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Abstract


Ensuring stable and continuous water supplies in isolated but populated areas, such as islands, where the water supply is highly dependent on external factors, is crucial. Sudden loss of function in the water supply system can have enormous social costs. To strengthen water security and to meet multiple water demands with marginal quality, the optimized selection of locally available, diversified multi-water resources is necessary. This study considers a sustainable water supply problem of Yeongjong Island, 30 km west from Seoul, South Korea. The self-sufficiency of several locally available water resources is calculated for four different scenarios based on the volume and quality of the various water sources. Our optimization results show that using all the available local sources can address the water security issues of the island in the case of interruption in the existing supply system, which is fed from a single source of mainland Korea. This optimization framework can be useful for areas where water must be secured in the event of emergency.






Keywords:


multi-water resources; marginal quality water; self-sufficiency; optimization; water security












1. Introduction


Water scarcity has become the main problem the world is facing in the 21st century [1,2]. In recent years, due to global population growth and climate change, the global demand for water has increased [3,4]. Worldwide, water security issues have been rising and adding challenges and complexity to water authorities and water utilities for the continuous supply of water, and Korea is no exception [5,6]. The country’s population has grown, industrialization has increased, and the uncertainties due to climate change have put increased pressures on limited available water resources, creating water use conflicts between stakeholders in Korea [7]. It is essential to ensure the water security of islands like Yeongjong, where the water supply is highly dependent on external factors. Sudden loss of function in the existing water supply system can cause enormous social costs.



Currently, somewhat limited water resources, such as reclaimed waste water, harvested rain water, desalinated sea water, and imported water have been widely introduced in Korea to meet the challenge of water security [8]. Accordingly, water resources managers need to determine the optimal water withdrawal rates from multiple sources to satisfy multiple water demands, while meeting the water quality constraints, at the lowest possible overall economic and environmental cost, and enhancing sustainability [9]. Because of the complexity of multi-source combined water supply systems, their optimization presents significant challenges in practice [10]. Multi-objective algorithms are the main tool for determining the optimal allocation of water resources and can effectively reduce the conflicts between competing water user sectors [11].



In the literature, several optimization methodologies have been proposed to deal with the multi-water resource management problem [12]. Zhang et al. [3] developed a multi-water source joint scheduling model using a refined water supply network and proposed the concept of a water treatment and distribution station (water station). They generalized the water supply system into three modules: the water supply source, the water station, and the water user. Wei et al. [13] established an urban water supply system (UWSS), optimization framework for alternative water resources configuration, considering the trade-offs among total cost, life-cycle greenhouse gas (GHG) emissions, and an extended water ecosystem objective by integrating a multi-objective optimization model based on a non-dominated sorting genetic algorithm (NSGA II) with life-cycle assessment and a water distribution system simulation model. Liu et al. [14] studied a “two-stage multi-water sources allocation model in regional water resources management under uncertainty” to solve for optimized water allocation among multiple sectors and water sources and made recommendations for the future of sustainable utilization of regional water resources.



Verdaguer et al. [1] developed a methodological approach for optimal freshwater blending to improve the resilience of water supply systems, based on a virtual case study. They also simulated the decision-making process of selecting the most suitable mixture of fresh water from eight different sources, including surface water, groundwater, brackish groundwater, potable waste reuse water, and desalinated sea water. The procedure achieves an optimal water blend at the lowest overall cost and improves the resilience and sustainability of urban water supplies. Byeon et al. [15] proposed a new water balance assessment system as part of a smart water grid project in Korea and suggested a smart water management system to counter potential risks to the water distribution system for Yeongjong Island. Park et al. [16] developed a decision support system for blending multiple water resources and system diagnoses in water treatment plants and tested it in the demo plant of the city of Incheon. Puleo et al. [12] studied the optimal control of a multi-source water supply system (desalination/surface water/groundwater, etc.), while reducing the source cost and energy cost (pumping) in addition to maintaining satisfactory water quality. Avni et al. [17] developed and tested an optimization (Q and C domain) model to provide recommendations for a water distribution system (WDS) quality control in terms of meeting optimal water quality requirements; they carried out computational experiments based on an actual regional WDS.



For many years the optimization concept of economic dispatch (ED) for optimally matching multiple power sources to multiple demands has been popular in the energy system field, and has been solved by various optimization techniques including genetic algorithm (GA), evolutionary programming (EP), honey bee mating optimization (HBMO), tabu search (TS), particle swarm optimization (PSO), harmony search (HS), and firefly algorithm (FA) [18,19]. For the first time we adopt that ED concept from the power supply field into the water supply field for optimally matching multiple water sources to multiple demands in this study.



Considering this background, the main objective of this study is to propose a methodological approach that provides the optimal withdrawal of water from multiple sources with different qualities, while minimizing the total costs and complying with the source constraints of varying supply capacities, marginal water quality, and different types of water demands. In other words, we propose a decision support system to improve the resilience of contributing water systems to ensure a continuous supply of water at a given location. This developed approach is applied to Yeongjong Island, where currently the only water source is piped from Seoul, under the sea. This underwater pipeline is vulnerable to failure due to damage at any time.




2. Materials and Methods


2.1. Study Area


Yeongjong Island, the gateway to South Korea is located about 30 km west from the capital city, Seoul (Figure 1). It is the site of Incheon International Airport (ICN), currently the major airport in South Korea. As of October 2018, the population of this island was 72,939; its total area, including reclaimed land, is 116.8 km2, of which 14.9 km2 is dedicated to agriculture, 35.9 km2 to forest, 2.6 km2 to parks, 0.7 km2 to industrial zones, 7.4 km2 to residential areas, and 15.3 km2 to public spaces and other purposes [6]. The annual rainfall of the area is 1412 mm and the annual average air temperature is 12.5 °C.




2.2. Existing Water Supply System and Possible Risks to the System


The island’s water supply system is based on a unique resource, the Han River via the Gongchon Water Treatment Plant (WTP) located in Incheon city. There are no fallback options in the event of equipment failure, drought, or accidental pollution [5]. The single water source is piped through undersea from the mainland. If this pipeline is damaged, no alternative water source is available for the island.



To distribute the water from this single source, four distributing reservoirs currently exist in the island and two more are under construction, expected to be completed by 2020 (Figure 1). Total storage capacity of the Yeongjong reservoir, Unbuk reservoir, original airport reservoir, and the new airport reservoir are 40,000 m3, 11,000 m3, 42,000 m3, and 15,000 m3, respectively. The Yongyu and Muui reservoirs now under construction will have storage capacities of 11,000 m3 and 1500 m3, respectively.




2.3. Data Source and Collection


Data on the available water resources (Table 1) and predicted water demand (Table 2) were collected from the recent master plan for Incheon waterworks maintenance [20] and Byeon [21]. Our optimization scenarios were considered based on predicted water demand for the year 2025.




2.4. Methodology


2.4.1. Optimization Problem Formulation


There are seven local alternative water sources for Yeongjong Island: rain water, streams, underground water, reservoirs, brackish water, sea water, and waste water (Figure 2), which might supply water sustainably and economically. We developed an optimal selection model for these water resources, using the treatment plant capacities for harvesting rain water (20,000 m3/day), stream water (45,000 m3/day), underground water (20,000 m3/day), reservoir water (1000 m3/day), brackish water (60,000 m3/day), and sea water (50,000 m3/day). We proposed the use of untreated waste water (grey water) for road washing, and ecological water demands. However, for agricultural water demand, untreated grey water is supplied only if the total dissolved solids (TDS) is less than 2000 ppm. If the TDS of grey water is greater than 2000 ppm, blending of grey water with other sources like rain, stream, underground, reservoir water is proposed in order to reduce the TDS value below 2000 ppm. Finally, the water can be supplied to agricultural purposes.



For simplicity, we set the diameter and total length of the pipeline as 400 mm and 10 km, respectively, for all the water sources. For estimating the capital cost, we assumed the polyvinyl chloride (PVC) pipe was used for conveyance of rain water, brackish water, sea water, and waste water, and we assumed cast the iron pipe was used for conveyance of stream water, underground water, and reservoir water.



In this section, we explain the proposed mathematical model, including notations, the decision variables, objective functions, and the model’s constraints. The research methodology follows the procedure as shown in Figure 3.




2.4.2. Objective Functions


The cost functions used here are taken from [22,23] and the cost estimation standards are those developed by the Ministry of Environment, Republic of Korea [24].



To minimize the total water supply cost, the following objective function is used:


  M i n i m i z e   f  ( x )    =   ∑   i = 1  I    ∑   j = 1  J   ∝  i j   (  X  i j   ) ,  



(1)




in which f(x) = total cost of water supply;




	
Xij = supplied water volume from the water source i to the user j;



	
i = water source type, i = 1, 2, 3, 4, 5, 6, and 7;



	
j = water user or demand type, j = 1, 2, 3, 4, and 5;



	
∝ij = cost function of water supply from source i to user j. The cost function ∝ij is dependent on capital cost, operation and maintenance (O&M) cost, and environmental cost.








The capital cost includes the construction cost of the purification plant and pipeline. The manpower cost, chemicals cost, and energy cost are covered within the annual operation and maintenance (O&M) cost. The environmental cost includes the cost of GHG emissions, per ton of water production from brackish water reverse osmosis (BWRO) and sea water reverse osmosis (SWRO), taken as 0.624 and 1.81 kg CO2 –e/ton, respectively, and were obtained from Tarnacki et al. [25]. The cost of GHG emissions for the Korean peninsula is taken as $19 USD/t-CO2 [26].




2.4.3. Water Withdrawal Constraints/Conditions


Constraints Related to Water Volume


	
The volume of water withdrawn must be less than or equal to the maximum capacity of the supply available from the sources considered (Si):


    ∑   j = 1  5   X  i j     ≤  S i  ,                 i = 1 ,   2 , … , 7 ,  



(2)




where, Si = 20, 43.78, 18.7, 0.76, 55.18, 50, and 121, are the maximum supply capacity of water sources: rain water, stream water, underground water, reservoir water, brackish water, sea water, and recycled water, respectively. Unit of Si = 103 m3/day.



	
The volume of water withdrawn from each water source, which undergoes treatment, must be less than or equal to the maximum capacity (Qi) of the respective water treatment plant (WTP):


    ∑   j = 1  5   X  i j     ≤    Q i  ,                 i = 1 ,   2 , … , 6 ,  



(3)




where, Qi = 20, 45, 20, 1, 60, and 50 are the maximum treatment capacity of WTPs for rain water, stream water, underground water, reservoir water, brackish water, and sea water, respectively. Unit of Qi = 103 m3/day.



	
Reclaimed (Grey) water must not be considered for domestic/residential use:


   X  i = 7 ,   j = 1   = 0 .  



(4)







	
Decision variables involved in the optimization calculation must be greater than or equal to zero (non-negativity constraint of decision variables):


   X  i j   ≥ 0 .  



(5)











Constraints Related to Water Quality in Total Dissolved Solids (TDS; unit = ppm)


We have 3 brackish water wells (retention ponds) at close proximity to sea water in the study area. Sometimes, sea water intrusion into the wells increases the TDS amounts of brackish water. So, to decide the requirement of blending, and the use of either BWRO or SWRO, the following constraints are considered.



	
For the case of waste water/grey water:




	
If TDS < 2000, supply to the agricultural purpose without any treatment.



	
If TDS > 2000, blend with available rain/stream/underground/reservoir water until TDS value falls below 2000 ppm and supply it to agricultural purpose.








	
If 2000 < TDS < 10,000, use the BWRO process for purification of water, and for more than TDS > 10,000, use the SWRO process.









2.5. Water Withdrawal Rules


Given the various types of locally available water sources in Yeongjong Island (Figure 2), the water quality of these water sources also varies. Different water users have different water quantity and quality requirements, and it is therefore necessary to match the water users to the adequate water sources. We propose that harvested rain water, stream water, underground water, and reservoir water be used for all five types of water demands after treatment of the source water. Brackish water will be used for domestic and agricultural purposes, and sea water will be used only for domestic purposes due to its high cost of treatment. Recycled water as a marginal quality water will be used only for agricultural, road washing, and ecological purposes due to its perceived quality issues. The details are shown below in Table 3.




2.6. Water Withdrawal Scenarios


We have developed four scenarios to evaluate the water security of the study area and produce relevant simulations. In scenario 1, we used readily available local water sources: stream water, ground water, reservoir water, and recycled water, which are less costly than the other sources. In scenario 2, we used harvested rain water at 20,000 m3/day (proposed amount) in addition to the sources used in scenario 1. In scenario 3 we added brackish water at 55,000 m3/day, and in scenario 4 we added sea water at 50,000 m3/day. The scenario details are shown below in Table 4.




2.7. Generalized Reduced Gradient Algorithm


The reduced gradient (RG) was first developed by Wolfe [27] and was based on a simple variable elimination technique for equality-constrained problems. The generalized reduced gradient (GRG) method is an extension of the RG method to handle nonlinear programming problems with linear and nonlinear constraints [28].



The basic concept of the GRG method is to linearize the nonlinear objective and constraint functions at a local solution with a Taylor expansion equation [29]. Then, the RG method is employed to find the minimum in the search direction which divides the variable set into two subsets of basic (dependent) variables and non-basic (independent) variables. Finally, implicit variable elimination is applied to express the basic variable by the non-basic variable. In this method, a search direction is found such that for any small move, the current active constraints remain precisely active. If some active constraints are not precisely satisfied because of nonlinearity of constraint functions, the Newton–Raphson method is used to return to the constraint boundary. Finally, the constraints are eliminated and the variable space is reduced to only non-basic variables. This process is repeated until the convergence is obtained. The details about this method are given by Lasdon et al. [30] and Gabriele et al. [31]. The flow chart of the algorithm prepared by Sakhaei et al. [32] is shown in Figure 4. Here, the GRG method has been implemented in the Excel Solver program.




2.8. Genetic Algorithm


GAs were invented by John Holland in the 1960s [33] and were further developed by Holland and his students and colleagues at the University of Michigan in the later 1960s and updated in 1970 [34]. GAs are heuristic search and optimization techniques that mimic the process of natural evolution, making them random-based, classical evolutionary algorithms. They are commonly used to generate high-quality solutions to optimization and search problems by relying on bio-inspired operators such as mutation, crossover, and selection. The evolution usually starts from a population of randomly generated individuals and occurs in generations. In each generation, the fitness of every individual in the population is evaluated, and multiple individuals are selected from the current population (based on their fitness) and modified to form a new population. The new population is used in the next iteration of the algorithm. The algorithm terminates when either a maximum number of generations has been produced, or a satisfactory fitness level has been reached for the population.



To find the optimal solution, the algorithm follows the steps in the flow chart in Figure 5.




2.9. Self-Reliance of the Island Using Locally Available Multiple Water Sources


To make a populated area sustainable and capable of dealing with uncertainty, it is vital to have a highly independent water supply. To describe the water security and sustainability of a city, region, or island, Han et al. [35] and Rygaard et al. [36] proposed an index called “self-reliance” or “self-sufficiency.” It is defined as the ratio of the volume of water that is supplied from the locally available sources of the region to the volume of all the water that is used in the region [36]. This index is calculated using Equation (6):


  S e l f   r e l i a n c e    ( % )  =    Q l     Q d    × 100 ,  



(6)




where Ql is the amount of water supplied from the locally available water resources within a given area (i.e., harvested rain water, desalinated sea water, stream water, and brackish water) and Qd is the total water demand in the same area. There are two possible methods to increase the self-reliance of an area. One is to reduce the water demand by demand-side management, and the second is to increase the use of locally available multi-water resources by rain water harvesting, sea water desalination, better utilization of groundwater, waste water reuse, use of brackish water, and stream water use [35]. Our study is focused on the second approach to increase the self-reliance of Yeongjong Island.





3. Results and Discussion


3.1. Self-Reliance (%) from Locally Available Multi-Water Sources in Different Scenarios


Yeongjong Island is 100% self-reliant in terms of non-drinking water, and reclaimed water is sufficient to meet the demands for irrigation, road washing, and ecology. For residential purposes, we used GA and GRG methods to assess the self-reliance in terms of the four scenarios described above. The results indicate that locally available water resources will meet 32.64%, 45.49%, 73.73%, and 100% of the residential demands in scenarios 1, 2, 3, and 4 in 2025, respectively, as shown in Figure 6.




3.2. Optimal Total Cost and Water Withdrawal Scenario for Different Scenarios


The total costs of water production (including capital investment cost and O&M cost) were calculated using both GRG and GA techniques. The optimal water withdrawal cost increased with the increase in use of water technologies like BWRO and SWRO. The environmental cost was calculated for the BWRO and SWRO processes only; we considered grey water as reclaimed water and supplied it without any treatment to road washing and ecological uses. For the case of agricultural purposes, we supplied it with or without blending with other sources of water wherever necessary. Thus, the reclaimed water did not emit any GHG in the study area. Since reclaimed water was abundant in the study area, the demand for agriculture, road washing, and ecological water was fulfilled from reclaimed water in all 4 scenarios.



3.2.1. Meeting the Demand Without Use of Rain Water, Brackish Water, or Sea Water


For water demand greater than the available water from selected sources, the GRG and GA methods gave the same results of optimal water selection from multi-water sources. The total water production in scenario 1 was 104,490 m3/day (Figure 7). Optimization results showed that domestic water was supplied from stream and underground sources whereas industrial water was supplied from underground and reservoir sources.



The capital cost and O&M cost were 90,840 million KRW (Korean Won) and 1557 million KRW, respectively. Cost of water production for scenario 1, is shown in Figure 8.




3.2.2. Meeting the Demand with Rain Water but without Brackish or Sea Water


In scenario 2 as well, both GRG and GA gave the same results for optimal selection from multi-water sources. The total water production in scenario 2 was 124,490 m3/day (Figure 9). Optimization results in scenario 2 showed that domestic water was supplied from rain, stream, and underground sources whereas industrial water was supplied from underground and reservoir sources. The capital and O&M costs were 108,080 million KRW and 1839 million KRW, respectively (Figure 10).




3.2.3. Meeting the Demand with Rain Water and Brackish Water, but without Sea Water


In scenario 3, both GRG and GA gave the same results for optimal water selection from multi-water sources. The total water production in scenario 3 was 179,670 m3/day (Figure 11). In this scenario, domestic water was supplied from rain (20,000 m3/day), stream (41,010 m3/day), underground (18,700 m3/day), reservoir (30 m3/day), and brackish water (55,180 m3/day) sources, whereas industrial water was supplied from stream (2770 m3/day) and reservoir sources (730 m3/day). The capital cost and O&M costs were 143,685 million KRW and 4877 million KRW, respectively (Figure 12). The environmental cost was 0.654 million KRW.




3.2.4. Meeting the Demand with Rain Water, Brackish Water, and Sea Water


The GRG and GA methods gave slightly different results for optimal water selection from multi-water sources. The total water production in scenario 4 was 227,760 m3/day (Figure 13). GRG method withdraws water from rain (3320 m3/day), stream (60 m3/day), underground (60 m3/day), and reservoir sources (60 m3/day), whereas GA method withdraws only rain water to supply the industrial water demand. In this scenario, all other water sources except reclaimed water were used to supply domestic water. The result of the GRG method is shown in Figure 13.



The capital cost was 222,846 million KRW, while the O&M cost from GRG and GA were 11,289.42 million KRW and 11,289.63 million KRW, respectively. The detailed cost of water production from each source is shown in Figure 14. Also, in this scenario the environmental costs for brackish water and sea water treatment were 0.654 million KRW and 1.653 million KRW, respectively.



Water withdrawal for domestic use, calculated by GA and GRG, is shown in Figure 15, in which reclaimed water is not used for domestic purposes due to its quality issues. The intake of water by both methods was slightly different for rainwater, river water, and underground water, but was the same for the remaining sources.






4. Conclusions


In this study, a framework for the economic dispatch of multi-water sources in water supply emergency was developed and applied to Yeongjong Island of Korea. The optimal water withdrawal scenarios were developed in order to meet the different types of water demands with proper water quality, by utilizing locally available multi-water sources. The results from both methods, GA and GRG showed that locally available water resources in the study area were 32.64%, 45.49%, 73.73%, and 100% self-reliant to meet the domestic water demands for scenarios 1, 2, 3, and 4, respectively. Furthermore, the optimization results in the case of scenario 4 showed that, the use of locally available water resources (including sea water at 50,000 m3/day and brackish water at 55,000 m3/day), can ensure the water security of the island in case of a malfunction of the existing water supply system, which is sourced from mainland Korea. The environmental cost was found to be negligible when compared to the capital and O&M costs. The GRG and GA algorithms gave the same results for optimal water withdrawal when the water supply is less than the demand, but the results were slightly different in the reverse case.



The application of the framework to a case study added evidence that it can be used for assisting water managers and decision makers in determining the optimal supply of available water resources to meet multi-water demands, especially in case of an emergency. In addition, the framework not only reduces the dependence on a single source in an existing water supply system but also contributes in securing cost and energy reduction, thereby contributing to sustainability. The simplicity and flexibility of the proposed method demonstrates that it is versatile, and can be implemented effectively in other locations that are facing water scarcity or where water is supplied only from a single vulnerable source.
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Figure 1. Location map of Yeongjong Island with existing and planned water supply systems. 
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Figure 2. Conceptual layout of producing water from multi-sources. 
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Figure 3. Flow chart of research methodology. 






Figure 3. Flow chart of research methodology.



[image: Sustainability 11 05964 g003]







[image: Sustainability 11 05964 g004] 





Figure 4. Flow chart of a generalized reduced gradient algorithm. 
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Figure 5. Flow chart of a genetic algorithm. 
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Figure 6. Self-reliance of residential water demand for different scenarios. 
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Figure 7. Optimal withdrawal of water for scenario 1. 
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Figure 8. Optimal capital and, operation and maintenance costs of water production for scenario 1. 
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Figure 9. Optimal withdrawal of water for scenario 2. 
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Figure 10. Optimal capital and, operation and maintenance costs of water production for scenario 2. 
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Figure 11. Optimal withdrawal of water for scenario 3. 
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Figure 12. Optimal capital and, operation and maintenance costs of water production for scenario 3. 
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Figure 13. Optimal withdrawal of water for scenario 4. 
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Figure 14. Optimal capital and, operation and maintenance cost of water production for scenario 4. 
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Figure 15. Optimal domestic water supply from multi-sources, scenario 4. 
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Table 1. Available local water resources.






Table 1. Available local water resources.





	Type of Water Source
	Available Amount of Water (103 m3/day)





	Rain water
	20 (proposed)



	Stream water
	43.78



	Underground water
	18.7



	Reservoir water
	0.76



	Brackish water
	55.18



	Sea water
	50 (proposed)



	Recycled water
	121










 





Table 2. Predicted water demand for year 2025 of different water sectors.






Table 2. Predicted water demand for year 2025 of different water sectors.





	Type of Water Demand
	Predicted Amount of Water Demand for Year 2025 (103 m3/day)





	Residential (Domestic)
	183



	Industrial
	3.5



	Agricultural
	28.25



	Gardening/Road Cleaning
	4.0



	Ecological
	9.0










 





Table 3. Water sources available for various water users.






Table 3. Water sources available for various water users.





	
Water Sources

	
Water Users




	
Domestic

	
Agricultural

	
Industrial

	
Road Washing

	
Ecological






	
Rain water

	
√

	
√

	
√

	
√

	
√




	
Stream water

	
√

	
√

	
√

	
√

	
√




	
Underground water

	
√

	
√

	
√

	
√

	
√




	
Reservoir water

	
√

	
√

	
√

	
√

	
√




	
Brackish water

	
√

	
√

	

	

	




	
Sea water

	
√

	

	

	

	




	
Recycled water

	

	
√

	

	
√

	
√











 





Table 4. Water withdrawal scenarios.






Table 4. Water withdrawal scenarios.





	
Type

	
Multi-Water Sources




	
Rain Water

	
Stream Water

	
Ground Water

	
Reservoir Water

	
Brackish Water

	
Sea Water

	
Recycled Water






	
Scenario 1

	

	
√

	
√

	
√

	

	

	
√




	
Scenario 2

	
√

	
√

	
√

	
√

	

	

	
√




	
Scenario 3

	
√

	
√

	
√

	
√

	
√

	

	
√




	
Scenario 4

	
√

	
√

	
√

	
√

	
√

	
√

	
√
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