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Abstract:  Building on previous research, the paper studies the optimal management of an infinite confined polluted aquifer that 
supplies both drinking and irrigation water to the local community. The objective is: maintain quality and total flow 
rate of existing production wells, implementing optimized Pump-And-Treat or Hydrodynamic Control remediation 
techniques with additional pumping wells. The practical optimization task is to find the locations and flow rates of 
two additional pumping wells that avert, retard or pump the pollutants, with minimized management costs, namely 
pumping, pipe network and pumped polluted water remediation costs. Current research actually incorporates the 
investigation of optimal Nitrogen retrieval/reuse strategies, when one of the pollutants is agriculture-originated Nitrate 
plumes, treating it as profitable reusable material, so that treatment cost is instead, profit. Two scenarios are 
simulated: aquifer is polluted by a) Nitrates alone, or b) both Nitrates and a non-conservative, highly water-
soluble/miscible, not strongly sorbed to soil surfaces pollutant. The author’s powerful existing optimization tool 
“OptiManage” is adjusted and evolved in a pilot simple approach. Elitist binary Genetic Algorithms including a 
complex penalty function are used, while advective mass transport is simulated by a particle tracking method in a 2D 
surrogate flow field. 
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1. INTRODUCTION 

The most common sources of groundwater quality degradation are industrial activities and 
intensive agriculture along with the systematic use of fertilizers and pesticides. Common fertilizers 
contain at least one of the following declared primary nutrients: Nitrogen (N), Phosphorus 
pentoxide (P2O5) or Potassium oxide (K2O). In line with common practice, Nitrogen, Phosphorus 
and Potassium are referred to as ‘primary macronutrients’, (EU, 2019). The total volume of 
fertiliser produced globally (nutrient weight) was 181 million t in 2016, with Nitrogen representing 
108 million t (60%), while being by far the most used nutrient in the EU in volume, representing 
more than 2/3 of the total use of the three main nutrients (EC, 2019a). Fertilization is also done by 
applying organic matter, such as manure which also is high on Nitrogen. Unsustainable farming 
practices allow run-off of fertilizer Nitrogen surplus into surface freshwaters and the marine 
environment causing ‘eutrophication', while leaching can cause infiltration of Nitrogen into the 
aquifers degrading the groundwater, with the purification process not being cost-effective (EC, 
2019b). Under EU law on the protection of waters against pollution by agriculture-originated 
Nitrates (the Nitrates Directive, Council Directive 91/676/EEC), Member States must monitor their 
waters, identifying (likely to be) polluted bodies, delimiting Nitrate Vulnerable Zones (NVZs) and 
setting up appropriate action programmes for pollution prevention/reduction. While Greece has 
been caught violating the law since April 2015, the problem is still not resolved, as despite 12 new 
designated NVZs, no related action programmes have been established. Consequently, the EU 
Court of Justice is about to impose financial sanctions in the form of a lump sum of 2,639.25 € per 
day with a minimum lump sum of 1,310,000 € and a daily penalty payment of 23.753,25 € from the 
day of the first judgement until full compliance is reached or until the second Court judgment. The 
seriousness of the situation has caused elevated scientific research interest in Greece, concerning 
national (e.g. Karyotis et al., 2002; 2006) and international advances in Nitrogen pollution (e.g., 
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Karyotis et al., 2014, Panagopoulos et al., 2017), by agronomists and water resources management 
experts. 

Often, extensive degradation of aquifers threatens existing irrigation/fresh water supply wells. In 
these cases, experts are often summoned to optimize the pollution control/remediation techniques of 
Hydraulic Control (HC) or/and Pump-and-Treat (PAT) (Mayer et al., 2002). PAT remediation 
techniques are effective/efficient provided that the contaminant is highly water-soluble/miscible and 
not strongly sorbed to soil surfaces (Medina, 2003). The process of optimization can vary from a 
simplistic trial-and-error procedure (Glover, 1982), to linear (Ahlfeld et al., 1995) or non-linear 
programming (Sawyer and Lin, 1998; Huang and Mayer, 1997), even heuristics/meta-heuristics and 
modern evolutionary algorithms (Kontos and Katsifarakis, 2017a; Erickson et al., 2002; Ketabchi 
and Ataie-Ashtiani, 2015; Sidiropoulos and Tolikas, 2008; Pramada et al., 2018). The use of highly 
demanding evolutionary algorithms usually entails simplification of the flow field (equivalent 2D 
field) due to the excessive computational load deriving from their iterative nature, while a 
Lagrangian Particle Tracking Method (PTM) is used to simulate advective pollutant transport. 

The author has researched groundwater pollution source identification and monitoring network 
optimization (Kontos et al., 2021) and extensively addressed the problem of implementing optimal 
PAT/HC techniques dealing with: a) minimization of pumping, pipe network amortization and 
pumped polluted water treatment costs in infinite confined 2D polluted fractured/non-fractured 
aquifers (Kontos et al., 2010; Kontos and Katsifarakis, 2012), b) minimization of pumping, pipe 
network amortization and pumped water treatment costs in coastal confined aquifers with combined 
pollution and seawater intrusion problems (Kontos and Katsifarakis, 2017a), and c) maximization of 
fresh water supply in coastal confined polluted aquifers with simultaneous risk of salinization 
(Kontos and Katsifarakis, 2017b). Building on the previous research and experience, the author’s 
powerful optimization tool “OptiManage”, based on elitist constrained binary Genetic Algorithms 
(GAs) with a complex penalty function, is adjusted and evolved in order to solve the following 
constrained, nonlinear, stochastic, multi-objective groundwater resources management optimization 
problem: an infinite confined aquifer polluted by a non-conservative, highly water-soluble/miscible, 
not strongly sorbed to soil surfaces pollutant must be exploited in an uninterrupted fashion in order 
to provide both drinking and irrigation water to the local community. The optimal aquifer 
management entails maintaining the quality and total flow rate of existing pumping wells for a 
given period of time, implementing optimized PAT/HC remediation techniques with the use of 
additional pumping wells. The practical optimization task is to find the locations and flow rates of 
additional pumping wells that avert, retard or pump the pollutants, with minimized managements 
costs, namely pumping, pipe network and pumped polluted water remediation costs, protecting the 
pumping wells for a specific time interval. The novel idea is to incorporate the investigation of 
optimal Nitrogen retrieval/reuse strategies, when one of the pollutants is agriculture-originated 
Nitrogen (Nitrates), treating it as profitable reusable fertilizing material, so that the respective 
treatment cost is instead, profit. 

2. THEORETICAL PROBLEM - HYDRAULIC SIMULATION 

2.1 Simplified flow field 

The 2.5 km x 2.5 km theoretical flow field of study is presented in Figure 1 and includes 
production wells 1 and 2 (X1=1100 m, Y1=1600 m, X2=1400 m, Y2=800 m), which must pump a 
total flow rate of 200 L/s in a 24/7 basis, and the reservoir where the 8 million m3 of needed 
irrigation water is stored (XRES=500 m, YRES=2400 m). In Scenario A, the objective is to delay or 
avert the pollutant (Nitrogen only) from arriving at the existing production wells (HC solution), and 
if needed, pump them (PAT solution), while minimizing the total management cost. In Scenario B, 
the objective is the same, but a non-conservative, highly water-soluble/miscible, not strongly sorbed 
to soil surfaces pollutant (circular plume) adds to the aquifer degradation in the East (Figure 1). 
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In order to balance the highly computationally demanding nature of GAs, a simplification of the 
hydraulic model is required, hence a surrogate 2D flow field is studied (Katsifarakis, 2008). The 
confined aquifer is assumed to be infinite, homogeneous, isotropic (thickness α=50m, hydraulic 
conductivity K=10-4m/s, porosity n=0.2) with a plane, horizontal, single-phase, steady flow. 
Usually, shallow unconfined aquifers are polluted with agricultural originated Nitrates. 
Nevertheless, it is common, especially in Greece, for irrigation wells to pump from subjacent 
confined aquifers, with semi-impermeable intermediate layers; overpumping during irrigation 
period can cause lowering of the confined aquifer’s piezometric surface and Nitrates’ inflow from 
the above shallow polluted aquifer, which can be the case here. One can also argue that in a Darcian 
steady-state flow, incorporating the 2D-flow Dupuit assumption, and for fully penetrating and fully 
screened wells, the confined aquifer analytical equations for flow field calculation can apply, with 
acceptable error. The need to quantify the Nitrogen pollution in the respective 2D field part leads to 
the discretization of that part, and the creation of a 33.33 m x 33.33 m grid, with explicitly 
enumerated cells of known coordinates. The grid does not imply use of a numerical model, like 
finite differences, but rather facilitates the simulation of Nitrogen mass in a particle tracking 
method, as delineated in the next paragraph. 

 

Figure 1. Theoretical 2.5x2.5 km2 flow field of the confined nitrogen-polluted aquifer and the initial distribution of 
Nitrogen concentration (mg/L) in the nitrogen-polluted part of the 2D field. 

2.2 Pollutants’ mass representation - Mass transport simulation - Wells’ pollution simulation 

Advective pollutant transport is simulated with the use of a simple Lagrangian Particle Tracking 
Method, previously efficiently used in optimal aquifer management problems (e.g. Katsifarakis et 
al., 2009; Kontos and Katsifarakis, 2012; 2017a,b; Bauser et al., 2012). 

As far as the industrial non-conservative pollutant is concerned, previous research has optimized 
the simulation of circular plumes in this simplified pilot theoretical implementation (Kontos et al., 
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2010; Kontos and Katsifarakis, 2012; 2017a,b). Practically, a number of 16 points symmetrically 
placed along the initially circular pollution plume boundary, is adequate to serve as starting points 
for an equal number of particles of theoretically infinitesimal mass, and simulate the plume spread 
via calculation of the particles' trajectories during the study period. The actual pollutant mass is 
only indirectly introduced through the penalty calculation when industrially polluted water is 
pumped by an existing well (see par. 3.2). Τhe simulation of Nitrogen mass of each cell (and the 
volume of soil/groundwater it represents) is performed by a particle located in the center of the 
respective cell. In this case, 1875 points, located in the centre of each grid cell, serve as starting-
points for Nitrogen particles of mass. Their trajectories simulate the course of the Nitrogen 
pollution plume. The mass of each particle/cell (with an area of Ac=33.33 x 33.33=1110.889 m2) is 
calculated in kg, given the cell initial concentrations (Figure 1): 

3
, 10n p c Nm A C n −= ⋅ ⋅ ⋅   (1) 

where: Ac is the grid cell area, CN is the Nitrogen concentration of the volume the respective cell 
represents at the start of the PAT/HC remediation process, and n is the aquifer porosity. 

The study period of 300 days, is divided into 30 timesteps (TP=30) of 10 days each 
(TS=Δt=10 d). During each timestep, smooth linear motion is assumed to take place for each 
particle, which means each particle’s velocity is constant. Local velocity components at any point of 
the flow field are analytically calculated, and are in turn used to calculate particle displacement 
during each time step (Bear, 1979): 
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where: n is the porosity, α is the aquifer’s thickness, Qi is the flow rate of well i, xi,yi are the 
coordinates of well i. 

In order to model a well W pumping a pollutant, the following criterion is used: if the line 
segment that simulates the displacement of a pollutant particle P during timestep Δt, intersects the 
hypothetical circular security zone of W (Figure 2), then P is considered to have arrived at W 
(Katsifarakis and Latinopoulos, 1995). The radius of the “security zone” of each W is considered 
equal to the radius of the aquifer’s cylindrical volume, which contains the water pumped by well W 
during one timestep: 

3( 10 ) ( )W WR Q t nπ α−= ⋅ ⋅∆ ⋅ ⋅    (3) 

where Qw is the well’s flow rate, Δt is the duration of a timestep in days, n is the aquifer’s porosity 
and α is aquifer’s thickness. 

 

Figure 2. Simulation of a well capturing a pollution particle. 
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In all graphical representations of results in the paper, each well is indicated by its “security 
zone”, hence the different radii drawn. 

3. OPTIMIZATION METHOD – GENETIC ALGORITHMS 

The problem is a classic constrained, nonlinear, stochastic, multi-objective optimization 
problem, essentially one of cost minimization. Simple binary GAs (including an elitist approach) 
are used. The genetic operators used are Selection (following the tournament procedure), Crossover 
and Mutation or Antimetathesis (Katsifarakis and Karpouzos, 1998). Each chromosome (potential 
problem solution) represents the coordinates and flow rates of the additional wells, as well as the 
flow rate of one of the two existing wells (as the total required supply for the existing wells is 
known). Each flow rate and coordinate can obtain specific physical maximum values in the decimal 
system, so the binary form of these maximum values will determine the number of digits each 
chromosome will need, hence the total number of digits (length of) the typical chromosome is 
calculated. In particular, for the additional wells 3 and 4, it is: 0 m ≤ X3, Y3, X4, Y4 ≤ 2500 m and 
0 L/s≤Q3, Q4 ≤ 120 L/s, while for the existing wells: Q1+Q2=200 L/s, so it can be marginally 
assumed that: 0 L/s≤Q3, Q4≤200 L/s. 

Table 1 summarizes the max values of X, Y and Q in decimal and binary form, the number of 
digits (length) of the segment representing each variable, and the corresponding decimal value of 
the maximum binary number for the specified number of digits. The length of each segment 
representing a coordinate of an additional well is SLX=12, so the length of the section representing 
the coordinates of the additional wells is SL1=4∙SLX=48. Similarly, the length of the segment 
representing each additional well supply is SLQ=7, so the length of the segment representing the 
additional well supply is SL1=2∙SLQ=14. Finally, for the existing wells it is SL3=SLQ=8. 
Therefore, the length of the typical chromosome is SL=SL1+SL2+SL3=48+14+8=70. Graphically, 
the structure of the typical chromosome is shown in Figure 3. 

Table 5. Variable values in the decimal and binary systems, the required number of digits (length) to represent them, 
and max decimal value of the GA possibly produced binary numbers of that length. 

Size Decimal form Binary form Length of 
decimal form 

Max decimal value of a 
binary number of that length 

max X,Y (m) 2500 100111000100 12 4095 
max Qadd (L/s) 120 1111000 7 127 
max Qex (L/s) 200 11001000 8 255 

 

Figure 3. A typical 70-bit binary chromosome (string) representing a proposed solution for the studied problem. 

The following GA parameter values are used: population size PS=30, number of generations 
NG=200, selection constant KK=3 and Crossover Probability CRP=0.40. Mutation Probability 
(MP) follows the rule produced by earlier own research in similar problems, implying that MP 
around 2/SL (here 2/70=0.029) to 2.5/SL (here 2.5/70=0.036), SL being the chromosome length, is 
more efficient in converging to the global optimum (Kontos and Katsifarakis, 2012), rather than the 
earlier empirically proposed 1/SL. Hence, the value MP=0.03 is used. 

In the present problem, optimization of total aquifer management implies minimization of the 
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Fitness Value (FV), which coincides with the total cost, provided there is no penalty involved in the 
respective proposed solution due to constraints’ violation. The minimization problem (objective 
function and constraints) can be mathematically delineated: 

Find: Qi, Xj, Yj, I = 1-4, j = 3,4 so that 1 2 3FV VB VB VB PEN Min= + + + =  (4) 
Constraints:  C1: Q1 + Q2 = 200 L/s  (5) 
 C2: 0 L/s ≤ Q3, Q4 ≤120 L/s  (6) 
 C3: 0 m ≤ Xi, Yi ≤ 2500 m, i = 3,4  (7) 
 C4: Penalty if a Nitrogen particle reaches an existing well (see par. 3.2) 
 C5: Penalty if an industrial pollution particle reaches any well (see par. 3.2) 
 
where: wells 1 and 2 are the existing wells, wells 3 and 4 are the additional ones, Qi, Xj, Yj are the 
flow rates and coordinates of wells, respectively, FV is the fitness value of a solution that equals the 
total management cost in case of no penalty imposition, VB1 is the pumping cost, VB2 is the pipe 
network amortization cost, VB3 is the Nitrogen pollution treatment cost (here, retrieved Nitrogen 
reuse profit) in case the additional wells pump Nitrogen particles, and PEN is the penalty function, 
included in the evaluation process, that is imposed in a proposed solution in case of constraint 
violations. Constraint C5 applies only on problem scenario B, where the aquifer is assumed to be 
polluted by both Nitrogen and an industrial pollutant. 

3.1 Pumping cost (VB1) 

Pumping cost is the main cost item in aquifer management problems (e.g. Sidiropoulos and 
Tolikas, 2004; Kalwij and Peralta, 2008; Katsifarakis and Karpouzos, 2012; Kontos, 2017a,b). 
Here: 
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where: A is a coefficient depending on the density of pumped fluid, the electricity cost in €/kWh, 
the pump efficiency and the pumping duration (here: A=6.48, see Kontos, 2013), TNW is the total 
number of wells (here TNW = 4), Qi is the flow rate of well i (in L/s), and si is the hydraulic head 
drawdown at well i (in m), given: 
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where: K is the aquifer’s hydraulic conductivity (here K = 10-4 m/s), α is the thickness of the aquifer 
(here α = 50 m), TNW is the total number of wells (here TNW=4), Qj is the flow rate of well j, xi 
and yi are the coordinates of the side of well i in which the hydraulic head drawdown is calculated, 
xj and yi are the coordinates of the well center j, and R is the common radius of influence of all 
wells (here R = 3000 m). 

3.2 Penalty function (PEN) 

Whenever a proposed solution entails a constraint violation, a penalty is imposed to its FV. The 
violation can either be pollution of existing wells by Nitrogen particles (possible in Scenarios A and 
B) or pollution of any well by industrial pollution particles (possible only in Scenario B). The 
complex penalty function depends both on the number of violated constraints (number of Nitrogen 
particles captured by existing wells and/or number of industrial pollutant particles captured by any 
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well in scenario B) and on the extend of the violation (consecutive number of timestep ΔT during 
which a Nitrogen particle is captured by an existing well and/or number of ΔT during which an 
industrial pollutant particle is captured by any well in Scenario B): 

1 1
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i j
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∑ ∑    (10) 

where: NN is the number of Nitrogen particles polluting an existing well, NP is the number of 
industrial pollutant particles polluting a well (Scenario B), PC is the constant part of Penalty 
function, PV is the coefficient of the variable part of Penalty function, TP is the number of ΔTs 
(here TP = 30), ti is the ΔT during which Nitrogen particle i pollutes an existing well, tj is the ΔT 
during which industrial pollutant particle j pollutes a well, C is the coefficient of PC and PV in the 
industrial pollutant related part of the Penalty function expressing the relative weight between 
industrial and Nitrogen pollution of a well (here C=2). 

The PC-PV calculation follows the minimum penalty rule (Le Riche et al., 1995): the fittest 
penalty function is the lower one which can consistently provide penalty-free optimal solutions. The 
method requires an extended series of tests with increasing Penalty function. The PC/PV ratio is set 
to 10/1 in all scenarios, trying to blend the impact of a simplified uniform degradation of a solution 
for sheer violation of the constraints with the more sophisticated variable penalty part, which is 
proportional to the extent of the violation. 

3.3 Pipe Network Amortization Cost (VB2) 

Pipe network optimization is a highly complex graph theory network optimization problem on its 
own, and for the purpose of its implementation in the objective function, it is reduced into a 
minimum spanning tree problem (Prim, 1957). Thus, min VB2 is indirectly approximated through 
the minimization of the total length of the network alone, taking indirectly into account pipes' 
diameter, which are defined by each pipe's flow rate. VB2 actually represents the pipe network 
amortization cost (e.g. Kontos and Katsifarakis, 2012a,b; 2017a,b), directly proportional to the 
initial network cost. The initial cost depends on the total length of the pipes and their diameters. The 
pipes carry water pumped by the additional wells to a reservoir (XRES=500 m, YRES=2400 m). 
Network construction cost is assumed equal to 45 €/m for small pipe diameters and 60 €/m for large 
pipe diameters. There is a Q=50 L/s threshold criterion in order to characterize a pipe diameter as 
small or large (pipe diameter is selected depending on the respective flow rate). 

For an amortization period of 10 years and a 5% annual interest rate, the annual amortization 
cost is Aa1=6 €/m and Aa2=8 €/m for small and large pipe diameters, respectively, calculated by: 
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where: i is the type of pipe (1 for small or 2 large diameter), Ci is the initial network cost for pipe 
type i, r is the annual interest rate, and n is the amortization period. 

VB2 is thus calculated by: 
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ai ii
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= ⋅∑    (12) 

where: NADW is the number of additional wells, Aak is either 6 €/m or 8 €/m, and Li is the length 
of the pipe that carries water away from well i. 
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3.4 Retrieved Nitrogen Cost (VB3) 

The pumped polluted water treatment, as VB3 was named in previous research (e.g. Kontos and 
Katsifarakis, 2017a) is now actually a profit from the Nitrogen mass retrieved through the 
“polluted” water pumped by the additional wells. In each timestep, the algorithm sums the volume 
of water pumped by the additional wells and checks whether it exceeds the irrigation needs and 
reservoir capacity (here 8 million m3); if not, it calculates the total Nitrogen mass retrieved, given 
that each pumped particle represents a certain amount of Nitrogen mass. In order for the problem to 
be more realistic, one should take into account that when a particle is simulated to be captured by a 
well in the 2D surrogate flow field, the assumed Nitrogen mass contained in the actual column of 
groundwater of the respective cell, cannot possibly be fully pumped. That is included in the 
respective VB3 function with the addition of the Nfraction coefficient, that can vary from 0 to 1: 

cos 1
3
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fraction t ii

VB N N m
=

= ⋅ ⋅∑    (13) 

where: Nfraction is the percentage of Nitrogen mass of the volume of the corresponding cell that will 
actually be pumped by an additional well, when the respective particle is simulated to be captured 
by that well, Ncost=2 €/kg is a realistic Nitrogen price (given that a 12kg Nitrogen unit fertilizer 
costs approximately 16 €/kg in Greece at the moment), NP is the number of Nitrogen particles 
polluting an additional well, and mi is the Nitrogen mass that particle i represents (Figure 1; 
Equation 1). 

Concerning Scenario A, two different sets of simulations were implemented: A1) one with 
Nfraction = 1, where pumping of a Nitrogen particle entails full retrieval of its attributed Nitrogen 
mass (runs 1 to 10), and A2) featuring Nfraction = 0.4 with a retrieval of only 40% of the respective 
Nitrogen mass (runs 11 to 20; Table 2). 

No treatment cost is calculated for the industrial pollutant and the respective particles (Scenario 
B), as it is not to be treated, thus it must be rather hydraulically controlled, than pumped and treated 
by the additional wells. 

4. RESULTS AND DISCUSSION 

4.1 Scenario A – Nitrogen only pollution 

Table 2 presents the results of all Scenario A simulations, where the difference between the two 
sub-cases is clearly distinguishable. Not a single run produces a proposed as “optimal” solution 
including Penalty, which is proof of the success of the investigation of the fittest Penalty function 
form and coefficients’ values. 

In Scenario A1 (runs 1-10), there is actually a negative cost in every proposed as “optimal” 
solution, as there is truly a profit from the rather overestimated market value of retrieved Nitrogen. 
FV ranges from -3,559.19 € to -1,983.47 €, VB1 from 77,868.76 € to 90,929.90 €, VB2 from 
8,361.17 € to 9,386.56 €, while VB3 from -103,234.12 € to -88,213.40 €. All ten solutions roughly 
equally distribute the needed 200 L/s to the existing wells, while including two additional wells 
with flow rates ranging from 55 to 85 L/s. All “optimal” solutions position the additional wells 
inside the areas of the highest Nitrogen concentration. 

The optimal solution (Figure 4) derived from run 2, with the convergence occurring on the 180th 
generation. It produces a profit of 3,559.19 €, although it does not produce the lowest value of VB1 
(87,418.77 > 90,929.90 of run 10), or VB2 (8,478.76 > 8361.17 of run 7), or VB3 (-99,456.72 < -
103.234.12 of run 10). That is also proof of the complexity of the problem studied, and shows that 
the algorithm operates in a good fashion avoiding local minima and converging to optimal and near 
optimal solutions, finding the Pareto fronts. 
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Table 6. Scenarios A1, A2 simulation solutions. The best of out of ten by each simulation is highlighted in yellow, while 
the lowest FV, VB1, VB3, VB3, ΣQ values are marked in bold. 

 

In the more realistic Scenario A2 (runs 11-20), there is a positive cost in every proposed as 
“optimal” solution, as the reduced (compared to the previous simulation) profit from the market 
value of retrieved Nitrogen cannot compensate for VB1 and VB2. FV ranges from 41,594.79 € to 
43,099.22 €, VB1 from 51,254.82 € to 52,917.54 €, VB2 from 5,205.67 € to 5,727.56 €, while VB3 
from -16,247.26 € to -13,918.61 €. All solutions almost equally distribute the total needed flow rate 
to the existing wells, while 8 out of 10 include two additional wells with flow rates ranging from 
around 10 to 46 L/s. Two solutions though, include only one additional well which is actually an 
alternative aquifer management strategy. 

All “optimal” solutions position the additional wells inside areas of high Nitrogen concentration, 
but not as tightly as in Scenario A1. This can be explained as the algorithm mainly “focuses” on the 
decrease of the dominant pumping cost and the pipe network cost (“trying” not to surpasss the 
threshold of 50 L/s for the pipes that would entail use of larger diameter/more expensive pipes), 
rather than on the increase of the less profitable Nitrogen retrieval and reuse (compared to the first 
simulation set). 

Compared to the first set, the second set of Scenario A simulations exhibit lower VB1 by almost 
30,000 € (-38%), with significantly lower additional well flow rates, lower VB2 by 3,000 to 4,000 € 
(-39%), while VB3 is considerably lower as expected (-84%). The optimal solution (Figure 5) 
derived from run 13 (convergence on generation 171), producing a cost of 41,594.79 €, although it 
does not produce the lowest value of VB1 (51,460.26 > 51,254.82 of run 12), or VB2 (5,617.42 > 
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5,205.67 of run 20), or VB3 (-15,482.90 < -16,247.26 of run 17). It is obvious that this solution, 
involving lower additional well flow rates, “allows” several Nitrogen particles to escape the 
hydrodynamic control of the additional wells, dangerously approaching the existing wells at the end 
of the study period of 300 days, which under steady state flow entails certain subsequent pollution 
of the existing wells scheme, but after day 300. Again, the complexity of the problem and the 
excellent algorithm operation, are confirmed. 

 

Figure 4. Plot of the best out of 10 solutions of Scenario A1 simulations (Nfraction=1, runs 1-10). Particle trajectories, 
initial N concentrations (mg/L), locations and flow rates of wells, and the pipe network are presented. 

Runs 11 and 19 are really interesting as they propose a totally different strategy, the use of only 
one additional well. Run 11, for example, with a total cost of 43,099.22 €, 1,504.43 € more 
expensive than the optimal solution of run 13 (+3.6%), exhibits a higher VB1 only by 309.6 € 
(+0.6%), and a lower profit VB3 by 1,564.29 € (-10.10%), but a lower pipe network cost VB3 by 
369.45 € (-6.58%). These solutions constitute a whole different way of addressing the problem and 
can be alternative strategies in their algebraically optimal versions in case a new criterion is taken 
into account after the optimization problem definition, something that would exponentially increase 
the complexity, and hence the computational load, of the solving process. For example, if for some 
reason, after the completion of a similar realistic case study, the construction of a second additional 
well is prohibited or the pipe network cost must be kept low, or only small diameter pipes are 
available, the project manager can select the respective near optimal alternative solutions. 
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Figure 5. Plot of the best out of 10 solutions for the 2nd set of simulations (Nfraction=0.4) of Scenario A. Particle 
trajectories, initial N concentrations (mg/L), locations and flow rates of wells, and the pipe network are presented. 

4.2 Scenario B – Nitrogen + Industrial pollution 

Table 3 presents the proposed “optimal” and near-optimal solutions produced for all Scenario B 
simulations, where, similarly to Scenario A, the difference between the two sub-cases (Nfraction=1 or 
0.4) is again obvious. In Scenario B1 (runs 21-30), solution costs are not negative (profit), but rather 
low positive costs, mainly due to higher pumping cost needed to hydraulically control the additional 
plume, while maximizing Nitrogen retrieval. FV ranges from 4,991.94 € to 8,164.19 €, VB1 from 
93,369.15 € to 103,438.41 €, VB2 from 8,381.12 € to 9,456.20 €, while VB3 from -105,367.24 € to 
-94,612.76 €. All solutions (21-30) do not equally distribute the total needed flow rate to the 
existing wells, like Scenario A1, but rather favor pumping from the northern well (W1) over the 
closer to the plume W2, in a ratio Q1/Q2=3/1. The additional wells exhibit flow rates ranging from 
57 to 86 L/s, just like in Scenario A1. 

All “optimal” solutions position the additional wells inside the areas of the highest initial 
Nitrogen concentration, similarly to Scenario A1. The optimal solution (Figure 6a) derived from run 
27 (convergence on generation 186) produces a cost of 4,991.94 €, although it does not produce the 
lowest value of VB1 (98,331.49 > 93,369.15 of run 25), or VB2 (8,872.45 > 8,381.12 of run 23), or 
VB3 (-102,212 < -105.367.24 of run 24). Again, problem complexity and good GA operation are 
proved. 
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Table 7.Scenarios B1,B2 simulation solutions. The best of out of ten by each simulation is highlighted in yellow, while 
the lowest FV, VB1, VB3, VB3, ΣQ values are marked in bold. 

 

In Scenario B2 (Table 3, runs 31-40), the positive cost in every proposed as “optimal” solution, 
is higher than Scenatio B1, as, once again, the reduced Nitrogen retrieval/reuse profit, cannot 
compensate for VB1 (and VB2), which is not reduced as much as in the A1-A2 comparison.  

Compared to Scenario A2, total cost is about 20% (10,000 €) higher, due to the additional burden 
of the extra pollution plume manipulation: despite the higher profit from Nitrogen retrieval/reuse, 
the higher flow rates of the additional wells trigger an even higher pumping cost resulting in greater 
FV values. Algebraically, FV ranges from 55,465.25 € to 59,354.21 €, VB1 from 70,876.64 € to 
78,628.69 €, VB2 from 6,500.73 € to 7,935.53 €, while VB3 from -30,948.02 € to -19,749.14 €. 
Just like Scenario B1, unlike Scenarios A1-2, the more distant to the plume well (W1) outruns the 
closest one (W2), as far as the flow rates are concerned, at a 3/1 rate. The additional wells’ flow 
rates, on average greater than Scenario B2, range from around 5 to 77 L/s. 

All solutions position the additional wells inside areas of high initial Nitrogen concentration, but 
not as tightly as in Scenario B1, as the decrease of the dominant pumping cost, and on a secondary 
level, the pipe network cost, is more important than the increase of the less profitable Nitrogen 
retrieval/reuse. This is even more crucial in Scenario B2 than A2, as VB1 here is additionally 
elevated by the targeted uneven distribution of the required total fresh water flow rate between the 
existing wells for industrial pollution control. Compared to Scenario A2, B2 simulations exhibit 
higher VB1 by almost 10,000 € (+53%), with significantly higher additional well flow rates, higher 
VB2 by around 2,000 € (+39%), while VB3 (as a profit) is almost double (+15,000€). The optimal 
solution (Figure 6b; run 34; convergence on generation 119) produces a cost of 55,465.25 €, 
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although it does not produce the lowest value of VB1 (78,625.56 > 93,369.15 of run 25), or VB2 
(8,872.45 > 8,381.12 of run 23), or VB3 (-102,212 < -105.367.24 of run 24). Again, problem 
complexity and good GA operation are proved. 

 

Figure 6. Plot of the best out of 10 solutions for the 1st set (a) of simulations (Nfraction=1), and the 2nd set (b) of 
simulations (Nfraction=0.4) of Scenario B. Particle trajectories, initial N concentrations (mg/L), locations and flow rates 

of wells, and the pipe network are presented. 

5. CONCLUSIONS 

This pilot attempt to include profit from retrieval and reuse of agriculture originated Nitrogen in 
the optimal management of groundwater resources is indeed successful and promising.  

The upgraded “OptiManage” optimization software, based on genetic algorithms, is a powerful 
tool that can produce optimal and near optimal solutions to such complex water resources 
management problems. The simulations implemented, though full of simplifying assumptions, pave 
the way for the gradual increase of realism in the studied management problems and the creation of 
a powerful application that can provide different strategies to real complex multi-objective aquifer 
management problems, including the sub-objective of optimal Nitrogen retrieval/reuse. This 
qualitative aspect of the optimization procedure, rather than the strictly algebraic/quantitative one, is 
far more important for the manager of finite water resources/aquifers with antagonizing cost items, 
as it can lead to the creation of a tank full of alternative strategies. The decision makers can then 
choose whichever suits possible changes in the initial conditions, possible emergencies or any kind 
of compromises. 

A standard conclusion deriving from the time consuming and high computational load series of 
simulation runs is, always, that in order for the method to succeed, an exhaustive and extensive 
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series of tests is needed for the investigation of the appropriate values of the parameters involved in 
its inherent processes. 

Future research includes a more realistic simulation of the Nitrates, including dispersion and 
diffusion, using USGS ModFlow and MT3DMS, the more precise definition of costs and finest 
discretization of the polluted zone, as well as the more realistic simulation of the industrial pollution 
plume, here simplistically simulated as a cylinder (2D circle). A case study of a real area that 
combines all the characteristics of the theoretical flow field of this paper could also be studied. The 
simulation of the Nitrogen pollution problem in a coastal aquifer where sea intrusion is a parallel 
threat would also be a challenging and realistic task, while the simulation of an industrial pollutant 
allowing cost-effective treatment and the incorporation of its true treatment cost in the objective 
function would launch complexity (and realism) in higher levels. The most important task ahead 
though, should be the complete comprehension of Nitrogen’s behavior in groundwater and the 
realistic quantification of the plants’ uptake when irrigated with Nitrogen “polluted” water. 
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