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Abstract

:

Negative impacts of groundwater overuse have always been one of the problems of modern cities in arid and semi-arid regions; rapid population growth and climate change have also exacerbated these problems in many areas. One of the best approaches to deal with the impacts of these phenomena (soil subsidence, decline in groundwater quality, and seawater intrusion) is to artificially recharge water into aquifers and raise the groundwater level. In this paper, an innovative solution called Groundwater Recharge Systems (GRS) is proposed with high efficiency, low cost, and fast implementation capability to address these problems. The proposed solution also has the capability of being constructed in urban environments without the need to allocate any spacious land or the need to use any sophisticated technologies. The study of implementing the proposed groundwater recharge systems in the study area showed that the performance of this system, even in worst-case scenarios, will be very significant even considering climate change impacts such as seawater level rise and decline in precipitation.
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1. Introduction


Increasing population, expanding irrigated agriculture areas, and economic development are all driving forces in the world’s ever-increasing water demand. Although surface water availability (water in lakes, rivers, and reservoirs) can meet such demand globally, regional variations are substantial, resulting in water stress in certain parts of the world [1]. The Sahel, South Africa, the Central United States, Australia, India, Pakistan, and North-East China are examples of regions facing recurrent water stress [2]. Over 2 billion people (35 percent of the world’s population) are expected to be suffering from acute water scarcity [3].



In arid and semi-arid locations where surface water resources are mostly insufficient or inadequate to meet the needs of the community, groundwater is a critical means of attaining freshwater for more than half of the world’s population needs [1,4,5]. Approximately 70% of the world’s groundwater resources are used for agriculture [6]. Agriculture (89%) is the most common use of groundwater in India, followed by home (9%) and industrial (2%) usages [7,8]. According to the Ministry of Water Resources of the People’s Republic of China (2018) and the Water Resources Department of Xinjiang (2018), 93 percent of water resources in Xinjiang province in arid Northwest China were used for agriculture, with groundwater accounting for more than 30 percent of water supply [9].



During the last 50 years, the water demand in Europe has risen gradually because of the increase in the human population. Around 55% of the world’s human population lives in urban areas. The population living in 17 capital cities of the EU was 71.1 million in 2014, and a stable increase in population was observed in all large European cities in the last decade [10]. This has led to a general decrease in renewable groundwater resources by 24% per person in Europe [11].



An indispensable element in preventing such hazards is groundwater recovery in urban areas, with regard to both its quantity and chemical status assessment. According to the assessment standards determined by the Water Framework Directive (WFD) [12], poor chemical status was observed in 9% of groundwater bodies, and, in 75% of cases, the main reason was the decrease in groundwater levels [13].



The need for groundwater extraction, and its consequence depletion, are caused by seasonal fluctuations in water availability, drought-prone conditions, and insufficient rainfall [14]. Altogether, continuous groundwater pumping is the primary source of groundwater depletion. Groundwater depletion would lead to negative repercussions such as increased pumping costs, deterioration of water quality, reduction in water in streams and lakes, saline water intrusion in coastal cities, and land subsidence. While these consequences are variable, they ultimately occur to some extent with any groundwater use [15]. As with other natural resources, society must consider the advantages and disadvantages of using them.



To tackle the burgeoning problem of water level decline, it is necessary to take up schemes for water conservation and artificial recharge of groundwater as a priority. The term artificial recharge refers to transfer of surface water to the aquifer by human interference. The natural process of recharging the aquifers is accelerated through percolation of stored or flowing surface water, which otherwise does not percolate into the aquifers. Artificial recharge is also defined as the process by which groundwater is augmented at a rate exceeding that under natural condition of replenishment. Therefore, any man-made facility that adds water to an aquifer may be considered as artificial recharge [16].



The concept of rainwater harvesting (RWH) is not new, and it is widely employed to address water scarcity and urban flooding in many regions of the world [17]. It is a significant source of groundwater recharge that can be used for both drinking and non-drinking applications, such as irrigation and farming [18,19,20,21,22,23]. According to history, expanding global interest in rainwater harvest arose in the 1980s, and the approach is now receiving more attention and is equally popular in the western and eastern parts of the world [24]. The number of studies on rainwater harvesting has grown at an exponential rate during the last four decades, and includes Australia [25], Brazil [26], China [27,28], Greece [29], India [30,31], Bangladesh [32], Iran [33,34], Pakistan [35,36,37], Indonesia [38], Hawaii [39], and Kenya [40].



Techniques used for artificial groundwater recharge broadly fall under the two following categories: direct and indirect methods. Direct methods involve surface spreading techniques and sub-surface techniques, and indirect methods include induced methods and aquifer modification methods [41].



Surface spreading techniques, which involve flooding, ditch and furrows, recharge basins, runoff conservation structures (bench terracing, contour bunds and contour trenches, gully plugs, nalah bunds, check dams, percolation ponds), and stream modification/augmentation are aimed at increasing the contact area and residence time of surface water over the soil to enhance the infiltration and to augment the groundwater storage in phreatic aquifers [41]. The downward movement of water is governed by a host of factors including vertical permeability of the soil, presence of grass or entrapped air in the soil zone, and the presence or absence of limiting layers of low vertical permeability at depth. Changes brought about by physical, chemical, and bacteriological influences during the process of infiltration are also important in this regard [42].



Important considerations in the selection of sites for artificial recharge through surface spreading techniques include that: (a) the area should have gently sloping land without gullies or ridges; (b) the aquifer being recharged should be unconfined, permeable, and sufficiently thick to provide storage space; (c) the surface soil should be permeable and have a high infiltration rate; (d) the vadose zone should be permeable and free from clay lenses; (e) groundwater levels in the phreatic zone should be deep enough to accommodate the recharged water so that there is no water logging; and (f) the aquifer material should have moderate hydraulic conductivity so that the recharged water is retained for sufficiently long periods in the aquifer and can be used when needed [41,42]. The main problems with implementing these methods in cities are the need for spacious lands and special topographies, which are rarely available in cities and developed areas or are very expensive to obtain.



Sub-surface techniques, which include injection wells (recharge wells), gravity head recharge wells, and recharge pits and shafts, aim at recharging deeper aquifers that are overlain by impermeable layers, preventing the infiltration from surface sources to recharge them under natural conditions [41,42]. The main problem with these methods is that they are very localized; therefore, only limited artificial recharge will occur through a localized structure, and subsequently will result in insignificant impacts.



Indirect methods for artificial recharge to groundwater do not involve direct supply of water for recharging aquifers but aim at recharging aquifers through indirect means. The most common methods in this category are induced recharge from surface water sources and aquifer modification techniques [41,42]. This approach involves induced recharge from surface water and aquifer modification techniques such as bore blasting methods, hydro-fracturing method, jacket well technique and fracture seal cementation, and pressure injection grouting; they mostly deal with aquifer capacity modification and between-aquifer water transfer, which are extremely expensive and mostly unusable in cities.



In summary, urban development in many arid and semi-arid areas is dependent on groundwater, and over-extraction of this resource would ultimately result in serious problems, e.g., seawater intrusion beneath coastal cities, soil subsidence in urban areas, and groundwater pollution. Given the critical role of groundwater in sustainable city development and water resource management, this research aims to offer an innovative approach to make artificial groundwater recharge achievable using stormwater without expensive sophisticated technology, yet, feasible in cities and usable alongside the traditional or existing stormwater systems.




2. Materials and Methods


2.1. Case Study


Kish is a small island in the Persian Gulf, 19 km off Iran’s mainland, with a 91 km2 surface area, a 40 km outer perimeter, and a nearly circular form as shown in Figure 1. The surface of the island is flat, with no mountains or even high hills. Its highest surface inclination extends from the airport, built in the center on an elevated area 35–40 m above sea level, to the shores [43].



Based on climate classification, in which the combined effect of precipitation and temperature are considered, Kish is a very dry area and its climatic condition generally is arid and semi-tropical. According to statistics, the average rainfall is about 180 mm, (65% in winter, 28% in fall, and 14% in the summer) and mean annual temperature is 26.6 °C [43,45].



Kish Island has the long sunshine hours—except for coastal areas of southeast and several other Persian Gulf islands—that is, about 3100 h a year; therefore, the annual evaporation is about 1650 mm, which is more than nine times the rainfall [43].



Considering the 20-year development perspective of Kish Island in various aspects, including tourism development and turning it into the top tourism destination for families, scientific-educational-research hub, sustainable development model using new technologies, and the most suitable place for investment in the Persian Gulf region, it can be expected to be accompanied by an increase in the need for drinking water for residents and tourists, as well as industrial development needs [43]. This increase in water demand along with climate change could lead to increase in water stress and consequent groundwater table depletion.



The touristic zone in the northeastern part of the island with an area of about 852 hectares is fully developed with moderate density, and involves residential areas, commercial and recreational centers, and has all the criteria required for this research: a developed urban area, adjacent to the sea, and a freshwater lens.




2.2. Methods


The proposed innovative approach introduces a new concept by modifying and juxtaposing the known techniques to provide the means of artificial recharge of aquifers using stormwater, without problems regarding other approaches, in cities. There are three key elements for any artificial recharge technique: firstly, to supply water, secondly, to convey it to a recharge facility, and finally, inject it into the aquifer.



The main goal of any stormwater management system is to ensure the safety of the city and its citizens against floods. Based on this, in almost all the cities around the world, stormwater management systems including channels, pipes, tunnels, etc., are already built or are under development in order to collect runoff from different areas and convey it safely to a receiving water body. Therefore, by default, a stormwater collection and conveyance system either exists in cities or is under construction. It should be noted that rainwater collected in this way is usually seen as a flood danger and threat, and the goal of such systems is usually to convey the collected runoff quickly and safely to the first safe place outside the urban environment. Obviously, the collected stormwater in coastal cities, as a source of free and accessible freshwater, is usually discharged into the sea and is wasted. In the proposed approach, this volume of wasted rainwater is used as a free and available source of freshwater to recharge groundwater.



As it is said, rainwater has already been used to artificially recharge groundwater; however, urban environmental conditions and limitations have made these methods unpopular or ineffective. Generally, two methods are used for artificial recharging of rainwater: spreading runoff over a wide area with good permeability, and local injection. Obviously, the first method, while efficient, is very expensive and non-optimal due to the need for large areas in urban environments (where land is scarce and precious), and the second method has always been used locally and in small areas, and is only able to deal with a very small volume of runoff, which could not have a considerable effect on the groundwater table.



In the proposed new approach, recharge wells are modified in such a way that they work together as a recharge system, and integrate with the existing stormwater management system, especially channels, to change the traditional stormwater network into a recharge facility without affecting its hydraulic function as a stormwater management network; it receives, stores, and finally infiltrates runoff into aquifers while the whole network still plays its role protecting a city and its residents against floods. The recharge system is built in the vicinity of the channels and below the pavement level on the streets and passages; thus, there would be no need for any space allocation and its cost. There is also no need for special and sophisticated technologies to build them, and along with the modular design, it allows them to be implemented quite fast and inexpensively. Most importantly, it is possible to build them in large numbers in urban environments, and therefore it is possible to deal with a relatively significant volume of rainwater to artificially recharge the aquifer. A schematic view of the proposed system and its components is presented in Figure 2.



In the following, each element of the recharge system and how they work are introduced as numbered on the figure.



	
The existing channel, while still playing its main role as a collector and flood conveyer in the stormwater management network, will also play a minor role as supplier of water for artificial recharge.



	
The entrance structure has the role of diverting water from the existing channel to the recharge system by considering two crucial criteria: always, and even in low flows, it should be able to supply water for the recharge system and at the same time should not affect the hydraulic performance of the existing channel. Figure 3 shows a potential design for the entrance structure.



	
The sediment trap structure acts as an interface between the stormwater network and recharge wells. This structure takes water from the existing channel, stores it, and increases retention time, trapping sediments, trash, and pollution to some extent. This structure is made of prefabricated concrete rings and is modular. The proposed bottom storage is cylindrical in shape with 1.1 × 1.8 m2 oval concrete rings and a length of 7 m, which creates a volume of about 12 m3. Due to the role of this structure, its entrance has been proposed with large dimensions, and circular concrete rings with an inner diameter of 1.9 m, to provide better operation and maintenance conditions. Since the exit point of this structure is about 5 m above its floor, 8.5 m3 are added to its volume and its total volume reaches 20.5 m3.



	
Conveyance pipes are responsible for transferring water between the channel and the recharge system as well as between the structures themselves.



	
Recharge wells are almost similar to sediment trap structures in terms of shape, with different dimensions and purpose. The proposed galleries are of cylindrical shape with 1.3 × 0.8 m2 oval concrete rings and a total length of 40 m, in the form of four interconnected crossed cylinders with 10 m length each. This creates a volume of about 45 m3 per recharge well. A recharge system is considered to be include up to three recharge wells according to the local conditions, which will eventually provide a volume of about 135 m3 per recharge system. A schematic view of a recharge system with three recharge wells is demonstrated in Figure 4.






In terms of performance, these modified recharge wells are actually a combination of conventional recharge wells and permeable tanks. The proposed technique is similar in form to recharge wells and benefits from its easy implementation and low cost; on the other hand, they function like permeable tanks by providing adequate storage volumes, considering the low rate of water infiltration into the soil layers, store water, and inject it at the required duration of time into the soil and finally the aquifer.



It should be noted that recharge wells are usually connected directly to the aquifer, and because of their limited penetration rate, they usually are not capable of recharging a significant volume of water into aquifers in a short time. Thus, usually in case of rainfall events and in exposure to large volumes of water, they will cause flooding in the surrounding street for a long period of time, if not fail totally. Moreover, it should be said that direct injection of water into the aquifer without proper filtration will cause possible contamination of the groundwater, while with the infiltrating water through the soil layers, pollution will be removed to a great extent before recharging the aquifer.





3. Results


As explained earlier, one of the most important parts of any recharge system is the water supply. Therefore, the tourist zone of Kish Island is surveyed regarding the stormwater network, and it is determined that the stormwater management network is not developed yet, but its design has been completed and is awaiting construction. Figure 5 shows the overview of the designed channels of the mentioned stormwater network.



Table 1 summarizes the results of the precipitation of Kish Island based on its synoptic meteorological station.



The design results show that the main channel, which is shown in red color in Figure 5, with a catchment area of 350 ha, is the most important channel of this network, and about 40% of the catchment area and consequently runoff of the study area drains through it to the sea. The network is designed for 2 years return period rainfall and as presented in Table 2, the main channel is about 3.3 km long and its dimensions range from 1.0 × 0.8 m2 to 2.5 × 1.2 m2.



In order to determine the place of artificial recharge facilities, characteristics such as distance to groundwater aquifer, hydraulic gradient, and permeability of soil layers are considered. Accordingly, in the vicinity and parallel to the channel route, 33 recharge systems, each with 3 recharge wells for every 100 m of the channel length, were implemented; the results are shown in Figure 6. It has also been considered to keep a minimum depth of 1 m distance from groundwater (thickness of the unsaturated layer) so that proper filtration could happen alongside fast penetration.



The water infiltration rate by each well is calculated through the Darcy’s Law (1856):


Q = K × A × I,



(1)




where in:



Q = infiltration rate per well (m3/s)



K = permeability coefficient (m/s)



A = cross section area (m2)



I = hydraulic gradient



Infiltration happens through walls and horizontal galleries of each well. Since the amount of permeability coefficient in each channel route (3.3 km) is different, recharge rates are calculated separately for each recharge system and then a total amount is estimated. The recharge rate of a recharge system based on average values is calculated as follows.



The cross-sectional area from which the water will infiltrate is calculated separately for the wells and horizontal galleries. The depth of an average well is about 4 m, and its diameter is 1.8 m. Considering three wells in each system, the total cross-section of walls in each system is about 68 m2. Each well has four horizontal galleries; with 10 m length and 2 m outer diameter, the total cross-section of each well is 251 m2. As infiltration is heavily affected by gravity’s downward force, the infiltration flow is estimated to be about 0.6 of the cross section; therefore, the cross-sectional area of the galleries of each well will be about 151 m2. Altogether, the total cross-sectional area of a well and its galleries is about 174 m2, which will be 522 m2 for the whole recharge system.



Surface water infiltration is highest in the northeastern strips as well as in the southern part of the island due to the medium-to-high permeability of these areas. Most of the island has moderate permeability and, due to the constant spatial distribution of rainfall, infiltration rate is also moderate [46]. The permeability coefficient (K) was estimated in each recharge system according to the results of lugeon permeability tests in boreholes close to them. The average permeability in the proposed recharge systems is considered 2.4 × 10−5 ms−1. Consequently, the infiltration rate for this recharge system will be about 12.5 Ls−1. With the same calculations and assumptions, the recharge rates for all 33 proposed recharge systems are calculated and presented in Table 3.



The total infiltration rate of the proposed stormwater recharge systems is estimated to be about 422 Ls−1 and its total storage volume will be about 17,500 m3.




4. Discussion


Groundwater resources play an important role in human life and their environment, especially for coastal cities and islands due to their proximity to seawater and high possibility of saline water intrusion and consequent groundwater pollution. Kish Island is one of the few islands in the Persian Gulf that has fresh and extractable groundwater resource. However, research shows that this valuable resource is endangered for a couple of reasons: natural causes (such as rising sea levels and declining precipitation) and human activities (such as over-extraction of aquifers due to increasing water needs because of population growth and industrialization, as well as land-use change and continuous development).



In coastal aquifers, there is a high risk of seawater intrusion into groundwater resources and in this regard, the study of the vulnerability of groundwater resources are very important in determining the vulnerabilities and sensitive points of the aquifer. In a model with neural network training using synthetic data obtained from numerical modeling of freshwater lenses, a salinity water risk identification and risk management program for Kish Island was investigated to deal with changes [47]. In another study, the distribution map of electrical conductivity and water level in Kish Island was drawn by the minimum curvature method, and then the relationship between electrical conductivity and topography of the area was established. The results show that the amount of relative electrical conductivity is reduced; in other words, in the center of the island with a height of 33 m, the water level has reached a maximum height of 28.24 m and the relative electrical conductivity has reached a very low minimum of 0.046 [48]. More importantly, studying of Kish Island groundwater aquifer vulnerability using drastic modification model for the conditions of this coastal aquifer including parameter of sea water level difference with water stability level and point to sea distance, as well as recorded and sampled data on water quality of island wells, shows that 34.1% of the Kish Island aquifer has a very high vulnerability potential, 48.1% has a high vulnerability potential, and 17.8% has a medium vulnerability potential [46].



Due to these circumstances, the proposed artificial groundwater recharge system is able to supply freshwater to the aquifer in order to increase water quality and repel saline seawater, while increasing the amount of rainwater harvested. In this regard, studying statistics and data on the average rainfall and groundwater consumption can be informative.



Approximately, about 20% of the Kish Island’s precipitation (40 mm per year, equivalent to 3.6 MMm3 annually) penetrates the porous soil and recharges the freshwater lens of the island. According to existing plans, about 40 to 50 percent of this volume (16 to 20 mm annually, equivalent to 1.4 to 1.8 MMm3 annually) is extracted through existing wells. Therefore, the net recharge rate of the aquifer (total recharge minus extract) will be equal to 10 to 12% of the total annual rainfall of Kish Island (20 to 24 mm per year, equivalent to 1.8 to 2.2 MMm3 per year) [45,49,50].



In this regard, the study area with an area of 350 ha is approximately 4% of the total area of the island, and in general, this ratio can be expanded to net infiltration volume and give an estimation of about 70,000 m3 per year for this area. Regardless of the water infiltration rate and volume, the storage volume supplied by the proposed system is about 17,500 m3, equivalent to 25% of the area’s net infiltration volume. Generally, about 80% of rainfall volume is either evaporated or discharged into the sea, which will be about 14.4 MMm3 on average for the whole island and 570,000 m3 for the study area. This calculation shows that in a normal water year, it is theoretically possible to fill the system more than 30 times. Although this scenario might be too optimistic, it is quite obvious that there is enough water to fill this system, and even in a pessimistic scenario one can expect that this system will be filled up at least three times if precipitation occurs three times a year. This will mean more than 50,000 m3 of recharge to aquifer, which is a 75% rise in the current net amount.



There are two important points about the performance of this system. Firstly, the runoff in urban areas is expected to be collected and transferred through the stormwater management network to the outlet; since the stormwater network of the project area will be modified to also act as the collector and supplier of the recharge system, this indicates that it is actually a realistic estimation that a large portion of this water volume is available to the proposed recharge system. Secondly, Kish Island enjoys long sunny hours (up to 325 h per month in summer) and high temperatures (up to 36 °C in winter and up to 46 °C in spring), which generally means a very high evaporation rate; water stores in this system in underground galleries, and therefore it is safe from sunlight and evaporation, which is a big advantage for using this system in such conditions.



Environmental changes resulting from climate change including saline seawater intrusion, and changes in the precipitation, are of high sensitivity for groundwater management of any small island such as Kish Island. Simulations to determine the abstraction values and to control the advance of saline water towards the freshwater lens of the island show the importance of groundwater recharging in the study area. These simulations compare two important changes in rising seawater level and changes in precipitation in five scenarios: seawater level 1 m rise, 20% increase in the net recharge due to increased rainfall, seawater level 1 m rise and increase by 20% in the net recharge due to increased rainfall, 15% decrease in the net recharge due to decreased rainfall, and seawater level 1 m rise and decrease by 15% in the net recharge due to decreased rainfall. The research was performed based on the administrative areas of Kish Island and the results in different scenarios for the northeastern parts of the island, such as District 4 (case study area of this research), were worse than other parts [51].



The simulation results showed that the island freshwater lens thickness increased by 9.8% for Scenario 2, where the net recharge rate increased by 20%, and for Scenario 4, where the net recharge rate decreased by 15%, the lens thickness decreased by 9% [51]. Since the proposed recharge system is capable of adding a 24% to the net recharge rate only by filling up once a year, it is an easy conclusion that in the current situation (without increase in the precipitation), an increase in the thickness of the island’s freshwater lens by 10% could be expected. Furthermore, even in the net recharge rate reduction scenario, this system can compensate the decrease in precipitation and net recharge rate by filling only once a year, which is very pessimistic, while one could easily expect this system to fill up at least a few times during the year.



Sea level rise can significantly alter coastlines, especially in low-grade areas. Comparing the current conditions and the scenario of increasing the sea level by 1 m shows that the volume of freshwater lenses will be reduced due to the reduction in the island surface, and in this case the thickness of the lens will be reduced by 5.1%. Considering the simultaneous effect of sea level rise and increasing the net recharge rate by 20%, it can be seen that these two parameters will impact the freshwater lens of the island in opposite directions, and despite the sea level rise, compared to the current state, the island’s freshwater lens thickness will be increased by 5.2% [51]. This shows that even if the sea level rises, with recharging the proper amount of freshwater into the island aquifer, not only the thickness of the freshwater lens can be maintained, but also it can be improved. In the case of Kish Island, this issue can be easily met when the proposed recharge system is filled once a year and the recharge rate is increased by 25%.



Finally, the latest scenario is a 1 m increase in sea level and a 15% decrease in net recharge volume, which has the most adverse effect on the island’s freshwater lens. Reducing the net recharge rate shrinks the lens and has a synergistic effect with increasing the sea level. Under these conditions, the thickness of the lens will be decreased by 12.4% [51]. In this case, this adverse effect can be compensated by the proposed recharge system filling up only once a year, and even assuming that it is filled twice, the thickness of the freshwater lens can be improved.



Another point to consider is about the amount of water that can be harvested. Assuming that the current condition of water extraction from freshwater lens is stable, it can be thought that by increasing the net recharge rate, it will be possible to allow extraction of more water from the aquifer; as mentioned earlier, assuming the proposed system is filled only once, 25% more water would be available in the aquifer, which would be about 450,000 m3 per year if considered at the island level. Furthermore, in scenarios where the amount of precipitation decreases or the sea water level rises, it will be possible to maintain the current amount of water extraction by constructing the proposed system.



Another issue to discuss is the water infiltration rate, at the level of the study area and the proposed systems. The location of the recharge systems is determined based on the position of the main channel route, permeability, groundwater depth, and surface features. In general, the results of permeability tests show that the permeability is high near the shoreline (about 5.5 × 10−5 Ls−1) and decreases continuously with distance from it (about 1 × 10−5 Ls−1). On the other hand, the depth of groundwater near the shore is very shallow (about 2 m) and this depth increases with distance from the sea (up to 15 m). As it is shown in Figure 7, considering the conditions required to build a recharge system in the study area, three zones were defined. The red area, which is a narrow strip near the shoreline, although it enjoys a good permeability rate, due to the shallow depth of groundwater, it is not possible to build an efficient recharge system. The green area enjoys both good permeability rate and suitable groundwater depth, which makes the conditions ideal for the construction of a recharge system. The orange area has less permeability rate than others, and the groundwater depth has increased, and therefore recharge systems might not work as efficiently as in the green zone, and they will fulfill their functions at a slower rate.



According to the infiltration potential of each system, 33 proposed systems were divided into group A and group B. Group A includes 13 recharge systems that will recharge at the rate of 282 Ls−1 (67% of the total recharge rate), and group B includes 20 recharge systems that will have a 140 Ls−1 recharge rate, i.e., almost twice the number, and half the rate. Therefore, if authorities or decision makers want to prioritize the construction of these recharge systems based on the budget or limited time of construction, it is obvious that the first priority will be with the construction of Group A recharge systems (which are located in green zone) and then the second priority with the construction of Group B recharge systems (which are located in orange zone). It should be noted that apart from infiltration volume during rainfall, which is definitely much higher for Group A systems, in any case both systems will recharge the stored volume to the aquifer and the only difference will be in the time of recharge.



Stormwater infiltration systems are typically expected to drain down within 24 h of a storm, meaning that the infiltration rate should be high enough that no water is left ponding after 24 h [53]. The proposed recharge systems are located next to a stormwater network and preventing floods and providing flood protection is the main responsibility of mentioned stormwater network; yet, the proposed recharge systems are discharged in less than 24 h. Table 4 shows the time required to discharge for each of the recharge systems. In general, Group A recharge systems require between 6 and 10 h to discharge due to the high penetration rate, and Group B systems require between 18 and 23 h due to the lower penetration rate.



In general, it can be said that the sustainability of any society is in direct relation to the sustainability of its components, and certainly water security plays a crucial role in this regard. As the results showed, the proposed system is able to improve the conditions of the study area by increasing the groundwater level for future use, counteracting the seawater intrusion and climate change.



It is also noteworthy that in many urban communities, a large portion of the available water is used by industry, and not being able to support these industrial needs will cause much damage to this sector. The proposed groundwater recharge system is able to artificially recharge aquifers with rainwater in order to supply cheap and quality water to the industry.



In addition, from the general economic point of view, stability is one of the most important factors in attracting and maintaining capital. Establishing balance in water management and reducing the risk of water stress greatly contributes to the sustainability of the existing ecosystem and paves the way for its development and progress.



In terms of habitat and ecology, increasing the groundwater level using the proposed method to make more water available to plants and trees will help the ecosystem to be more stable and sustainable.



In addition to all these benefits that improve living conditions in cities and human societies, human dependence on clean water in terms of household needs and drinking is extremely high. The proposed system provides the community with more, cheaper, and cleaner water by recharging the aquifer, and consequently will reduce water stress and increase the sense of water security in societies.




5. Conclusions


One of the main pillars of development in human societies is the freshwater supply; without having enough renewable freshwater, no development will be sustainable. As human societies have always developed and their population grown rapidly, the consequent increasing water demand must be resolved. Due to the limited amount of freshwater available, groundwater is usually one of the first resources to be used as a replacement for scarcity. Excessive use of groundwater resources will lead to a drop in their level and cause many problems such as soil subsidence, reduced water quality, and seawater intrusion.



Groundwater has been extracted from aquifers over the years in various locations around the world, and either the impacts have become visible in many places or will become so soon; thus, providing a solution to this problem is an immediate necessity. One way to deal with these problems is to recharge groundwater artificially to compensate the lost water and bring balance to aquifers. There are many different ways in this regard, although usually these methods are not very effective in urban environments due to the need for large spaces or applicability in small basins; therefore, in this research a new approach is proposed to implement artificial recharge facilities in cities with high efficiency and without the negative aspects.



In general, the new proposed system, which is called the Groundwater Recharge System (GRS), works by modifying the existing stormwater management network and using it as a collector, supplier, and conveyer of water sources to enter the recharge systems installed in its vicinity and through its length, while their main objective, which is to ensure safety against floods, remains intact. The design and implementation of the mentioned system in the study area showed that even in the worst-case scenario, when this system is filled only once a year, it will be able not only to resolve many of the adverse effects of groundwater overuse, but also will be able to deal with the effects of climate change impacts such as precipitation reduction and rising sea levels. Along with all these advantages, perhaps the most important features of the proposed facility are its cheap and fast construction along with the lack of the need for complex technologies.



The proposed technique is also in direct line with the sixth goal of the United Nations’ Sustainable Development Goals (SDGs), clean water and sanitation, which is described as to ensure availability and sustainable management of water and sanitation for all. The mentioned goal has eight targets to achieve by the year 2030. The groundwater recharge system has a positive role in all of them, however, it is in direct line with target 6.6 (protect and restore water-related ecosystems, including mountains, forests, wetlands, rivers, aquifers, and lakes) and target 6.a (expand international cooperation and capacity-building support to developing countries in water- and sanitation-related activities and programs, including water harvesting, desalination, water efficiency, wastewater treatment, recycling, and reuse technologies), as the proposed technique uses water harvesting to protect aquifers [54].
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Figure 1. Location of Kish Island, [44]: Google Maps, 2022. Kish Island, 1:33,333 and 1:500. Google Maps (online) Available through: Polytechnic School of Ávila https://www.google.com/maps (accessed on 24 April 2022). 
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Figure 2. Schematic view of the recharge wells system. 
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Figure 3. Schematic view of a potential design of the entrance structure. 
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Figure 4. Schematic view of the proposed recharge system. 
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Figure 5. Designed stormwater management network. 
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Figure 6. Proposed locations of recharge systems for the main channel. 
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Figure 7. Permeability zones of the study area [52]: Google Maps, 2022. Kish Island, 1:500. Google Maps (online) Available through: Polytechnic School of Ávila https://www.google.com/maps (accessed 24 April 2022). 
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Table 1. Meteorology precipitation summary of Kish Island.
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Parameter

	
Fall

	
Winter

	
Spring

	
Summer

	
Yearly




	
October

	
November

	
December

	
January

	
February

	
March

	
April

	
May

	
June

	
July

	
August

	
September






	
min

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
24.8




	
Ave

	
2.35

	
8.32

	
46.7

	
35.83

	
28.58

	
36.1

	
8.67

	
1.27

	
5.03

	
1.68

	
1.31

	
0.57

	
175.54




	
max

	
64.8

	
57.3

	
189.6

	
126.3

	
209.6

	
273.3

	
67.7

	
30.2

	
100

	
56

	
38

	
19.5

	
496.1




	
deviation

	
11.26

	
13.95

	
53.97

	
36.28

	
45.6

	
57.85

	
16.51

	
5.22

	
20.33

	
9.46

	
6.45

	
3.29

	
116.79




	
%

	
1.34

	
4.74

	
26.6

	
20.41

	
16.28

	
20.56

	
4.94

	
0.72

	
2.86

	
0.96

	
0.75

	
0.32

	
100




	
Sum

	
57.37

	
100.51

	
14.97

	
3.56

	
100




	
%

	
32.68

	
57.25

	
8.53

	
2.03

	
100
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Table 2. Main channel characteristics.
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Channel

	
Area

	
Length

	
Width

	
Height

	
Slope

	
Q




	

	
(ha)

	
(m)

	
(m)

	
(m)

	
(%)

	
(m3)






	
1

	
2

	
37

	
761

	
1.00

	
0.80

	
0.30

	
0.89




	
2

	
1-1

	
77

	
216

	
1.10

	
1.00

	
0.50

	
1.60




	
3

	
1-2

	
112

	
380

	
1.10

	
1.00

	
0.85

	
2.15




	
4

	
7

	
169

	
324

	
1.50

	
1.00

	
0.75

	
3.22




	
5

	
7-1

	
239

	
67

	
1.50

	
1.00

	
1.20

	
4.03




	
6

	
7-2

	
253

	
174

	
1.50

	
1.00

	
1.50

	
4.26




	
7

	
7-3

	
274

	
151

	
1.50

	
1.00

	
1.50

	
4.68




	
8

	
7-4

	
283

	
101

	
1.50

	
1.00

	
1.20

	
4.84




	
9

	
7-5

	
303

	
122

	
2.00

	
1.00

	
1.20

	
5.22




	
10

	
19

	
317

	
373

	
2.50

	
1.20

	
0.30

	
5.40




	
11

	
20

	
322

	
256

	
2.50

	
1.20

	
0.35

	
5.42




	
14

	
21-2

	
350

	
338

	
2.50

	
1.20

	
0.35

	
5.86
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Table 3. Infiltration rates of proposed recharge systems.
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First Priority

	
Second Priority




	
Recharge

	
Depth

	
Permeability

	
Infiltration Rate

	
Recharge

	
Depth

	
Permeability

	
Infiltration Rate




	
System

	
(m)

	
(ms−1)

	
(Ls−1)

	
System

	
(m)

	
(ms−1)

	
(Ls−1)






	
R21

	
6.5

	
3.00 × 10−5

	
15.7

	
R1

	
5

	
1.50 × 10−5

	
7.8




	
R22

	
6.5

	
4.50 × 10−5

	
23.5

	
R2

	
4.5

	
1.50 × 10−5

	
7.8




	
R23

	
5

	
4.50 × 10−5

	
23.5

	
R3

	
4

	
1.20 × 10−5

	
6.3




	
R24

	
4.5

	
4.50 × 10−5

	
23.5

	
R4

	
4

	
1.20 × 10−5

	
6.3




	
R25

	
4.5

	
4.50 × 10−5

	
23.5

	
R5

	
4.5

	
1.30 × 10−5

	
6.8




	
R26

	
4.5

	
4.50 × 10−5

	
23.5

	
R6

	
4.5

	
1.40 × 10−5

	
7.3




	
R27

	
4.5

	
4.50 × 10−5

	
23.5

	
R7

	
4.5

	
1.40 × 10−5

	
7.3




	
R28

	
4.5

	
4.50 × 10−5

	
23.5

	
R8

	
4

	
1.40 × 10−5

	
7.3




	
R29

	
4

	
4.50 × 10−5

	
23.5

	
R9

	
4

	
1.40 × 10−5

	
7.3




	
R30

	
4

	
4.50 × 10−5

	
23.5

	
R10

	
4

	
1.30 × 10−5

	
6.8




	
R31

	
4

	
4.50 × 10−5

	
23.5

	
R11

	
4

	
1.30 × 10−5

	
6.8




	
R32

	
4

	
3.00 × 10−5

	
15.7

	
R12

	
6

	
1.20 × 10−5

	
6.3




	
R33

	
4

	
3.00 × 10−5

	
15.7

	
R13

	
5.5

	
1.20 × 10−5

	
6.3




	

	

	

	

	
R14

	
5

	
1.30 × 10−5

	
6.8




	

	

	

	

	
R15

	
4.5

	
1.30 × 10−5

	
6.8




	

	

	

	

	
R16

	
4.5

	
1.30 × 10−5

	
6.8




	

	

	

	

	
R17

	
4.5

	
1.30 × 10−5

	
6.8




	

	

	

	

	
R18

	
4.5

	
1.30 × 10−5

	
6.8




	

	

	

	

	
R19

	
4.5

	
1.30 × 10−5

	
6.8




	

	

	

	

	
R20

	
5.5

	
1.50 × 10−5

	
7.8
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Table 4. Duration to infiltrate from full storage to empty storage of proposed recharge systems.
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Group A

	
Group B




	
Recharge

	
Storage

	
Infiltration Rate

	
Duration

	
Recharge

	
Storage

	
Infiltration Rate

	
Duration




	
System

	
(m3)

	
(Ls−1)

	
(h.)

	
System

	
(m3)

	
(Ls−1)

	
(h.)






	
R21

	
536.0

	
15.7

	
9.5

	
R1

	
527.6

	
7.8

	
18.8




	
R22

	
536.0

	
23.5

	
6.3

	
R2

	
524.8

	
7.8

	
18.7




	
R23

	
527.6

	
23.5

	
6.2

	
R3

	
522.0

	
6.3

	
23.0




	
R24

	
524.8

	
23.5

	
6.2

	
R4

	
522.0

	
6.3

	
23.0




	
R25

	
524.8

	
23.5

	
6.2

	
R5

	
524.8

	
6.8

	
21.4




	
R26

	
524.8

	
23.5

	
6.2

	
R6

	
524.8

	
7.3

	
20.0




	
R27

	
524.8

	
23.5

	
6.2

	
R7

	
524.8

	
7.3

	
20.0




	
R28

	
524.8

	
23.5

	
6.2

	
R8

	
522.0

	
7.3

	
19.9




	
R29

	
522.0

	
23.5

	
6.2

	
R9

	
522.0

	
7.3

	
19.9




	
R30

	
522.0

	
23.5

	
6.2

	
R10

	
522.0

	
6.8

	
21.3




	
R31

	
522.0

	
23.5

	
6.2

	
R11

	
522.0

	
6.8

	
21.3




	
R32

	
522.0

	
15.7

	
9.2

	
R12

	
533.2

	
6.3

	
23.5




	
R33

	
522.0

	
15.7

	
9.2

	
R13

	
530.4

	
6.3

	
23.4




	

	

	

	

	
R14

	
527.6

	
6.8

	
21.6




	

	

	

	

	
R15

	
524.8

	
6.8

	
21.4




	

	

	

	

	
R16

	
524.8

	
6.8

	
21.4




	

	

	

	

	
R17

	
524.8

	
6.8

	
21.4




	

	

	

	

	
R18

	
524.8

	
6.8

	
21.4




	

	

	

	

	
R19

	
524.8

	
6.8

	
21.4




	

	

	

	

	
R20

	
530.4

	
7.8

	
18.9
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