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Abstract

:

Five different water resource management scenarios are examined on eight dry islands of the Aegean Sea in Greece, pitting the current practice of water hauling via ship against alternative water supply schemes in delivering a sustainable solution for meeting water demand. The first scenario employs current water supply practices along with the operation of domestic rainwater harvesting systems. Desalinated water, provided through the operation of wind-powered desalination plants, is considered the main source of potable water in the rest of scenarios. Wind-powered desalination may be combined with rainwater harvesting as a supplementary source of water and/or seawater pumping and an additional source of energy that is supplied to the system. All different alternatives are evaluated for a 30-year lifespan, and an optimal solution is proposed for each island, based on a life cycle cost (LCC) analysis. The performance of this solution is then assessed under six climate change (CC) scenarios in terms of the rate of on-grid versus off-grid renewable energy that is required in order to achieve a certain reliability level. Overall, the examined scenarios show a decreasing performance in terms of reliability under CC for the eight islands.
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1. Introduction


According to the World Water Assessment Programme [1] global water demand has increased approximately by 1% per year from the 1980s and is expected to continue to rise with a similar rate until 2050, ending up in a 20%–30% increase above the current global water demand. This is due to many factors, such as population growth, changes in consumption patterns, increased water needs of municipal, agricultural and industrial sectors, and socio–economic and technological development [1,2]. Moreover, fresh water availability is expected to decrease because of climate change (CC) and water quality degradation. According to Sustainable Development Goal (SDG) No. 6 [3], the availability and sustainable management of water and sanitation must be ensured for all people now and for the future. As a result, all the above projections are in direct conflict with this target of the United Nations [4].



Greece is a typical example of challenging water resources management (WRM) for many reasons. First of all, its geomorphology in combination with its geographical position in the eastern part of the Mediterranean Sea leads to the inhomogeneous distribution of annual precipitation depth, an attribute that affects the hydrological and hydrogeological regime of the mainland. Secondly, around 100 islands in Greece are inhabited, most of which have insufficient water resources and need to be supplied via water importation (Table 1). In general, islands face water scarcity at a higher intensity compared to the mainland, and, at the same time, they have a higher degree of autonomy, which can speed up the implementation of innovative processes [5]. Thus, current practices to ensure water supply in small dry islands in Greece are not fully sustainable and effective, especially during summer months, as needs increase significantly due to tourism. Various WRM practices are used for the islands’ water supply, including rainwater harvesting (RWH), water transportation and desalination.



RWH, a water management practice followed for over 4000 years, has gained more and more ground as a modern and simple water saving technology [6]. RWH can augment a water supply to meet urban and rural needs by adding flexibility and robustness to a system while avoiding more costly expansions in infrastructure [7]. Untreated harvested rainwater can be used for non-potable uses, such as toilet flushing, cloth washing, other household uses and garden irrigation, while potable uses are also common in several countries (e.g., Australia and Spain), but the appropriate treatment of harvested rainwater might be required, depending on its quality [8]. Several studies (e.g., [9,10,11,12]) have shown that RWH can be a viable alternative source for domestic water, with quantities saved ranging from 12% to 100% of the overall demand [13], depending on the specific environmental conditions and the technical characteristics of the system selected (e.g., tank size). The potential use of RWH combined with greywater recycling—which is defined as the urban wastewater that includes water from baths, showers, hand basins, washing machines, dishwashers and kitchen sinks but excludes steams from toilets [14,15]—is another option which could lead to an even further reduction of publicly-supplied water [16,17,18]. Regarding design parameters, the rainfall depth is the factor that directly affects the operational efficiency of the system, with other factors including the rooftop area, tank volume, water demand and the efficiency of runoff collection and the filter [19]. Despite the benefits obtained, RWH is still limited in many countries, including Greece, as, among other reasons, the cost of installation and maintenance can lead to long payback periods [20,21].



An evolving technology for water supply is sea and brackish water desalination. As reported by the International Desalination Association (2019), the global installed capacity of the desalination plants is about 100 million m3/d, with about 59% of the installed global desalination capacity using seawater as the feed-water type. Technological improvements regarding membrane processes, energy recovery systems and desalination plants integrated with renewable energy sources (RES) can provide opportunities for cost reduction (e.g., [4,22]). Consequently, desalination is an increasingly attractive technology that can be considered an economical and efficient solution to the water scarcity problem of remote areas and islands, especially for freshwater production (e.g., [3,11,23,24,25,26]). However, the main disadvantage of desalination technologies is the high energy consumption requirements [2,4,27]. Indicatively, the energy usage for seawater desalination lies between 0.5–16 kWh/m3, depending on the technology used (e.g., [2,28,29]). According to Gude [27], desalination technologies are classified in two main categories: Thermal and membrane processes. About 65% of the total global fresh water produced is by utilizing membrane processes and, particularly, by reverse osmosis (RO) technology [30]. RO is expected to remain the dominant technology in the new era due to the lower energy consumption it requires, its lower construction, operation and maintenance (O and M) costs, and its technological improvements [4,27,28].



During the few last decades, there has been an increasing interest regarding the use of RES as power supplies for desalination plants (e.g., [2,24,26,27,28,29,31,32,33,34]). As García Latorre et al. [35] reported, this is mainly attributed to the limited availability of fossil fuels and to the unpredictability of their cost. The environmental issues of fossil fuels are also factors that encourages the change to RES [36]. Solar, wind and geothermal energy are the main sources of renewable energy integrated with desalination technology, accounting for approximately 90% of renewable energy desalination worldwide [26]. Among them, wind energy is the most frequently used in coastal areas, given the high wind-potential that is usually available [25,37], with wave energy being also suitable in some cases. Regarding the latter, however, although it is a source with significant potential [38], its application still entails many uncertainties [39] because it is a rather new technology. Besides the technical aspects, the estimation of cost is a major one [40].



Finally, various studies [41,42,43,44,45] have evaluated the role of seawater pumping as power supply to desalination plants; this particular practice is called seawater pumped hydro storage (SPHS). SPHS methods are considered already mature and widely applied technologies [46]. It must be stated that the operation of a system with a single reservoir is proposed for minimizing the costs [45]. Therefore, SPHS can be proved to be an attractive option for the remote islands of Greece. Caldera et al. [2] tried to estimate whether it is possible for a seawater RO desalination plant, powered solely by RES, to cover the global water demand by 2030. Katsaprakakis et al. [43] present, in detail, a wind powered pumped storage system (WP-PSS) at which electricity surplus could be used in RO desalination plants for producing potable water. Segurado et al. [47] optimized sizing regarding an operational strategy of an integrated power and water supply system that consisted of a wind-powered desalination and pumped hydro storage system.



The objective of this research paper is to evaluate five different WRM scenarios for meeting the increasing water demand in small remote islands of the Aegean Sea. These scenarios include: (i) Domestic rainwater harvesting combined with water transportation, (ii) wind-powered seawater desalination, (iii) wind-powered seawater desalination and domestic rainwater harvesting, (iv) wind-powered seawater desalination combined with seawater pumping, and (v) wind-powered seawater desalination combined with seawater pumping and domestic rainwater harvesting. Each alternative was examined for a 30-year time period, taking into account an increase in population and tourism, and evaluated in respect to cost, using the life cycle cost (LCC) methodology. As the performance of each alternative is directly related to the variability of meteorological conditions (e.g., wind speed for wind turbines operation and precipitation for rainwater harvesting), the best solution, as determined, was also assessed under six different climate change scenarios. While most of the above alternatives have either been proposed or implemented for water supply in various arid Greek islands, this is the first time that these different measures and combinations have been assessed and compared on the regional scale in seek of an optimal solution. This paper focused on eight small islands of the Aegean Sea which face significant water scarcity problems; however, the presented methodological framework and findings are applicable to other arid or semi-arid insular or isolated coastal regions of the mainland.




2. Materials and Methods


2.1. Study Area


The study was carried out for eight small dry islands located in the Aegean Sea at Eastern Greece which belong to the Cyclades and Dodecanese complexes; they are named Kimolos, Heraklia, Schinoussa, Koufonisi, Donousa and Lipsi, Chalki and Megisti (Figure 1).



All the aforementioned islands face water scarcity problems, especially during summer months as demand increases due to tourism. Typically, the number of tourists during the high season (July–August) is about five times the population of the islands; however, it can reach up to fifteen times the population in some cases (e.g., Koufonisi Island). In these islands, local water resources are not sufficient and are often of low quality. Thus, water transportation is employed mainly from the mainland (Lavrion port in the East of Athens) for the Cyclades complex and from Rhodes (which is located to the east of Chalki) for the Dodecanese complex. Rainwater is also exploited for various uses, as many households, especially older properties, use RWH tanks. Furthermore, the majority of the aforementioned islands are in the stages of construction or early operation of desalination plants. Table 2 presents the characteristics of each island, including their location, total area, maximum elevation, population, mean annual precipitation (as calculated from available historical records of the neighboring islands for the period of 2008–2017) and the mean annual quantity of water being transported using 2010–2014 as a reference period (data from Table 1). In general, population and quantity of fresh water being transported show correlation—except for Koufonisi Island, which is characterized by high tourism.




2.2. WRM Scenarios and Design Parameters


Five different scenarios for meeting water demand for domestic and tourist-related uses at a 99.9% reliability level were developed, implemented and evaluated regarding their overall LCC over an examined lifespan of 30 years. Figure 2 presents a schematic representation of each scenario (I–V).



An average daily consumption of 0.18 m3/cap/d was assumed for the permanent population [8], and 0.20 m3/cap/d was assumed for visitors and tourists. In addition, the number of the permanent residents was considered to increase with an annual rate of 1.5%. Finally, according to local tourism authorities, the number of visitors and tourists per island was assumed to be between five and 15 times the number of permanent residents, distributed during a seven-month period from April to October, varying per month from 5% to 30% of the total number of tourists.



2.2.1. RWH-C


This scenario involves the use of domestic RWH, as a supplementary source of water for meeting specific non-potable needs, combined with the current water supply practices (RWH-C). The objective is to reduce the amount of water transported to the islands and, in this way, to reduce the corresponding costs entailed. RWH systems cannot be considered a realistic solution for visitors and tourists, given the very low precipitation during summer months. Thus, RWH contributes only to the reduction of water supply of the permanent population.



For RWH sizing, the collection area (A) per household was used to quantify the inflow of rainwater to the tank. To determine this value as a function of the number of residents per house, statistical data regarding the household characteristics (i.e., number of households per island, area per capita and residents per household) were acquired by the Hellenic Statistical Authority [48]. The mean unit area per capita (in m2) for each category of household (i.e., households of 1–6 members) was calculated separately for each island. This number varied slightly per island, with values ranging from 31.54 to 34.23 m2. RWH sizing is also controlled by the water demand (D) that the system is designed to meet. Regarding this parameter, fixed values [6] of 15% of the daily water consumption for laundry and 30% for toilet flushing demand, non-fixed values for domestic garden irrigation demand, expressed as a percentage of the daily total water demand—as well as the combinations of them—were examined. The simulation of the inflow, outflow and change in storage capacity of the RWH system was performed using the behavioral model proposed by Jenkins et al. [49], while the yield-after-spillage (YAS) operation rule was implemented using a daily time interval, as follows:


Yt=min{DtVt−1



(1)






Vt=min{Vt−1+Qt−Yt,S−Yt



(2)




where Y (m3) is the yield from the storage tank during interval t, D (m3) is the water demand during interval t, V (m3) is the volume in store during interval t, and S (m3) is the tank storage capacity.



The daily harvested rainwater volume (runoff), Qt (m3) collected from a roof area was calculated as follows:


Qt=C×A×Peff,t



(3)




where C is the runoff coefficient, A is the rainwater collection area (m2), and Peff,t is the effective rainfall (m) during the time interval t.



Similarly to Londra et al. [6], the rooftop runoff coefficient was assumed equal to 0.9, and the daily effective rainfall (Peff,t) was set equal to the daily rainfall minus a first flush. The latter was introduced so as to take into account the amount of water needed for removing concentrations of dust, leaves and bird droppings from rainfall collection areas and was assumed to be equal to 0.2 mm.



Regarding sizing, this scenario was not designed for a standard target of reliability but for reducing total water needs per household to a certain degree. Thus, in order to select an efficient tank size among the different alternatives, a common rule was followed in all cases; similarly to Domènech and Saurí [50], the most suitable tank was the one at which water savings increased less than 1% after increasing tank size by 1 m3, and this was tested for all water consumption scenarios. Among the different uses examined, the most suitable tank was selected as the one for which the fraction of water saving to tank volume was minimized, setting an upper tank size limit of 30 m3.




2.2.2. WPROD


Under this scenario, the installation and operation of a wind powered reverse osmosis desalination (WPROD) plant was examined, with the aim of meeting water demand of domestic and tourist-related uses for a reliability level of 99.9%. The scenario was based on the operation of a hybrid system, i.e., energy requirements were mainly covered by the wind turbines operation, and, as an additional source, the on-grid power was used when the RES energy was unavailable. The existing infrastructure in the study areas (e.g., water tanks capacity, position and altitudes, pipes drainage capacity) was taken into account for the analysis as well.



Reliability (R) was the objective function (target R = 99.9%) for the determination of the desalination plant maximum capacity (m3/d). Mean annual reliability was calculated as follows:


R=1−(F/n)



(4)




where R is the reliability, F accounts for the total number of failures, and n is the project lifetime.



Regarding energy requirements for the operation of the desalination plant, the daily energy demand was calculated in order to set a target of at least 80% RES energy supply on a project lifetime basis. Particularly, the RES energy production was based on the wind turbine power coefficient as a function of wind speed, the hours of operation, and the wind turbine’s power curve. Two different types of wind turbine were considered: The Enercon E-53/800, one of a rated power equal to 800 kW, commonly used in small Greek islands, and the E-33/300, in cases when the system’s energy needs were limited. The daily energy production of energy was calculated as follows:


E=CP*HO*N*P



(5)




where E is daily energy production (kWh), CP is the performance coefficient, HO are the hours of operation of the power plant (h), N is the number of wind turbines, and p is the power (hp). Daily power was calculated based on the wind turbine power curve provided by the manufacturer (https://www.enercon.de/). For each island, the daily deficit or excess of energy was also determined and used for RES sizing, as well as for the LCC analysis. In case there was a deficit of energy, the RO desalination plant operated by using the local electricity network (on-grid energy). The required energy for the WPROD operation was calculated using a standard energy consumption of 5 kWh/m3 [2,21], and the WPROD system was assumed to be interconnected to the electricity grid of the study area, as shown in Figure 2.




2.2.3. WPROD-RWH


A combined scenario named WPROD-RWH was analyzed in terms of sizing a WPROD system for a lower standard requirement, as a portion of water demand was met by domestic RWH. Similarly to the abovementioned scenarios, the same methodology for each component was followed, as presented in Figure 2.




2.2.4. WPROD-SWP


This WRM scheme incorporated the operation of wind turbines and a seawater pumping (SWP) system for covering energy requirements of the WPROD plant (Figure 2). The system function was based on the principle that when water demand was low and the desalination unit did not operate, seawater pumping was performed, provided that a surplus of wind-powered energy was available. Thus, this scenario involved the sizing of an upper reservoir that was used as a power storage available under high water demand and wind-powered energy deficit. The WPROD plant was designed based on the procedure described in Section 2.2.2. Reservoir capacity was determined as follows:



In case there was energy surplus, seawater was pumped in the reservoir based on Equation (6):


QP=3600EsnPgH



(6)




where QP is the amount of water pumped in the reservoir (m3), ES is the energy surplus (kWh), nP is the performance coefficient for the pump, g is the gravity of earth (m/s2), and H is the pressure head (m).



The volume of the reservoir was determined based on Equation (7):


Vn=Vn−1+QP−QΙ



(7)




where Vn is the volume of seawater in the reservoir (m3), Vn−1 is the volume of seawater in the reservoir the day-ahead (m3), QP is the seawater pumped for storing energy (m3), and QI is the amount of water used for producing energy. QI was calculated based on Equation (8):


QI=3600EdgHnI



(8)




where QI is the seawater used for energy production (m3), Ed is the deficit of energy (kWh), g is the gravity of earth (m/s2), and H is the pressure head (m). The failures and the total energy reliability for the scenario were calculated as well. The reservoir was also designed for covering energy requirements of the RO desalination unit for the same reliability level.




2.2.5. WPROD-RWH-SWP


WPROD-RWH-SWP was the last scenario examined and is similar to the WPROD-SWP. The difference lies on the fact that, under this scenario, the operation of the WPROD plant was based on the energy production of both the wind turbines and the seawater pumping system.





2.3. Life Cycle Cost


The life-cycle cost (LCC) method was used for the economic evaluation of each scenario. Traditionally, LCC is a type of investment calculus used to rank different investment alternatives [51] and has been proven to be an effective tool for environmental decision making [51]. Table 3 presents the values of the parameters used for cost estimation, along with all the details regarding cost assumptions (e.g., [2,23,52,53]), as well as the technical specifications of each proposed investment (e.g., [2,21,23,24]). A range of unit cost values is also provided, when applicable, in order to highlight the uncertainty in cost estimates; values in parenthesis denote the ones adopted for the analysis. For RWH, data were collected from various sources, including personal communication with local technicians along with values from the literature (e.g., [52,53]) and corresponding to the national market prices. For scenarios including desalination, costs were selected taking into account projects of similar scale in Greece. To quantify the difference in the cumulative cost of each scenario per island, the unit LCC (in €/yr) was introduced, calculated by dividing the cumulative LCC with the 30-year lifespan. Finally, water production cost (in €/m3) was also calculated for further evaluation of the examined scenarios.




2.4. Climate Change Scenarios


Finally, after the WRM scenarios evaluation under no climate change conditions (zero scenario; Figure 3 and Figure 4, indicatively for Lipsi Island), an assessment regarding lifelong performance under changing climate was undertaken. For this purpose, the freely available data of the Coordinated Regional Downscaling Experiment (CORDEX) research program (http://www.euro-cordex.net/060378/index.php.en), provided by the DEAR-Clima (Data Extraction Application for Regional Climate) were used. The regional climate model (RCM) data (http://meteo3.geo.auth.gr:3838/) have a high spatial resolution (0.11°) over the European domain and are available over the Aegean Sea for a time period from 1950 to 2100. The historical dataset of each experiment refers to the period between 1950 and 2005, while the future projections cover the 2006–2100 period under the influence of the three representative concentration pathways (RCPs) adopted by the Intergovernmental Panel on Climate Change (IPCC) [55] for its fifth assessment report (AR5): RCP2.6, RCP4.5 and RCP8.5. The simulation experiments were products of various regional climate models (RCMs) driven by several global climate model (GCMs). In the present study, the performance of the WRM alternatives was evaluated under six different climatic scenarios for RCP4.5 and RCP8.5, as shown in Table 4.



Figure 3 and Figure 4 present the statistical characteristics for each timeseries: Daily wind speed frequency and distribution of annual precipitation depth, respectively. The zero scenario corresponds to the historic one, while the other 12 timeseries correspond to each climatic scenario, as shown in Table 4. Among all scenarios, wind speed frequencies do not differ significantly between the two emission scenarios, while among the different combinations of RCM-GCM (Table 4; 1–6), a slight variance can be observed. In particular, in 5.CC1 and 5.CC2, there is a clear overestimation of low mean daily wind speed (classes of 0–2 and 2–4 m/s). Regarding precipitation totals, both the median and the range of annual precipitation for the 30-year periods (i.e., 1976–2005 for zero and 2021–2050 for climatic scenarios) are characterized by variability. Finally, only a limited number of RCM-GCM combinations overestimate the annual precipitation (e.g., 5.CC1, 6.CC2).





3. Results


3.1. Implementation of the Scenarios and Performance


Coupling desalination processes with RES or employing more traditional techniques, such as RWH, can be proven to be an effective solution for water supply. Based on the methodology presented in Section 2, five scenarios for meeting water needs in eight remote islands in the Aegean Sea were examined and evaluated. Table 5 presents a summary of the main results for each scenario and for each island separately. Specifically, for the RWH-C scenario, the optimal tank volume (m3) and the range of the daily water needs met (%) are presented. For the other scenarios, which include the operation of desalination plants, the capacity of the plants (in m3/d), the number of wind turbines and the volume of reservoir (m3) required in case of SWP, are shown. As mentioned in the previous section, desalination capacity was designed for a 99.9% reliability level, while, regarding its energy supply, at least 80% was provided by RES.



Under the RWH-C scenario, tank volumes required ranged from 3 m3 (for the one-resident households in Heraklia and Schinoussa) to 25 m3 (for the six-resident households in Megisti). With these tank sizes, the percentage of domestic water needs met lied between 11.6–28.7%. These numbers are particularly low and could be attributed to the low annual precipitation (439–889 mm), as well as, to the rooftop areas of the households (31.5–34.2 m2 per capita). In all cases, the water amount not supplied by RWH would be provided via water transportation by ship and by the limited local water resources (Figure 2). On the other hand, under the WPROD scenario, no water importation would take place. Regarding the design parameters, the capacities of the desalination plants designed varied considerably between 140 and 780 m3/d as a result of the variability in the number of residents and tourists among the islands. For meeting energy demand, the number of wind turbines required ranged from two to five, also depending on the characteristics of each island (Table 5). Under the WPROD-RWH scenario, both the capacity of the desalination and the number of wind turbines used were slightly reduced, compared to the WPROD scenario, as a portion of total water demand was met by the RWH systems. Desalination capacity ranged from 138 to 775 m3/d, while the resulting number of wind turbines was between two and four. A relatively low reduction in desalination capacity was achieved by the incorporation of domestic RWH to the system, lying in the range of 2.63%–0.43%. This slight decrease was expected, as RWH systems were designed with the aim of meeting only the permanent population demand. During summer months, when precipitation was low and water demand was highly increased, the contribution of RWH was insignificant. Thus, in order to meet peak demands, the capacity of the desalination plant needed to remain at the same levels, as in the previous scenario (i.e., WPROD). The fourth alternative examined, WPROD-SWP, aimed at meeting energy requirements by combining the wind turbines with a seawater pumping storage system. Under this scenario, the desalination unit was of equal capacity as in WPROD. However, the number of wind turbines was decreased and lied between one and two. Finally, the capacity of the seawater storage tank ranged from 500 to 27,500 m3. The last examined scenario, named WPROD-RWH-SWP, combined all the aforementioned scenarios. The desalination plant capacity, the number of the wind turbines, the average daily coverage of the RWH tanks and the capacity of the seawater storage reservoirs lied in the range of 138–775 m3/d (same as in the WPROD-RWH scenario), one to two wind turbines (same as in the WPROD-RWH scenario), 0%–55%, and 500–30,000 m3, respectively. The energy reliability of this scenario ranged from 80% to 83%, depending on the examined island.




3.2. Economic Evaluation of the Scenarios


The LCC assessment took place for a project lifespan of 30 years. All the economic details and assumptions regarding the five examined scenarios have been previously presented (Table 3). The LCC for the five alternatives and for each one of the eight islands is presented in Figure 5. WPROD was found to be the most efficient solution from an economic standpoint for all the islands except for Donousa Island. At Donousa, implementation of the WPROD-SWP scenario resulted in the lowest unit cost. Under this scenario, one wind turbine combined with a small reservoir (about 500 m3) was adequate for achieving the RES energy reliability target of 80%. In contrast, under the WPROD scenario, the operation of a single wind turbine led to a reliability slightly lower than the target; thus, the installation of two was required, a fact that resulted in an increase of initial investment cost. The zero scenario, which is linked mainly to water importation, was systematically the worst alternative for all islands, as the mean cost of water transportation is about 11 €/m3 according to the River Basin Management Plan for River Basin District GR14–Aegean Islands, Greece [56]. Table 6 presents unit LCC (€/yr) for all scenarios examined and for each island as an indicative measure to compare alternatives for a standard lifespan. The lifespan LCC for the entire period of the project operation (€/yr) ranged from 32,294 (WPROD-SWP, Donousa Island) to 424,695 €/yr (zero, Kimolos) considering all results. It should be mentioned that environmental and economic benefits from gas reduction produced by the examined approaches and the zero scenario were not taken into account in the present work. Moreover, other costs, such as the noise, visual nuisance and easiness of construction, were not taken into consideration.



Finally, in order to examine the possible range in costs estimated, a further LCC analysis was performed for each study area, assuming both the minimum and maximum unit costs of the investment (Table 3; min–max values). Indicatively for WPROD, it was found that the 30-year cumulative cost can differ from the values presented in Figure 5, as not only the investment, but also the O and M cost per year changes; the maximum reduction in LCC (−40.2%) was found in Heraklia Island, while the maximum increase (+56.8%) was found in Megisti Island. Similarly, under the WPROD-SWP scenario, a maximum reduction of 48.6% and a maximum increase of 59.9% were estimated for Heraklia and Megisti, respectively. Regarding overall results, the average range of the 30-year LCC lied between −44% and +44.6% of the values presented in Figure 5; nevertheless, the corresponding ranking of solutions remains the same.




3.3. Scenarios Performance under Changing Climate


After determining the design parameters and comparing the proposed alternative solutions on an economic basis, a further analysis was conducted in order to assess the potential impact of CC on system performance and thus on water supply of the islands. For this purpose, only the best solution for each island, as determined from the above analysis, was examined, and system operation was simulated using the RCM data for the 2021–2050 period. Given the fact that RWH was not included in any of the selected scenarios, only wind speed datasets were utilized for RES desalination simulation under CC conditions. Based on this fact, a change in the system performance was expressed in terms of change in energy supply reliability using RES, as compared to the reliability level achieved for the particular design (Table 5) under no CC conditions.



For the best WRM solution, Figure 6 presents the change in the RES-based energy supply reliability under all CC scenarios for each island separately. In all cases, a reduction in the system reliability was noticed. Bars in black represent the percentage reduction in reliability, as resulted from the simulation of the RCP4.5 CC scenarios, while grey bars correspond to RCP8.5. As observed, a reduction in the system reliability level was projected under all CC scenarios. The lowest reduction was observed for the islands of Heraklia and Schinoussa (approximately 5%; Figure 6), while the maximum reduction was found in Megisti, where an initial reliability of approximately 80% decreased by 44%.



In general, the percentage change ranges considerably from island to island but not on an island basis (Figure 6). Megisti and Koufonisi were characterized by the highest variance in reliability percentage change due to CC, with values of 22% and 17%, respectively. Finally, the absolute difference between the initial (RZero) and the resulting mean reliability (RMeanCC) was determined for each island. The highest absolute difference (|RZero - RMeanCC|) could be observed in Donoussa and Megisti islands, which was 30% and 27%, respectively. The average one (11%–14 %) is shown in Koufonisi and Chalki, while the remaining islands were characterized by a mean reduction of about 8%—this was the minimum observed. In general, the relative frequency of the classes of wind speed formulated the resulting RES energy supply reliability.





4. Discussion


Water demand has been steadily increasing in the last decades in small Greek islands [5], mainly as a result of tourism increases. Due to the limited local water resources, current water management practices depend on water importation by ship, a solution that entails significant costs, as validated by the implementation of the Directive 2000/60/EC for the Aegean Islands, Greece [56]. In this frame, five different alternatives for meeting water needs were examined and compared for eight small islands located in the Aegean Sea based on their economic performance.



Domestic RWH can contribute to the reduction of the overall amount needed, but it can only be considered a supplementary source of water. In particular, water savings ranged between 11.6%–28.7% of the daily domestic water demand for the eight islands examined and for the tank capacities selected. In other studies conducted at the regional scale, the potential potable water saving was found to range between 12% and 79% in southeastern Brazil [9], 29.9%–32.3% for high-rise buildings in Australia [57] and 0.27%–19.7% in Jordan [11]. Based on the findings of Londra et al. [6] for the island of Naxos that is located in the Aegean Sea of Greece and is characterized by similar meteorological characteristics with the islands examined in the present study, only 30% of total water needs for a three-resident household could be fully satisfied. However, a tank capacity larger than 50 m3 and a rainfall collection area larger than 150 m2 would be required for this purpose.



On the other hand, desalinated water is a solution which can lead to the water autonomy of the islands, eliminating their dependency from imported water. Many studies have addressed the technical and economic issues of different technologies for powering desalination units [32,58,59,60,61,62]. The investment cost of seawater reverse osmosis desalination plants lies in the range of 900–2500 €/m3/d [28,63]. In the present study, a cost of 2500 €/m3/d was used, given the relatively small capacity of the plants selected in all cases (140–780 m3). The unit production cost of water (including all capital and maintenance costs) [2], reflects the cost (€) required to produce the total quantity of desalted water (m3). According to other researchers (e.g., [2,64]), unit production cost lies between 0.6 and 12 €/m3. Here, it was found to range from 1 to 5 €/m3 in relation to the examined scenario and the characteristics of each island. Among the alternatives, wind-powered desalination was found to be the most cost efficient in seven out of the eight islands. The only exception was the island of Donousa, at which RES desalination combined with sea water pumping for energy storage outperformed.



Overall, water desalination can become a key in meeting the increasing water needs, especially in water-stressed isolated areas with easy access to seawater, such as the small dry islands located in the Aegean Sea. Further, the gradual phasing-in of renewable energy sources to power desalination plants, such as the WPROD, WPROD-RWH, WPROD-SWP and WPROD-SWP-RWH scenarios examined, will help to ensure the long-term sustainability of such projects. At the same time, against the current unsustainable practices, the integration of RES can reduce impact on the environment, as freshwater can be provided without significantly increasing greenhouse gas emissions. In terms of cost, despite the fact that a high initial investment is typically required, funds expended were recouped in all cases examined, with payback periods ranging from five to fifteen years, depending on the technological solution chosen and the characteristics of each island. However, it should be addressed that as the best scenario’s performance under CC revealed a systematic decrease in the reliability of an RES-based supply, a fact that should be taken into account in water resources management in isolated islands.




5. Conclusions


The main objective of this paper was to investigate various water resource management scenarios regarding their performance in meeting fresh water demand. The analysis was carried out in eight small islands of the Aegean Sea, Greece, which face significant water scarcity problems. Most of the examined measures have been proposed or implemented in other similar cases in Greece; however, no previous study has focused on comparing this set of different options and combinations with the aim of determining the optimal one. The examined scenarios refer to five combinations that incorporate current water supply practices, domestic rainwater harvesting systems and desalinated water provided through the operation of wind-powered desalination plants and/or seawater pumping. All scenarios were evaluated for a 30-year lifespan, and an optimal solution was determined for each island, based on a life cycle cost analysis. Finally, the performance of the best solution regarding energy supply reliability was assessed under six climate change scenarios.



Results highlighted that the current water supply practices (mainly water hauling via ships) is neither sustainable nor economical. Among the different alternatives, wind-powered desalination was found to be the most efficient in most of the cases. The LCC analysis revealed that, despite the high initial investment that is typically required, capital return can be achieved after short periods, depending on the design parameters of the system and the characteristics of each island. Additionally, a decrease in the systems’ performance under all CC scenarios and for all islands was found. For the period 2021–2050, a systematic decrease in the scenarios performance, expressed in terms of decrease in renewable energy supply, was observed. The highest percentage reduction was found about 44%. Despite the inherent uncertainty of climate change models, the systematic reduction in RES reliability highlights the necessity of incorporating climate change in the design process of such projects.



The present work reveals that an integrated approach that includes the combination of different alternatives is essential in determining the best course of action for dealing with water resources management problems. In this respect, other potential technological solutions not examined here, such as greywater recycling and wave energy coupled with seawater desalination, need to be included and evaluated in a framework similar to the one presented. The latter, in particular, is a method with significant potential for coastal areas. Furthermore, issues related to environmental impacts and costs need to be assessed and incorporated into the future research.
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Figure 1. Map of the study area. White circles indicate the location of each island. 
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Figure 2. Schematic representation of water resources management scenarios. 
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Figure 3. Wind speed frequency under all examined scenarios for Lipsi Island. 
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Figure 4. Boxplots for annual precipitation depth under all examined scenarios for Lipsi Island. 
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Figure 5. LCC analysis for all examined scenarios. 
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Figure 6. Reduction in renewable energy reliability under climate change (CC) for the best water resources management (WRM) scenario per island. 
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Table 1. Volume of freshwater shipped to selected Greek islands of the Aegean Sea during 2010–2014 1.
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Island

	
Fresh Water Quantity Imported Per Year (m3/yr)




	
2010

	
2011

	
2012

	
2013

	
2014






	
Lipsi

	
55,992

	
53,934

	
69,669

	
53,707

	
16,641




	
Chalki

	
54,381

	
48,555

	
47,711

	
48,560

	
2816




	
Megisti

	
37,688

	
15,444

	
24,647

	
36,347

	
23,992




	
Kimolos

	
46,488

	
46,602

	
48,107

	
52,027

	
55,340




	
Heraklia

	
16,190

	
16,839

	
17,245

	
17,298

	
14,714




	
Schinoussa

	
28,766

	
27,054

	
17,394

	
35,309

	
19,938




	
Koufonisi

	
49,372

	
51,614

	
53,101

	
56,461

	
51,117




	
Donousa

	
15,383

	
11,781

	
8296

	
12,602

	
10,386








1 Data provided by the technical report on the Directive 2000/60/EC implementation for the River Basin District (RBD) GR14 of Greece.
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