can compare the trends of the grid-connected PV plants in Spain with any other installation, whether it is a plant already built or in the design phase. Specifically, the tool determines the indicators for the plant to be compared and automatically checks their location within the corresponding frequency diagram. By way of example, Figure 19 shows the diagram obtained by a user with    O P  = 105 %  . As can be seen, the class in which the user’s indicator is placed is highlighted in a different color. Thus, this application facilitates the intercomparison between different grid-connected PV plants and helps to identify possible improvements in their efficiency.




4. Conclusions


The need to develop policies that promote renewable energy as a solution to climate change is giving rise to a growth in grid-connected PV plants. Given this situation, it is convenient to characterize the trends in the criteria and strategies that have been used in the design of these facilities. In this line, in the present work, the main indicators that allow us to characterize the grid-connected PV installations were selected and described. Once these indicators were defined, they were applied and calculated for a sample of 70 grid-connected PV plants projected in Spain between the years 2021 and 2022. To do so, the information available in their corresponding projects accessible on the online boards of public exhibition of the different autonomous communities were used, as well as those of the Government of Spain. Once the projects were analyzed and the previously defined indicators were calculated, a database was obtained with the information of the 70 grid-connected PV plants. The application of benchmarking techniques to this database has made it possible to systematize the information, facilitating the intercomparison of the characteristics of different grid-connected PV plants and the identification of the most frequent practices in terms of their design. Specifically, for each of the defined indicators, a statistical analysis was carried out, obtaining the main statistical parameters (minimum, maximum, median, mean, standard deviation and variation coefficient), as well as the corresponding histogram of relative frequencies. Therefore, benchmarking techniques will allow designers and promoters of project plants to estimate their indicators and be able to compare them with those obtained in the sample described in this work. Future plant designers are recommended to represent each of their indices on the histograms provided (Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16), with the aim of qualitatively evaluating their indicators as high or low in relation to current trends in the design of grid-connected PV plants in Spain. In this regard, the justification of the positioning obtained by each indicator of a facility implies a deepening exercise in the knowledge of the proposed solution. To carry out this exercise, a toll is provided as an annex to this paper, where the calculation of the indicators and their graphical representation of the values obtained within the sample histogram are automated.



Likewise, the database presented will allow for the development of future research based on cluster analysis, which will facilitate the identification of the typologies of real installations based on their indicators. Furthermore, the application of DEA (Data Envelopment Analysis) techniques, which consider each PV installation as a productive unit, will allow for the global efficiency of each installation to be established in the use of resources in a broad sense (radiation, surface and capital). To illustrate the results of this line of work, two examples of comparative analysis of indicators were presented (Figure 17 and Figure 18). Within each cluster, the said efficiency is determined, as well as the possibility of indicating to each productive unit with efficiency less than one which are the reference productive units. Thus, non-efficient productive units can identify those units that are efficient and from which they could extract information to improve.



Therefore, the compilation carried out on the updated information of the set of grid-connected PV installations and its reflection and systematization in indicators is of great interest. The expansion and continuous updating of this database and the comparative analysis of the information it collects, as well as the definition and analysis of new indicators, will allow the sector to develop and search for the most efficient designs.
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Figure 1. Geographical location of the grid-connected PV installations whose projects were analyzed in the study. 
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Figure 2. Histogram of the index    O P   . 
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Figure 3. Histogram of the index    D  P W    . 
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Figure 4. Histogram of the index    D  P P    . 
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Figure 5. Histogram of the index    D E   . 
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Figure 6. Histogram of the index    I S   . 
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Figure 7. Histogram of the index    I  P N    . 






Figure 7. Histogram of the index    I  P N    .



[image: Technologies 10 00131 g007]







[image: Technologies 10 00131 g008 550] 





Figure 8. Histogram of the index    I  P P    . 
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Figure 9. Histogram of the index    P  S T C    . 
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Figure 10. Histogram of the index    P  N O T C    . 
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Figure 11. Histogram of the index  η . 
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Figure 12. Histogram of the index    P  I N V    . 
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Figure 13. Histogram of the index    N S   . 
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Figure 14. Histogram of the index    I  P V    . 
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Figure 15. Histogram of the index    I  P S    . 
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Figure 16. Histogram of the index   G C  . 
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Figure 17. Graphical representation of    D E    versus    I S   . 
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Figure 18. Graphical representation of    D E    versus    D  P W    . 
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Figure 19. Example of Excel application output provided as additional information. 
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Table 1. Variables analyzed for each of the execution projects considered.






Table 1. Variables analyzed for each of the execution projects considered.





	
Blocks

	
Variables






	
General characteristics of the installation

	
Denomination, municipal district, municipality, area (Ha), UTM location coordinates (X, Y), peak power (MWp), nominal power (MW), production (MWh/year).




	
Characteristics of the photovoltaic modules

	
Manufacturer, model, number of modules in the installation, STC peak power (Wp), NOCT peak power (Wp), module width (mm), module height (mm), cell type, number of cells, efficiency (%).




	
Characteristics of the inverters

	
Brand and model, number of inverters, power of the inverter(s) (kVA), maximum DC input voltage (V), output voltage (VAc), modules per string, strings per inverter, total strings.




	
Type of Monitoring

	
Monitoring 1 axis

	
Tracker model, module layout in the tracking structure, backtracking, table width (mm), tracker length (m), tracker axis height (mm), orientation, angular range (°), pitch (m).




	

	
Monitoring 2 axis

	
Tracker model, module layout in the tracking structure, backtracking, table surface (mm2), tracker axis height (mm), orientation, angular range (°), pitch (m).




	

	
Fixed arrangement

	
Table width (mm), table length (m), azimuth (°), angle above horizontal (°), pitch (m).




	
Characteristics of the transformation center/s

	
Power of transformers (MVA), number of transformers, input voltage rise (kV), evacuation line length (km).




	
Economic characteristics

	
Global and partial budget (EUR): civil works, PV modules, installation and assembly of PV modules, monitoring structure, installation and assembly of monitoring structure, electrical installation (low voltage), inverters, transformation centers.
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Table 2. Indicators defined in the benchmarking study applied to grid-connected PV plants in Spain.
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	Index
	Units
	Definition





	    O P    
	%
	Oversizing or ratio between the peak power (kWp) and the nominal power of the installation (kW) expressed in %



	    D  P W     
	kWp/Ha
	Density of use or ratio between peak power (kWp) and land area (Ha)



	    D  P P     
	kWh·year−1/kWp
	Ratio between the annual production of the installation (kWh/year) and the installed peak power (kWp)



	    D E    
	MWh·year−1/Ha
	Energy density or ratio between energy production (MWh/year) and land area (Ha)



	    I S    
	kEUR/Ha
	Ratio between the global budget (kEUR) and the land area (Ha)



	    I  P N     
	EUR/W
	Ratio between the global budget (EUR) and the nominal power of the installation (W)



	    I  P P     
	EUR/Wp
	Ratio between the global budget (EUR) and the peak power of the installation (Wp)



	    P  S T C     
	Wp
	Peak power (Wp) of photovoltaic modules under Standard Test Conditions (STC)



	    P  N O C T     
	Wp
	Peak power (Wp) of photovoltaic modules under Nominal Operating Cell Temperature (NOCT)



	  η  
	%
	Efficiency of solar modules



	    P  I N V     
	kVA
	Inverter power (kVA)



	    N S    
	Dimensionless
	Number of strings per inverter



	    I  P V     
	%
	Ratio between the budget dedicated to PV modules (kEUR) and the total budget for the installation (kEUR)



	    I  P S     
	%
	Ratio between budget dedicated to the power station (inverters + transformation center) (kEUR) and the total budget of the installation (kEUR)



	   G C R   
	%
	Ground Cover Ratio or ratio between the area dedicated to photovoltaic modules and the total area of the installation
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Table 3. Characteristic statistical values of each of the calculated indicators.
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	Index
	Units
	Maximum
	Minimum
	Mean
	Median
	Standard

Deviation
	Variation

Coefficient





	    O P    
	%
	139.96
	94.44
	116.57
	115.64
	8.61
	0.07



	    D  P W     
	kWp/Ha
	1569.37
	153.47
	661.55
	564.81
	298.71
	0.45



	    D  P P     
	kWh·year−1/kWp
	2496.95
	1411.89
	1850.36
	1878.77
	230.96
	0.12



	    D E    
	MWh·year−1/Ha
	2223.42
	343.98
	1178.67
	1095.14
	411.23
	0.34



	    I S    
	kEUR/Ha
	1310.38
	81.46
	396.35
	281.54
	312.83
	0.78



	    I  P N     
	EUR/W
	1.26
	0.35
	0.64
	0.59
	0.19
	0.30



	    I  P P     
	EUR/Wp
	0.96
	0.32
	0.55
	0.50
	0.16
	0.29



	    P  S T C     
	Wp
	665.00
	340.00
	526.85
	525.00
	78.57
	0.14



	    P  N O C T     
	Wp
	500.00
	253.00
	394.72
	394.00
	62.27
	0.15



	  η  
	%
	22.30
	18.30
	20.76
	20.85
	0.62
	0.03



	   P  I N V    .
	kVA
	4600.00
	110.00
	1696.72
	1637.00
	1443.38
	0.85



	   N S   .
	Dimensionless
	462.00
	11.00
	151.34
	133.00
	124.86
	0.82



	   I  P V    .
	%
	70.32
	20.54
	45.82
	45.94
	9.37
	0.20



	    I  P S     
	%
	41.15
	0.99
	11.35
	9.29
	6.55
	0.57



	  G C R  .
	%
	81.0.3
	18.83
	47.43
	42.00
	16.62
	0.35
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