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Abstract

:

The National Observatory of Athens intends to operate a European Climate Change Observatory (ECCO) on the island of Antikythera, which meets the criteria to become a first-class research infrastructure. This project requires electricity that is unprofitable to get from the thermal units of this small island (20 km2). Solar energy is the subject that was examined in case it can give an environmentally and economically viable solution, both for the observatory and for the whole island. Specifically, observational and modeled data were utilized relevant to solar dynamic and atmospheric parameters in order to simulate the solar energy production by photovoltaics (PV) and Concentrated Solar Power (CSP) plant technologies. To this direction, a synergy of aerosol and cloud optical properties from the Copernicus Atmosphere Monitoring Service (CAMS) and the Eumetsat’s support to nowcasting and very short range forecasting (NWC SAF) with Radiative Transfer Model (RTM) techniques was used in order to quantify the solar radiation and energy production as well as the effect of the atmospheric parameters and to demonstrate energy adequacy scenarios and financial analysis. The ultimate goal is to highlight the opportunity for energy transition and autonomy for both the island itself and the rest of the community with the operation of ECCO, and hence to tackle climate change.
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1. Introduction


For both technical and economic reasons, the transfer of electricity to islands is a special and difficult case common to remote places [1]. As a matter of fact, until recently, the difficulty of transporting electricity to many remote places is solved by burning non-renewable energy sources and specifically by burning fuel oil and diesel at Autonomous Power Stations (APS) [2]. The Aegean Archipelago in Greece is a typical example of a remote area that includes a few hundred habitable islands that mostly meet 100% of their energy needs, or most of them, from non-renewable energy sources. The total number of the islands exceeds 2500, but only approximately 165 of them are in inhabited [3]. Μany of the inhabitable islands are far away from the mainland. So, they need to be electrified by autonomous electrical systems and grids following the Greek energy policy and sustainable strategy for energy transition and security. These islands are defined as Non-Interconnected Islands (NII) by the Greek legislation and the Regulatory Authority of Energy (RAE) [4].



The NII, according to the Hellenic Electricity Distribution Network Operator (HEDNO), have the following characteristics:




	(1)

	
The area and population of these islands present significant variance and are inaccessible in terms of coastal shipping lines;




	(2)

	
The renewable energy potential in terms of solar wind power is timeless and high;




	(3)

	
There is no interconnection with the electricity grid of the mainland, resulting in low energy adequacy, stability and overall security;




	(4)

	
The lack of interconnection with the main land introduces voltage and frequency issues, especially under high distributed energy incorporation levels from renewables [5].









Over the years, it seems that, one of the best alternatives is the use of RES [6,7]. Some of the islands that follow a path to energy independence are Chalki, Agios Eustratios, Astypalaia and Nisyros. An exception to the rule of using non-renewable energy sources is the island of Tilos that runs on renewable energy, under the European Commission Horizon 2020 TILOS program [8]. Of course, the challenges for such a project vary but when an extensive study of the data and appropriate simulations is done, the prospects are many and very likely to work as it has been studied with the most efficient results provided by the technology of RES [9]. The design and implementation of energy projects has increased in recent years on islands, such as those mentioned above, as they are quite small, remote and difficult to connect with the rest of the grid. So, this study focused on Antikythera (Figure 1) because it is still an island with these features and is considered, after a study by the National Observatory of Athens (NOA), an ideal place for the collection of climatic and geophysical data due to the minimal pollution and its small anthropogenic activity.



Antikythera is located at the crossroads of the gas masses coming from the Sahara Desert, the volcano of Mount Etna and important cities of the Mediterranean. Its position is privileged as it is located between the large electrical grid of the Peloponnese and Crete and at the same time near the island of Kythera, which has medium energy requirements. The area of the island reaches 20 km2 and the population is 59 inhabitants according to the latest analytical census of 2011. The island has a very small population, so it has limited energy consumption of approximately 250–300 MWh/year and covers it through a Public Power Corporation (PPC) thermal plant. The maximum load of the island is 100 kW and the PPC station operates 4 thermal units, each one is 90 kW. Despite this, the average load of the island is 25 kW per hour and increases during the summer period due to tourism. The cost of electricity generation is quite high 1.500 euro/MWh, so it is 30 times higher than the average cost of the mainland country. Due the construction of the European climate change observatory (ECCO), the demand load will increase considerably, so a way had to be found to cover these energy needs which would be based on renewable energy sources (RES). Hence, the installation of RES as the most eco-friendly and economical solution was the subject of this study [10].



Greece has climatologically high solar energy potential levels based on long-term measurements and observations [11] and especially the island of Antikythera, as presented in Figure 2 by incorporateing all atmospheric and terrain effects [12].



The Greek islands that are located in this area are characterized by high solar potential even in the winter months [13]. This is combined with a poor electricity network infrastructure, which makes the study of PV and CSP technologies necessary as an alternative solution. According to other studies for islands of Greece and corresponding areas with high solar dynamic, such as Antikythera, it seems that the utilization of solar energy is efficient both at the environmental and economic levels [14,15]. Additionally, Antikythera is a passage of migratory birds, making the wind turbine technologies unsuitable for the local ecosystem and as a result, the selection of solar plants is a one-way decision for local energy transition. The two solar technologies (PV and CSP) could be a hybrid solution in order to take advantage of the features of each technology. Specifically, the advantages of those two are the low-cost power supply that is directly produced from PV during the daily hours with the higher solar irradiation, and the baseload dispatchable power produced by the CSP [16].



For the island of Antikythera, Earth Observations were used in terms of solar irradiation and environmental parameters such as Global Horizontal Irradiation (GHI) and Direct Normal Irradiation (DNI) under all sky and clear sky conditions as well as Aerosol Optical Depth (AOD) and Cloud Optical Thickness (COT), on a climatological basis during the years of 2005–2020. Based on the aforementioned data, we calculated the Cloud Modification Factor (CMF) for both GHI and DNI, and the corresponding parameter for the Aerosols, which is named “Aerosol Modification Factor” (AMF). These parameters are of interest as they directly affect the operation of PV and CSP [17]. The combination of the Earth Observation data in conjunction with solar irradiation simulation set the ground for a number of realistic energy planning scenarios that will address the energy autonomy of the island. As a result, the formulation of the energy plans is based on Earth Observation data for Antikythera and modeling techniques that are necessary to utilize existing technologies. In this research the main interest is related to the current and the near future adequacy scenarios of the energy supply sources, as well as the effect of atmospheric parameters into the energy production, so both satellite and model based data were utilized in the direction of representative energy planning and management deployment. In such a nature of research, the utilization of the above and the specific approach are common [18,19,20]. Section 2 presents the data and methods used for the implementation of this study, Section 3 analyzes the results and the various solar energy planning scenarios, while Section 4 provides an interdisciplinary discussion that combines the energy related quantities with a financial analysis. Finally, in Section 5, the conclusions are presented, highlighting the main findings and the value of such studies for the islands energy transition, overall autonomy and sustainability.




2. Materials and Methods


2.1. Data Sources


For the purposes of this study, Earth Observation data sources and tools were exploited since there are no long-term ground-based measurements in the island of Antikythera in order to quantify the climatological levels of the solar energy potential as well as the atmospheric parameters effect. In this direction, for the aerosol effect on solar energy production, we used the Copernicus Atmosphere Monitoring Service (CAMS) with the total Aerosol Optical Depth (AOD) at 550 nm. CAMS is based on the reanalysis tool and its aerosol type classification identifier, which is named Monitoring Atmospheric Composition and Climate (MACC) [21]. In order to have consistent data correction, we included modeling aerosols and satellite AOD data assimilation from MODerate resolution Imaging Spectroradiometer (MODIS) and other data sources, to CAMS data set [22,23]. The AOD is a result of (a total of three) individual algorithms that works separately over dark continental and maritime places [24,25]. At the same time observations over land areas with limited vegetation coverage or high surface albedo (except for snow or ice covered places) are possible due to the Deep Blue Algorithm [26,27] applied in various studies [28,29]. The magnitude of uncertainty of model inputs to the Radiative Transfer Model (RTM), which in our case is the AOD, is from −0.1 in winter to 0.2 in summer in terms of mean bias against Aeronet sun photometer data [22]. In addition, the CAMS AOD is concerned to the period between January 2005 and December 2020 with time steps of 3 h and a 0.4-degree spatial resolution for the island of Antikythera. Concerning the cloud effect on solar energy, we used data from the Meteosat Second Generation (MSG) which accelerated the nowadays evolution of real time image processing techniques. With such Earth Observation techniques, we are given the opportunity to know numerous meteorological variables in almost real time [30]. In this study the cloud optical properties were extracted by using the Satellite Application Facility for supporting Nowcasting (SAFNWC) and very short range forecasting, which is distributed by EUMETSAT and is widely used such as in cloud microphysics algorithms [31], including the cloud optical thickness (COT) parameter [32]. For the purposes of this study, the COT was used collocated with the AOD time series.




2.2. Solar Energy Simulation


To estimate the power generation from solar plant systems, it is necessary to know the solar irradiance that reaches the PV panels and the CSP mirrors. The GHI is the irradiance that PV exploit while DNI is the corresponding irradiance that the CSP converts into thermal energy. Lower values for both GHI and DNI represent a higher occurrence of clouds, higher atmospheric pollution or higher water vapor content. For the solar radiation simulations, we based on Radiative Transfer Model (RTM) simulations that are produced by libRadtran [33] and its rapid version based on Look Up Tables and Artificial Intelligence methods [34]. In order to get data on solar radiation as well as the PV system energy production and to determine numerical calculations, we used the Photovoltaic Geographic Information System (PVGIS) [35]. For solar energy production planning, we took into account the energy that the island of Antikythera needs after the construction of ECCO will take its final fully operational form. It is estimated that the total energy that is required for both island and ECCO is approximately 811 MWh per year following the methodology of similar studies [36] from which the island’s needs are 271 MWh and the rest, 540 MWh, is required by the ECCO (approximately 45 MWh per month).



In addition, it is very important to know the total amount of losses of systems based on real world solar applications. Thus, we used certificated and secure systems in the protocols from all around the world based on the International Energy Agency (IEA). Firstly, for the quantification of aerosols, some significant magnitudes have to be mentioned. Specifically, aerosols can block sunlight through scattering and absorption and the AOD is a dimensionless measure of the direct solar irradiation attenuation at ground level due to particulate matter. The CAMS daily forecasts provide values for total AOD as well as individually for sea salt, desert dust, organic matter, black carbon and sulphate aerosols. A value of 0.01 corresponds to an extremely clean atmosphere, and a value of 0.4 would correspond to a very hazy condition [19,20]. The aerosol effect on solar energy can be expressed by the aerosol modification factor (AMF), which is calculated by the formula:


AMF = GHI0/GHI00



(1)




where GHI0 is the radiation under clear sky conditions and GHI00 is the radiation under clean (from aerosols) and clear (from clouds) sky conditions.



Moreover, the cloud’s optical thickness (COT) is the corresponding dimensionless measure of the irradiation attenuation because of the clouds scattering and absorption through its optical properties and microphysics. Clouds do not absorb visible wavelengths of sunlight, but they scatter and reflect most visible light. In order to quantify the clouds’ effect on solar energy, the cloud modification factor (CMF) is calculated by the formula:


CMF = GHI/GHI0



(2)




where GHI is the radiation under all sky and GHI0 is the radiation under clear sky conditions. The aforementioned quantities of AMF and CMF take values between 0 and 1, indicating the clear sky GHI0 with 1 (i.e., no cloud effect) and all the lower values characterizing the GHI under the clouds effect. Similarly, the GHI00 with a 1 value indicates clean and clear sky irradiation. This approach gives the opportunity to separately estimate the independent effect of aerosols and clouds on solar energy.




2.3. Financial Analysis


The financial analysis was performed by simulating a series of hypothetical scenarios of PV and CSP systems and various combinations and nominal power outputs following the methodology described in [37,38]. For the solar PV energy production estimations, the most common PV materials were simulated with an average efficiency of 16% and at the same time the shadowing effect from the surroundings was set to 4% as a representative value unobstructed from the visual horizon solar plant installations [38]. Therefore, the remaining efficiency of 80% has been converted to PV output energy based on the nominal power and electricity converter technology and AC/DC efficiency. Our hypothetical scenarios and their nominal power levels include PV and CSP solutions by using the actual power performance in MW instead of peak power in MWp, which is based on the production under ideal conditions. In case of interconnection with the grid, the Feed in Premium (FiP) scheme can be exploited, which essentially replaces the Feed in Tariff (FiT) scheme, in European Union islands during December 2016 for solar farms bids ranged between 79.97 € and 88 € per MWh [39,40]. In fact, in a future financial analysis it could include the “FiT or FiP parameter” and definitely predict the maintenance cost of the solar panel cleaning, for example, after dust deposition [41,42,43]. The PV and CSP energy production was converted into the financial annual revenues and losses following the equations presented in [37,38]:


Revenue (€) = Energy production (EP in kWh) × Electricity price (€/kWh)



(3)







The financial losses (FL) are described as:


FL = (EPmax − EPactual) × (Electricity price)



(4)







The FL is the financial loss in euro (€), EPmax is the maximum energy produced in kWh by assuming the absence of aerosols and a sky clear from cloud conditions. This technically means that the AOD and COT will be zero, while the EPactual is the actual energy production under all sky conditions, i.e., the AOD and the COT are included in the calculations.





3. Results


3.1. Aerosol and Cloud Effect on Solar Radiation


Figure 3 presents the monthly average of the aerosol and cloud parameters and their effect on solar irradiation in terms of GHI and DNI. Firstly, in Figure 3a, we used the 3-h data of the Aerosol Optical Depth (AOD) and four major aerosol types, which are Dust (DUAOD), Black Carbon (BCAOD), Sea Salt (SSAOD) and Sulfate (SUAOD). From these observations, we calculated the concentration values of monthly AOD and the highest value levels were shown during spring (March, April and May) with values over 0.26, which is mainly due to high concentration of DUAOD and secondarily to the concentration of SUAOD. Figure 3b shows the monthly average of CMF, which is calculated based on the 15-min observations of COT following the periodicity that are obtained and collocated to the AOD data time-steps (i.e., 3 h). At the same time, a corresponding curve for aerosols (AMF) was calculated, which is based on the 3-h measurements of AOD. On one hand, CMF shows a normal gradual increase during the first 7 months of the year and a reduction in the remaining months, which means that the effect of clouds is minor during summer months and increases in the rest of seasons, following the climatological conditions of the wider region. AMF has an unpredictable development during a year with sharp fluctuations in agreement with Figure 3a findings. The higher dust levels during spring months is depicted with the lower AMF values during these months. The highest AMF climatological values were found in winter, highlighting the minor anthropogenic activities in the island and the subsequent low effect on solar energy. The quantification of both quantities is very important for the calculation of solar radiation losses and therefore the total energy production of PV and CSP technologies.



Figure 3c presents the monthly average of GHI and DNI which emerge from the COT and AOD effect in the climatological database. The monthly averages of GHI and DNI are necessary in order to calculate the monthly production of energy by PV and CSP, respectively, and to organize the most efficient energy plans, both environmentally and economically, for the island of Antikythera. As far as Figure 3c is concerned we observe that the amount of GHI is as expected, greater than the DNI following the radiation geometries. At this point, it is important to emphasize that the superiority of DNI does not mean that CSP produces more energy than PV. On the contrary, for the same energy input for the same areas, as can be seen from the energy plans, PV produces more energy. The purpose of Figure 3d is to highlight the percentage attenuation of GHI and DNI, which are represented in absolute value, due to AMF and CMF. These values are a result of simulations performed through the Radiative Transfer Model (RTM), as was explained in Section 2. The losses due to AOD include the aerosol effect, in addition, the CMF losses only include the effects of clouds. In general, the effect of aerosols is much more stable than the effect of clouds, during a year similarly to studies in other regions [44]. Hence, the losses associated with AOD are relatively constant during the year compared to losses due to clouds, which show very large variations. Especially, the percentage attenuations due to CMF are smallest during summer months, which are related to its upper limits of CMF and GHI or DNI in each case. The other two curves show the same configuration for these months but to a much lesser degree. All of this information helped in order to make radiation balances and from there the subsequent energy planning scenarios in the following Section 3.2.




3.2. Energy Planning Scenarios


The energy planning scenarios were based on the hypothesis that we need to fulfill the energy requirements of the island for the most months of the year, so we calculated the required nominal power, always considering the new energy needs after the start of operation of the European Climate Change Observatory (ECCO). For the whole island without the ECCO consideration, we estimated the energy needs to be close to 271 MWh per year as referred by the Greek Independent Power Transmission Operator (IPTO). For the energy requirements of the ECCO, an estimated amount of 540 MWh annually was incorporated (a stable amount of almost 45 MWh per month). The total annual energy requirements are 811 MWh, which is the energy target that must be fulfilled. The energy planning strategy designed, as well as the individual scenarios developed in the following, are built on the basis of these energy requirements that were previously mentioned. The scenarios that will be presented and analyzed including both PV and CSP solutions and combinations are for: 200 KW PV system for the current island energy needs (scenario 0), 500 KW PV with the ECCO included in a fully operational form (scenario 1), 500 KW PV with the ECCO included operating with minimum activity during the period from November to February (scenario 2) and 700 KW, including the 500 KW PV and additionally a 200 KW CSP (scenario 3).



Many studies have estimated the optimum tilt angle for maximum solar energy production levels for the PV installations, and the common conclusion was that the difference between latitude and optimal tilt angle is larger under cloudy conditions on a climatological basis. On the other hand, under more cloudless conditions, the tilt angles differences between the optimal and the latitude are significantly smaller, promoting the selection of the latitude based tilts [45]. The latitude of Antikythera is 35.855° North, so regarding the tilt of the panels, 36° with a southern orientation is considered taking into account that climatologically the island is characterized as a cloudless region.



Figure 4 presents the solar irradiation that reaches the PV systems with horizontal panels and with optimal south-faced inclined panels at 36 degrees, PV with a 2-axis tracker which follows the sun, and finally for CSP installations. Based on the above climatological calculations it appears that the most balanced PV installation solution in order to exploit efficiently the solar yield is the inclined planes at 36 degrees. This is because, whilst the 2-axis tracker PV can increase the energy potential by 23.7 and 15.4% as compared to the horizontal and tilted PV, respectively, this solution is able also to significantly increase the total installation cost and needs demanding maintenance and support because of the moving parts [46]. At the same time, the tilted PV panels provide a larger energy production potential during the winter months as compared to the horizontal panels, where the solar irradiation levels cannot cover the average energy consumption. So, the energy scenarios 0, 1 and 2 for the solar plant in Antikythera are based on the 36 degrees PV installations and in conjunction with the CSP in scenario 4. As a result, the total mean monthly energy input of Figure 4 indicates that the available energy potential for the horizontal PV is 1845 kWh/m2; for the PV at 36° degrees, it is 1978 kWh/m2; for the sun tracker based PV, the energy rises to 2283 kWh/m2; and finally, for the CSP technologies the input energy is 1312 kWh/m2 since its exploit the DNI.



The most balanced PV solution in terms of energy production levels during the whole year period is that with inclined panels at 36 degrees. As a result, for the selected energy planning scenarios, the energy output was simulated for the Crystalline Silicon (CS) panels material, which presents combined losses of the order of 29%, and the Cadmium Telluride (CdTe) with average losses of almost 20%. Concerning the CSP technology, the Parabolic Trough (PT) and the Solar Tower (ST) were used in this study, which present more efficiency as compared to the PV alternatives in terms of collectors/mirrors surface and energy storage but much less efficiency per total land surface coverage [46,47].



The energy output per square meter for the PV CS is 102.97 kWh/m2 and for the PV CdTe, it is 115.44 kWh/m2 (Table 1). For the CSP PT and ST the energy outputs per square meter of mirrors are 204.77 and 292.51 kWh/m2 (scenario 3), respectively, (indicating the better collectors’ efficiency), while the energy outputs per square meter of total land surface (mirrors + facilities) are 68.26 kWh/m2 for the PT and 53.77 kWh/m2 for the ST (indicating the less land surface efficiency). The required area for each scenario and technology in m2 was also calculated providing useful information for the solar plants planning and installation part.



3.2.1. Current Energy Needs of the Island


This scenario (called zero) describes a total 200 KW PV system, which consists of two different options based on the PV material, i.e., Crystalline Silicon (CS) of 200 KW or Cadmium Telluride (CdTe) of 200 KW. The purpose of this scenario is to cover the existing energy needs of the island. It is reminded that for the whole island the estimated energy needs are approximately close to 271 MWh per year. Specifically, in August the consumption of the island reaches 29 MWh, while the lowest value is observed in November at 19.5 MWh. In order to understand if this scenario is suitable for 100% coverage of the energy needs, Figure 5 presents the production and consumption energy for each month based on energy planning scenario 0 and a summary table on average energy production, energy consumption and energy coverage per month is presented in Table 1. Based on the results obtained, we noticed that the energy production from the photovoltaics is quite adequate each month and the surplus electrical energy gives the opportunity to distribute electricity to the rest of the grid with which the island is not connected to this today. The only month that is not 100% covered is December, reaching 99.28% and indicating the need for a small supply support from the existing PPC thermal units.




3.2.2. Energy Need after the ECCO Establishment


Scenario 1


This scenario is a total 500 KW PV that consists of a CS of 500 KW oran option for a CdTe of 500 MW. The purpose of this scenario is to cover the energy needs of the island and of the ECCO under its full operational phase (i.e., 45 MWh/month). The numerical calculations for the 1st scenario were based on the average monthly tilted GHI input and the average monthly energy consumption (after ECCO construction), which was assumed to be close to 811 MWh. This design was tested in terms of performance for each month and hence Figure 6 depicts the production and consumption energy for each month and Table 2 analyzes the average energy production, energy consumption and energy coverage per month.



According to the initial conditions that were mentioned in terms of steady monthly average energy consumption of ECCO, the results from Figure 6 and Table 2, show that this scenario provides 100% energy adequacy for the months from March to October, 93.07–97.17% energy coverage for February and November and the rest of the months 80.24–84.85% percentage coverage (i.e., December and January). As a result, this scenario cannot be acceptable in the current form since it does not provide a 100% energy coverage in 4 out of the 12 months. Consequently, fuel oil and diesel at the Autonomous Power Station (APS) will be needed to cover the energy consumption. However, a supplemental energy supply from the existing infrastructure can be taken into account on a transitional basis.




Scenario 2


This scenario is a total 500 KW PV scenario that consists of two different options based on the PV material, similar to scenario 1. The first option is CS 500 KW and the second option CdTe 500 KW. The qualitative difference has to do with the energy consumption levels of ECCO for which a minimum activity was assumed from November to February. To this end, during these months the average energy needs were reduced to 30 MWh per month from the initial 45 MWh, while the corresponding island needs remained at the same levels (19.5–29 MWh). The main purpose of this scenario is to cover 100% of the energy needs of the island and of the ECCO under the aforementioned operating conditions. Figure 7 and Table 3 indicate the achievement of this objective with a coverage percentage of more than 100% during all months, from 103.62 in December up to 159.36% in July. The required area for the PV installation of this scenario is of the order of 9019.06–10,111.29 m2 for the CdTe and CS, respectively. The results of scenario 2 provide the opportunity for Antikythera to become an energy autonomous island with a slight adjustment of the ECCO energy consumption from November to February. This means that a lower activity plan has to be considered and the winter scientific campaigns limited in order to reduce the hosting, maintenance and operation energy requirements. The surplus electrical energy from March to October, sets the ground for a sustainable tourism development and similar to the previous scenarios, it enables the energy incorporation to the mainland electrical grid once the island of Antikythera is electrically interconnected.




Scenario 3


In this last scenario 3, a hybrid system was tested consisting of 500 KW PV (Crystalline Silicon or CdTe) and 200 KW CSP (Parabolic Trough or Solar Tower) technologies in order to utilize both forms of radiation and technology and reach a maximum supply of 700 KW in total. Figure 8 depicts the production and consumption of energy for each month, while a summary Table 4 reports on average output energy, energy production, energy consumption and energy coverage per month. It has to be noted that in scenario 3 the ECCO energy consumption was assumed to be 45 MWh per month indicating its fully operational form (similar to scenario 1). The results from Figure 8 and Table 4, show that the final energy coverage percentage for December that this scenario provides is 97.48%, requiring minimum energy supply to support the thermal units. During the other months, there are adequate percentages of production in relation to future energy needs, which are from 104.11 in January up to 246.75% in summer months. The required area of scenario 3 is 9019.06–10,111.29 m2 for the PV and 6101.2325–7745.40 for the CSP plant, following the corresponding material (CS and CdTe) and technological (PT and ST) options.



The advantage of scenario 3 as compared to the previous scenarios is the ability to store by default a large amount of energy since PV technology requires a storage system in the form of batteries in order to be able to supply energy during night time or during storms. The CSP plant technologies first convert the direct solar irradiation into thermal energy in the form of molten salt or oil, before conversion to electrical energy becomes possible (via steam turbines). This fact indicates that the CSPs can store, by their nature, energy in thermal form during the intermediate step. On the other hand, the PVs generate electrical energy directly from the total solar irradiation, and this can only be stored in battery systems or converted into hydrogen, which are rather expensive and the feasibility in practice of operating such large storage systems and technologies is questionable [46]. In this direction, a 2800–3000 kWh lithium battery for the 500 KW PV system part is able to support the overall energy flow and electricity stability in the intraday operations.







4. Discussion


Figure 9 presents a time series of simulated solar energy production in Antikythera, in the form of contour plots during the years 2005–2020, highlighting the maximum values during summer months and near the local noon time window (i.e., 10:30 UTC). The contour plots show the hourly energy production for each time of the day throughout the year, indicating the changes in production during winter months and near sunrise and sunset. The hours that appeared to be the peak of energy production are approximately 8:00–11:00. This could motivate future work to use a 2-axis tracker, which increases the energy potential [46] compared to the option of the horizontal panel and that with tilted panels. Of course, such an option greatly increases the financial cost, so it is proposed as safer (for both energy efficiency and cost) and an initial solution, “the mature technology” with inclined panels. It also has to be noted that the contour plot of scenario 3 (Figure 9c) indicates the advantage of the CSP storage solution contribution to the overall hybrid system usefulness (i.e., 500 KW and 200 KW CSP) which enables the high energy production lengthening within the course of the day in order to achieve an effective energy adequacy.



Figure 10 presents the financial analysis from January to December under different energy production scenarios for the island’s needs (scenario zero in Figure 10a) and including the ECCO energy consumption (scenarios 1, 2 and 3 in Figure 10b,c). The energy production is seen to be at maximum in the summer months from May to July in all scenarios. Figure 10a shows the 200 KW PV energy production plant (scenario zero) with a total production of 416 MWh and a total revenue generation of 33,408 EUR. The losses incurred from aerosols is found to be mostly within 70–200 EUR per month with a peak during spring mainly due to dust transport from northern Africa. The corresponding losses from clouds were found to vary from 200 to 550 EUR with a minimum in July and August [48]. The total energy and financial loss from aerosols was found to be 18.3 MWh and 1460 EUR, respectively, and that from clouds was 60.7 MWh and 4858 EUR.



The financial analysis of scenarios 1 and 2 (500 KW PV) is presented in Figure 10b, which shows a total production of 1041 MWh and a total revenue generation of 83,519 EUR. The energy production is seen to be at maximum in the summer months of May to July, similar to Figure 10a, while the losses incurring from aerosols is found to reach 480 EUR in April and May and while the losses from clouds were found to vary from 500 to 1400 EUR with a minimum in July and August. The total energy and financial loss from aerosols was found to be 45.6 MWh and 3650 EUR, respectively, and that from clouds was 151.8 MWh and 12,144 EUR.



A combination of energy production from PV and CSP systems is presented in Figure 10c with scenario 3 (500 KW PV and 200 KW CSP). The total production of 1041 and 416 MWh for each technology (1457 MWh in total for the 700 KW hybrid outcome) is followed by a total revenue of 116,927 EUR totally. The losses incurred from aerosols is found to reach 400 and 450 EUR for CSP and PV parts, respectively, and that from clouds is found to vary from 200 to 800 EUR and 500 to 1400 EUR, respectively, from the CSP and PV plants. The total energy and financial loss from aerosols was found to be 91.4 MWh and 7269 EUR and 240.4 MWh and 18,364 EUR from clouds. It has to be noted that the aerosol and cloud attenuation for the CSP is relatively larger (per MWh of production) compared to the PV because of the DNI exploitation, which is more sensitive to the atmospheric parameters direct and indirect effects as compared to the GHI.



The energy and financial results of this study are comparable with similar studies performed in regions such as India, Cyprus, and Egypt and a large number of European and North African cities [17,28,37,45]. Particularly, a solar plant in the Himalayan region with a nominal power of 1 MW receives almost 2769 and 2308 kWh/m2 annually for PV and CSP, respectively, with financial losses close to 11.5 K and 30 K EUR due to aerosol and cloud presence [17]. Similarly, on the island of Cyprus, which is located in the eastern Mediterranean, a 500 KW system has increased energy production by almost 4% with a tilt equal to the latitude of the region as compared to the horizontal panels [28]. Such a system in Cyprus faces energy production reduction, mainly because of the dust transport from northern Africa, with direct combined economic losses in the order of 11–16 K EUR (30% due to dust). In Egypt, a 10 MW system is able to have an annual revenue more than 1 M EUR followed by aerosol losses close to 70 K and 180 K EUR for PV and CSP technologies, respectively [37]. Finally, for the majority of the European and North African cities, a 1 MW system can increase its productivity by almost 2.4% with an optimum tilt, while the revenue difference decreases as the cloud effect is lower [45].



According to the results, Antikythera is a typical example of a sustainable project (energy autonomy), which in combination with the special support of the European Union for electricity on the islands makes it an ideal opportunity for a clean energy transition [49]. The Greek IPTO which controls the electricity transmission operations needs to provide an interconnection between the islands and the mainland for energy security, while HEDNO is necessary to upgrade the grids into smart grids as to efficiently incorporate the distributed renewable energy production, and hence, to ensure an overall stability. Therefore, such energy planning studies will realistically be able to support the sustainable development of society through a holistic energy transition policy, which in Greece is handled by the Ministry for the Environment, Energy and Climate Change. At the same time, the global climate change crisis will be analytically studied through the research that will be carried out by the ECCO in a region that can be characterized by its negligible anthropogenic activity and is considered ideal for monitoring climatic parameters representative of the wider central and eastern Mediterranean region. Finally, the local economy will benefit since the energy production surplus during the summer months by the proposed scenarios will set the ground for a sustainable tourism development. The results of the monthly coverages rate, mainly in scenarios 2 and 3, show that during the summer and spring months there is overproduction which is an opportunity to expand to the rest of the island and/or the mainland grid. Finally, the existing thermal plant is useful to remain during the energy transition period, as a last resort safety solution with minimal operation and especially in case of extreme weather events and prolonged periods of high cloudiness or dust transport, in conjunction with possible technical and maintenance issues.




5. Conclusions


The island of Antikythera is one of the hundreds of small inhabited Greek islands that currently deal with extreme high energy production price levels in the EU. Energy transition to renewables is necessary as to be autonomous and to adequately host the planned ECCO infrastructure additional needs which will cause the island’s total annual energy consumption to increase by almost 200%. To this end, a number of energy planning scenarios were tested and analyzed so as to identify the optimum solar plant solutions that are able to fulfill the current and the forthcoming electricity requirements. The main conclusions of the study are as follows:




	-

	
A 200 KW system more than covers the existing needs, while with the incorporation of the ECCO a system of 500–700 KW will be necessary in order to mostly cover the winter months where the solar energy potential is lower;




	-

	
Such a system will require an area of 9019–10,111 m2 for the PV panels and can reach almost 17,856 m2 with the inclusions of CSP plants mainly for thermal storage capabilities;




	-

	
A PV panel’s tilt equal to the latitude of the region is able to provide an increase to the final annual produced energy up to 7.2% as compared to the horizontal installations. The aerosol and cloud effect on solar energy production was also quantified on a climatological basis, resulting an average 4–11% reduction from the aerosol presence and 14–22% due to clouds;




	-

	
The aforementioned findings were used in order to provide a financial analysis for the studied scenarios, indicating an overall revenue of the order of 83,000–117,000 euro for the proposed solar plants that will cover the energy needs of the island with the ECCO followed by estimated losses of 3650–7269 and 12,144–18,364 euro from aerosol and cloud levels, respectively;




	-

	
Concerning the excess energy during the summer months, an interconnection with the national electricity grid will be beneficial accompanied by potential storage solutions through batteries and/or conversions into hydrogen.









The limitation of the overall approach is related to the actual energy consumption that the ECCO will have under its fully operational phase, especially during massive scientific campaigns with numerous human resources and instruments running in parallel. A low energy consumption period could be proposed during the low solar energy potential levels, i.e., from November to February, to limit the required solar plant and the subsequent costs. The advantage of the solar plants is their technical ability for staggered expansion, so even if the selected installation scenario will not cover the future needs of the island with the ECCO, a gradual empowerment of the power unit with additional panels is totally feasible. Future research will include ground-based measurements of the ECCO for both solar irradiation and atmospheric parameters monitoring in order to precisely quantify their interactions and feedback mechanisms.



The Antikythera model for dealing with energy independence from fossil fuels could be an incentive for other similar islands in Europe and beyond, contributing to the fight against climate change and its effects. The energy plan supported by this study can support future development in the region by offering economic growth and at the same time protecting the environment. The analysis of energy planning scenarios and financial losses due to the direct and indirect effects of aerosols and clouds on the production of solar plants can help innovative electricity projects for energy autonomous islands to plan and schedule power generation, supply, security, and overall stability of power production. The findings of the present study will drastically increase awareness among decision makers regarding the opportunities to exploit solar plants for energy transition. In addition, this research will support the mitigation processes and policies for climate change and its direct and indirect impacts on sustainable development.
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Figure 1. Study region and the specific location of Antikythera. 
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Figure 2. Annual solar energy potential of Antikythera. 
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Figure 3. Monthly panels plot for (a) average of AOD and specific types of aerosols, (b) average of CMF and AMF, (c) average of GHI and DNI and (d) percentage attenuation of DNI and GHI because of CMF and AMF. 
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Figure 4. Mean solar energy input to the PV and CSP systems in a monthly time horizon (in kWh/m2). The inset values represent the annual total energy. 
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Figure 5. Monthly average production and consumption for scenario zero. 
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Figure 6. Monthly average energy production and consumption based on scenario 1. 
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Figure 7. Column bars of monthly production and consumption based on scenario 2. 
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Figure 8. Column bars of monthly production and consumption based on scenario 3. 
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Figure 9. Contour plots of hourly energy production for each day of the year (a) scenario 0 of 200 KW PV (b) scenarios 1 and 2 of 500 KW PV and (c) scenario 3 of 500 KW PV and 200 KW CSP. 
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Figure 10. Annual financial analysis for PV and CSP plants with (a) 200 KW PV, (b) 500 KW PV and (c) 500 KW PV combined with 200 KW CSP energy production depicted in different colors. The corresponding energy and financial losses due to aerosol and cloud presence was included. 






Figure 10. Annual financial analysis for PV and CSP plants with (a) 200 KW PV, (b) 500 KW PV and (c) 500 KW PV combined with 200 KW CSP energy production depicted in different colors. The corresponding energy and financial losses due to aerosol and cloud presence was included.



[image: Energies 15 09406 g010]







[image: Table] 





Table 1. Summary table of scenario zero on average energy output, required installation area, energy production, energy consumption and energy coverage (the deficits were highlighted in red) per month.
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	Scenario 0
	Output (kWh/m2)
	Output (MWh)
	Area (m2)





	PV CS 200 KW
	102.97
	416.47
	4044.58



	PV CdTe 200 KW
	115.44
	416.47
	3607.67



	Months
	Output PV

(MWh)
	Consumption (MWh)
	Energy Coverage Percentage %



	Jan
	23.08
	23.00
	100.35



	Feb
	24.57
	21.00
	117.01



	Mar
	34.50
	22.00
	156.81



	Apr
	38.97
	20.75
	187.79



	May
	41.45
	21.00
	197.38



	Jun
	42.44
	22.00
	192.91



	Jul
	45.42
	26.25
	173.02



	Aug
	45.67
	29.00
	157.47



	Sept
	40.46
	24.25
	166.83



	Oct
	33.50
	20.75
	161.47



	Nov
	25.07
	19.50
	128.56



	Dec
	21.34
	21.50
	99.28
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Table 2. Summary table of scenario 1 on average energy output, required area, energy production, energy consumption and energy coverage (the deficits were highlighted in red) per month.
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	Scenario 1
	Output (kWh/m2)
	Output (MWh)
	Area (m2)





	PV CS 500 KW
	102.97
	1041.16
	10,111.29



	PV CdTe 500 KW
	115.44
	1041.16
	9019.06



	Months
	Output PV

(MWh)
	Consumption (MWh)
	Energy Coverage Percentage %



	Jan
	57.70
	68.00
	84.85



	Feb
	61.43
	66.00
	93.07



	Mar
	86.24
	67.00
	128.72



	Apr
	97.42
	65.75
	148.16



	May
	103.62
	66.00
	157.00



	Jun
	106.10
	67.00
	158.36



	Jul
	113.55
	71.25
	159.36



	Aug
	114.17
	74.00
	154.28



	Sept
	101.14
	69.25
	146.05



	Oct
	83.76
	65.75
	127.39



	Nov
	62.67
	64.50
	97.17



	Dec
	53.36
	66.50
	80.24
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Table 3. Summary table of scenario 2 on average energy output, energy production, energy consumption and energy coverage per month.
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	Scenario 2
	Output (kWh/m2)
	Output (MWh)
	Area (m2)





	PV CS 500 KW
	102.97
	1041.16
	10,111.29



	PV CdTe 500 KW
	115.44
	1041.16
	9019.06



	Months
	Output PV

(MWh)
	Consumption (MWh)
	Energy Coverage Percentage %



	Jan
	57.70
	53.00
	108.87



	Feb
	61.43
	51.00
	120.45



	Mar
	86.24
	67.00
	128.72



	Apr
	97.42
	65.75
	148.16



	May
	103.62
	66.00
	157.00



	Jun
	106.10
	67.00
	158.36



	Jul
	113.55
	71.25
	159.36



	Aug
	114.17
	74.00
	154.28



	Sept
	101.14
	69.25
	146.05



	Oct
	83.76
	65.75
	127.39



	Nov
	62.67
	49.50
	126.61



	Dec
	53.36
	51.50
	103.62
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Table 4. Summary table of scenario 3 on average energy output in terms of actual exploited area and mirror based for PV and CSP technologies, respectively, required area, energy production, consumption and percentage coverage (the deficits were highlighted in red) per month.
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Scenario 3

	
Output (kWh/m2)

	
Output Mirrors (kWh/m2)

	
Output (MWh)

	
Area (m2)

	
Mirrors (m2)






	
CSP PT 200 KW

	
68.26

	
204.77

	
416.47

	
6101.23

	
2033.84




	
CSP ST 200 KW

	
53.77

	
292.51

	
416.47

	
7745.40

	
1423.78




	
PV CS 500 KW

	
102.97

	
102.97

	
1041.16

	
10,111.29

	
10,111.29




	
PV CdTe 500 KW

	
115.44

	
115.44

	
1041.16

	
9019.06

	
9019.06




	
Months

	
Output 500 + 200 KW (MWh)

	
Total Consumption

(MWh)

	
Energy Coverage Percentage %




	
Jan

	
70.79

	
68.00

	
104.11




	
Feb

	
78.02

	
66.00

	
118.21




	
Mar

	
116.26

	
67.00

	
173.52




	
Apr

	
136.40

	
65.75

	
207.45




	
May

	
152.82

	
66.00

	
231.54




	
Jun

	
163.95

	
67.00

	
244.70




	
Jul

	
175.81

	
71.25

	
246.75




	
Aug

	
169.70

	
74.00

	
229.33




	
Sep

	
140.99

	
69.25

	
203.60




	
Oct

	
110.05

	
65.75

	
167.37




	
Nov

	
78.00

	
64.50

	
120.92




	
Dec

	
64.82

	
66.50

	
97.48
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