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Abstract

:

This paper contributes to the existing literature in proposing an integrated approach to water management and energy renewable production in a fragile environment. After the 2004 tsunami, in many outer islands in The Republic of Maldives, the lens freshwater natural reservoir was deeply damaged. Currently, the populations of rural atolls use rainwater and water in plastic bottles imported from the mainland for drinking. To provide safe and sustainable drinking water, we analyze the feasibility of two different actions: a desalination system fed by a diesel plant or by a photovoltaic (PV) plant with batteries. The current situation (business as usual, (BAU)) is also evaluated and taken as a benchmark. After illustrating the technical and economic features of desalination and PV plants, a financial and environmental analysis is conducted on the two alternatives plus BAU, showing that the desalination fed by the PV plant results in optimization both on the financial and the environmental side. The levelized cost of water (LCOW) and the CO2 levelized emissions of water (LEOW) are calculated for each alternative. The case study is developed in Magoodhoo Island, Faafu Atoll and can be extended to other islands in The Republic of Maldives and in general to small island developing states (SIDS).
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1. Introduction


Most of the small island developing states (SIDS), to which The Republic of Maldives (in short, The Maldives) belongs, share similar sustainable development challenges: a small but increasing population, vulnerability to external shocks, strong dependence on import trade, and a fragile environment [1]. Development is a need and many SIDS now recognize, as a primary objective, the move towards low carbon sustainable economies [1], while at the same time improving the standard of living of the local population.



Moreover, islands enjoy generally beautiful sceneries, fishing resources and unique natural settings that must be preserved and guaranteed for future generations.



As reported by the Asian Development Bank [2] in November 2020, the tourism industry comprises around 25% of the national gross domestic product (GDP) in SIDS. In [3], a road map establishes the guidelines to transition from a fossil-fuel- based energy sector to a cost-effective, business-competitive, affordable, and sustainable renewable energy. This scenario forecasts a continuous and sustained moderate transformation of the energy matrix that will result in 29% of fossil fuels being reduced compared to a business-as-usual situation. As recently reported by IEA [4], the share of renewables in global world electricity generation is nearly 28% in 2020, but there are important differences among countries.



Even though it is almost universally recognized that renewable energies must gradually substitute fossil fuels [5], the use of renewables on small islands is still quite low based on high transaction costs and poor knowledge of the market potential [6].



Electricity is also dependent on imported fuel, and the level of CO2 emissions is quite high [7]. Taking the Magoodhoo island in The Maldives as a case study, our aim is to analyze an important issue: the coupled nexus water/energy, and to show that feasible solutions are possible, from the financial and environmental point of view.



Scarcity of energy and water are among the major drawbacks for SIDS [8]. This is particularly the case of many outer islands in The Maldives, where, since the 2004 tsunami, the lens freshwater natural reservoir has been damaged, leading to a significant increase in costs as well as an increase in the scarcity of drinking water.



In [9], an extensive review of the recent situation of SIDS is illustrated. Like many SIDS all over the world, The Maldives depends upon imported conventional sources of energy, and scarcity of water severely restricts economic and social development. As far as energy is concerned, the dependence on fossil fuels makes SIDS vulnerable to oil price rises with a significant impact on the local economy. Energy systems and water supply are closely coupled, and the nexus is particularly relevant in SIDS. The ultimate goal is to make SIDS independent from the mainland in energy and water. A desalination system, combined with renewable energy, can definitely be the solution for solving the scarcity of water and contributing to the reduction of pollution from fossil fuels.



In [10], 1087 islands are classified with the use of a cluster analysis according to climatic as well as physical and socio-economic parameters. The conjecture is that an energy supply system proven to be successful on one island could also be successfully implemented on another island.



From the literature analysis, it is quite evident that in SIDS, an energy transition to more sustainable energy sources is desirable and different studies state that the transition should take place in the next few years [11,12,13,14,15,16,17,18,19,20,21,22,23,24,25].



In The Maldives, energy sources are traditionally based on imported conventional supply, of which the most common fuel is diesel which fuels small power plants, often with low efficiency and heavy polluting. Due to the diesel production, emissions of CO2 into the environment are large and in the medium term may cause damages to the environment. Renewable resources are scarcely used. While solar water heaters are quite widespread, photovoltaic (PV) panels and wind plants are rare. In 2016, the total power generation from renewable energy was 6 MW. In the medium term, the government has planned to install renewable energy systems for up to 30% of the daytime peak load in all inhabited islands [26]. Thus, the efforts of the Maldivian government and local authorities are on implementing renewable systems. The aim is to transit from energy dependence to independence from the mainland.



Studies on energy, applied or theoretical, for the assessment and feasibility of renewable projects in SIDS are quite numerous; less numerous are studies and experiences in desalination combined with renewables.



An extensive study is carried on a reverse osmosis (RO) desalination plant, located in the Sinai Peninsula in Egypt, fed by conventional and unconventional energy sources in [27].



A project for a desalination plant of 1000 m3/day is proposed in the Tyra Island in Greece [28]. The report illustrates two case scenarios: solar and wind power, compared to diesel generators, feed a desalination plant. Diesel generators are used as back up in both cases.



In [29] the feasibility of desalination systems fed by PV or high concentration solar plants of medium and large size in Saudi Arabia is discussed as opposed to diesel as the source of energy. The cost of solar is still high given the heavy subsidizing of diesel in Saudi Arabia.



In Kaya et al. (2019) [30] an analysis based on the levelized cost of water indicates that the current thermal desalination methods used in Abu Dhabi should be substituted by solar PV systems and reverse osmosis (RO) technology for desalination.



Helal [31] explores the economic feasibility of three alternative configurations of an autonomous seawater reverse osmosis (SWRO) unit in remote areas of the UAE. Three different scenarios are proposed here for the powering system where the unit is driven either by a diesel generator, a PV-diesel hybrid system, or solely driven by solar panels without battery backup. This paper can be considered an interesting benchmark, as the low desalination plant dimension [20 m3/day] is comparable with our scenario.



The global average levelized cost of water (LCOW) from desalination plants could decline from around $2.86/m3 in 2015 to $1.25 by 2050 if solar, storage systems and other renewable energies are used to decarbonize the sector [32]. The researchers forecast that in specific regions of China, India, Australia, and the U.S., drinking water may cost less than a dollar.



An extensive report from IRENA [33] gives useful information on systems already functioning. Different renewable energy sources are proposed to reduce the environmental impact.



Mainly, studies are based on the use of wind turbines or solar plants, but there are also proposals where other renewable sources, such as sea currents, are used [34]. This application could be interesting particularly for some islands where the scarcity of drinking water is more severe.



A recent paper published in 2020 [35] reports a study about the economic, technical, and environmental impacts of different desalination system configurations (centralized or decentralized, components, and technologies) on transition plans to achieve a higher share of renewable energy and desalination supplies for regions facing water scarcity. The analysis forecasts a reduction of LCOW from the current value of $2.19–2.46/m3 to $0.79–1.01/m3 in 2040.



In The Maldives, scarcity and quality of water are relevant issues. Traditionally, Maldivians used lens freshwater from household wells for both potable and non-potable purposes. The elevation of the highest point in most islands is less than 2 m above sea level, so the freshwater lens thickness of each island is low. The use of rainwater for drinking began in 1978 due to a cholera outbreak. In 1995, the first municipal water supply project began its services. It started from the capital Malé and extended to other population centers, including all touristic resorts. A public water system became available to 49% of the local population and was fully operative by the end of 2017 [36].



However, many outer island populations still depend on collecting rainwater for domestic use, as in the study case illustrated in the present paper. Furthermore, recently and with increased frequency, the collected rainwater stores run out during the dry season, causing expensive emergency water supply from the mainland. Moreover, after the 2004 tsunami, the lens freshwater deposit was deeply damaged, and freshwater is now brackish. While tourist resorts and the city of Malé are all equipped with (thermal) desalination plants, in many outer islands, people use rainwater and a supply of bottled water imported from the mainland for drinking, rainwater for cooking and a small amount of lens water for washing, flushing and other purposes [26].



However, even though The Maldives shows a wide deficit in energy and freshwater resources, they have unique advantages in term of renewable energy (sun) with excellent radiation and seawater potential. An integrated approach to water management and renewable energy production can definitely improve the living in rural atolls and substantially reduce CO2 emissions.



In this paper, we also carried out a life cycle assessment (LCA) for the different solutions proposed. In the literature, different studies on LCA for water systems of different dimensions can be found [37,38]: in integrated urban water systems or for the specific analysis of plastic bottle impact [39].



A synthesis of the literature discussed here, for water desalination and energy source solution adopted, is reported in the discussion section. The data will be used as a comparison with our results.



This paper contributes to the gradual road to energy/water independence from the mainland by proposing a financial and environmental evaluation for the installation and maintenance of a desalination plant. The off-grid energy to the desalination system is provided by diesel or by a PV plant. Results in this paper show that a desalination system plus a PV plant with batteries is the optimal choice, as opposed to the use of diesel, and more feasible than the current scenario, both from the financial and the environmental point of view.



The project is carried out in Magoodhoo Island, in Faafu Atoll in The Maldives. The project is jointly financed by the Marine Research and High Education Center (MaRHE Center). MaRHE Center, officially inaugurated on January 28, 2009, is in Magoodhoo Island. Purpose of the Center is to carry out research and teaching activities in the fields of environmental sciences and marine biology, science of tourism and human geography, to teach how to protect a fragile environment and its biodiversity, how to use and manage its resources in a responsible way. https://marhe.unimib.it/ accessed on 1 March 2021) and by the University Milano Bicocca (Italy) and the Italian Ministry of Environment.




2. Materials and Methods


The Faafu Atoll is located 137 km from Malé and covers an area of 30 km long and 27 km wide, in the Indian Ocean (Figure 1). The Faafu Atoll is made of 23 islands, covering 1.6 km2 of land, of which five are inhabited by locals and one is an island-resort in Filitheyo. The capital is Nilandhoo and the population of the atoll is about 4200 inhabitants who live mainly from tourism and fishing.



Magoodhoo Island is in the Faafu Atoll (3°4′26′′ N, 72°57′15′′ E), with a population of 800 inhabitants including the MaRHE Center personnel (35 researchers approx.). In total, there are 133 families of 6 members each on average.



In this project, we have sized a desalination plant on the water needs of the local population. Data collection has been brought forward by two co-authors of the present paper with interviews of local people, inspections of water tanks, and delivery checks of bottled water to the island.



The project involves four main steps: Section 2.1. Understanding the community water demand. Section 2.2. Choice of a desalination technology. Section 2.3. Technological and economic analysis of two alternative actions. Section 2.4. Choice of the best alternative among ACTION 1, ACTION 2 and the current situation (business as usual) based on financial and environmental criteria.



2.1. Understanding the Community Water Demand


In every family house, including the MaRHE Center, rainwater is used for cooking and drinking, while ground water is used for washing and flushing (see also [36] for a recent survey on the quality of water in The Maldives). In every family house, in the municipality compound and in the MaRHE Center, the ground water is taken from household and public wells, while the rainwater is collected in big plastic water tanks, each containing 2500 L of water. The rainwater pours into the tank through gutters on the roof. The roof is cleaned occasionally, no more than once a year, and the only filters used are pieces of clothes stuffed into the pipe hole. The water tank, once filled up, is closed, and reopened when necessary. The water flows from the tank through a faucet. The tank fills up during the rainy season and occasionally when it rains out of the rainy season. The tanks, provided by the Maldivian government more than 20 years ago and partly by the Red Cross after the 2004 tsunami, are substituted occasionally (Figure 2).



A reliable estimate puts consumption at 23.81 L per day per family, thereby using up a full tank in approximately three/four months. This amounts to the full use of 3–4 tanks per year (no data about diseases (potential presence of micro-bacteria and plastic microparticles from the tanks) caused by non-filtered water are available). People in the MaRHE Center drink the same water as the village, taken from public tanks, but filter it out by their own filters through a water dispenser located in the MaRHE Center canteen.



The water from the tanks is felt by local people as not safe for drinking, but it is extensively used for cooking. As an alternative to water tanks, water in plastic bottles is used. The bottled water, in plastic usually of 1.5 L, is given mainly to children and sick people to drink and consumption is large. From Table 1, the consumption of water (rainwater and bottled water) per person per day amounts to 4.35 L. The World Health Organization sets the minimum quantity of water needed at 7.5 L per person per day [40]. Statistics on water consumption in touristic resorts and hotels are rare. An estimate from a big hotel chain in Europe puts water consumption in the range 380–1100 L/guest/night. Swimming pool accounts for an equivalent of 60 L/guest/night [1].



Data in Table 1 correspond to the quantity for drinking and cooking, not considering water for washing and flushing, taken from underground wells.



The bottled water is transported to the village by a supply boat (dhoni) (Figure 3) that carries, on average, 2300 L of water per week. The water is sold in the little shops at an average cost of approximately 3.6 MVR per liter ($1 = 15.45 MVR, as of March 2019. the water sold in little shops is bought by the local population only. The price of water varies according to supply conditions and demand. People of the MaRHE Center, practicing an anti-plastic policy, drink the water from the dispenser available in the Center. The total consumption of plastic bottled water sums up to 830 L of water per family, per year. This corresponds to an average cost of $193 per year per resident family the median yearly income of a family in the Faafu Atoll is $17,087 (264,000 MVR) [http://statisticsmaldives.gov.mv/nbs/wp-content/uploads/2016/03/Presentation-Income-HIES2016.pdf] (accessed on 1 March 2021). The consumption of plastic bottles corresponds to 1.1% of yearly income (Table 1).



The current individual consumption of water amounts to an average of 4.35 L per day. This water is rainwater and/or bought in the market in plastic bottles.



The aim of the project is to provide 6 L of safe drinking water per day to all inhabitants of the island (Table 2). The supply of water will be provided by a desalination plant fed by an off-grid source of energy that can be renewable or conventional.




2.2. Choice of a Desalination Technology


Given the size of the island, a small scale decentralized desalination unit can be sufficient. The plant will be fed by off-grid electricity.



The strength and weakness of the available desalination technologies were analyzed to choose the appropriate technology. The advantages and disadvantages of some well-known commercial desalination technologies are reported in the literature [41,42,43,44].



When choosing a technology, an important factor is the required energy demand for the desalination technology as well as the use of a mature technology when designing a decentralized small-scale desalination unit. In choosing desalination technologies to be coupled with a renewable energy source, it is also important to know the amount of the conventional energy required by the desalination processes (Table 3). The reverse osmosis plant cost has been determined according to an offer by a local installer in Magoodhoo (Table 4). As can be seen from Table 4, the cost of the desalination plant is $16,500 but the complete installation, including complementary tools, amounts to $50,000. If working 12 h/day, the plant is designed to satisfy the local demand, guaranteeing 5 m3/day (5000 L/day), which is 40% more of the current consumption.



We recall that a minimum of 7.5 L per capita per day will meet the requirements of most people under most conditions [40]. With this project, the desalination plant will provide 6 L of safe drinkable water per day per person. Rainwater and ground water are still available for other purposes.



The RO plant design includes a pre-treatment process in which fouling elements would be removed. Conventional pre-treatment was selected due to the low incurred costs.



For our requirements, a RO desalination plant of 3.7 kW is selected with a production capacity of 417 L/h. The water produced is stored in two different tanks. As the renewable energy source, photovoltaic is the source commonly coupled with the desalination plants [23,26]. We compare this scenario with a conventional one where the electricity required by the desalination plant is delivered by a diesel generator. Another alternative we consider is the current scenario (business as usual).




2.3. Technological and Economic Analysis of Two Alternative Actions


RETScreen is a software tool for energy system modelling which analyzes the energy scenario among the energy mix suggested by the user and provides a detailed financial analysis and emission analysis [45,46] software was used to estimate the energy production using solar PV and economic assessment of the plant. The main components of the proposed RO system are shown in Figure 4. The system consists of PV panels, a battery bank, an inverter, a high-pressure pump (HP), a membrane module and a storage tank.



The proposed integrated system for the RO load with 417 kW peak demand and the combined renewable energy sources were modelled using RETScreen software.



First, an energy production analysis involving inputs and costs was carried out for the PV plant. Input values and energy production are illustrated in Table 5. The power capacity of the PV system is 10.8 kW. The output of the inverter in AC kW is 10 kW. Magoodhoo Island, and The Maldives in general, are in a very good position to benefit from the sun’s energy through solar PV technology, due to excellent solar radiation all year round. The solar radiation in Magoodhoo varies from 5.9 to 6.9 kWh/m2/day (Figure 5).



The annual electricity produced is about 17,600 kWh, which means a production of about 48 kWh/day. The total solar collector area is 62 m2 and can be located on a roof (see also [24] for a feasibility analysis on roof-mounted solar PV systems in Hulhumale Island in The Maldives for energy production) (Figure 6).



The total average energy consumption is 48 kWh/day to produce 5 m3 of desalinated water per day (H12 water production).



The cost of the PV plant with all components is $30,000 (tax included) and has been determined according to an offer by a local installer (Table 6). Prices in the mainland are probably lower, but the island is remote and local installers set the price.



Due to the intermittent nature of solar energy, in a PV based power system, battery storage facilities are needed to ensure a constant power supply. The cost of battery storage is around $1500. The lifetime is estimated at 10 years.




2.4. Choice of the Best Alternative among ACTION 1, ACTION 2 and the Current Situation (Business as Usual) Based on Financial and Environmental Criteria


To proceed with the choice of the most feasible solution, three alternatives have been considered:




	
The current scenario, business as usual (BAU);



	
ACTION 2, desalination system fed by conventional fuel (diesel);



	
ACTION 2, desalination system fed by a PV plant.








For all alternatives, the net present value (NPV), the payback period (PBP) and the CO2 emissions are calculated and compared. NPV is the difference between the present value of cash inflows and the present value of cash outflows over the lifetime of the project. NPV is used in capital budgeting to analyze the profitability of a projected investment. The best alternative has the highest NPV.



PBP refers to the amount of time it takes to recover the cost of the projected investment; or in other words, PBP is the length of time it takes for a projected investment to reach its breakeven point. The best alternative has the lowest PBP.



The current scenario (BAU)



In the current scenario, approximately 6133 bottles of 1.5 L capacity are brought from Malé on the island every month; that is 73,600 plastic bottles per year.



A range between 75 and 180 g of CO2 per bottle of 1.5 L emitted in the life cycle can be estimated [47,48,49,50,51,52]. This is also confirmed by an LCA evaluation carried out by the Polaris Research Center of the University of Milano–Bicocca. The results state that a 1.5 L plastic bottle is responsible for the emission of 108 grams of CO2 equivalent over its life cycle (data not published). Here, we consider for the LCA of the bottles from the extraction of raw materials to waste disposal.



This means 662.36 kg of CO2 per month and almost 7.95 tons of CO2 per year. We must add to it the emissions produced during the travel by boat. The 1 ton cargo supply dhoni (typology of the boat is referred to the LCA database software Gabi at this link http://gabi-documentation-2018.gabi-software.com/xml-data/processes/3a819ab9-1979-45b7-a8e9-b4f633d5a662.xml accessed on 1 March 2021) issues in the atmosphere 0.02324 kg CO2 eq per km. The distance from Malé to Magoodhoo Island is almost 137 km, and it is traveled once a week for water transport. It amounts to 25.47 kg of CO2 per month and almost 305.65 kg of CO2 per year.



The average cost of water is 3.6 MVR per liter ($1 = 15.45 MVR) for a total expenditure of $25,721 per year (almost $193 per family per year) (Table 1). This is a cost sensible market change and is expected to grow according to the increasing number of inhabitants. Costs are summarized in Table 7.



In Table 7, the current scenario is shown. Advantages (pros) are that no investment costs are required. However, disadvantages (cons) are big in damages for the environment and potential dangers for health from the non-filtered water kept in the tanks for months.



ACTION 1 Desalination and Conventional Fuel.



The objective of ACTION 1 is to provide safe water for the community for drinking and cooking.



In this scenario, a RO desalination plant is installed with a working period of H12, 3.7 kW and a capacity of 417 L/h, for a total of 5000 L/day. The market price is $50,000. In addition, the desalination plant requires an estimated O&M cost of $1000 per year.



A fuel generator (diesel) powers the plant. The total energy required is 16,200 kWh/y. The fuel generator is sold at a market price of $5000.



In order to feed the generator (working H12) we need 4524 L of fuel per year. The local price for fuel is 0.91 $/L which amounts to $4116.84 per year. This is a yearly cost necessary to power the system, but subjected to market conditions. The emission of CO2/L of diesel is 2.66 kg [21] which amounts to 12,033.84 kg of CO2 issued in the atmosphere per year.



In ACTION 1, the whole demand of water for drinking and cooking is fulfilled. Rainwater is available for other domestic uses, like washing and for personal use. Flushing is guaranteed by the ground water.



From Table 8, plastic bottles (with a saving of CO2 emissions) are not used but the fuel causes high pollution. In case of disruption, rainwater can still be used.



ACTION 2 Desalination and PV Plant with Battery Storage.



The objective of ACTION 2 is to provide safe water for the community for drinking and cooking.



As in ACTION 1, the market price of the RO desalination plant is $50,000.



The total energy required is 16,200 kWh/y, provided by the PV plant at 10.8 kW with battery packs of a max capacity of 260 Ah.



In ACTION 2, the initial investment cost is high. The market cost is $30,000. The price of batteries is $405 per kWh of installed capacity, which amounts to $1500 [24] with a life expectancy of 10 years. O&M PV costs amount approximately to $100 per year.



In ACTION 2, the whole demand of water for drinking and cooking is fulfilled. Rainwater is available for other domestic uses, like washing and for personal use. Flushing is guaranteed by the ground water.



From Table 9, the advantage in terms of the environment is very clear; however, initial capital expenditure is high.



The benefit of investing in ACTION 1 and ACTION 2 comes from the elimination of the “perpetua” costs in BAU by the purchase of water in plastic, which amounts to $25,721 per year, paid by the whole community.



In ACTION 1, the initial cost of the investment is $55,000 and the yearly cash flow in the following years is $20,604.16. This revenue comes from saving $25,721, obtained by the elimination of plastic bottles, less the fixed cost of fuel to feed the generator ($4116.84) and the annual desalination plant O&M costs ($1000).



In ACTION 2, the initial cost of investment is $80,000 and the future annual benefit is $24,621, given by the “revenue” $25,747, which comes from the elimination of plastic bottles, less the fixed costs of maintenance of the PV plant ($100) and desalination plant ($1000). The cost of the batteries ($1500) is added to the cost of the PV plant.



Cash flows of the three alternatives, the NPV and the PBP on a 10 year time horizon are calculated. The discount rate (7%) is taken from official 2017 data [53]. Cash flows, NPVs and PBPs are shown in Figure 7 and Table 10 respectively.



From Table 10, it is obvious that action must be taken. BAU at this stage is very expensive for the whole community, let alone the health risks of drinking rainwater kept in plastic tanks for months.



ACTION 1 and ACTION 2 require initial investments that are compensated by the savings from the use of plastic bottles. In a 10 year time horizon, the NPV for both alternatives is high and the PBP is less than three years for both actions. This means that the breakeven point for both actions is reached in less than three years and the initial high investments are compensated by the returns in the next years for the whole community. ACTION 2 shows the best NPV with a slightly higher PBP.



Finally, we calculate the levelized cost of water (LCOW) for all actions, including BAU. LCW allows the collapse of the entire analysis into a unique indicator, which is useful for making the final choice among all available options. LCOW is the cost per m3 of water generated during the whole lifetime. LCW is defined as


  L C O W  (   $   m 3     )  =     ∑   k = 0  n     C k       (  1 + i  )   k        ∑   k = 1  n     W k       (  1 + i  )   k       








where    C  k ,     k = 0 , … , n   are the yearly cash flows including the initial capital expenditure and    C  0      .    W  k ,     k = 1 , … , n   is the amount of water produced each year. The best alternative shows the lowest LCOW. Using an interest rate of 7% for a lifetime of 10 years, the results in Table 11. Levelized cost of water (LCOW) and levelized emission of water (LEOW) of each alternative for the whole island. For BAU, we have included rainwater and plastic water, for a total of 1249.944 m3/y. For ACTION 1 and ACTION 2 we have not considered the savings from not purchasing plastic water. For ACTION 1 and ACTION 2, the quantity of water produced has been taken as the maximum capacity of the RO plant (5 m3/day and 1825 m3/y).



We have expanded this concept to the levelized emission of water (LEOW) to redirect the impact on the environment in term of CO2 per m3 of water produced in the different alternatives. LEOW is defined as
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where    E  k     , k = 0 , … , n   co are the yearly CO2 emissions and    W  k     , k = 1 , … , n   is the amount of water produced each year.



Results are shown in Table 11. All emissions refer to the production phase: for BAU, that is the use and disposal of plastic bottles; for ACTION 1, the use of diesel after the plant installation; for ACTION 2, there are no CO2 emissions from PV production after the plant installation.



Table 10 and Table 11 show clearly that ACTION 2 turns out to be optimal, both in terms of financial and environmental evaluation: ACTION 2 shows the lowest LCOW and no CO2 emissions. On the contrary, ACTION 1 is not sustainable and the impact on the environment does not change practically from BAU.





3. Discussion


A summary of the literature on desalination plants fed by different energy sources is reported in Table 12. For the sake of comparison, our results are included in the table.



As can be seen from Table 12, the LCOW calculated for actions 1 and 2 (Table 11) is in line with small scale RO plants powered by PV or diesel. Economies of scale apply in desalination plants and LCOW varies according to dimension and location. The production of water on islands, especially if remote, is in general more expensive. Apparently, using only LCOW as an indicator to evaluate the whole project, there is no difference between diesel or PV, as in [30].



With both ACTIONs 1 and 2 the yearly cost of water per family lowers: while in the current situation it is $193 (Table 1), with ACTIONs 1 and 2, the cost lowers to $126 (including a markup of 30% for management of the plants by the municipality). The population pays less for more water, as the desalination plant provides 40% more of the current available water.



However, when considering environmental aspects, the choice is driven strongly towards PV.



Finally, it must be noted that the environmental analysis we have performed is in fact underestimating the effect of plastic disposal since microplastic and charred microplastic may have strongly damaging effect on seawater life. Even though Magoodhoo is remote, the population is relatively scarce and touristic annual afflux is practically null, microplastics and especially charred microplastics are found abundantly nearby the island, related to local practices of burning plastic waste at the shoreline [54]. No indicators exist that can quantify the phenomenon.




4. Conclusions


Magoodhoo Island, like many rural atolls in The Maldives, suffers from scarcity of energy and water and has a strong dependence on imports from the mainland.



While rainfall is obviously carbon free, the use of plastic bottles has a negative impact on the environment and high costs for the local population.



In order to provide a proper amount of safe drinkable water to the population, installation of a desalination plant is planned, fed by diesel or by a PV plant equipped with battery storage.



Results are in favor of the combination RO + PV plant (ACTION 2), both from a financial and environmental point of view. In less than three years (PBP indicator), the initial investment can be offset by the savings in the use of water imported from mainland. RO + PV is also environmentally friendly (LEOW indicator).



This is one of the first projects in The Maldives for a sustainable water supply system and we strongly believe that if all islands undertake and strive to change the way they manage water and energy significantly, in the next years The Maldives will appreciate a substantial reduction of CO2 emissions, while guaranteeing good water supply.



The local population living conditions must improve, but not at the expense of a fragile environment. Therefore, any choice involving substantial investments must be accompanied by a financial and environmental analysis. Our project considers both aspects.
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Figure 1. The Faafu Atoll in The Maldives. 
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Figure 2. Public water tank used by the inhabitants of Magoodhoo to collect rainfall water for daily use. 
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Figure 3. Weekly supply via dhoni of water bottles for the island of Magoodhoo. 
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Figure 4. Main components of the RO + photovoltaic (PV) configuration. 






Figure 4. Main components of the RO + photovoltaic (PV) configuration.



[image: Sustainability 13 03484 g004]







[image: Sustainability 13 03484 g005 550] 





Figure 5. Daily average solar radiation in the site [RETScreen data]. 
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Figure 6. Photovoltaic plant under construction on the rooftop of Magodhoo Municipality. 
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Figure 7. BAU, ACTION 1, ACTION 2; cash flows. 
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Table 1. Water consumption (liters) and cost ($) per person, per family, of the whole island.
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PLASTIC BOTTLES

	
Daily

	
0.38 L

0.09 $

	
2.30 L

0.54 $

	
307 L

71.44 $




	
Monthly

	
11.51 L

2.68 $

	
69 L

16.11 $

	
9200 L

2143 $




	
Yearly

	
138 L

32.17 $

	
830 L

193 $

	
110,400 L

25,721 $




	
RAINWATER

	
Daily

	
3.97 L

	
23.81 L

	
3166 L




	
Monthly

	
119.05 L

	
714 L

	
94,962 L




	
Yearly

	
1429 L

	
8568 L

	
1,139,544 L
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Table 2. Current consumption and target per person, per family, of the whole island (liters per day).
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	CURRENT
	4.35 L/day
	26.11 L/day
	3471 L/day



	DESALINATED WATER
	6 L/day
	36 L/day
	4800 L/day
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Table 3. Technical specifications of the reverse osmosis (RO) plant.
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	Characteristic
	Unit
	Quantity





	Capacity
	m3/day
	5



	Feed temperature
	°C
	25



	Water quality
	ppm Total Dissolved Solids g/mL
	<500



	Power consumption
	kW
	3.7



	Daily operating
	h/day
	12



	Total energy required
	kWh/day
	44.4
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Table 4. Cost of the RO plant.
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	Components
	Cost ($)





	Reverse osmosis desalination plant-10 PTD
	16,500



	Drinking water storage tank
	1500



	Water storage for toilet service
	3000



	Sea water intake and reject line
	15,000



	Sea water intake pump system with control board
	1850



	Registration
	5000



	Installation materials

Masonry (to arrive a 50,000)
	3000

1319



	GST 6%
	2830



	Total
	50,000
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Table 5. Input values for the RETScreen energy model sheet.






Table 5. Input values for the RETScreen energy model sheet.





	Item
	Input Value





	Solar tracking mode
	One-axis



	Slope
	2



	Azimuth
	0°



	PV module type
	Si-monocrystalline-Jkm315M-72



	Capacity of one PV unit
	16.23%



	Number of PV units
	32



	Annual solar horizontal radiation (MWh/m2)
	NASA 22-year monthly average



	Miscellaneous losses
	5% (dust and sandstorms)



	Inverter efficiency (DC to AC)
	96%



	Inverter capacity
	10 kW



	Inverter losses
	1%



	Total annual PV production (kWh/y)
	17,600



	Daily PV energy production (kWh/day)
	48
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Table 6. PV plant cost (in $).
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	Components
	Cost $/Wp





	Module cost ($)
	8427
	0.84



	Inverter
	2520
	0.25



	Balance of System
	4435
	0.44



	Installation labor
	3226
	0.32



	Installer margin and overhead
	11,392
	1.15



	Total
	30,000
	3.00
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Table 7. Business as usual (BAU).
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	Total plastic water consumption per year: 110,400 L



	Annual cost: $25,721



	Annual CO2 consumption: 8.255 tons



	Pros: no need of investments for water supply



	Cons: Consumption of plastic water bottles and large production of CO2, low predictability of the rainwater amount (there have been recent phenomena of water shortage, solved by municipality intervention), potential damage to health from nonfiltered water for drinking and cooking.
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Table 8. ACTION 1 Desalination and conventional fuel ($).
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	Desalination plant capital expenditure: 50,000



	Fixed Annual cost (O&M desalination plant): 1000



	Fuel generator initial cost: 5000



	Fixed Annual cost (fuel alimentation): 4116.84



	Annual CO2 consumption: 12.033 tons



	Pros: no use of plastic bottles, stability of production during operating hours, possible use of rainwater for drinking and cooking in case of failure. In case of major need, the system may work until 24 h a day at a higher cost.



	Cons: CO2 emissions are almost 50% more than those in BAU, cost of fuel variable, depending on market conditions.
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Table 9. ACTION 2 Desalination and PV plant with battery storage ($).
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	Desalination plant capital expenditure: 50,000



	PV plant capital expenditure: 30,000



	Battery cost: 1500



	Fixed Annual cost (O&M desalination plant): 1000



	Fixed Annual cost (O&M PV plant): 100



	Annual CO2 consumption: 0 kg



	Pros: no use of plastic bottles, possible use of rainwater for drinking and cooking in case of failure, totally CO2 free, energy free of charge and stable due to batteries, total independence from local energy provider.



	Cons: higher initial capital expenditure. In case of extreme bad weather, the PV production may decrease but the storage allows a stable production. In case of major need, the system should be equipped with additional PV modules and battery storage at a higher cost.
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Table 10. Net Present Value (NPV), Payback period (PBP).
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	NPV ($)
	PBP (Years)





	BAU
	−206,374
	Not applicable



	ACTION 1
	115,436
	1.42



	ACTION 2
	117,149
	2.27
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Table 11. Levelized cost of water (LCOW) and levelized emission of water (LEOW) of each alternative for the whole island.
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	LCOW ($/m3)
	LEOW (kg/m3)





	BAU
	1249.944 m3/y
	22.58
	6.6



	ACTION 1
	1825 m3/y
	7.095
	6.59



	ACTION 2
	1825 m3/y
	6.961
	0
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Table 12. Summary of the literature data; our data are included.
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Reference

	
Desalination Technology

	
Power Technology

	
Location

	
Dimension m3/Day

	
LCOW (USD/m3)






	
[26]

	
Reverse Osmosis

	
PV

	
Sinai Peninsula Egypt

	
100

	
0.59




	
[27]

	
Multi-stage flash

	
PV

	
Thira, Greece

	
1000

	
0.49




	
Reverse Osmosis

	
Wind

	
1.97




	
[29]

	
Multi-stage flash

	
PV

	
The Emirate of Abu Dhabi

	
90,000

	
0.8–1.5




	
Multi-effect distillation

	
90,000

	
0.7–1.2




	
Reverse Osmosis

	
90,000

	
0.2–0.4




	
[28]

	
Reverse Osmosis

	
PV

	
Saudi Arabia

	
6550

	
1.21–1.42




	
190,000

	
0.85–0.89




	
[30]

	
Reverse Osmosis

	
Motor diesel

	
United Arab Emirates

	
20

	
7.64




	
PV

	
7.34




	
[33]

	
Reverse Osmosis

	
Wave energy converter

	
USA

	
2000–5800

	
1.79–2.2




	
[34]

	
Reverse Osmosis

	
PV

	
Middle East

	
1–400

	
1.5–33.0




	
Wind

	
50–3360

	
0.7–9.0




	
[47]

	
Reverse Osmosis

	
PV

	
United Arab Emirates

	
1344

	
0.83




	
Our solution

	
Reverse Osmosis

	
BAU

	
Faafu Atoll The Maldives

	
5

	
22.6




	
Motor diesel

	
7.09




	
PV +battery

	
6.96
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