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Abstact: A computer model is developed to assess optimal ground water pumping rates and optimal locations of 

wells in a coastal region. A sharp interface model is used to simulate the freshwater and salt water flows. 

Drawdown, upconing, saltwater intrusion and the contamination of well are considered in this model. A genetic 

algorithm with parallel processing is used to identify the optimal solution.  

 

 

1  INTRODUCTION  

 

1.1 Background  

 

 The annual precipitation of Korea is 1,283 mm and total quantity of water due to this rainfall is amount of it is 

1,276 billion �. But Korea has the total amount of annual precipitation per capita is just 2,705� which is 

about 10% of the world average. This low percentage of world average may be due to high population density in 

Korea. Although water is supplied from the multi-regional water supply systems, desalination systems and, etc., 

government will have to start developing new water resources from 2011 (MOCT, 2001). It has been estimated 

that shortage of water resources will be 16.6 billion in 2016 and 18.38 billion in 2020. If a groundwater is 

rationally developed and managed for water supply, efficient use of groundwater should be achieved.  

 One of major topographic features of Korea is peninsula with sea on three sides. This means that the costal 

region plays important role in Korea. The costal groundwater use per capita is about four times larger than that 

of the national average (Hong et al, 2003). Water supply rate turns to be about 40%, which is less than half of 

national average (ME, 2000). This indicates that optimal groundwater development and management is 

necessary in the coastal regions of Korea.  
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 The groundwater development is different from coastal area to inland area because of sea condition. 

Overexploitation of a costal aquifer can cause saltwater intrusion and this makes more difficult to develop 

groundwater in costal areas. There are few groundwater assessments considering groundwater flow pattern in a 

costal area. Although studies on saltwater intrusion are restrictively performed in Korea, they are yet to be more 

strengthened to achieve the levels of technology in other developed countries. Optimization problems have been 

applied to a wide range of water resources management with various optimal methods (Belaineh, et al(1999), 

Guan, et al(1999), Sun, et al(1999), Morshed, et al(2000), Chang, et al (2002), Hsu, et al(2002), 

Greenwald(2003), Ko et al(2002), Kuo et al(2003), Prasad et al(2003), Samuel, et al(2003), Zheng(2003) and 

etc). Optimization model consists of simulation models and mathematical optimization to obtain optimal solution 

on facing problems. Simulation model is selected according to the characteristics and kind of problems, and 

mathematical optimization is selected according to the numerical and mathematical characteristics of simulation 

model.  

The optimization model also have been developed and applied to a coastal aquifer which considers the 

density-variable flow and saltwater intrusion, etc. The objective functions of these optimization models can be 

divided into three varieties. 1) Optimal withdrawal of groundwater while minimizing the saltwater intrusion: Das 

et al(1999), Cheng et al(2000), Gordon et al(2001), Zhou et al(2003), Benhachmi et al(2003) and Park et 

al(2003), etc.  

2) Optimal benefit or cost in groundwater development: Das et al(1999), Gordon et al(2000), Hailu(2002), 

Mundzir, H.B(2001), Emch(1995), Papadopoulou et al(2000) and Benhachmi et al(2003), etc.  

3) Optimal management of groundwater resources: Emch et al(1998), etc.  

However, most of optimization models in groundwater development and management satisfy one objective 

function such as an optimal pumping rate and an optimal cost, etc. In actual problem, a groundwater developer 

and manager must be faced with two questions: where we should install a pumping or injection well? How much 

can we withdraw groundwater from a well?  

The optimization model that can consider optimal pumping rates and location of well is accordingly 

developed and presented. to solve above two questions. 

 This paper presents the optimization model (SIOP: Sharp Interface OPtimizer) which estimates the optimal 

pumping rate and location of well in a costal aquifer. SIOP combines DUSWIM (Dong-a University Sharp 

Interface Model) with GA(Genetic Algorithm). DUSWIM simulates the regional groundwater flow in coastal 

aquifer. For regional groundwater flow the assumption of immiscibility is reasonable. This assumption is called 

a sharp-interface approximation. GA is a stochastic search method whose mechanisms are simplified 

representations of evolutionary processes observed in the nature (Park, 2003). SIOP simulates evaluates optimal 

groundwater withdrawal and optimal location of well in steady-state condition while minimizing adverse effects 

such as quality in well, drawdown, saltwater intrusion, upconing problem.  

 

2. OPTIMIZATION GROUND WATER MODEL  
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2.1 Numerical Model for Regional Groundwater in a Coastal Area  

 

A groundwater flow in coastal aquifer appears to be different from inland aquifer because of sea. The present 

study includes simulation of groundwater flow in coastal areas using a sharp-interface model. Sharp-interface 

model assumes an abrupt interface between saltwater and freshwater. The mathematical model is based on two 

vertically integrated governing equations, one describing freshwater flow and the other describing saltwater flow 

in an aquifer layer. These equations are appropriate for the situation where the hydrodynamic dispersion is not 

important. So the dispersion can be neglected in regional problem. Accordingly sharp-interface model is suitable 

method to simulate the groundwater flow in a enormous area.  

 

2.1.1 Governing Equation of Sharp-Interface Model  

 

The sharp-interface model is described as two governing equations. The freshwater flow and saltwater flow 

equations for layered aquifer systems can be written in the following form ;  
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 is is gradient operator, • is inner vector product, superscripts f and s  

refer to freshwater and saltwater,  i and j refer to horizontal directions, ),( sflbl =  are thickness of the 

freshwater and saltwater zones in aquifer unit m, )s,fl)(/kg(K ll
=µρ=  are hydraulic conductivities 

with respect to freshwater and saltwater, )/( zgph lll += ρ  are the hydraulic heads, 

),( sflS l
s = are quifer specific storage coefficients in the freshwater and saltwater zones, θ  is the 

effective porosity, ξ  is the height of the saltwater-freshwater interface above the datum, and, 

),( sflQ l = are volumetric fluxes of the freshwater and saltwater due to pumping(or recharge). Thickness 

of the freshwater and saltwater zones in aquifer unit m are defined as  

 

Bbb sf =+  (3) 

 

where B is saturated thickness which is dependent on aquifer condition(confined or unconfined). The interface 

position is determined from ;  
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where fρ  and sρ  are the freshwater and saltwater densities. Equation (4) means that the pressure of 

freshwater and saltwater has continuity in sharp-interface zones.  

A modified Galerkin finite-element method is used to approximate the vertically intergrated governing 

equations and non-linearity of the flow equations are treated using efficient and robust Newton-Raphson method 

(Huyakorn et al, 1996). Similar developed numerical model has been applied for many cases (Park et al., 1991; 

Park and Wu, 1994). This model is also applied for the investigation of regional or subregional saltwater 

intrusion and the assessment of safe yields of well fields (Park et al., 1993).  

 

2.2 Composition of Optimal model  

 

The location and the pumping rate of a well have to be determined before developing the groundwater 

resources in coastal regions. In this case, the modeling is generally performed under given condition to assess the 

influences due to pumping for the alternative cases of different pumping locations and pumping rates. These 

alternatives have been detailed in Table 1.  

 

Table 1. Alternative case and decision variables of optimization  

 

  
Apriori Determined 

Variable 
Decision Variable Objective 

Type 1 
• Pumping rate 

• Number of wells 
• Location •  Minimize adverse effects 

Type 2 
 • Location 

 • Number of wells 
• Pumping rate •  Maximize pumping rate 

Type 3  • Number of wells 
• Location & Pumping 

rate 

• Maximize pumping while  

minimizing adevers effects 

* Number of wells are assumed to be predetermined 

 

This paper suggests a systematic model to obtain an optimal solution for a pumping rate or location. The 

groundwater development can be commonly classified into three types. Types of optimization problems that can 

be handled are listed in Table 1. Number of wells which are expected to develop is assumed.  

The above three kinds of optimal problem can be treated with the following single objective function;  
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where fiQ , and siQ ,  are freshwater and saltwater pumping rate in well i, optN  is the number of targeted 

optimal wells, pN is the number of wells including existing wells in the domain, 1ω  is the weighting factor. 

α  is decreasing-coefficient representing the adverse effects around groundwater environment caused by 

pumping.  

The first item out of pumping and α  can be considered as a benefit, the second item is penalty function 

which decrease a value of the objective function when the saltwater pumping happens. If an overexploitation 

occur in coastal area, the saltwater could be drained from well. The concentration of chloride is about 18000 

mg/liter in seawater, the permissible concentration of drinking water is 150 mg/liter in Korea. If the saltwater 

accounts for 0.83% of total pumping withdrawal from a point of a chloride concentration, the water quality 

exceed the permissible criterion. Accordingly, this problem can be described using the penalty function.  

Saltwater pumping causes another adverse of decrease in water level, increase in saltwater intrusion. The 

schematic details of this adverse effect are shown in Figure 1.  

 

        o Drawdown of groundwater ( DV )  

        o Upconing of saltwater ( SV )  

        o Intrusion of salt-wedge ( IA )  

 

α  is inversely proportional to advese effects and can be defined as below ;  
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Figure 1. Adverse effects of pumping in coastal area.  

 

and )4,3,2( =iiω is weighting factors. The value of this function decreases as the influence of adverse effect 

increases.  

 

2.2 Optimization using Genetic Algorithms  

 

Optimization value can be obtained by two methods, namely, groundwater flow model and optimization model. 

In the flow model, computed values are verified against the given constraints. Optimization model evaluates the 

maximum pumping rate for given constraints of handling fresh and salt water simultaneously.  

 

2.3.1 Genetic Algorithms  
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Figure 2. Schematic diagram                Figure 3. Parallelization on a N-node 

         Of the gentic algorithm                               cluster 

 

Genetic algorithms are search algorithms based on Darwin's theory (the survival of the fittest) which includes 

the mechanics of natural selection and natural genetics (Goldberg, 1997).  Genetic algorithms express the 

possible solution as a specified data structure and then perform a transformation and evolution. Genetic 

algorithms find an optimal solution of unknown function. Finally they make the solutions much more suitable 

and powerful. Schematic diagram of genetic algorithm is shown in Figure 2.  

 

2.3.2 Parallel Genetic Algorithms Method  

 

Genetic algorithms have a capability to search for a global optimization with large computational requirements. 

However, the large computational requirements can be efficiently handled with parallel computational 

processing. Further, genetic algorithms are most suitable for parallel processing. Figure 3 demonstrates a 

schematic diagram of the parallel computation. A Beowulf-type PC cluster, composed of 32 processors, is used 

for the present investigation.   

 

3. VERIFICATION FOR SINGLE WELL  
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Optimal groundwater management model is verified for an unconfined aquifer of groundwater development 

having thickness of 20 m and 1km long. This unconfined aquifer is shown in Figure 4. The three kinds of 

optimal problem discussed in the table 1 are analyzed for this aquifer. The inflow rate of freshwater is 1.0㎥/d/m 

from the inland.  
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Figure 4. Conceptual model for verification  

 

3.1 Minimization of Adverse Effects  

 

The optimal location of well is evaluated for a given pumping rate satisfying condition to minimize adverse 

effects. Pumping rate of 0.864 ㎥/d/m is considered. The parameters of genetic algorithm are: Population size of 

50, number of generation is 1000, and the range of decision variable is between 0 m and 1000 m.  The objective 

function is evaluated 22,250 times before reaching at an optimum value. The optimal location of well is found to 

be 475m from the coastal boundary.  

Objective function values and influence factors ),,( AID are investigated to evaluate the suitability of 

optimal location are suggested by expanded SIOP. The function and factor values for the distance range of 440m 

to 520m are shown in Figure 5. In the figure it shows the freshwater and saltwater pumping rate. Saltwater 

pumping rate decreases and relatively freshwater increase while moving the location of well into the inland. At 

475m, there is no presence of saltwater. That is to say, there is no more benefit but the adverse effects increase 

continuously. Accordingly, the maximum function value is 475 m and this point becomes optimal location of 

well.  

 

3.2 Maximizing Pumping Rate 

 

The maximum pumping rate is estimated for a given location of well. The location of well is specified at 475 

m and then the optimal pumping rate is obtained from optimal model.  The major genetic algorithm parameters 
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are: Population size of 30, Number of generation is 300, AND the range of decision variable is between 0 and 

1.0 ㎥/d/m. The number of evaluations of function is 90 before reaching at the optimum value and finally the 

optimal pumping rate is estimated as 0.864 ㎥/d/m.  

 

3.3 Optimal Pumping Rate and Adverse Effects  

 

This is to evaluate the maximum pumping rate and the optimal location of well when the number of wells is 

given. The major genetic algorithm parameters are: Population size of 30, the number of generation is 1000, the 

range of decision variables are from 450 m to 550 m for location and between 0 and 1.037 ㎥/d/m for pumping 

rate. The number of evaluations of function is 6480 before reaching at the optimum value and finally the optimal 

pumping rate is estimated as 0.864 ㎥/d/m and the optimal location of well is 475 m.  
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Figure 5. Behavior of pumping rates and state variables 

 

 

4. MODEL APPLICATION FOR TWO DIMENSIONAL SPREAD OF WELLS 

 

In the present case, seven existing wells (No. 1~7) and new six wells (No. 8~13) have been considered. 

Locations of these wells and model specifications have been shown in Figure 6. The objective of present study is 

to obtain maximum pumping rate for the new wells without saltwater.  
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Fiugre 6. Locations of wells and pumping rates  

 

The size of domain is 3 km wide, 2 km long and 50 m thick aquifer. Hydraulic conductivity is 100 m/day, 

porosity is 0.1 and freshwater of 2.0 ㎥/d/m flow from the land boundary.  

The parameter values of genetic algorithm are: Population size of 180 and the number of generations is 1800. 

After preliminary simulations, it is determined that additional 3080 ㎥/d can be withdrawn without occurrence 

of saltwater pumping at any wells, new and existing. Changes in interface are depicted in Figure 7.  

 

 

Figure 7.  Changes in interface elevation 
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5. CONCLUSIONS  

 

 The groundwater in coastal aquifer is exposed to saltwater and then, saltwater is an additional contaminant in 

comparison with inland aquifer. The saltwater is not only a pollutant but a major factor influencing the flow 

pattern in coastal region because of density difference. So an interaction between freshwater and saltwater 

should be considered. In the present formulation, adverse effects of saltwater intrusion are considered in the 

optimization problem along with location of well.  

 Present investigation indicates that optimal pumping model can be a useful tool for optimal management and 

development of groundwater in coastal areas. The model can be also used to design facilities to prevent salt 

water intrusion.  
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