J. Water Resource and Protection, 2009, 4, 249-259

o5 Scientific
doi:10.4236/jwarp.2009.14030 Published Online October 2009 (http://www.SciRP.org/journal/jwarp/).

#3% Research

Optimal Extraction of Groundwater in Gaza Coastal Aquifer

Khalid QAHMAN!, Abdelkader LARABI? Driss OUAZAR?®, Ahmed NAJI*, Alexander H.-D. CHENG?®
'Environment Quality Authority, Al-Naser Street, Gaza-Palestine
2 Department of Mineral Engineering, Ecole Mohammadia d’Ingénieurs, Université Mohammed V-Agdal,
Agdal, Morocco
® Department of Civil Engineering, Ecole Mohammadia d’Ingénieurs, Université Mohammed V-Agdal,
Agdal, Morocco
* Faculty of Science, Université Abdelmalek Essaadi, Tangier, Morocco
® Department of Civil Engineering, University of Mississippi, University, USA
E-mail: kgahman@gmail.com; {larabi, ouazar}@emi.ac.ma;
naji@dnsl.fstt.ac.ma; acheng@olemiss.edu
Received Junel7, 2009; revised July 13, 2009; accepted September 10, 2009

Abstract

Two multi-objective management models are applied on a local area selected from the regional Gaza coastal
aquifer. The objectives and constraints of these management scenarios include maximizing the total volume of
water pumped, minimizing the salt concentration of the pumped water, and controlling the drawdown limits.
The physical model is based on the CODESA-3D density-dependent advective-dispersive solute transport
model. Genetic algorithm is used as the optimization tool. The models are tested on a part of the aquifer
(2000m x 2000m ) with 9 existing pumping wells located at various depths. The results of the optimization

show that the optimization/simulation approach can give better decision if there is enough information to feed
to the model. It confirms that the use of the concept of safe yield alone is not enough for sustainable develop-
ment of the coastal aquifer. It shows that the optimum pumping rate is in the range of 26%-34% of the total
natural replenishment. The application shows that the proposed technique is a powerful tool for solving this

type of management problems.

Keywords: Seawater Intrusion, Genetic Algorithm, Pumping Optimization, Density-dependent Miscible

Transport

1. Introduction

Water is the most precious and valuable natural resource
in the Middle East in general and in Palestine (Gaza strip)
in particular. It is vital for socio-economic growth and
sustainability of the environment. The development of
groundwater resources in coastal areas is a sensitive is-
sue, and careful management is required if water quality
degradation, due to the encroachment of seawater, is to
be avoided. In many cases, difficulties arise when aqui-
fers are pumped at rates exceeding their natural capacity
to transmit water, thus inducing seawater to be drawn
into the system. Problems can also occur when excessive
pumping at certain individual wells lowers the potenti-
ometric surface locally and causes upconing of the inter-
face between fresh water and saline water [1]. To combat
these situations, saltwater intrusion management models
need to be implemented to design optimal and sustain-
able groundwater abstraction strategies.

Copyright © 2009 SciRes.

Optimization solutions in saltwater intrusion that con-
sider the existence of transition zone between the fresh-
water and seawater are relatively few. Das and Datta [2,3]
considered the multi-objective management in coastal
aquifers that maximized pumping in the freshwater zone,
and minimized it in the saline zone, with the pumped salt
concentration as a constraint or the third objective. The
nonlinear finite difference solution of the density- de-
pendent miscible flow and transport equations was em-
bedded in the management model as constraints. The
MINOS optimization solver was used to solve the re-
sulting large-scale problem. Gordon et al. [4] developed
a model for the optimal management of a regional (two
dimensional) aquifer under salinization. The sources of
salinization were from irrigation water, saline waters
from faults at the bottom of aquifer, and inflow from
adjacent saline water bodies. The objectives were to
maximize the volume of water pumped and to minimize
the amount of salt extracted. The model was based on a
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combination of simulation and optimization. The simula-
tion model uses finite element formulation for the flow
and upwind Petrov-Galerkin formulation for the trans-
port. The gradients of the state variables (heads and con-
centrations) with respect to the decision variables
(pumping rates) were used in a Bundle-Trust non-smooth
optimization procedure to improve the solution. Qahman
et al. [5] investigated four examples for the optimal and
sustainable extraction of groundwater from a coastal ag-
uifer under the threat of seawater intrusion. The physical
model is based on the density-dependent advec-
tive-dispersive solute transport model. Genetic algorithm
(GA) [6] is used as the optimization tool. The models are
tested on a hypothetical confined aquifer with 4 pumping
wells located at various depths. These solutions establish
the feasibility of simulating various management scenar-
ios under complex three-dimensional flow and transport
processes in coastal aquifers for the optimal and sustain-
able use of groundwater.

In this study, two multi-objective management models
of saltwater intrusion was applied on a local area selected
from the Gaza coastal regional aquifer and solved using
the same approach presented by Qahman et al. [5]. These
management schemes for the prevention of saltwater
intrusion as proposed here are new for the Gaza aquifer
and can be applied to other areas where there is a poten-
tial risk of saltwater intrusion. Therefore, the saltwater
intrusion management problem presented in this work
will give more insight in the planning and future man-
agement of the study area.

2. Genetic Algorithm

The GA is used in many engineering fields to seek opti-
mal solutions to complex problems. A number of re-
searchers have demonstrated that the GA can yield sig-
nificant better results [7,8]. The GA is an optimization
technique based on the process of biological evolution.
After its introduction by Holland [9], it has gained popu-
larity in many fields. For water resources, the GA has
been applied to problems such as pipe network optimiza-
tion [10], groundwater parameter determination [11], and
groundwater cleanup [12,13]. A review of the GA tech-
nique in water resources applications is given by Ouazar
and Cheng [14].

Goldberg [6] stated that genetic algorithms are differ-
ent from other optimization and search procedures in the
following aspects:

1. GA works with a coding of the parameters set, not
the parameters themselves.

2. GA searches from a population of points, not a sin-
gle point.
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3. GA uses payoff (objective function) information,
not derivatives or other auxiliary knowledge.

4. GA uses probabilistic transition rules, not determi-
nistic rules.

In this work, a FORTRAN version of a genetic algo-
rithm driver is adopted. The program initializes a random
sample of individuals to be optimized. The selection
scheme is a tournament competition with a shuffling
technique for choosing pairs for mating. The genetic op-
erators used include jump mutation, creep mutation, and
the option of single-point or uniform crossover. Niching
(sharing) and an option for the number of children per
pair of parents have been added.

Linkage of simulation model to optimization model.
An important part of this methodology is the linkage
between the optimization model and the 3D variable
density seawater intrusion model. Basically, an itera-
tive procedure is followed in which GA tests new deci-
sion variables (pumping rates) for feasibility and opti-
mality. The objective function and constraints are
functions of the state variables (heads and concentra-
tions). These values are obtained from the CODESA-
3D model. The model simulates the water movement in
the aquifer, taking into account different forcing inputs
such as pumping rates, and computes the heads and
concentrations. The objective function calculated using
the heads and concentrations are then optimized in the
GA procedure.

3. Study Aquifer

The real world problem is addressed in a particular study
area, selected from the coastal aquifer of the Gaza Strip.
The area is intruded by saltwater with the current inter-
face (transition zone) position located near the existing
pumping wells. The selected area is located in the north-
east of Wadi Gaza and is parallel to the coastline, as
shown in Figure 1.

This part of the aquifer is considered unconfined, ho-
mogeneous and isotropic with respect to freshwater hy-
draulic conductivities, molecular diffusion, and longitudi-
nal and transverse dispersivities. The aquifer system is
subjected to seawater intrusion along the sea face bound-
ary and a uniformly distributed lateral flow along the
inland face. It is a problem of steady state saturated flow
and transport in three dimension domain. The geometry
and boundary conditions are shown schematically in Fig-
ure 2a. The dimensions of the aquifer are 2000 m in length,
2000 m in width parallel to sea face, and about 100 m in
average thickness. The domain is discretized using three
dimensional grid (Ax=Ay=200m, and Az=10m).
The simulation code divides each rectangular cell into
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Figure 1. Location of the selected area for optimization.

two triangles to have tetrahedral elements. The flow
boundary conditions consist of impermeable border along
the bottom of the computational domain and recharge
boundary along the top of the aquifer. The bottom side
wall is also impervious for diffusive solute fluxes. Hydro-
static pressure is assumed along the vertical boundary of
the sea side. The aquifer is charged with freshwater at
constant flux from the inland side. At the inland side the
concentration is zero (freshwater condition), while at the
coastal side the relative concentration of seawater is im-
posed for a height of 80 m from the aquifer bottom. Initial
conditions of heads and solute concentrations throughout
the domain are taken from the results of the regional 3-D
seawater intrusion model done in previous work [1]. Ex-
isting pumping locations (in plan view) are identified with
number 1 through 9, as shown in Figure 2b. The screened
portions of the well are at different vertical levels as
shown.

The simulation parameters for the problem are given
in Table 1. Table 2 shows the annual abstraction from the
existing wells.

4. The Formulation of Optimization Problems

In groundwater management, the concept of the so called
safe yield has been used for several decades by hydro-
geologists all over the world to establish the limits of
pumpage from a groundwater basin. Traditionally, it has
been defined as the attainment and maintenance of a
long-term balance between the amount of groundwater
withdrawn annually and the annual amount of recharge
[15]. Thus, it limits the pumpage to the amount that is re-
plenished naturally through precipitation and sur-
face-water seepage. Because the concept of safe yield ig-
nores the discharge from the aquifer by evapotranspiration

Table 1. Simulation parameter of the aquifer.

Parameters Value Units
D, (molecular diffusion coefficient) 7.7x10°° m?/s
g (gravitational constant) 9.81 m/s?
K,, (saturated hydraulic conductivity in the x direction) 2.315x10* m/s
K,, (saturated hydraulic conductivity in the y direction) 2.315%x10* m/s
K, (saturated hydraulic conductivity in the z direction) 2.315x10° m/s
a, (longitudinal dispersivity) 10 m
a; (transversal dispersivity) 1 m
q, (lateral freshwater flux) 0.0 m/s
¢ (effective porosity) 0.26
Spatial infiltration (recharge) 1.0x10°® m/s

Copyright © 2009 SciRes.

JWARP



252

K.QAHMAN ET AL.

Table 2. Annual abstraction from the existing wells.

ID Well name Max withdrawal (m®/y) Mean withdrawal (m®ly) Min withdrawal (m®ly) Remark
Well 1 F/151 27680 17419 10090 From measurements
Well 2 G/50 37210 6142 430 Estimated from G/43
Well 3 G/24A 37210 6142 430 Estimated from G/43
Well 4 G/43 37210 6142 430 From measurements
Well 5 G/24b 10728 4879 1219 Estimated from G/42
Well 6 G/42 10728 4879 1219 From measurements
Well 7 G/24c 37210 6142 430 Estimated from G/43
Well 8 G/505 37210 6142 430 Estimated from G/43
Well 9 R/236 53004 35265 16243 From measurements
Total 288190 (790 m*/d) From measurements

or into streams, seeps, and springs, groundwater man-
agement policies based upon it ended up with some
unintended consequences, such as drying up of streams,
springs and wetlands with loss of ecosystems, con-
tamination of groundwater by polluted streams. When
withdrawals exceeded the recharge on a continual basis,

eventual depletion of the aquifers can lead to seawater
intrusion. This has happened in a number of places in
the world, including the Gaza Strip. Thus, aquifer de-
velopment based upon the concept of safe yield is not
safe and sustainable, as pointed out by Sophocleous
[15,16] and Bredehoeft [17].
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Figure 2a. Schematic elevation description of the aquifer with the projected well screens locations at the proper layer.
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Figure 2b. Schematic Plan-view description of the aquifer with the pumping well locations.
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As first elucidated by Theis [18] and eloguently reit-
erated by Bredehoeft et al. [19], Bredehoeft [17,19],
Sophocleous [15,16] and Alley et al. [20], the source of
water for pumpage is supplied by 1) increased or in-
duced recharge, 2) decreased discharge or capture, and
3) removal of water from groundwater storage or some
combinations of these three. For a sustainable ground-
water development, the rate of removal of water from
storage should be zero and the pumpage must be bal-
anced by the induced recharge and/or decreased dis-
charge [17]. Thus, it becomes mandatory to evaluate the
amount of water available from changes in groundwater
recharge, discharge, and storage for different levels of
groundwater development. Furthermore, there is always
a trade-off between the size of groundwater develop-
ment and the changes that will occur in the surface and
subsurface environment (i.e. changes in base-flow con-
ditions, declines in groundwater reserves and water
levels, salinity concentrations etc.). Hydrogeologists
should be able to evaluate these changes and present
them in a form that can be easily understood by the
public and decision makers [21].
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In this section we examine two management scenarios
with different objectives and constraints, and find the
optimal solutions for them. This study was conceived on
the basis of a desire to establish a management policy for
the sustainable development and management of part of
the Gaza Strip aquifer system. To that end, it was envis-
aged to achieve the following objectives:

« Evaluation of a development strategy that will protect
this part of the Gaza aquifer in terms of quantity and
quality for continued use by future generations,

» To determine the safe and sustainable yields and the
limits of utilization for this part of aquifer system by
establishing trade-off curves between alternatives from
which decision makers may select optimum develop-
ment strategy.

To achieve these objectives the multi-objective man-
agement models (model 1 and model 2) of the aquifer
system will be applied to this case of the Gaza aquifer.
The full description of these models is presented in the
previous work [5] and only the final mathematical repre-
sentations are given as follows:

Spatial distribution of normalized salinity in the top layer
in case of maximum and minimum pumping
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Figure 3. Simulated normalized concentration in layer 1 in case of minimum and maximum pumping.
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For both models, the discharge of each pumping well
should stay within the specified limits; the aquifer safe
yield (S) divided by the number of pumping wells (Q max
=S/n) for the upper limit and no pumping (Qmin=zero) for
the lower limit. This constraint is automatically satisfied
by definition of population space in GA.

4.1. GA Parameters Determination

In order to specify the limits of the management mod-
els constraints (salinity), the upper and lower limits
have to be determined before using the optimization
process. The lower limit of the maximum salinity level
(Chax) is a solution with no water withdrawal; while the
upper limit is a solution with maximum water with-
drawal which is assumed to be equal the safe yield of
the aquifer divided by the number of pumping wells as
described previously. The results of simulation using
the above mentioned conditions for steady state using
the CODESA-3D (COupled variable DEnsity and
SAturation 3-Dimensional model) [22,23], without
optimization are shown in Figure 3. It shows the spatial
distribution of normalized concentrations in layer 1 in
case of no pumping and also in case of maximum

pumping (total recharge/number of pumping wells) for
each well, which is 0.004 m®sec for each well and for
a total of 0.036 m*/sec (3,110 m*/day=1,135,296 m*/yr).
This amount of maximum pumping is about 4 times the
current pumping in its maximum case (790 m®day =
288,190m*/yr) as presented in Table 2.

In the GA optimization, there are 9 decision variables,
representing the 9 pumping rates. The GA is applied
using the following parameters: population size=5;
maximum generations parameter is determined according
to the optimization results, when the fitness value is not
changed by increasing the number of generations; and
the values of crossover and mutation probabilities are
0.02 and 0.5, respectively. Table 3 summarized the GA
parameters used in the management models.

Table 3. Summary of the parameters used in solving the
management models.

Parameter Value

Number of decision

- > 9
variables (pumping wells)
R 1
P 1;5; 10; 20, 50
R 0.01; 0.05; 0.1
Population size 5
Crossover probability 0.5
Mutation probability 0.02
Qun  (Mf5) 0.0
Quax  (M?fs) for each well 0.004
hyin (M) 1 m above mean see level (AMSL)
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Figure 4. Two-objective trade-off curve (Model 1).
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5. Results of Application of Management
Model 1

The trade-off between the two objectives of maximizing
pumping and minimizing extracted salts was investigated
by combining them into a single objective, and then
changing the relative weights parametrically to generate
the trade-off curve shown in Figure 4. The results of op-

Table 4. Results of optimal pumping rates and chloride concentration (Model 1).

255

timal strategies and maximum concentration at the
pumping wells are presented in Table 4.
As seen in Figure 4 and Table 4, the increase of
pumped water amounts also increases the salt mass
pumped from the aquifer because of the need to pump
water from wells with higher salinity. One way of inter-
preting the results in Figure 4 is as follow. Between
points 4 and 5 the pumping increases by 1279 m®d,

Point No Objective Total pumping  Average con.  Total pumping Total salt mass Average Chloride
) weight (P2) (m°/sec) (normalized) (m*/day) extracted (kg/day) Con. (mg/l)
1 50 0.00683 0.00025 590 44 5.0
2 20 0.00913 0.00531 789 126 106
3 10 0.01247 0.02455 1077 794 491
4 5 0.01597 0.05363 1380 2220 1073
5 1 0.03077 0.25429 2659 20282 5086
Table 5. Results for three optimal solutions of Model 1.
Optimal pumping rates (m*/d) Chloride concentration (mg/l)

Well number point 3 point 4 point 5 point 3 point 4 point 5
Well 1 177 63 114 103 40 942
Well 2 340 313 329 272 207 1670
Well 3 201 335 297 976 1599 4440
Well 4 163 327 346 752 1470 3462
Well 5 2.7 22 307 2901 4092 9803
Well 6 8.1 14 332 3153 4485 9649
Well 7 8.1 44 335 81 183 1425
Well 8 174 240 259 328 565 1923
Well 9 2.7 24 340 2896 4258 9285
Total 1077 1380 2659 491 1073 5086

Spatial distribution of total head in the top layer
in case of optimum solution of modell (p2=5)
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Figure 5a. Hydraulic head distribution (meters AMSL) for point 4 of the trade-off curve.
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Spatial distribution of normalized salinity in the top layer
in case of optimum solution (modell; p2=5)
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Figure 5b. Concentration distribution (normalized) for point 4 of the trade-off curve.

while the total amount of salt increases by 180,062 kg/d.
This corresponds to an average additional salinity of the
added water of 4,013 mg/l, which corresponds to the
slope of the trade-off curve between point 4 and 5.

At point 5 the weight of salt mass objective (P2=1),
which depends on concentration, is small, so the total
pumping is at its maximum value and pumping rates are
high even at wells with high salinity. Thus the increase
of the pumping from 1379.6 m*/d (point 4) to 2658.7
m*/d (point 5) (a rise of 93%) results in an increase of
salt mass extracted by a factor of 9. For other points the
changes are less drastic.

The most interesting points are probably around the
middle of the curve, where the trade-off between the two
objectives is significant. One of these points (point 3) is
presented in Table 5. The optimal strategy for this case is
to pump more at wells of low salinity, almost not to
pump at wells of very high salinity and sensitive ones
like well 6 and well 9, and gradually decrease pumping
rates with an increase in salinity of the water pumped.
The total abstracted amount is 1077 m*/d with average
chloride concentration of 491 mg/I.

Figure 5a presents the hydraulic head distribution in
layer 1 for the optimum solution of the trade-off curve at
point 4 (Figure 4). It is clear from this figure that the

Copyright © 2009 SciRes.

increased pumping draws the head down near wells 2, 3,
4,7, and 8, which are very close to each others.

Figure 5b presents the distribution of normalized con-
centration in layer 1 for the optimum solution of point 4
of the trade-off curve. Again, the figure shows that the
salinity concentration is the highest near wells 5, 6, and 9
because they are very close to the coastline. Also the
salinity contours are relatively high near wells 2, 3, 4, 7
and 8 because they are very close to each others and to-
gether draw a large amount of water.

6. Results of Application of Management
Model 2

This model is introduced with more constraint on the hy-
draulic head in order to prevent unfavorable drop in water
level due to groundwater abstraction. The results of solu-
tion of model 2 with the constraint of minimum head (hyn)
of Im AMSL are presented in Table 6 and Figure 6.

One way of interpreting the result in Table 6 and Fig-
ure 6 is as follows. Between points 2 and 4 the pumping
increases by 323.7 m%d, while the total amount of salt
increases by 1559 kg/d. This corresponds to an average
additional salinity of the added water of 655 mg/l, which
is the slope of the trade-off curve between point 2 and 4.

JWARP
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Table 6. Results for optimal solutions (Model 2).

. Average Total Total salt mass Average
Point  Penalty (r) Toti‘r'n‘;’/‘;;“cg"”g con. pumping extracted Chloride
(normalized)  (m®/day) (kg/day) Con. (mg/l)
1 0.1 0.00923 0.00649 797 155 130
2 0.05 0.01222 0.02087 1056 661 417
3 0.01 0.01471 0.04152 1271 1583 830
4 0.0 (model 1) 0.01597 0.05363 1380 2220 1073
Trade-off curve (Model 2; head more than 1m AMSL)
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Figure 6. Two-objective trade-off curve (Model 2).

Spatial distribution of total head in the top layer in case of
optimum solutlon of model2 (p2=5, r=0.05)
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Figure 7a. Hydraulic head distribution (m AMSL) for optimum solution of model 2.
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Spatial distribution of normalized salinity in the top layer
in case of optimum solution (model2; p2=5, r=0.05)
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Figure 7b. Concentration distribution (normalized) for optimum solution of model 2.

Figure 7a presents the hydraulic head distribution in
layer 1 for the optimum solution of model 2 with mini-
mum head 1 m AMSL and penalty (r) of 0.05. It is clear
from this figure that there is an outflow from the aquifer
to the coastline boundary. Also, the major flow direction
is towards the sea similar the case of no pumping.

Figure 7b presents the distribution of normalized
concentration in layer 1 for the optimum solution of
model 2 with minimum head 1 m AMSL and penalty (r)
of 0.05.

7. Summary and Conclusions

This study presented the numerical solution of maximum
pumping rate of wells located in seawater invaded
coastal aquifer in the Gaza Strip. Two multi-objective
management models with different objective functions
are formulated and solved for sustainable exploitation of
groundwater from coastal aquifer. The simulation opti-
mization approach links the 3D simulation model with
the GA optimization model.

The application to the Gaza aquifer shows that the op-
timization/simulation approach can assist the managers

Copyright © 2009 SciRes.

to make better decisions and to improve the planning and
management policies. It confirms that the use of the
concept of safe yield alone is not enough for sustainable
development of the coastal aquifer. The results on this
part of Gaza aquifer show that the optimum pumping rate
according to model 2 is in the range of 26%—34% of the
total natural replenishment.

A relatively small size problem involving a 3D ag-
uifer with 9 pumping wells at various depths is solved.
The size of the problem is only limited by the com-
puting resources of a Pentium 4 microcomputer. If a
higher computing capability is used, optimization in a
regional groundwater basin with miscible salt trans-
port might be feasible. The present management ob-
jectives are based on the sustainability of long term
operation; hence only steady state conditions are ex-
amined. For short term goals, transient objectives and
transient simulations are needed. In the present models,
we assumed the certainty of aquifer data. In a
real-world situation, aquifer data can contain a large
degree of uncertainty. This factor is not yet considered
in the present study. These and other improvements
will be considered in future studies.
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