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Abstract

:

Semi-arid regions have historically suffered from low water availability. In addition, the increasing frequency and intensity of extreme weather events credited to global climate change has made it increasingly clear that among the challenges faced by society water resource management is extremely necessary. In this context, desalination based on renewable energy resources integrated with production systems that make use of the waste resulting from this process becomes a socio-environmentally indicated alternative to expand existing supply strategies and sustainable water use in isolated locations, and/or areas distant from large urban centers, thus addressing local potential and reducing environmental impacts. This study assesses the use of Photovoltaic Solar Power Plants (PSPPs), as well as of residues generated in a Brackish Water Reverse Osmosis System (BWRO), in productive units linked to fish and family farming. This is as an alternative way to reduce water vulnerability in the Brazilian semi-arid area (BS), adhering to climate change adaptation measures in the light of Brazilian public policies through the Freshwater Program (Programa Água Doce—PAD), which aims to promote access to good quality water to approximately 500 thousand people in the Brazilian semi-arid region.
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1. Introduction


Significant increases in water and energy demands are expected due to the estimated global population increase to 9.7 billion by 2050. In contrast, the total available amount of water on the planet remains approximately constant, at about 1.4 billion km3, with less than 1% of freshwater available for human consumption. In addition, accessible freshwater resources also suffer negative impacts from anthropogenic actions, as well as damage from extreme weather events, which are potentially aggravated by global climate change. In this context, the Intergovernmental Panel on Climate Change (IPCC) estimates that vulnerable populations due to increased water stress can reach up to 2 billion people by 2040 [1,2,3,4].



In Brazil, the surface water availability of around 78,600 m3/s, 30% of the average water flow, estimated at about 260,000 m3/s. Of this total, the Amazon region, where around 80% of the average water flow is concentrated, contributing 83% of the surface water availability in the country, is where the smallest portion of the population lives (8.72%), consequently it displays the lowest water demand, while the northeastern region, on the other hand, contributes 3.52% and 2.65%, respectively [5]. Arid and semi-arid areas comprise about 36% of the Earth’s land surface [6]. In Brazil, 87.8% of the northeastern region is located in a semi-arid area, demanding special attention regarding water supplies, in contrast to other regions in the country. The Brazilian semi-arid region (BS) usually presents a more critical and prolonged dry period in relation to other regions in the country, as well as natural characteristics such as high temperatures, low thermal amplitudes, strong insolation, high evapotranspiration rates and, finally, low rainfall rates, which leads to low water availability from rivers [7].



This is not a recently identified situation, as water scarcity and water stress at BS is a permanent feature, and so marked that the literature emphasizes the drought and misery of the Brazilian backwoods as a consequence of the “adverse” local climate, in which the nature of the semi-arid boosts the backwoods to accompany this natural cycle, limiting economic alternatives dependent on the annual rainfall regime [8]. Natural characteristics and historical factors with unequal investments between Brazilian regions have contributed to a local economy unstructured by sustainable activities, and, thus, the degree of development of this region has been lower compared to other regions of the country [9]. In 2015, the Gross Domestic Product (GDP) per capita of BS was of less than US $2000 per year, well below the Brazilian GDP per capita of US $8500.00 [10].



The same natural characteristics that contribute to water scarcity also highlight the energy potential of the semi-arid, such as wind and solar sources. This potential can be used to mitigate possible damages due to the increased frequency and intensity of climate events credited to the climate change phenomenon.



Ensuring the availability of water resources on a regular basis and the use of good quality water without threats to public health will continue to be a comprehensive challenge for BS and other semi-arid regions worldwide where water scarcity is a reality.



Alternatives that consider a balanced and harmonious relationship with the environment contribute in generating positive water management impacts [11]. Thus, the use of technologies that mitigate drought effects, such as the desalination of water supply systems considering the use of renewable energy resources establishes a relation that values local powers in the connection between the water supply and its required energy, thereby improving the environmental relations established in this context [12,13]. Desalination consists in removing salts dissolved in either marine or brackish water, leading to decreased salinity of many water sources and the production of fresh water [14].



In this sense, the application of less energy-intensive processes and the adoption of strategies that apply renewable energy sources in water treatment technologies, aiming at promoting sustainability in the socio-economic and environmental spectra, have become a prominent research and development topic in the water resource field [15,16]. This work advocates that the use of the BWRO desalination technology integrated with the use of solar energy resources, including when analyzing the destination of the residue (concentrate) produced in productive units, is a socio-environmentally indicated alternative to expand the existing supply strategies. This study, therefore, aims to evaluate the use of Photovoltaic Solar Systems (PVSSs) and the waste generated by the BWRO desalination technology in productive units linked to fish and family farming as an alternative way to reduce water vulnerability in the Brazilian semi-arid region, adhering to climate change adaptation measures in the light of Brazilian public policy through the Freshwater Program (Programa Água Doce—PAD), which aims to promote access to good quality water to approximately 500,000 people in the Brazilian semi-arid region.




2. Materials and Methods


In order to achieve the objectives of the study, a review of pertinent bibliography was carried out, including scientific articles, official documents from different Brazilian federative entities and reports from national and international agencies, among others. In addition to secondary data, visits were made to the community served by the PAD in order to collect primary data through semi-structured interviews with the leaders and technicians involved, to assess how the reality experienced by community members adheres to what is informed in official documents. This study initially provides a characterization of the semiarid region and an overview of the constraints of water vulnerability at BS. The local solar energy potential confronted with the projection for the water sector in the region until the end of the century is also described. Subsequent sections discuss desalination at BS, highlighting the PAD and providing a comprehensive review of the desalination process integrated to the use of renewable energy, highlighting the opportunity for integration between the BWRO system and PVSSs. A simulation for an RO membrane design was also carried out, using the WinFlow version 3.3.2 software developed by the GE Water & Power company, to compare the costs of the water m3 with a water supply strategy using tank trucks. In the subsequent sections, the pilot project of a PSPP/BWRO system, the demonstration unit for environmental impact mitigation through production systems and the installed PVSS power required to supply the energy demands based on estimated water demands and average energy consumption of the BWRO process in the PAD are investigated.



Photovoltaic Array


At the end of this paper, the estimated installed power for PVSS use in order to meet the electric demand for the operation of the PAD desalination systems is projected, considering water demand scenarios.



Initially the energy demands were assessed as WH, expressed as:


WH=D×K



(1)







Subsequently, the output powers (Ppv) of a standard photovoltaic module (320 Wp) were dimensioned, according to [17], expressed as:


Ppv=PPV,STCƒPV(GGSTC)[1+αp(Tc−Tc,stc)]



(2)







The temperature varies according to local conditions, and BS is characterized by low climatic variability, so for this study, the considered temperatures are available in [18]. The calculation of the amount of required modules was assessed as NP, expressed as:


NP=WHPpv



(3)







Table 1 displays the data considered for the sizing of the installed PVSS power.





3. The Brazilian Semiarid Region: Renewable Energy Appeal and the Effects of Climate Change on Water Resources


According to UNESCO [20], semi-arid areas are characterized by annual average rainfalls between 300–400 mm during winter and 700–800 mm in the summer, with relatively low interannual variability. Areas presenting a perennial grass cover sustain pastures, as well as the possibility of dry-land agriculture for drought-tolerant crops. In China, the semi-arid northern area accounts for 11% of the country’s arable land [21], while in Iran, over 50% of the territory is located in both arid and semi-arid areas [22]. Spain is the most semi-arid country in the European Union, displaying constant regional conflicts over water resources [23]. In Brazil, the semi-arid region comprises 1.03 million km2, about 12% of the total country’s area, and is one of the most populous semi-arid regions in the world, with approximately 27 million people (12% of Brazil’s entire population), surpassing the number of inhabitants of countries presenting similar climatic characteristics in parts of their territory, such as Israel (8 million) and Australia (25 million). The BS comprises 1262 cities, of which 85 are located in the northern part of the state of Minas Gerais (MG) and the rest in the Northeast (NE), in the states of Alagoas (AL), Bahia (BA), Ceará (CE), Maranhão (MA), Paraíba (PB,) Pernambuco (PE), Piauí (PI), Rio Grande do Norte (RN) and Sergipe (SE).



The criteria for BS delimitation comprise an average annual rainfall of 800 mm or less, a Thornthwaite Aridity Index equal to or less than 0.50 and daily percentage of water deficit equal to or greater than 60%, considering all days of the year [24]. In addition to low rainfall indices, the BS is characterized by high temperatures throughout the year, low thermal amplitudes, high insolation and high evapotranspiration rates, which usually exceed 2000 mm per year and total rainfall irregularities, setting negative water balance rates [25]. Droughts have had a significant influence on all life aspects in the region, due to climatic causes. This, alongside the shallow soils located on a crystalline base in much of the semiarid region, results in intermittent rivers [26].



The International Atomic Energy Agency (IAEA) estimates that most groundwater in semi-arid regions presents high salinity. This is due to the presence of high rates of terrestrial materials, such as mineral soils and rocks, as well as high evapotranspiration rates associated to low rainfall, without adequate leaching to remove salts, leading to increased soil salinity. This renders water unsuitable for human consumption, characterized by low primary porosity and permeability, while the water from the crystalline base is predominantly sodium chlorate. These constraints are translated into significant social, economic and environmental impacts that are often neglected on a larger or smaller scale [27,28,29].



Water scarcity, low precipitation and brackish water induce the need for the implementations of strategies to coexist with drought. Historically, the usually adopted options include (i) construction of reservoirs presenting different capacities to store and attend to various water uses, whether for consumption or not [25]; (ii) the construction of infrastructure, such as conduits and integration channels [30], which are susceptible to variability and climate change scenarios [31]. This makes it imperative to rethink these strategies, therefore requiring the adoption of alternatives, such as desalination, which is less vulnerable to evapotranspiration and surface runoff and can reduce the required demand for reservoirs, being the only feasible solution in areas where freshwater availability is limited [32].



3.1. The Problem Is Not Drought, but the Local Structural Basis


Drought, as a characteristic associated to BS, cannot be used as a justification for the low socioeconomic development in the region, as this condition is the result of a historical-structural formation related to an asymmetric process, at the national level, of the adoption of new techniques and technologies prioritizing the south and southeast regions. In order to be overcome, regional interventions are required, reinterpreting the current spatial and social structures and their trends and combining them with Brazil’s economic, social and political objectives [33]. In this perspective, the adoption of technologies adequate to permanent BS characteristics, through investments and federal subsidies, contributes in the reduction of regional inequalities.



In this context, in order to deal with groundwater sources containing high dissolved solid concentrations, as occurs in BS, non-traditional technologies such as desalination and membrane and thermal processes should be considered [34]. These technologies, when associated to the renewable energy potential of the region, can contribute to reduce water vulnerability and socioeconomic inequalities.




3.2. The Appeal of Renewable Energetic Sources in the Brazilian Semi-Arid


Figure 1 displays the average daily direct irradiance, PVSSs and wind farm distribution in BS. In 2018, the installed PVSS capacity for the region was of 848,585 KW/year, distributed throughout eight states. BA recorded the highest installed capacity of 428,428 KW/year, followed by PI, at 270,000 KW/year. BS solar irradiation is among the highest in the country, easily exceeding 6 KWh/m2·day and 2000 kWh/m2·year in certain areas.



In this perspective, the Brazilian Northeast, which concentrates almost 90% of the semi-arid region, displays the lowest interannual daily total global horizontal irradiation variability in the country, surpassing Iberian countries in terms of monthly average solar irradiation. In addition to the potential use of solar energy, BS also presents an enormous extension of degraded areas and areas presenting low economic value. This highlights the possibility of a socioeconomic population transformation through micro- and mini- PVSSs generation, distributed both on- and off-grid, which can become a reality through new public policies for the promotion of regional economic development and social inclusion, such as the use of PVSSs for desalination and water pumping [39].



It is important to point out that, in Brazil, solar energy competes for investments with other renewable sources, where the base of the electric energy matrix is water, at 60% of installed capacity, while biomass and wind energy contributed with 8.65% and 8.09%, respectively in 2018 [40]. Solar energy contributes with 1%, totaling 1.6 GW of installed capacity, with BS concentrating 70% of this capacity [40]. Investments in this source, displaying significant increases in installed capacity from 2017 [41], signal that this is an expanding source. Regarding wind energy, the NE region, where BS is located, was responsible for over 80% of all electricity generated in the country from 2017 through this means [41], and several wind farms are present at BS (Figure 1).




3.3. Climate Change and Water Resource Effects


Climate change can be defined as a statistically significant variation in a medium climatic parameter that persists over an extended period of time. It can be caused by natural processes, although recent changes have been credited to human activities [42].



This definition reflects the difficulty of separating the effects of human activities on natural climate variability [25]. Adapting to climate change is one of the greatest challenges faced by humanity. Currently (2018), it is estimated that 3.6 billion people live in areas with the potential for water scarcity for at least one month a year, with 1.8 billion people affected by degradation and/or desertification and drought, which makes this “natural disaster” category the most significant, based on mortality rates and socioeconomic impacts relative to per capita GDP [11].



A projection for Brazil of an increase of 45 million city inhabitants and a 28% increase in the average demand of the urban water supply by 2025 has been proposed, emphasizing that this context can be aggravated by climatic changes, both in terms of demand and water resource supplies [43].



From this perspective, unfavorable expectations have been recorded in scenarios assessing climate change impacts on BS water resources [44,45], pointing to worsening of the water restriction situation and intensification of arid conditions until the end of the century. The ratio of total annual water withdrawal to average long-term annual outflow indicates a significantly critical situation for the region. The possibility of desertification in parts of the BS area may result in food shortages, negative impacts on biomass production, and even limitation of available water for the hydroelectric plants located in the NE region, where the projected decrease in rainfall rates, alongside higher temperatures and increases in irrigation, could lead to a 60% reduction in the average annual hydroelectric generation of the São Francisco River by 2030. This projection reinforces the importance of the exploration other renewable energy sources, such as wind and solar energy [46,47,48].



In this context, desalination associated with renewable sources aiming to increase the water supply and improve water quality in semi-arid areas, which present water deficits and are more sensitive to extreme climatic events, is an environmentally and socially adequate response to face the inherent risks of drought scenarios.





4. Desalination in the Brazilian Semi-Arid and the Use of Renewable Energy Resources


Brazil has no record of significant potential freshwater availability from operating desalination processes. The experience with this technology began in the 1990s, when the federal government and certain state governments implemented small desalination plants in the Brazilian semi-arid, but the equipment was installed without proper design and maintenance planning, as well as lack of training programs for technical personnel to operate the equipment and no environmental precautions, at any level. Aware of this situation, the National Secretariat of Water Resources and Environmental Quality, part of the Ministry of the Environment, addressed these issues and, as a result of the evaluations, launched the PAD to respond to these difficulties. The PAD is a permanent public policy of access to good quality water for human consumption. It promotes and manages the implementation of desalinators to serve low-income populations in diffuse semi-arid communities, prioritizing the most critical municipalities regarding water access conditions, based on the Water Access Condition Index (ICAA), which compiles various social and environmental indicators. These include the Municipal Human Development Index—HDI-M, rainfall rates, infant mortality rates, poverty intensity and the presence of salts in underground water resources. These aspects have led public authorities to consider more technically based approaches, rather than those based on the regional political influence configuration [49]. The desalination systems used in the PAD are small scale, comprising a 3-membrane process to produce fresh water from the brackish water pumped from wells, according to Figure 2.



This option is important to improve the quality of life of people in the semi-arid region, offering different ways of dealing with the vulnerabilities to which they are subjected to, influenced by climatic variability [50]. To promote the sustainable use of groundwater, the PAD provides drinking water for human consumption through the Reverse Osmosis Technique (RO) for freshwater production from available underground brackish water. The reference of the program for a home water supply is of 40 L of water per day per family, and the quality of the desalinated water is regulated by the Brazilian Ministry of Health Ordinance No. 2914/2011 (which provides for control of the water potability standard from individual alternative supply solutions) [51]. This control contributes to reducing risks inherent to water-related diseases. In 2018, 5759 of the installed desalination systems in Brazil were in operation, totaling 47% of the updated target, which aims at the operation of 1209 systems in the region by the end of 2019 [50]. This will benefit around 500,000 inhabitants, or 100,000 families, considering the proportion of five members per family, i.e., almost 2% of the population residing in BS.



Compared to other supply strategies in the BS area, such as reservoirs and dams and water distribution by tank trucks for water transport, the PAD is less sensitive to climatic variability, since, unlike the aforementioned strategies, it makes use of groundwater, which suffers less influence from high temperatures and high solar irradiation and is, consequently, less susceptible to evapotranspiration. The PAD is also thought to be shielded from interventions that prioritize political privileges over choices based on socioeconomic indicators that best characterize reality.



A simulation for an RO membrane design was performed using the WinFlow version 3.3.2 software according to the data presented in Table 2, indicating a total operating cost of the system of US $1.69/m3, according to Figure 3, and an energy consumption of 3.39 KWh/m3, considering a 20-year shelf life, which is lower than the cost of the cubic meter in 2018 compared to the contracting of specialized water transport services through tank trucks, which ranges from US $6.85 to US $14.86 m3. This difference is justified by the different physical and traffic highway conditions, in addition to the distances involved in the water transport. The data considered for the simulation and the operating costs are presented in Table 2 and Figure 3.



These processes become more competitive with increasing water demands and the implementation of rapid technological advances that reduce desalination costs [53,54,55,56]. In terms of participation of the distribution of water sources in the desalination process, sea water accounts for 59%, followed by ground brackish water, at 23%, according to Figure 4.



The main desalination technologies consist of Thermal Processes (TPs), which use thermal energy, and Membrane-based Processes (MPs) [59,60], although hybrid processes are also available [61]. Thermal processes involve heating brackish water for the production of water vapor, which then condenses to form distilled water. The options for this process are highlighted in [62]. MPs use selective semipermeable membranes that act as physical barriers, separating dissolved salts and other impurities, and are classified as Electrodialysis (ED) and Reverse Osmosis (RO) processes.



RO processes represent the major part of production from brackish water [63], with high recovery rates of over 50%, as well as high salt rejection, of over 90%, with low specific energy consumption. RO membranes, however, are susceptible to scaling, requiring pretreatment which results in increased maintenance costs [64,65].



In most cases, negative externalities with strong socioenvironmental effects resulting from the expansion of desalination processes from the use of non-renewable sources of energy have been ignored. The energy demand of these processes could be supplied by renewable sources [66]. It is also noteworthy that the use of technologies that use renewable resources are experiencing decreasing costs [60]. According to [67], a case study centered on the short-term energy transition with a large share of variable renewable energy is presented, in which the energy system based on these sources resulted in a similar economic cost in comparison to fossil fuel-bases systems. The association between renewable energy and desalination is beneficial, as this becomes a sustainable and challenging option for the future [32], and the right combination of renewable energy sources and desalination technology can be the key to economically adjusting energy and water demands in an efficient and environmentally friendly way.



Desalination systems using renewable energy sources can be classified into three categories: wind, solar and geothermal energy [16]. Currently, renewable energy-powered desalination plants produce only 1% of the world’s desalinated water, with PVSS leading at 43%, followed by solar thermal 27%, wind turbine 20% and hybrid 10% sources [59].



Comparing fossil fuel-based conventional desalination plants, the cost of producing water from solar-based desalination processes is still relatively high due to solar module and collector costs [66]. These costs can, however, be offset by environmental benefits. Table 3 summarizes freshwater costs when the desalination systems are fed by conventional and renewable energy sources. The use of RO membrane technology integrated with solar energy brings costs closer to those of conventional desalination processes [16].



In this context, PSPP-RO is considered one of the most promising forms of desalination applying renewable energy, especially when it is used in remote areas where brackish water has a lower osmotic pressure than sea water, thus requiring less energy [64,68].



One of the barriers to PVSS expansion is the availability of the area required for installation. As a general rule, to operate a small BWRO plant with a capacity of 1 m3/day, with a total specific energy consumption of 8 KWh/m3, the PSPP installation requires a 26.5–28 m2 area [16]. Studies such as [69] present RO solar desalination systems, with off-grid PVSSs, as a viable techno-economical and sustainable solution for drinking water supply.



A hybrid system using solar and wind energy in the supply of energy to the desalination processes is evaluated in [70]. The system has a very flexible design and allows users to adjust the ratio between the wind machine size (diameter) and solar still, depending on climate conditions. This system has the appeal of operating day and night, with an efficiency that can be three to four-fold greater than conventional solar distillers. According to [71,72,73]. This option of combining more than one renewable energy source to exploit the strengths of one technology and to cover the weaknesses of another is more advisable and reliable, improving the economic and environmental aspects of desalination plants, and reducing intermittence effects [74]. For hybrid systems, where one of the sources is the PVSS, the choice of an on-grid/inverter option is the best alternative for energy generation during the desalination process, compared to the generator/battery system, where the possibility of surrendering excess electricity to the grid by means of some compensation is also noted [17].



Regarding energy consumption for the desalination process, the water industry consumes about 2% to 3% of the global energy demand [75], which seriously influences water costs during the process [76].



By 2018, over 150 countries will produce 38 billion cubic meters of desalinated water per year from 18,000 desalination units. By 2030, this output is expected to grow by 54 billion cubic meters per year, consuming 0.4% of global electricity, i.e., 75.2 TWh per year, and the main factors of this increase in demand are population growth and economic development [77]. The Middle East leads in desalination capacity, at 52%, followed by North America (16%), Europe (13%), Asia (12%), Africa (4%), Central America (3%) and Australia (0.3%) [78]. Desalination plants are expected to grow by 12–20% per year, with energy consumption being the main hurdle, accounting for 50–60% of the total costs [79].



The energy demand resulting from the desalination processes ranges from 2 to 6 kWh/m3, depending on the salinity level of the water to be processed [78]. RO technology presents energy consumption between 2–5 kWh/m3 and has the largest installed desalination capacity, of around 65% of the world’s share [80]. For a sea water RO plant, the demand for electric power is on the order of 3.5 kWh/m3, while in smaller installations and remote locations energy consumption can increase to 3–7 kWh/m3. For the BWRO system, consumption drops to below 2.5 kWh/m3. This is due to the lower salinity, which allows less pressure to be applied, with higher water recovery [76,81,82,83].



Desalination of brackish water by RO is a viable alternative for BS. However, it is imperative to advance knowledge on brine management, as this is one of the main challenges in this process. Conventional methods for brine management in systems that do not use ocean waters include: (i) brine disposal, including surface water discharges, domestic sewage disposal and deep well injections; (ii) use in the irrigation of crops adapted to brackish water; (iii) use of brine treatment techniques for storage and disposal, (iv) the zero liquid discharge technique (ZLD), which completely avoids liquid waste emissions and allows for water and salt recoveries [84], (v) thermally driven evaporation systems and crystallization (a solid-liquid separation technique from the formation of solid crystals through a homogeneous solution) [34,76].



The RO technique will probably prevail over others, especially due to the current low energy cost and ongoing technological changes. In future terms, the energy consumption for medium and large desalination plants expected for 2021 ranges from 2.8 to 3.2 KWh/m3 [76].




5. Desalination System in the PAD: Use of Solar Energy and Productive Units for Concentrate Use


The energy demanded for water production by desalination must be offered sustainably, thus guaranteeing the reduction of possible environmental impacts [85]. Because of this, the water-energy nexus points to the use of renewable sources available in local areas, as well as the efficient management of the generated waste (concentrate). Water and energy consumption cannot be disconnected, since they display a direct dependence [86]. From this perspective, the analysis of these links should be able to: (i) identify ideal locations for desalination use; (ii) consider infrastructure investments, accounting for existing assets and (iii) assess the best allocation of water and energy investments [87].



Considering that the PAD is located in a region with high, low variability, solar irradiation, a determining characteristic for a better integration of PVSS potential for desalination systems, and contradictorily, its structure does not register the use of renewable energy sources, efforts must be carried out so as not to neglect the importance and attractiveness of using the solar photovoltaic potential of the region. This is so decisive that a pilot project was implemented within the PAD to serve as a learning model in the adoption of renewable energy sources to meet the electric demand of desalination systems at the Maria da Paz community, located in the municipality of João Câmara, in the state of Rio Grande do Norte, according to data displayed in Table 4.



The PAD pilot project includes the installation of a PSPP/BWRO system, with an installed power of 5.46 KW, to promote water access to 45 families in this community. To meet the energy consumption and the demand of 1.8 m3/day, the required area is of 35.2 m2—a 19.5 m2 per cubic meter ratio of water for human consumption, lower than those reported in [16]. The PSPP system can be connected to the grid (on-grid) it be used in isolation (off-grid), with a set of batteries for energy storage. In addition, a power selector switch is available which, in the case of prolonged rains, overcast weather, generation system defects or other situations that make it impossible to use the photovoltaic generation system, changes the power of the system or conects it to the electric distribution network of the concessionaire [52].



The PAD pilot project is more comprehensive than the options evaluated by [17] as, besides contemplating the PSPP/on-grid/inverter system, it also consists in a battery pack, so that it also works off-grid, being able to complement 100% of the demanded energy during 10 h. However, the existence of a grid access could eliminate the need to contemplate the use of batteries in the process, which would reduce costs.



Regarding the desalination process, weighted concerns comprise the possibility of increasing the salinity of the wells that supply water to BWRO systems [88], which, in case the correct disposal of the effluent (concentrate) does not happen, will be rendered unproductive. In this context, another point to be highlighted, this time foreseen in the PAD design, is the use of effluents in a productive system contemplating fish farming and farming. This action minimizes environmental impacts while at the same time contributing to food security and income generation to cover operating and maintenance system costs. To apply this practice, the program structured a model with a Production Demonstration Unit [50]. In this model, the concentrate is stored in a reservoir to be sent to fish farming nurseries and containment tanks for animal drinking as well as for the irrigation of agricultural crops for animal fattening. The process takes place as follows:

	(1)

	
Drinking water is produced by the desalinator;




	(2)

	
The residue from the desalination process is used in tiapia-rearing tanks;




	(3)

	
The pisciculture residue is used in Atriplex cultivation;




	(4)

	
The fodder produced during the process is used for sheep and goat feeding.









Productive tilapia cycles are aimed at supplying protein to the community and generating income in order to maintain the system. A Demonstration Unit to serve as a model for concentrate use in the aforementioned productive activities was installed at the Caatinga Grande settlement, located in the municipality of São José do Seridó, in the state of Rio Grande do Norte. In 2018, this Demonstration Unit guaranteed a water supply of 4 m3/day, benefiting about 87 families. The unit also provides for two fish farming tanks, with a total production capacity of 1.5 tons per cycle, as displayed in Table 5, which presents data from the Caatinga Grande demonstration unit.



A total of 1.2 tons of tilapia were sold during the first productive fish cycle, recorded in 2018, resulting in the amount of US $1483.92, of which 75% were applied in a reserve fund to maintain the system, while the remaining amount was divided among the participants involved in the process. In this context, the use of desalinator effluent in fish farming performed well. Because it is rich in nutrients, such as potassium, nitrogen and phosphorus, originated from well water, the effluent may also be used in agricultural activities in substitution of fertilization, in the form of fertigation [89]. Figure 5 displays the interaction of the PAD with a solar source through PSPP and the destination of the desalination process residue in productive units.




6. PSPP System for Electric Demands


Based on the experience of the Maria da Paz pilot project, which makes use of PSPP, the power installed at the PSPP required to meet the electrical demands for desalination system operations within the PAD scope was calculated, considering two scenarios: (i) an installed demand supply in the PAD in September 2017 of 5 MWh/m3·day, totaling 460 systems and a 1500 m3 supply [10]; (ii) the total installed demand for the DBP, 13.5 MWh/m3, or 1209 systems and an offer of 4000 m3.



The values for the energy temperature coefficient, PV module temperature and module temperature under STC were weighed according to the requirements stipulated by the Secretariat of Environment and Water Resources [18]. Other data considered the following:

	
Median average solar irradiance in an inclined plane with an angle equal to the latitude detected in the stations closest to the communities already contemplated by the PAD, at a value of 5.54 KWh/m2·day [19];



	
An average energy consumption of 3.39 Kwh/m3 was considered in the simulation, by using the WinFlow software, from the total operating cost of the PAD desalination system and within the range presented by [76] for smaller BWRO system installations;



	
A system efficiency loss of 0.5% per year over a span of 25 years;



	
320 Wp power modules without tracking systems;



	
Concerning the total PAD demand, a universe of 500 thousand people was considered, i.e., approximately 100 thousand families, and a daily water consumption of 40 L per family.








By using the constant equation in [17] to determine the power to supply a demand of approximately 5 MWh/m3·day and 13.5 MWh/m3·day for current and future consumption in the PAD context, respectively. The estimate of this installed power PSPP reached approximately 3.4 MW and 9.06 MW, or 10,625 and 28,313,320 Wp panels, respectively, with an average power of approximately 7.38 KW and 7.54 KW per desalination system, respectively.



Compared to another federal government initiative, the São Francisco River integration project, the largest water infrastructure project in the country, the PAD is able to reach more states and anticipate an initial cost per lower beneficiary per inhabitant, according to Table 6.




7. Discussion


The feasibility of using the waste generated in the BWRO System in fish breeding and Atriplex cultivation productive units through the PAD also allows for mitigation of the environmental impacts attributed to this waste, an animal protein supply for the community and important for increasing feed safety. This model can be taken to other semi-arid regions, since the Atriplex adapts easily to arid and semi-arid environments, while tilapia are easily grown in different salinity environments. It should be noted that adoption of this productive model should be evaluated in the face of possible adverse impacts, which can be derived from increased soil salinity, reducing the agricultural cultivation areas and those destined for livestock. In the case of the systems evaluated herein, due to the size of the growing area and the sizes of the herds involved, these possible damages are minimized to the point where they are not considered. The applied plant species mitigate soil salinization in the long term. During cultivation, the mineral salts levels in the soil are reduced.



Regarding the water-energy nexus, the PAD has begun making efforts in order not to neglect the appeal of using the solar photovoltaic potential of the Brazilian semi-arid region through the pilot project installed at the Maria da Paz community with an on-grid PSPP integrated to a set of batteries, with installed power of 5.46 KW for a water demand of 1.8 m3/day.



The origin the PSPPs requires care, as the PAD imported plants from China and Malaysia, countries that present high emission factors in their electrical matrix. Promoting sustainable development by encouraging the use of photovoltaic systems should prioritize the importation from countries whose electric matrix present low emission factors in terms of greenhouse gas (GHG) concentration impacts, in order to avoid indirect imports of significant amounts of embedded carbon [92]. Another point is the use of batteries; as the PAD provides access to the grid for desalination system installation, their use to store energy could be waived, which would reduce costs. On the other hand, batteries could be used for the PAD to also reach off-grid communities, expanding its area coverage. The BS region has high solar irradiation, according to Figure 1, where PVSSs can be integrated alongside strategies to supply the electrical demands of the region associated to the operation of all the PAD desalination systems.



In addition to the use of solar energy for brackish water desalination, other potentials may also be highlighted regarding improvements in the water supply at BS. In areas near the coastal zone, the use of seawater desalination through reverse osmosis membrane technology (SWRO) may be attractive, for example. In addition, a high wind potential is observed in the northeast coast, with greater emphasis on the coasts of Ceará and Rio Grande do Norte, where an alternative could comprise SWRO integration with wind power sources [93].



In terms of sea water use in the RO desalination processes, the total electricity generation from wind power in the Brazilian Northeast in 2017 was of 35,629 GWh (84% of the total generated in the country), exceeding the sum of the total annual energy demand of some of the large SWRO plants installed in other countries, such as Israel, USA (California), Australia and Spain, displayed in Table 7.



These countries have similar climatic characteristics, with part of their territories presenting a semi-arid climate and low water availability. In other regions of the planet, such as China, seawater desalination is now being highly encouraged and is becoming a critical water supply alternative for cities suffering from serious water scarcity [99]. In south-eastern Spain, the importance and role of non-conventional water resources, such as desalination, was important in achieving territories that are more resilient to climate change and less vulnerable to drought, not only during dry periods but also as an available resource to take into account during normal rainfall years [100]. Desalination has not only become a strategic water resource of vital importance during drought situations, but it is increasingly configured as an ordinary urban supply source in coastal areas of the European Mediterranean [101]. In Low Population Wadi Communities, the Kingdom of Saudi Arabia, [102] presents an economic analysis of water supplying through the use of managed aquifer recharge (MAR) for storage and a polishing treatment of highly treated domestic wastewater as a significant method to minimize costs of safe drinking supplies and irrigation water to rural areas in arid lands.



Desalination is considered a technique with high water supply potential and can be an emerging alternative as a freshwater supply in Brazil. The increase of the capacity also increases energy consumption and greenhouse gas (GHG) emissions and, in this context, new studies can investigate energy efficiency, the biological and physical effects of brine discharges and GHG emissions in the desalination processes.




8. Conclusions


The availability of quality water to all populations has been one of the greatest global challenges faced by national states in this century. In poor countries or emerging economies such as Brazil, this challenge is even more relevant, since access to clean water is not universalized. The present study agrees that the socioeconomic BS problem does not result from droughts, but is in fact the result of a historical-structural formation related to an asymmetric process at the national level, comprising the adoption of new techniques and technologies prioritizing the Brazilian South and Southeast, which that can only be overcome by structural transformations, in which investments to improve water supply can stimulate regional socioeconomic development and reduce inequalities. In this context, the adoption of techniques and/or technologies that allow the use of other water sources, such as brackish water in the crithotinal basement, becomes of national interest.



The paper, as a contribution of its authors, investigates whether the evaluated model (BWRO) associated to renewable energy sources, alongside the prediction of the waste (concentrate) destination to productive units, promotes the sustainable use of water, the reduction of water vulnerability in semi-arid areas.



The evaluated alternative technology favors the establishment of a relationship that values the connection between the water supply and its required energy, allowed for the promotion of the integrated use of resources and the improvement of the environmental relations established in this context. This option, in addition to being a measure of adaptation to climate change, is also in line with the United Nations World Report on Water Resources Development 2018. Thus, this article is based on the hypothesis that the use of the Reverse Fresh Water Osmosis System (BWRO) associated to renewable energy sources, alongside the prediction of the waste (concentrate) destination to productive units, is a socio-environmentally adequate alternative to diversify existing supply strategies.



This study reports on the PAD, a permanent public good-quality water access policy for human consumption through the BWRO system, to serve low income populations in diffuse semi-arid communities. The PAD contemplates a pilot project to serve as a learning model for the efficient and sustainable management of energy and water at the Maria da Paz community in the municipality of João Câmara in the state of Rio Grande do Norte, Brazil, with an on-grid PSPP integrated to a set of batteries. It also predicts the use of residues generated in the BWRO system in productive units for tilapia farming and Atriplex use for fattening animals. The first demonstration unit was implemented at the Caatinga Grande community, located in the municipality of São José do Seridó in the state of Rio Grande do Norte.



The installed power required to use the PVSS technology was proposed herein, aiming to supply the electric demand for the operation of the PAD desalination systems, considering two scenarios: (i) 460 systems and a 1500 m3 supply; and (ii) 1200 systems and a 4000 m3 supply, with estimated PVSS power capacity reaching approximately 3.4 MW and 9.06 MW, respectively. The PVSS technology is aligned with the use of the BS solar energy appeal, as the region presents one the highest solar irradiations in the country, which can exceed 6 KWh/m2·day and 2000 kWh/m2·year in part of the territory, a natural characteristic that highlight the energy potential of the region.
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Figure 1. Normal direct solar irradiation and distribution of photovoltaic plants and wind farms in the Brazilian semi-arid region. Source: The Datum Sirgas 2000 coordinate system, with data sourced from [35,36,37,38]. 
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