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Abstract

:

In this paper, we scrutinized the energy storage options used in mitigation of the intermittent nature of renewable energy resources for desalination process. In off-grid islands and remote areas, renewable energy is often combined with appropriate energy storage technologies (ESTs) to provide a consistent and reliable electric power source. We demonstrated that in developing a renewable energy scheme for desalination purposes, product (water) storage is a more reliable and techno-economic solution. For a King Island (Southeast Australia) case-study, electric power production from renewable energy sources was sized under transient conditions to meet the dynamic demand of freshwater throughout the year. Among four proposed scenarios, we found the most economic option by sizing a 13 MW solar photovoltaic (PV) field to instantly run a proportional RO desalination plant and generate immediate freshwater in diurnal times without the need for energy storage. The excess generated water was stored in 4 × 50 ML (mega liter) storage tanks to meet the load in those solar deficit times. It was also demonstrated that integrating well-sized solar PV with wind power production shows more consistent energy/water profiles that harmonize the transient nature of energy sources with the water consumption dynamics, but that would have trivial economic penalties caused by larger desalination and water storage capacities.
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1. Introduction


Global energy markets are rapidly changing. Renewable energy technologies now constitute more than half of the new power plants built worldwide each year [1]. Unlike hydro and geothermal renewable energy sources which show readily stable forms of energy over time, other renewable energy sources cannot be stockpiled and must be used when available or be regarded as lost energy potentials. The major restraint for increasing the share of renewable energy sources is their intermittency, which can be addressed through energy storage when available and energy use when needed. Therefore, to bring renewable energy sources (e.g., solar and wind) to independence and reliability, adequate energy storage technologies (ESTs) must be deployed. The role of energy storage systems in integration with renewable energy sources is more evident in the remote and stranded regions where connecting to the nationwide electricity grid is cost prohibitive. Although the energy is mostly required in the form of electricity, for economic reasons it is possible to convert the electricity and store it in another form of energy which can then be converted back to electricity when needed [2]. There are a number of well-established and enormous developing technologies offering significant potentials to enable energy storage in integration with various renewable sources (Figure 1). Present ESTs can be loosely categorized as either mechanical, electrical, thermal, and chemical systems [3]. Each category contains several technologies for consideration as outlined in Figure 1. Up to the beginning of 21st century, the only viable energy storage option was in the form of pumped hydro storage that is only practicable at certain topographic conditions. Today, around 1600 energy storage projects at different scales with a total capacity of approximately 193 MW are constructed worldwide (Figure 2) [4]. The feasibility of each energy storage application would highly depend on several factors including: the efficiency, energy capacity, energy density, run time, capital investment costs, response time, lifetime in years and cycles, self-discharge, and maturity of the technology. Flywheels, supercapacitors, and superconducting magnetics show the highest maximum efficiency, and fastest response times, however they have among the highest capital costs [3]. Pumped hydro storage systems have the highest capacity by a large margin, but are also among the least energy dense storage options. The storage technologies capable of providing continuous electricity supply for 24 h or more are underground compressed air energy storage, pumped hydro, fuel cells and high temperature thermal energy storage systems, However, they are expensive to place and build, with long construction time, and only suitable for large scale projects [5]. Batteries, overall, are widely used EST because they are clean, efficient, scalable, and can provide the stored energy instantaneously. However, they are relatively hindered by high costs, high rate of self-discharge, short lifecycle, and the presence of hazardous/toxic components in their assembly [5]. A life cycle assessment of batteries compatible with PV systems indicates that batteries are the most responsible for the environmental impacts, due to their relatively short lifespan and heavy metal content [6].



The choice for the right EST(s) for a particular location would highly depend on many geographical, economic, social, and political factors as the applications of the available technologies involve significant investments and funding which often requires adequate regulatory support [7]. In this paper, we have highlighted the renewable energy and EST arrangements that are currently in place for the electric power supply in King Island (in Tasman Sea, Southeast Australia) and studied a similar energy portfolio for a reliable water supply to the residents of the island via a hypothetical desalination plant. We have argued that EST option is mainly relevant to the energy usage application, whereas for desalination purposes, this option is techno-economically unfeasible compared to “water storage options”.



1.1. King Island Case Study


King Island (Latitude 39.9 S, Longitude 144 E) is located at Tasmania’s northwest, between Victoria and Tasmania (Figure 3A). The population of King Island is 1600 residents as in year 2014 [8], the majority are living in Currie. It is common for off-grid and remote communities like King Island to obtain electricity via conventional diesel generators. However in King Island, an innovative power system was developed to supply over 65% of King Island’s energy needs using renewable energy, thereby reducing carbon dioxide emissions by more than 95% [9]. This power system consists of a hybrid of solar, wind, and diesel/biodiesel power generators and a battery, fly wheel, and a resistor for energy storage. These power options are connected via a smart grid technology that helps match the island’s energy needs with the available energy supply sources. The aim of this project is to allow the power system to rely less on diesel generation and provide a reliable and stable electricity supply while reducing carbon dioxide emissions. To increase community awareness/participation in the power generation/management portfolio of the island, a live data display is demonstrated online representing the proportion of power generation/storage/usage at every time step (Figure 3B).



King Island has a total area of 1098 km2, where 178 m2 of land is covered by water, mostly brackish. The groundwater quality is also poor due to extensive agricultural activities, poor vegetation management, and geographic reasons such as landform and climate patterns [10]. All of the above have led to elevated salt levels in water streams and comparatively reveal high nutrient levels than other rivers in Tasmania [10]. Importantly, the quantity and quality of freshwater have directly impacted the development and population growth on the island. Besides, King Island has a 145 km coastline and therefore easy access to seawater, solar, and wind resources. For example, westerly winds can reach over 100 km/h [11]. Therefore, the potential of desalination can be realized in a sustainable concept of employing renewable technologies and eliminating excessive GHG emissions, which is a very important strategy for the future of this island.



In this paper, we have proposed an off-grid desalination plant that generates adequate freshwater for the residents of King Island by forecasting the daily water demand for the next 25 years. We have developed a techno-economic model for three primary and two hybrid desalination technologies. The most economical model is integrated with renewable energy sources as a mean of power production. In this hybridization and under transient conditions, the annual performance of four proposed scenarios is analyzed. In the first scenario, a solar PV field is sized and optimized with a battery-set for energy storage, whereas in the other three scenarios the battery-set is eliminated. In the second scenario the desalination plant and solar PV field are oversized to generate instant and sufficient freshwater during the day and store access water in storage tanks for night usage. In the third and fourth scenarios, wind turbines are integrated in the energy portfolio for appropriate energy production in solar deficit times. We have proved that in integrating renewable energy with desalination process, energy storage is not a viable option and we have developed a scalable economic water storage option that is able to meet freshwater demand for the residents of King Island or similar case-studies.




1.2. Process Description and Modelling


This study utilizes two software programs, Desalination Economic Evaluation Program (DEEP) [12] and System Advisory Model (SAM) [13]. DEEP, developed by the International Atomic Energy Agency (IAEA), is an effective modelling instrument to evaluate various power and desalination cogeneration configurations and is suitable for comparison analysis among different desalination technologies. SAM, developed by the National Renewable Energy Laboratory (NREL), is a performance and finance modelling tool vigorous in providing the cost of energy estimates for grid-connected power projects based on installation and operating costs inputs and system design parameters.



The freshwater demand for the residents of King Island varies on a daily and seasonal basis while the population is increasing. We projected the total water demand and sized the desalination plant accordingly, while the energy input either from the solar field, wind turbines, or power storage has to satisfactorily meet the immediate load at all times. In DEEP, we developed three primary desalination models using well-established desalination technologies namely; multi-stage flash (MSF), multiple effect distillation (MED), and reverse osmosis (RO) [14,15,16,17]. In addition, we developed two desalination hybrid models; MSF + RO and MED + RO. In these five models, we assumed the electric power comes from the grid to eliminate the attached power plant and only counted for the capital cost (CAPEX) of the desalination plant. By selecting the most cost-effective desalination option, we entered the financial data for selected desalination plant as a single entity into SAM model. In SAM, we proposed four scenarios for energy production and storage:



Scenario 1: The solar field is sized to provide instant power for desalination and also excess power is stored in designated batteries to meet the load in solar insufficient times.



Scenario 2: The solar field and desalination plant are sized to meet instant water demand and also produce excess water storable in designated water tanks to meet the load when the solar field is inactive.



Scenario 3: Cogenerated power from the solar field and a wind farm (two wind turbines) is optimized to meet the immediate load and store excess water in designated storage tanks for later use.



Scenario 4: Similar to Scenario 3, but optimized for larger wind farm (four wind turbines) and smaller size for solar field.



The cost components of the land value, desalination plants, solar PV field, wind turbines, batteries, water storage systems, including tax rates, incentives, debt terms and all financial parameters—are checked and updated accordingly.




1.3. Desalination Options


As of June 2015, there were 18,426 desalination plants established in 150 countries, producing more than 86.8 million cubic meters of pure water per day [18]. Traditional seawater desalination is climate independent and only limited by investment bounds and energy accessibilities. Desalination plants enjoy economies of scale in treatment facility construction. Large desalination plants built between 2000 and 2005 were typically designed to supply 5%–10% of the drinking water of coastal cities. More recently, regional or national seawater desalination projects in countries such as Spain, Australia, Algeria, and Singapore have been planned to supply 20%–50% of a city’s long-term freshwater demand [19]. Other large cities in Gulf Corporation Countries (GCC) and the Middle East and North Africa (MENA) region are 100% dependent on desalinated water [20]. Potential sites for large desalination plants need to meet specified criteria such as proximity to the ocean, access to a power source, and also minimal environmental impact [21]. There are three different key principles governing the desalination process briefly outlined below [22]:

	(1)

	
Phase Change Method: This process involves heating the feedwater to a certain point to generate steam, which passes through a condenser, thereby producing liquid water in the output. Since there is a phase change directly related to the heat input, this technology is more compatible with waste/low-grade heat, including solar thermal technologies. Mechanical vapor compression (MVC), thermal vapor compression (TVC), multi-effect distillation (MED), and multi-stage flash distillation (MSF) are partially/totally abided by this principle and highly compatible with solar thermal applications [14].




	(2)

	
Non-Phase Change Method: In this method, the feedwater remains in liquid phase and does not evaporate. The feedwater is pressurized on a selective barrier (membrane) to prevent the penetration of dissolved solids and impurities with the pure water. The required pressure is maintained by powerful pumps, often using electricity as a source of power. The main applications of this principle are Electro-dialysis (ED) and Reverse Osmosis (RO). Reverse Osmosis are modular and scalable units relatively efficient, less-expensive, and easy to replace [23]. The current worldwide market share is almost 33% for phase-change methods compared to 67% for non-phase change methods [24].




	(3)

	
Hybridization method: This refers to types of hybrid processes which combine two processes used for the desalination processes (e.g., RO + MED). In this way, the water quality can be improved in a substantial way by reducing the amount of the total dissolved salts present in the feed water. It is a thermo-membral process that is hybridizing both thermal and membrane distillation technologies to accurately blend and produce high quality water. This option is more viable in conjunction with the nearby power plant. In this method, the waste heat from the power plant can be utilized for the first water production method, while the generated electricity is utilized for the second. The key characteristics of these methods as reported by the world health organization (WHO), 2007 [22] and are summarized in Table 1.









Due to the remote and isolated nature of King Island encircled by the ocean, a desalination plant would be an appropriate solution to secure freshwater demand for the residents of the island. The capacity of the proposed desalination plant should sufficiently meet all domestic/nondomestic freshwater for the population of the island presently and in the next 25-year lifespan of the project. Based on Australia’s population growth rate (0.3% per annum) [8], we estimated the population of the island in 25 years would approximately be 1740 persons. The calculated water demand for this population based on the Tasmanian average daily water usage is equal to 4 ML per day [25]. All financial parameters, interest rates, council fees, and tax rates are extracted from credible technical and government reports [12,26,27] and applied accordingly. These inputs are used in DEEP to model the financial logistics for different desalination technologies. Table 2 shows the main variables used in DEEP models. Figure 4 illustrates the cost components and the overall cost for the three primary and two hybrid desalination technologies developed to produce 4 ML/day freshwater for the residents of King Island. This cost estimate is based on typical grid-connected desalination and before any integration with renewable sources. The desalination plant site is carefully chosen to reduce trenching, piping, and water transport costs. This site is the nearest to the main population city (Currie) and also to the sea-shore for effective feedwater delivery and also for brine discharge. It is well-established that SMF and MED would be economic candidates for very large-scale desalination process, but for small-scale desalination (i.e., 4 ML/day), the RO would prevail. Figure 4 clearly demonstrates that the RO plant shows the lowest cost of water production compared to other options. This technology is the most cost-effective due to its low energy consumption and quick response at start-up and shutdown compared to thermal processes. It is noteworthy that an RO desalination plant can easily be operated by electric energy and, therefore, solar PV would be ideal candidate for electric power production. Both solar PV and RO units are modular and scalable to accurately meet the energy and water demand, respectively. Hybrid options can be derived based on the combination ratio between RO and thermal processes. Larger portions for thermal technologies would increase the heat portion and subsequently drive the overall cost higher. We built the hybrid models based on 50% contribution from each technology as presented in Figure 4.




1.4. Renewable Energy Options


In King Island, because of a low population density and poor infrastructure for freshwater and electricity transmission/distribution, renewable energy for desalination is a favourable option in both the short-term and long-term. Enormous research for integrating renewable power sources with various desalination technologies has been conducted [28,29] It is well-established that solar energy is the most promising application with a significant contribution for sustainability [30]. Similarly, wind turbines are another sustainable approach for energy production. The transient nature of wind kinetics is different to that of solar energy. Wind turbines, if well-designed, may provide adequate energy in night times and in winter when solar energy is insufficient. A good combination of these two energy sources may better match the dynamic energy demand of RO desalination plant that is mainly governed by freshwater withdrawal and consumers’ lifestyle. Freshwater demand not only fluctuates on an hourly basis, but also responds to climate variation and seasonal deviation. Dry and wet seasons also impact the freshwater withdrawal rates. In this study, we have incorporated two representative profiles that reflect on the hourly and seasonal load variation factors. These hourly and monthly water consumption profiles are based on credible water consumption forecasting studies [31,32]. As shown in Figure 5A for average daily profile, freshwater consumption is minimum during early hours of the day, peaking at morning times due to morning showers, toilets, breakfast, etc. Then water consumption rates decrease in midday limited to typical household duties (e.g., cooking, cloth washing, etc.), and then rise in the evening because of night showers before being declined to their lowest after midnight. Figure 5B shows water consumption profile reflecting monthly variation. Notably, water consumption drops during winter times because of less demand for gardening and irrigation and also reflecting moderate climate and cold ambient temperatures. The desalination plant must be equipped to meet water demand at all times, particularly in those peak hours and throughout the year. The solar field, wind farm, desalination capacity, standby units, pumps, and energy/water storage must be well-scaled to sufficiently meet freshwater demand at all times.



To compare energy and water storage compatible with different renewable energy sources, four potential scenarios are considered. The objective of this comparison is to determine the most feasible option that can sufficiently meet the variable load at all times and at the lowest cost. These four scenarios are described above and depicted in Figure 6. Each of the symbols used for solar PV field, wind turbine, batteries, inverters, RO units, and water storage tanks are scaled to a particular capacity as outlined in the legend. The energy, freshwater, feed/brine water, and inactive streams also clarify the operation schemes in day and night modes. In Scenario 1, the solar PV field is sized to meet instant water load in day times and store excess electricity in a supplementary battery set. The inverters are also sized to convert the DC current at the PV outlet to AC current, usable by the pumps to bring the feed water pressure to the design point. As the desalination plant is always available to work on-demand, the design capacity should be able to meet the highest demand (worst case), although most of the times, it only needs to operate on partial load. This arrangement over-sizes the solar PV field, invertors, and battery storage capacity accordingly, but comparatively lowers the size of RO desalination plant. In Scenario 2, the batteries are eliminated but the desalination plant capacity is increased to produce more water during the day and shutdown at night times. The adequate sizing of water storage tanks, that store excess water, is able to control demand; extra water produced in the summer season helps in responding to demand in the winter without the need for oversizing solar PV field to respond to winter energy deficits. In Scenario 3, this concept is further elaborated by reducing solar PV field and introducing 2 × 2.5 MW wind turbines. The benefit of wind turbines is in providing energy, although intermittent, when most needed (most valued in night times and winter season). This combination is expected to decrease solar PV field size and water storage capacity as of Scenario 2. In Scenario 4, the role of wind contribution is doubled by employing 4 × 2.5 MW wind turbines. Although this scenario will increase the cost of wind farm, but it will also significantly reduce the solar PV field and water storage capacity. The main economic assumptions adopted for these four scenarios are presented in Table 3.





2. Results and Discussion


2.1. Scenario 1: Solar PV + Battery Storage + RO Units


This scenario represents a conventional solar PV power production supplemented by energy storage. The optimal size of the solar PV field is found to be 30 MWdc and the required battery size is 50 MWh. The maximum daily water production is 6.76 ML. The total capital cost for this scenario is $113.1 M and the levelized water cost of water is 4.15 $/kL. The intensity of generated electric power, as seen in Figure 7-Scenario 1, is proportional to the solar irradiation data for King Island. It shows more intense power production in summer compared to winter. It is evident that the solar PV field is oversized to meet diurnal energy demand for desalination and divert the excess energy to the battery storage. The intensity of stored electricity, shown in Figure 8-Scenario 1, also declines in winter months because of less power supplied by solar PV field. However, it is sufficient to meet most of the load for night time operation when needed. It should be noted that there is a number of times throughout the year when the battery storage is completely drained which requires extra measures (e.g., connect to the available local power sources or arranging another external energy source) to maintain the fluidity of freshwater production. Further oversizing of the solar PV field or battery storage to overcome power shortage in these few deficit hours is found to be very costly.




2.2. Scenario 2: Solar PV + RO Units + Water Storage Tanks


In this scenario, the costly battery set is eliminated and substituted by water storage. Water storage tanks are simple, less expensive, and easier to install and maintain. Their lifetime is longer than batteries and do not endure self-discharge. Freshwater can be frequently charged at the top and discharged from the bottom of the tank to maintain healthy water circulation. Adequate sizing and integration of the trio (solar PV field + desalination plant + water storage tanks) can be more effective in utilizing excessive surges of solar irradiation, and therefore, a smaller solar PV field with larger desalination plant can sufficiently meet the load. Furthermore, a larger desalination capacity interpreted in less operation times (only when solar is available) would eventually increase the lifespan of the RO units. In this scenario, the optimal solar field is found to be 13 MW and the total water tank size is 172 ML. At any point throughout the year, 6.94 ML is the maximum daily produced water. The total capital cost for this scenario is $50.7 M and the levelized water cost is 1.87 $/kL which is 55% less expensive than Scenario 1. The availability of water storage tanks is a very stabilizing factor. Assuming tank capacity of approximately 50 ML, four tanks would be required, although only two tanks will be in use for a majority of the year. We found that solar PV field does not need to be oversized to meet peak hours. Consequently, the solar field size (PV units, invertors, and land size) in this scenario is reduced to approximately 43% of that of Scenario 1 which resulted in significantly improved economics. The generated electric power followed the same pattern of Scenario 1 but to a lesser extent (Figure 7-Scenario 2). The cumulative water storage in the storage tanks is presented in Figure 8-Scenario 2. It is assumed that water storage tanks were almost half-full at the beginning of the project to avoid oversizing of water storage tanks. This assumption is reasonable and achievable by supplying initial freshwater (approximately 120 ML) from the current water resources, then the water generation process will be totally independent. The margin of stored water is the lowest in autumn (Figure 8-Scenario 2), which is most likely not adequate in meeting possible excess withdrawals. The pattern of cumulative water in the storage tanks almost flattens at winter times where water consumption and energy production rates are minimal.




2.3. Scenario 3: Solar PV + Two Wind Turbines + RO Units + Water Storage Tanks


This scenario elaborates on the same logics of Scenario 2 but with the addition of the wind contribution. The required solar field size is reduced to 10.3 MWdc, combined with a wind farm size of 5 MW, and the required water tank capacity increased to 210 ML. In comparison to Scenario 2 and by integrating the production of two wind turbines (Fuhrlander FL 2500_100), solar field size is reduced by 20.8%, while water storage tank capacity is increased by 22.1%. The freshwater pre-fill in this scenario is approximately 135 ML. This integration in power generation has also increased instant water production in diurnal times and allowed for partial night operation in the desalination plant upon power availability from the wind farm and instant demand for freshwater. The maximum daily production increased to 10.6 ML which increased the desalination plant size by almost 52%. The capital cost for this scenario is $58.7 M and the levelized water cost is 2.17 $/kL which is 16% more expensive than Scenario 2. The combined power generation from solar and wind sources, as shown in Figure 7-Scenario 3, shows a more consistent dispersion throughout the year compared to the previous scenarios. This is because the wind power generation is more random and partially able to fill up the gaps in the solar energy production profile. A seasonal trend is still apparent, but at less magnitude than previous scenarios. The cumulative water storage (Figure 8-Scenario 3) almost follows a similar trend of Scenario 2. This scenario will require approximately five tanks (50 ML capacity), but as before, only 2 will be in use for a majority of the year. Slightly larger water storage in this scenario is most likely due to capture and store high water productivity in those simultaneous peak solar and wind times throughout the year. By analyzing the wind profile, it is seen that during the colder months when solar power output is significantly decreased, wind power output was not able to completely fill the gaps as a substitution for power demand, and so cannot fully accommodate for the lack of solar power output at that period of the year. The next scenario is proposed to double the power production from the wind farm and proportionally reduce the solar field size.




2.4. Scenario 4: Solar PV + Four Wind Turbines + RO Units + Water Storage Tanks


This scenario elaborates on the same logics of Scenario 3, but doubles the wind farm size. In this option, the optimized solar PV field is reduced to 5 MWdc, while wind farm capacity is doubled to 10 MW, while the required water tanks capacity is increased to 257 ML. In comparison to Scenario 3, solar field size is reduced by 51.4%, while water storage capacity increased by 22.3%. The freshwater pre-fill for this scenario is set to 200 ML. The maximum daily water production is 15.93 ML increasing the desalination plant capacity of Scenario 3 by almost 50%. The capital cost for this scenario increased to $62.9 M and the levelized water cost is 2.49 $/kL, which is 14.7% more expensive than Scenario 3. The combined power generation from solar and wind sources, as shown in Figure 7-Scenario 4, has an even better dispersion throughout the year compared to the Scenario 3. Wind power profile is the dominant player is this scenario, and together with solar profile, shows a denser power output and much less gaps. The seasonal trend of the overall power production almost disappeared which resulted in more homogeneous water production and allowed for massive reduction in the solar field size. The cumulative water storage (Figure 8-Scenario 4) shows a more comfortable cumulative profile with a comparatively sufficient margin in the autumn season. This, however, may provide even more room for better tuning and size reduction in the solar PV field and/or water storage tanks. This scenario will require six tanks (50 ML capacity), where three of them will be in use for a majority of the year. In this scenario, the water pre-fill would be almost 200 ML (Figure 8-Scenario 4) to avoid oversizing of the water storage tanks.




2.5. Scenario Comparison


Overall, this case-study highlights the need for a rigorous assessment of the energy end-use particularly for renewable applications. Energy storage options (Figure 1) have enormous benefits and also drawbacks. However for these high investment decisions, the choice of the right EST(s) should be application and/or location specific. As for desalination, water storage scenarios prevail on energy storage for off-grid desalination process powered by renewable resources. Instant water production by desalination and storing excess water in large and sanitary storage tanks found to be more convenient and less-expensive option. The sizing of solar PV field in the first scenario (energy storage) is found more sensitive to load variation which demanded a relatively large solar field and battery banks to minimize the energy drains in those peak-load hours. By moving to water storage scenarios (scenarios 2–4), convenient size reductions in the solar PV field were achieved.



Several complications do exist between proposed scenarios where each show interesting characteristics. The power production in the first two scenarios is sourced out from the solar PV field only, therefore, it is found the most productive day was on 19 January resulting in 6.76 ML water production for Scenario 1 and 6.94 ML for Scenario 2, whereas the most productive day in scenarios 3 and 4 were on 20 November resulting in 10.6 ML water production for Scenario 3 and 15.93 ML for Scenario 4. These maximum daily production rates are the determining factors for sizing the desalination plants in each scenario. It is obvious that increased solar/wind electric power output (without having energy storage as in Scenario 1) would require more pumps and RO modules to produce more water. Therefore, these daily water production caps are used in determining the desalination plant capacity and consequently the cost. This also highlights a complex but sensible trade-off between the main cost components (e.g., solar field, energy storage, wind farm, desalination plant, and water storage) in these representative four scenarios which may entail in-depth techno-economic analysis. These energy/water production capacities are calculated at design point only and exclude extra margins. However in the design, it is always recommended that a reasonable safety margin should be considered to account for sudden over-drawings in water or deficits in power production. The safety margin is directly proportional to the water pre-fill amount at the simulation startup. This value is adjusted based on an optimization criteria defined as the lowest storage capacity that cause no water spill and no water deficit at any time step. For the current settings, we investigated the safety margin for the three scenario as in Table 4.



Although increasing the water pre-fill can improve safety margin and water accessibility, but that would be associated with extra cost and/or water surplus. For reliable water production, we found this safety margin was most satisfactory in Scenario 4 caused by intense energy production from both energy sources (solar PV and wind) and also sufficient desalination plant capacity. The cost components are illustrated in Table 5 for comparison between the four scenarios. Scenario 1 is found comparatively unfeasible because of the hefty cost of a very large solar PV field and associated battery storage (Table 5). Among the three water storage scenarios, Scenario 4 shows more consistent energy/water profiles that can effectively harmonize the transient nature of energy sources with the water consumption dynamics. Despite the very low cost of the solar PV field in Scenario 4, the capital cost surges because of the larger wind farm and oversized desalination and water storage capacities. Economically, Scenario 2 shows the lowest capital investment and subsequently the less expensive as levelized per kL of water production. Scenario 2 shows a significant cost reduction compared with Scenario 1 and also does not bear over sizing of desalination plant and water storage tanks (Table 5). We found Scenario 2 trades-off the major cost components relatively better and slightly improves the economics in comparison to scenarios 3 and 4. However, any major disturbance in one or more of the cost components would certainly change the game. For example, dearer land cost/availability would have significant impact on scenarios 1 and 2 compared to scenarios 3 and 4. In short, this study emphasizes the significance of customizing smart-solutions for the energy and water portfolios and on a case-by-case basis.





3. Conclusions


This study highlighted the implications of integrating energy storage with renewable energy sources. We argued that the end-use application would certainly influence the selection of energy storage and only if needed. For renewable-driven off-grid desalination process, it was demonstrated that energy storage is not an optimal option in comparison with product (water) storage. It was also proven that a combination of two or more renewable energy sources would harmonize the power productivity and reduce the effect of intermittency. We proposed four scenarios of water production in the King Island case-study. The transient conditions of energy sources (solar and wind), and water consumption dynamics are taken into consideration in the sizing of the solar PV field, energy storage, desalination capacity, and water storage tanks. It was found that a 13 MW solar PV field can be sufficient to instantly run a proportional RO desalination plant and generate immediate freshwater in diurnal times without the need for energy storage (Scenario 2). The excess generated water can be stored in designated storage tanks to meet the load in those solar deficit times. It was demonstrated that integrating a well-sized solar PV with wind power production shows more consistent energy/water profiles that harmonize the transient nature of energy sources with the water consumption dynamics (scenarios 3 and 4), but that would have a trivial economic penalties caused by larger desalination and water storage capacities.
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The following abbreviations are used in this manuscript:





	CAPEX
	Capital cost



	DEEP
	Desalination Economic Evaluation Program



	ED
	Electro-dialysis



	EST
	Energy storage technology



	RET
	Renewable energy technologies



	MED
	Multiple effect distillation



	MSF
	Multi-stage flash



	MVC
	Mechanical vapor compression



	OPEX
	Operation and maintenance cost



	RO
	Reverse osmosis



	SAM
	System Advisor Model



	TDS
	Total dissolved solids



	TVC
	Thermal vapor compression
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Figure 1. Categorization of energy storage options and applications. 
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Figure 2. A worldwide snapshot of approximately 1600 energy storage projects with total capacity of 193 MW as in August 2016 (adopted from DOE [4], with permission from STRATEGEN Consulting and Sandia, 2016). 
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Figure 3. The location of King Island in Australia (A); and the current arrangement of hybrid energy portfolio set for the Island (B). 
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Figure 4. The cost comparison of different desalination technologies as calculated for 4 ML/day freshwater delivery to King Island. The two hybrid plants are modelled at 50% capacity for each desalination technology. 
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Figure 5. Freshwater consumption profile on (A) hourly (the data is plotted for 1 January); and (B) monthly basis. 
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Figure 6. Illustrations of the day and night operation for each scenario. The capacity/size of each unit is demonstrated as in the legend (i.e., five tanks in Scenario 3 equal to 250 ML capacity). 
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Figure 7. Hourly electric power production at each scenario. 
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Figure 8. Cumulative storage/Capacities for each scenario. 
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Table 1. Principal characteristics of different desalination processes.
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Characteristics

	
Type of Process




	
Phase Change

	
Non-Phase Change

	
Hybrid






	
Nature

	
Thermal process

	
Pressure/concentration driven

	
Thermal + membrane




	
Membrane pore size

	
-

	
0.1–3.5 nm

	
0.2–0.6 um




	
Feed temperature

	
60–120 °C

	
<45 °C

	
40–80 °C




	
Driving force for separation

	
Temperature and concentration gradient

	
Concentration and pressure gradient

	
Temperature and concentration gradient




	
Energy source

	
Thermal and mechanical

	
Mechanical and/or electrical

	
Thermal and mechanical




	
Form of energy

	
Steam, low-grade heat, or waste heat and some mechanical energy of pumping

	
Requires prime quality mechanical/electrical energy derived from fossil fuels or renewable sources

	
Low-grade heat sources or renewable energy sources




	
Product quality

	
High quality distillate with TDS < 20 ppm

	
Potable water quality TDS < 500 ppm

	
High quality distillate with TDS 20–500 ppm
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Table 2. The main variables employed in DEEP models.
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Parameter

	
Value

	
Parameter

	
Value






	
Power source

	
Coal

	
Feed pressure

	
64 bars




	
Construction time

	
24 months

	
Daily water capacity

	
4000 kL/day




	
Plant lifetime

	
25 years

	
Thermal utilization

	
27%




	
Tax rate

	
30%

	
Thermal output

	
50 MWt




	
Interest rate

	
7%

	
Feed salinity

	
35,000 ppm




	
OPEX cost

	
0.27–0.34 $/kL *

	
Feed inlet temperature

	
19 °C




	
Power cost

	
83.2 $/MWh

	
Specific power use

	
3.34 kWh/kL








* This range represents the varying cost of OPEX which is dependent on the water production, as each plant is sized to a different daily maximum production. 
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Table 3. The main variables employed in SAM models.
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Parameter

	
Cost

	
Reference

	
Parameter

	
Cost

	
Reference






	
Solar Module

	
0.71 $/Wdc

	
[33]

	
Energy OPEX

	
20 $/kW-year

	
[13]




	
Solar Invertor

	
0.21 $/Wdc

	
[33]

	
Federal Tax

	
30%

	
[27]




	
Battery

	
0.6 M $/MWh

	
[13]

	
State Tax

	
6.1%

	
[34]




	
Wind Turbine

	
3.915 M $/turbine

	
[13]

	
Inflation

	
1.7%

	
[35]




	
Water Storage Tank

	
50 $/kL

	
[36]

	
Property Tax

	
1.55%

	
[37]




	
Land Cost

	
18,000 $/acre

	
[38]

	
Interest Rate

	
7%

	
[26]
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Table 4. Safety margin for water storage scenarios.
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Scenario

	
Water Pre-Fill in Water Tanks (ML)

	
Lowest Water Margin (ML)

	
At Hour of the Year

	
Sufficient Water for *






	
2

	
120

	
10.6

	
8 am, 30 Mar

	
2.6 days




	
3

	
140

	
12.7

	
8 am, 25 Mar

	
3.2 days




	
4

	
200

	
27.1

	
2 am, 25 Mar

	
6.8 days








* This calculation is based on an average of 4 ML/day water demand for the island’s population.
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Table 5. Results comparison for all scenarios.
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Key Parameters

	
Scenario 1

	
Scenario 2

	
Scenario 3

	
Scenario 4






	
Solar Field Size (MW)

	
30

	
13

	
10.3

	
5




	
Wind Turbine Power (MW)

	
-

	
-

	
5

	
10




	
Battery Size (MWh)

	
50

	
-

	
-

	
-




	
Tank Size (ML)

	
-

	
172

	
210

	
257




	
Max daily Water Production (ML/day)

	
6.76

	
6.94

	
10.6

	
15.93




	
Desalination Plant Cost (M$)

	
9

	
10

	
15

	
22




	
Water Tank Cost (M$)

	
-

	
8.6

	
10.5

	
12.8




	
Solar Module Cost (M$)

	
21.3

	
9.2

	
7.3

	
3.5




	
Solar Invertor Cost (M$)

	
6.3

	
2.7

	
2.2

	
1




	
Battery Cost (M$)

	
30

	
-

	
-

	
-




	
Wind Turbine Cost (M$)

	
-

	
-

	
7.8

	
15.7




	
Overhead/Installation Cost (M$)

	
44

	
19.2

	
15.1

	
7.5




	
Land Costs (M$)

	
2.5

	
1

	
0.8

	
0.4




	
Total Capital Cost (M$)

	
113.1

	
50.7

	
58.7

	
62.9




	
CAPEX levelized Water Cost ($/kL)

	
3.39

	
1.39

	
1.59

	
1.74




	
OPEX for energy infrastructure ($/kL)

	
0.45

	
0.18

	
0.14

	
0.07




	
OPEX for water infrastructure ($/kL)

	
0.31

	
0.30

	
0.44

	
0.68




	
Overall Levelized Water Cost ($/kL)

	
4.15

	
1.87

	
2.17

	
2.49










© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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