
  
Abstract—The paper presents a methodology developed for 

the optimal management and operation of sprinkle irrigation 
networks. Some typical problems are presented and solved 
through Genetic Algorithms (GAs), assuming that the loads 
(demands) at nodes are cyclic and deterministically established. 
In particular, an algorithm for model calibration is first 
introduced, aimed at the minimization of the maximum errors 
between measured and calculated values. Since the operation of 
such systems is highly water and energy demanding, two 
algorithms for controlling pressure and pumps are described: 
the first is aimed at finding the optimal location and control of a 
set of devices (pressure reducing valves and/or closed gate 
valves) in order to maintain a desired range of pressure 
throughout the network, while the second is focused at finding 
the optimal regulation of inverters for variable speed pumps in 
order to minimize energetic costs. An application to a real 
system is finally presented. 
 

Index Terms—Energy, variable speed pumps, water 
distribution networks.  
 

I. INTRODUCTION 
The demand of water for irrigation accounts for the largest 

percentage of water consumption in the world, with an 
average value of 70% and ranging between 30% in 
industrialized nations up to 90% in countries under 
development [1]. The most widespread method is still surface 
irrigation, but in these last decades the scarcity of resources 
has led governments and regulatory bodies to finance many 
projects of reconversion from surface to sprinkle systems, 
because of the large amount of water that can be saved (50 – 
60%). 

Sprinkle systems are particularly energy demanding, since 
energy is required for pressurizing the pipelines and sprinkler 
units. The energy to pump water from groundwater (or 
surface) sources is usually given by centrifugal pumps. Thus, 
two order of problems have to be faced when dealing with the 
management of such systems: the first is to provide an 
adequate level of pressure in time and space (there is actually 
a direct relationship between pressure and flow at active 
sprinklers); the second is related to optimal pump operation, 
in order to maintain high levels of efficiency in the irrigation 
season. 

In these last decades, genetic algorithms (GAs) have been 
adopted as powerful stochastic alternatives to classical 
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deterministic optimization techniques, and have proven their 
robustness in many engineering application areas, even for 
multimodal, highly nonlinear and not-differentiable problems 
[2]-[5]. Moreover, they are particularly suitable to 
multiobjective optimization, because they simultaneously deal 
with a population of solutions [6], [7]. 

Many research papers have focused on the application of 
single-objective GAs for the optimization of water 
distribution systems [8]-[16]. Multi-objective GAs are 
receiving ever-increasing attention in the field of water 
resources, and these last years have seen an increasing 
number of applications in water distribution systems 
optimization: generally, only two-objective problems have 
been considered, the first criterion being the total cost of the 
system and the second representing a measure of the network 
performance [17]-[26]. 

Despite the large literature related to the optimization of 
water distribution systems, few studies have been dedicated 
to the optimal design and operation of irrigation systems with 
GAs [27]-[29]. 

The paper presents a methodology for the optimal 
operation of sprinkle irrigation systems in which sprinkler 
activation at nodes is cyclic and a-priori established. The 
procedure relies on a coupling between EPANET simulator 
[30] and a set of GAs developed for water distribution 
systems optimization. 

The paper is organized as follows. In Section II, the basic 
equations of the problem are presented, describing the 
conservation principles applied to a pressurized irrigation 
network. In Section III, a review of GAs adopted in water 
networks optimization is illustrated, particularly focusing on 
the difference between single and multi-objective GAs. In 
Section IV, model calibration is described, while in Sections 
V and VI, optimal pressure management and variable-speed 
pump operation are presented, respectively. Section VII 
describes the application to a real system, while Section VIII 
draws some concluding remarks. 

 

II. BASIC EQUATIONS 
Optimal management of sprinkle irrigation systems can be 

achieved starting from a simulation model which represents 
the behavior of the network under different loading 
conditions. By loading condition we mean a set of sprinklers 
which are active at the same time and for a fixed duration, 
called ‘turn’. A complete cycle of all turns is typically 
performed in one week, with each turn characterized by a 
duration of four hours. The physical constraints describing 
the mass and energy conservation principles for a pressurized 
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water network are, respectively, the continuity and head-loss 
equations, which can be written as 
 

iQ ki
j

kij  node 0,, ∀=−∑ A             (1) 

ij
Q

BA

DC
LQ

hHH pC

kp

kij
ppkp

ijij

ijkij

kijkjki link  

 6668.10

pump

pipe

,

,2
,

871.4852.1

852.1
,

,,, ∀

⎪
⎪
⎪

⎩

⎪⎪
⎪

⎨

⎧

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−−

==−

ω
ω

 (2) 

 
In (1), Qij,k indicates the flow from node i to node j at turn k; 

ℓi,k is the flow at turn k delivered at node i (when active), 
which depends on pressure according to 
 

γ
kiiki pc ,,  =A            (3) 

 
where pi,k is the pressure at node i and ci and γ are two 
coefficients quantifying the relationship between flow and 
pressure (the coefficient ci is dependent on the type of 
sprinkler unit, while usually γ = 0.5). In (2), Hi,k and Hj,k are 
the total head at nodes i and j at turn k, while Lij, Dij and Cij are 
the length, diameter and Hazen-Williams friction factor for 
pipe connecting nodes i and j, respectively. If a pump is 
present in link ij, its characteristic curve is described by 
coefficients Ap, Bp and Cp, while ωp,k represents its relative 
speed setting for turn k. 
 

III. GENETIC ALGORITHMS 

A. Single-Objective GAs 
Genetic algorithms are derivative-free search procedures 

based on the mechanics of natural selection and natural 
genetics. They have been introduced by [2], who explained 
the adaptive processes of natural systems and laid down the 
two main principles of GAs: the ability of a simple bit string 
representation to encode complicated structures, and the 
power of simple transformations to improve such structures; 
[3] gave a decisive thrust in GA research field. 

Traditional GAs evolve a population of solutions through 
several operators. Encoding converts given parameter values 
(e.g. diameter sizes) to a string of bits (0 or 1), also called 
individual or chromosome. Decoding maps back the string to 
the corresponding parameter values. Each individual is 
evaluated according to its objective function, which plays the 
role of the environment (i.e. every individual is characterized 
by a fitness). After evaluation, selection, reproduction, 
crossover and mutation take place. Selection consists in 
choosing the individuals which are going to form a new 
generation, and in placing them in the mating pool; it is often 
proportional to fitness values: the higher the fitness, the 
higher is the probability for the individuals to be selected. 
Reproduction is the mechanism by which a string is copied in 
the subsequent generation: it may be copied with no change, 
but it may also undergo crossover and/or mutation, with 
prescribed probabilities. With crossover, two individuals are 
randomly selected and put in the mating pool; then, a position 
along the string is chosen, according to a uniform random law; 

finally, the paired individuals exchange all characters 
following the cross site. Mutation is a random alteration of a 
bit at a string position; in general, it enhances population 
diversity and enables the optimization process to get out of 
local optima. The procedure is iterated until a stopping 
criterion is met (in terms of total number of generations or 
convergence percentage). 

The procedure outlined above can be regarded as the basic 
form of a GA. Many techniques have been added in order to 
improve the performance of such algorithms, and several 
selection, reproduction, crossover, mutation, and scaling 
operators have been proposed. 

B. Multi-Objective GAs 
Multi-objective genetic algorithms, also denoted as Pareto 

GAs, are receiving increasing attention in the field of water 
resources and pipe network optimization. 

The goal of an algorithm for multi-objective optimization 
is not to return one design, but to generate a set of designs 
representing all optimal tradeoffs. To define what constitutes 
an optimal trade-off, the concepts of Pareto dominance and 
optimality are used. Though in this work only a 
two-objective problem is considered, such concepts can be 
applied to design problems with any number of criteria. Let 
F [ ])(,),(1 xFxF G…=  be the vector of a maximization 

problem with G objective functions, nx ℜ∈ , and 1x  and 2x  

two possible configurations. We say that configuration 1x  

dominates configuration 2x  ( )21or xx P>  if, for all 

{ }Gi ,,2,1 …∈ , )()( 21 xFxF ii ≥ , and there exists at least one i 

such that )()( 21 xFxF ii > . A configuration is said to be 

non-dominated if no feasible design exists in the entire 
solution space which dominates it. 

 

IV. MODEL CALIBRATION 
One of the most important steps in building a decision 

support tool for planning future management and 
rehabilitation strategies is to implement an accurate 
simulation model, which allows to analyze the behavior of 
the system under different scenarios. However, the predictive 
ability of a numerical model is strongly dependent on its 
calibration. 

Model calibration may be regarded as an optimization 
problem characterized by specific objective function and 
constraints; in particular, conservation laws (mass and energy) 
have to be included, resulting in a nonlinear optimization 
problem that has to be solved. 

The issue of model calibration was investigated by many 
authors: typically, roughness coefficients are included as 
decision variables [31], but also water losses have been also 
considered as an unknown parameter [32]. In addition, 
several examples exist in the literature which address the 
sampling design for water distribution systems through the 
determination of the optimal choice of calibration test 
locations [33]-[35]. 

In this paper, the objective function for model calibration 
is defined as [36] 
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where meas

knH ,  and calc
knH ,  represent, respectively, the measured 

and calculated head at turn k in node n, while meas
kpQ ,  and 

calc
kpQ ,  the measured and calculated flow at turn k in pipe p. wH 

and wQ are weighting factors for heads and flows. 
Model calibration is based on a single-objective GA, 

characterized by real-coded decision variables representing 
pipe friction factors (according to conduit material). The GA 
was developed in C++ starting from GAlib library [37], and 
has been extended to a set of multi-objective GAs in order to 
solve also multiple criterion decision making problems [38], 
like optimal design of water distribution systems or optimal 
location and control of pressure reducing valves in water 
networks [39]. 

 

V. OPTIMAL PRESSURE MANAGEMENT 
The problem of optimal pressure management in a sprinkle 

irrigation network is addressed through the placement and 
regulation of pressure reducing valves and/or the insertion of 
closed gate valves. The determination of the number of such 
devices, together with their location and setting, is 
formulated as a two-criterion optimization problem, and is 
based on a multi-objective genetic algorithm previously 
developed [39]. 

Several examples exist in the literature which address the 
problem of optimal location and/or optimal setting of control 
valves in water distribution systems, solved with 
mathematical programming techniques [40]-[45], or with 
genetic algorithms [46], [47]. These studies were usually 
characterized by focusing only on optimal placement or 
setting, with the exception of [47], who were the first to 
address both the problems of optimal location and regulation 
of control valves, although in a single-objective context. For 
a given scenario representing a load condition in the system, 
they optimized the best placement and regulation of a fixed 
number of valves. 

This paper adopts a different approach: the total number of 
installed pressure reducing or closed gate valves (first 
objective) and the total delivered water in the system (second 
objective) are considered independent of each other, and the 
multiobjective NSGA-II (Nondominated Sorting Genetic 
Algorithm, [48]) was implemented in order to optimize the 
two conflicting criteria. In addition, the particular coding of 
the real variables allows the determination of both the 
location and the regulation of the valves, according to a 
number of predefined demand conditions. 

In this way, in one simulation run the optimal trade-off 
solutions representing different level of compromise between 
the number of valves installed and the related total delivered 
water in the system can be determined. The great advantage 
resides in the fact that a single combination of valves is found 
for different load conditions, thus giving the possibility of 
providing the rule curve for each valve, for example the 
setting-versus-discharge relationship. 

The problem may be mathematically formulated as 

follows: 
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subjected to: 
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In (5), nv is the number of valves in a generic solution, 

while in (6) NN represents the number of nodes in the network 
and wk the weight associated to load condition k. In (7), Hreq,i 
represents the required head at node i (usually fixed), while in 
(8) Nv is the maximum number of pressure reducing or closed 
gate valves allowed. 

 

VI. OPTIMAL OPERATION OF VARIABLE-SPEED PUMPS 
The aim of the algorithm developed for inverter 

optimization is to determine the values of the setting of each 
speed controller for the time horizon of a complete irrigation 
cycle, in order to minimize energetic consumption and with 
the constraint of satisfying the required pressure at every 
node in the system (7).  

The objective function can be expressed as: 
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In (9), NP is the total number of variable speed pumps, NT 

is the total number of turns (there are usually 42 turns each 
lasting 4 hours, to complete a week), Ce,k is the cost of energy 
at turn k, Qp,k and Hp,k are the flow, head and efficiency of 
pump p at turn k, and  ∆Tk  is the duration of the turns. 

 

VII. APPLICATION TO A REAL NETWORK 
The methodology has been applied to the system 

illustrated in Fig. 1. The network serves nearly 600 ha with a 
water demand of 500 l/s on average. To this end, five 
pumping wells are operated: three of them (Pump 1, Pump 2 
and Pump 3 of Fig 1) are fixed speed pumps delivering water 
to a booster station (actually two equal pumps in parallel, R.1 
and R.2) controlled by a variable speed drive, while Pump 4 
and Pump San Giusto are operated with variable speed 
controllers. Objective of the study was to optimize the 
network operation in order to reduce energy costs. 

The model of the network has been calibrated through a 
series of measurement campaigns of pressure and flow in 
some nodes (shown in Fig. 2). Table I and Table II report the 
maximum error between measured and calculated values. 

The application of the multi-objective pressure 
management algorithm resulted in an optimal location of 7 
closed gate valves and 2 pressure reducing valves, as 
illustrated in Fig. 3. In particular, such results have been 
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obtained assuming the critical point in the system as depicted 
in Fig. 2, and a desired pressure range between 3.1 and 3.6 
bar (actually not satisfied at present condition). 

 

 
Fig. 1. Layout of the system under analysis. The booster pumping station 

after pumps 1, 2, 3 is made up of two equal pumps in parallel, named R.1 and 
R.2. 

 

 
Fig. 2. Localization of pressure gauges for field surveys and of the critical 

node for orzano irrigation network (IS020_J657). 
 
By critical point, we mean the hydrant in the network 

which is characterized by the lowest values of pressure, thus 
constraining the setting of pressure reducing and closed gate 
valves or the inverter operations. 

Table III reports the values of pressure for the different 
turns at the critical point in the system, both for the present 
situation and after the proposed optimizations. 

The application of the algorithm for the optimization of 
variable speed drive settings has lead to a 10% of savings in 
energetic consumption and operational cost, as reported in 
Table IV. 

 
 

TABLE I: MAXIMUM DIFFERENCES BETWEEN MEASURED AND 
CALCULATED PRESSURES 

Location
pmeas 
(bar) 

pcalc 
(bar) 

Location 
pmeas 
(bar) 

pcalc 
(bar) 

P 1.1 4.8 4.6 P 1.9 5.5 5.6 
P 1.2 4.8 4.9 P 1.10 5.1 5.3 
P 1.3 4.7 4.8 P 1.11 5.3 5.5 
P 1.4 5.1 4.8 P 1.12 3.0 2.9 
P 1.5 5.2 5.1 P 1.13 3.0 2.9 
P 1.6 4.9 5.1 P 1.14 3.0 3.1 
P 1.7 4.6 4.9 P 1.15 3.8 3.6 
P 1.8 5.5 5.4 P 1.16 4.1 3.8 

 
TABLE II: MAXIMUM DIFFERENCES BETWEEN MEASURED AND 

CALCULATED PRESSURES AND FLOWS AT MAIN PUMPING STATIONS 

Location 
pmeas 
(bar) 

pcalc 
(bar) 

Qmeas 
(l/s) 

Qcalc 
(l/s) 

Booster after pumps 1,2,3 5.4 5.4 293 299 
Pump 4 5.6 5.6 104 100 
Pump San Giusto 5.0 5.5 57 56 

 
TABLE III: VALUES OF PRESSURE FOR THE CRITICAL NODE IN THE SYSTEM 

(IS020_J657) AT PRESENT CONDITION (pnow) AND AFTER THE PROPOSED 
OPTIMIZATIONS (pafter) 

Turn 
pnow 
(bar) 

pafter 
(bar) 

Turn 
pnow 
(bar) 

pafter 
(bar) 

1 3.5 3.3 22 4.0 3.6
2 3.9 3.6 23 3.6 3.2
3 3.8 3.6 24 3.9 3.4
4 3.9 3.6 25 3.7 3.3
5 3.9 3.6 26 3.6 3.1
6 3.9 3.6 27 3.6 3.2
7 3.9 3.6 28 3.6 3.3
8 3.7 3.5 29 3.6 3.1
9 3.7 3.3 30 3.6 3.2
10 3.7 3.3 31 3.7 3.2
11 3.7 3.4 32 3.7 3.4
12 3.7 3.5 33 3.7 3.4
13 3.7 3.4 34 3.6 3.2
14 3.7 3.5 35 3.6 3.4
15 3.7 3.3 36 3.6 3.3
16 3.7 3.3 37 3.7 3.5
17 3.7 3.3 38 3.7 3.5
18 4.0 3.6 39 3.7 3.6
19 3.8 3.4 40 3.7 3.6
20 4.0 3.5 41 3.8 3.6
21 3.9 3.5 42 3.6 3.3

 
TABLE IV: ENERGETIC CONSUMPTION AND ASSOCIATED COST FOR THE 

SYSTEM AT PRESENT CONDITION AND AFTER THE PROPOSED 
OPTIMIZATIONS 

Condition Present After 
optimizations

Energetic consumption (kWh/week) 114253 103156
Energetic cost (€/week) 18280 16505

 
Fig. 4 and Fig. 5 show, respectively, the flows and related 

heads through all the pumps at the present condition and after 
the proposed optimizations, for the different turns. From the 
comparison of the figures, it can be noted that a global saving 
in flow and head is achieved. 
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Fig. 3. Optimal locations for 7 closed gate valves and 2 pressure reducing 

valves as found by the multi-objective genetic algorithm. 
 

 
Fig. 4. Present condition: graphical representation of pump flows and heads 

with varying turn number. 
 

 
Fig. 5. After optimizations: graphical representation of pump flows and 

heads with varying turn number. 

CONCLUDING REMARKS 
The paper has presented a methodology for optimal 

management of sprinkle irrigation networks, based on a 
coupling between a calibrated model for system simulation 
and some optimization algorithms focused at the 
minimization of energetic consumption of pumping stations. 
The application of the multi-objective pressure management 
and of the algorithm for optimizing variable speed drive 
settings to a real system proved the effectiveness of the 
procedure. 
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